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ABSTRACT 

In the lead-acid storage battery,  the ant imonial- lead grids which support the lead-dioxide 
active mater ia l  usually fail  by corrosion which occurs in two stages. In the first stage the 
attack on the lead-ant imony alloy was uniform and nonselective. The lead was conver ted to 
an adherent  layer of PbO2, and the ant imony of the alloy disappeared f rom the corrosion 
product. Af ter  a certain thickness of this deposit was buil t  up, the attack underwent  a change. 
Corrosion proceeded at a faster  rate  in the areas of eutectic be tween  individual  p r imary  
lead dendrites and in par t icular  at grain boundaries. In this second stage the ant imony did 
not disappear f rom the corrosion product, and the dark mater ia l  formed did not appear identi- 
cal to the PbO2 of the first stage. The examinat ion  gave evidence that  the greater  specific vol-  
ume of the corrosion product  in the second stage introduced sufficient stress to accelerate the 
attack at grain boundaries and eventual ly  led to cracking. The change f rom first to second 
stage appeared to be the result  of reduced acidity in the corrosion layer  af ter  a sufficient depth 
of corrosion product  had formed. 

The active mater ia l  of the plates used in lead-acid 
storage batteries is pasted on a metall ic grid which is 
usually a lead-an t imony alloy. This grid supports the 
active mater ia l  and conducts electricity, and in both 
functions it is vi ta l  to the proper  performance of the 
battery.  Corrosion of this grid through the action of 
the dilute sulfuric acid electrolyte  and the electrolyt ic  
current  during charge and discharge of the bat tery  
normal ly  takes place uni formly over  the ent ire  meta l  
surface and forms a protect ive layer of PbO2. In such 
circumstances the grid mater ia l  corrodes at such a 
slow rate  that it might  be expected to last for many  
years under  normal  conditions of operation. Unfor -  
tunately certain areas in the meta l  surface corrode at 
a mk*ch accelerated rate, so that  the actual l ife of the 
grid is less than anticipated. When examined,  the grid 
bars are usually found to be separated at numerous 
points, .and as a consequence the pellets of active ma-  
terial  are found to be loosened. Conduct ivi ty  is lost 
be tween the active mater ia l  and the grid as wel l  as 
be tween various portions of the grid and the posts for 
ex te rna l  connection to the battery.  

This accelerated corrosion at certain points has been 
variously a t t r ibuted to impur i ty  inclusions, casting 
defects, and design imperfections.  In the absence of 
obvious impur i ty  or casting defects the corrosion is 
most often a t t r ibuted to stress. This stress is some- 
times considered as developing f rom the ra ther  heavy 
load of active mater ia l  on the grid, which is after all 
of fair ly low creep resistance, or f rom stresses set up 
in the corrosion layer  itself. Less f requent ly  the stress 
on the grid has been a t t r ibuted  to actual  expansion 
in the active material .  Stress f rom ei ther  the corrosion 
layer  or the active mater ia l  is a definite possibility as 
the products of corrosion can be expected to have a 
greater  volume than the original  alloy, and it can also 
be expected that  the act ive mater ia l  will  undergo a 
considerable change in volume in the conversion f rom 
PbO2 to PbSO4 and the reverse.  

The author was for tunate  in obtaining from a bat-  
tery manufac ture r  several  samples of grids that i l lus- 
t rate stress-corrosion cracking and offer an oppor-  
tunity to study it as it  progresses. 

The purpose here  is to report  only some ra ther  
unusual  features of the microscopic examinat ion of 
this cracking phenomenon in the lead-an t imony alloy 

when used as a grid in the dilute sulfuric electrolyte.  
It thus appears unnecessary to refer  to the extensive 
l i tera ture  ei ther  of stress-corrosion cracking or of 
corrosion in the lead alloys. 

Observations 
The bat tery  plates examined  were  all of the same 

type and had been used on an in termi t tent  cycle type 
of operat ion for up to ten years. The samples were  
mounted for metal lographic  prepara t ion in such a way  
that the prepared  section would ex tend  across the grid 
and active mater ia l  and would be paral le l  to the plate 
surface. This gave max imum probabil i ty of sectioning 
the cracks that  were  known to be present  f rom pre-  
viously obtained ~adiographs. 

Upon microscopic examinat ion the grids of the ten-  
year -o ld  batteries were  found to contain numerous 
cracks that ex tended  ent i rely through the grid mem-  
ber. Al though these cracks could be found at prac-  
t ically any location along the grid member ,  the ma-  
jor i ty  were  near  the points where  ver t ica l  and hori-  
zontal members  intersected. Examinat ion  of a num-  
ber of these cracks established that  the cracks were  
following grain boundaries in almost eve ry  case. 

A few exceptions were  found near the center  of a 
section where  a single grain not  favorab ly  located for 
extension of an  exist ing in tergranular  crack had been 
fractured.  In these rare  cases, however ,  this t rans-  
verse  crack was plainly the resul t  of exist ing and ex-  
tensive grain boundary corrosion which extended up 
to each side of the grain in question. 

Examples  of the type of in te rgranula r  corrosion and 
cracking which was found are shown in Fig. 1. There  
was no set pa t te rn  to this corrosion mechanism. In 
one case a corroded grain boundary might  extend 
ent i re ly  across the section wi thout  a visible crack 
appearing, as in Fig. 1A. In other  cases the outer  por-  
tions of the interconnect ing grain boundaries  might  
show a crack at one or both sides of the section while 
the remaining  side or center  of the grid had e i ther  
not yet  corroded or  had corroded wi thout  visible sep- 
aration. An example  of this is shown in Fig. 1B, 
where  the outer  portions of the continuous grain 
boundary have opened into a visible crack whi le  the 
center  portion, around the misaligned grain, has not 
yet  separated al though it has suffered in te rgranular  
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Fig. 1. Examples of the destructive intergranular corrosion that 
caused failure of the grids: (A) corroded but not yet showing 
cracking, (B) corroded and cracked but not yet completely sepa- 
rated, and (C) total failure. The side of one square in the di- 
mensional grid measures 528~. Original magnification 45X. 

corrosion. It  is bel ieved that the ul t imate  fate of all 
examples  of in te rgranula r  corrosion would  be tha t  of 
complete separat ion as shown in Fig. 1C. 

It should also be r emarked  at this point that obser-  
vat ion of a single cross section at the site of a cracked 
or corroded boundary leaves much to be inferred.  The 
visible imperfect ion which so clearly proceeds along 
the grain boundary in the plane of the photograph or 
section must  also extend above and below this plane. 
In other  planes the grain boundary corrosion or ac- 
tual  cracking may be more  or less extens ive  than in 
the plane which is visible. Yet the conditions that  
exist  in these other  planes or sections will  influence 
the .appearance of the visible section and may produce 
anomalies in the visible section for which there is no 
apparent  reason. Despite this fact  it is bel ieved that  
a sufficient number  of sections have been examined  to 
ar r ive  at an approximat ion of the mechanics of the 
process. 

If this corrosion is stress induced, it is necessary to 
determine whether this stress is attributable to the 
active material. The approximately 51% increase in 
specific volume as PbO2 is converted to PbSO4 is cer- 
tainly capable of creating stress in the grid, provided 
the active material is not free to relieve this stress in 
other directions. Such stress could be produced either 
continuously by a slow accumulation of unreactive 
PbSO4 over an extended period of charge-discharge 
cycling or intermittently by a repeated conversion of 
the reactive PbOs to reactive PbSO4 on each discharge 
cycle. 

Several factors seemed to indicate that the stress 
was being exerted by the active material. The active 
material itself was unusually hard, cohesive, and well 
retained in the grid even after periods of use of up 
to 10 years. Examination of this active material from 
plates supposedly in the fully charged condition 
showed the presence of a large amount of sulfate. 

Since the corrosion product on the grid bars builds 
up slowly over the period of use and because this 
product is hard and brittle, one would suppose that 
any stress that was sufficient to cause intergranular 
corrosion and actual cracking at the grain boundary 
would first cause the brittle corrosion product to 
crack. Moreover, since the corrosion product appears 
to undergo no visible change between charge and dis- 
charge, such a crack would remain visible with no 
means of repairing itself. For this reason a very care- 
ful examination was made of the corrosion product in 
the vicinity of any visible intergranular corrosion or 
where there were cases of actual cracking. 

It was found that in the majority of cases where 
intergranular corrosion was just beginning or had not 
proceeded to a depth exceeding the diameter of the 
average grain there were no cracks through the cor- 
rosion product in a direction perpendicular to the 
metal surface. In the few cases where cracks did occur 
under these conditions they did not extend entirely 
through the corrosion product. 

The corrosion product was found to be cracked only 
in directions either essentially parallel to or perpen- 
dicular to the metal surface. Cracks paralleling the 
metal surface divided the corrosion product into dis- 
tinct layers. Any cracks that were directed perpen- 
dicular to the metal surface at the point where inter- 
granular corrosion had begun had usually only pene- 
trated the inner layer of corrosion product that was 
next to the metal-corrosion product interface. No 
perpendicularily directed cracks in other layers were 
found to lie close enough to be caused by or to in- 
fluence the spot where intergranular corrosion was 
beginning. Although all of the outer layers showed 
cracks perpendicular to the metal-corrosion product 
interface, these cracks were not aligned with one an- 
other in adjacent layers and appeared to have no re- 
lation to metal structure defects. They were judged to 
be the result of internal stresses within the corrosion 
product itself. Thus there was nothing seen in the case 
of the slight or moderate intergranular corrosion that 
would indicate that such corrosion was being initiated 
by stresses set up in the active material. 

In the case of severe intergranular corrosion ex- 
tending through or nearly through the entire grid 
member or where actual cracking had occurred at 
grain boundaries there were still cases where no 
cracks occurred perpendicular to the surface, but this 
was the exception. Such cracks in the grid metal 
were more often accompanied by cracks in the ad- 
jacent corrosion product. These cracks in the cor- 
rosion product were studied carefully, and it was 
determined that in the majority of cases cracking did 
not extend to the outer surface of the corrosion prod- 
uct and also that the end of the crack farthest from 
the metal surface narrowed out of existence. It is evi- 
dent that a crack would be wider at its outermost por- 
tion if the stress was being applied by the pellets of 
active material In those few cases where the cracks 
did extend through the corrosion product they also 
extended for a considerable distance into the active 
material itself, and again the crack narrowed at the 
end in the active material. 

An examination of the contact surface between cor- 
rosion product and active material also revealed that 
there was an actual space between the two in many 
areas. This would not be expected if the active mate- 
rial was actually applying stress to the grid. 

It  was therefore  decided that  the act ive m~ter ia l  
had not exer ted stress on the grid despite its unusual  
hardness and undoubted large volume changes. 

The next  most l ikely source of stress was in the 
corrosion product itself. As wil l  be brought  out  in the 
subsequent  discussion the vo lume increase that  occurs 
in the conversion of Pb to PbO2 wil l  va ry  depending 
on the amount  of ant imony in the alloy, but  a theo- 
ret ical  m a x i m u m  of about 20% increase in specific 
vo lume is a possibility. A cohesive corrosion product,  



Vol. 114, No. 1 C O R R O S I O N  I N  G R I D S  O F  S T O R A G E  B A T T E R Y  

firmly attached to the metal  surface, might produce a 
considerable susCained stress. 

Continued microscopic examinat ion  of the corro- 
sion product  revealed first of all tha't only a smal l  por- 
tion of the total thickness of corrosion product would 
be effective in the promotion of stress. As was pre-  
viously ment ioned cracks parallel  to the metal  surface 
divided the total  thickness of corrosion product  into 
a number  of layers. There were both major  and  minor  
cracks. The major  cracks were fair ly equal ly spaced 
and one may imagine that they represent  major  stress 
relief as a definite thickness of corrosion product is 
exceeded. The minor  cracks had less definite spacing 
between them and extended for shorter distances so 
that they did not divide the mater ia l  into definite 
layers. The minor  cracks appeared to become more 
numerous  near  the metal  surface and as the depth 
of corrosion product  increased. These minor  cracks 
extend to wi th in  10~ or less of the metal  surface so 
that the corrosion product  was not  t ruly  adherent  at 
a greater distance. It thus became obvious tha t  any 
stress produced by the surface corrosion product 
would not  be increased as the thicknes of corrosion 
product  increased. Only .that portion of the corrosion 
product  wi th in  about 10~ of the metal  surface would 
be effective in creating stress. As new corrosion took 
place at the interior  of this thin layer, that portion 
exceeding the 10~ thickness would shed off and thus 
would no longer be a contr ibutor  to the stress of the 
metal. 

There was another factor involved, however, which 
undoubtedly  did contr ibute  to stress. In  addition, and 
unl ike  the surface corrosion described above which 
applied a fairly constant  stress, this condit ion became 
steadily worse as the service life of the bat tery  was 
extended. 

The lead-an t imony alloy under  consideration and 
indeed most al loy compositions used in bat tery grid 
construction are of a very nonuni form nature.  In  such 
mater ial  the pr imary  dendrites form first dur ing the 
freezing process and constitute the skeletons of the 
individual  grains. These pr imary  lead dendrites, which 
contain only small  amounts of an t imony in solid solu- 
tion, usual ly form an intr icate branched s t ructure  
within which the near ly  eutectic proportions of lead 
and an t imony subsequent ly  freeze. This near ly  eu-  
tectic mix ture  is itself made up of actual particles of 
precipitated ant imony in a mat r ix  of lead. 

Despite this decided lack of homogeneity it was 
noted that corrosion begins as a r emarkab ly  uniform 
process with no tendency to attack preferent ial ly  
either grain  boundaries or other points of nonun i -  
formity. After a t ime which may perhaps either 
depend on length of service or thickness of corrosion 
product there is a definite shift to a very preferent ia l  
type of attack. At this time the attack becomes most 
pronounced at grain  boundaries,  slightly less pro- 
nounced in the interdendri t ic  spaces containing the 
eutectic type of mater ial  and least in those areas oc- 
cupied by the pr imary  dendrit ic branches. In  addition, 
where previously the an t imony particles were at- 
tacked and dissolved from the corrosion product  r ight  
down to its boundary  with the metal,  now it is found 
that the preferent ia l ly  attacked areas contain all the 
original segregated and precipitated an t imony in un -  
changed form. In  other words at tack and dissolution 
of an t imony has apparent ly  ceased, although those 
areas containing the most an t imony are being prefer-  
ent ial ly attacked. 

The black PbO2 that  forms in  these areas of most 
pronounced attack does not appear as dark as that 
formed at the ear l ier  stage of corrosion when  both 
were viewed by polarized light. When viewed by ver-  
tical i l luminat ion  the hardness and reflectivity of this 
area of preferent ia l  attack was different when  com- 
pared with the earlier corrosion. (Hardness was 
judged by the relat ive elevations of various regions, as 
the samples had been in tent ional ly  relief polished.) 

Fig. 2. Pattern of corrosion after 1 ~  years service. Hote that 
the corrosion-metal interface is fairly smooth and that no anti- 
mony appears in the corrosion product; 2/~ squares. Original 
magnification 800X. 

As said previously the preferent ia l  attack occurred 
both at grain boundaries and in  the spaces between 
individual  arms of the pr imary  dendri te  that made up 
individual  grains. This attack on the interdendri t ic  
spaces of individual  crystals appeared to be at its 
worst when these spaces between dendrit ic arms were 
aligned perpendicular  to the surface, but  in any case 
the attack at the grain boundary  was always more 
severe than  elsewhere. Once this preferent ial  type of 
attack began on the grain boundary  it became pro- 
gressively more severe un t i l  it had penet ra ted  far be- 
yond the interdendri t ic  penetrat ion.  The deeper this 
attack penetra ted into the grain boundary  and the 
fur ther  that  it proceeded from the surface the greater 
became the tendency for an interdendri t ic  attack 
originat ing from the grain boundary  to branch out 
into the two adjacent  grains. This mean t  that  the 
fur ther  the corrosion penet ra ted  into the metal  along 
a grain  boundary  the greater became the volume of 
PbO2 liberated in  and adjacent  to the boundary  and 
consequently the greater the in te rna l  stress that  acted 
as a wedge to force the grain boundary  open. 

The appearance of the corrosion product  after 1�89 
years of service is shown in Fig. 2. The r igh t -hand  part  
of the photograph shows the corrosion product. To the 
left is pictured the alloy. The darkly  motled bands rep- 
resent  p r imary  lead dendrites and the strings of br ight ly 
reflective particles represent  an t imony in the eutectic 
areas between pr imary  dendrites. It will  be seen that 
while the interface between metal  and corrosion prod- 
uct is not a straight l ine the var iat ion in  rate for the 
various portions of this grain are slight, so that for 
all practical purposes the attack may still be con- 
sidered to be uniform. While not visible in  the photo- 
graph the same was t rue  at grain boundaries and 
from one grain to another. It  will  also be noted that  
nowhere in the corrosion product  are any of the small  
bright  particles of an t imony to be found, these having 
dissolved as the PbO2 was formed. 

Figure 3 shows the condition of the corrosion-metal  
in'terface after 7 years of service. This grain  is s imi-  
larly or iented to that shown previously so that  the 
dendrit ic arms of the p r imary  crystal are perpendicu-  
lar to the interface. Under  these condit ions the most 
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Fig. 3. Same grain structure and orientation as shown in Fig. 2, 
but here is shown the type of interdendritic attack that was found 
after 7 years of service. It will be noted that the corrosion- 
metal interface is no longer smooth and that the particles of 
antimony originally in the metal now appear in that portion of the 
corrosion that extends into the metal. Note that no similar 
material appears in the surface layer of corrosion that does not 
extend into the metal and appears in right hand portion of the 
photograph; 28~ squares. Original magnification 800X. 

Fig. 4. Illustration of the initial stage in grain boundary cor- 
rosion. Note that the actual corrosion appears still to be following 
interdendritic as well as grain boundaries and that process occurs 
too extensively to suggest that a mlcrocrack may be responsible; 
28/~ squares. Original magnification 800X. 

severe  at tack on individual  grains occurs. I t  can be 
seen tha.t in this case the at tack has become very  pref -  
erential.  This can be noted in the center  ver t ica l  row 
of squares across which the  corrosion product  extends.  
I t  wi l l  be noted that  this at tack appears ~o be con- 
fined only to the an t imony-r ich  areas (areas con- 
taining the br ight  ant imony part icles) .  The lead-r ich  
areas (areas containing dark, mott led mater ia l  wi~h 
no bright  particles) are  much less severe ly  attacked. 
It  wil l  also be noted that  in the areas of preferent ia l  
at tack the ant imony part icles have r~ot been dissolved 
out. In  the actual v iewing it was also evident  that  the 
reflectivity of the corrosion product  in the areas of 
preferent ia l  a t tack was different f rom that of the con- 
tinuous layer  of corrosion product  that  covers the sur-  
face and is seen in the r ight  ver t ical  l ine of squares. 
Final ly  the numerous small  cracks should be noted 
that  appear  in the corrosion product  a lmost  up to its 
interface wi th  the metal. 

F igure  4 shows the intersect ion of a grain boundary 
with  the corrosion interface.  The boundary  be tween 
these ~wo grains in the meta l  ex, tends to the  left  
through the center  horizontal  row of squares, and 
along this boundary  corrosion has occurred.  It  wi l l  be 
noted that  in this area  and a t  the interface be tween  
meta l  and corrosion product  metall ic particles of 
ant imony appear. It  wil l  also be seen that  the corro-  
sion is not so select ive at the grain boundary as to 
appear to be fol lowing a crack nor does any crack 
appear  in the corrosion product.  

This can stil l  be considered to be t rue  when  the 
penetra t ion along the grain boundary has proceeded 
to a considerably greater  depth as shown in Fig. 5. 
This figure also clearly shows the te rminus  of the 
corrosion and it wil l  be noted that  there  is nothing 
to indicate a crack or defect  in the meta l  ahead of the 
corrosion. Even the presence of a grain boundary 
cannot be readi ly  seen, but  its presence can be de-  

Fig. 5. An example of a more advanced stage in the grain 
boundary corrosion. Note particularly that the corroded area does 
not appear to widen with increasing depth and that no actual 
crack in the metal appears ahead of the corroded portion. Again 
note the presence of antimony particles in the corroded area; 28/~ 
squares. Original magnification 800X. 

duced f rom the different orientat ions of the pr imary  
dendri tes to ei ther  side of the corroded layer. This 
becomes a great  deal more  evident  at somewhat  lower 
magnification. It wil l  also be noted in this and other  
photographs of the series that  the random positions of 
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Fig. 6. Illustration of the very idtensive interdendritic attack 
that proceeds outward from each side of the intergranu|ar corro- 
sion when a considerable depth within the metal has been reached. 
This might be considered as a third stage in the process illus- 
trated by Fig. 4 and 5 and that stage during which actual crack- 
ing may occur. Original magnification 800X. 

it can be seen that  a very  preferent ia l  and deep a t -  
tack has been  made into the an t imony  rich areas at 
each side of the grain boundary.  Again is to be noticed 
the absence of anyth ing  resembling a crack and the 
an t imony particles scattered throughout  the corroded 
area. One does not  appreciate the true extent  of this 
corrosion unt i l  the same area is seen in polarized light 
(Fig. 7). While this photograph does no~ show as 
much detail  as Fig. 6 it serves to i l lustrate clearly the 
extent  to which corrosion has spread into adjacent  
grains from the corroded grain boundary  and the 
interdendri t ic  na tu re  of this attack. When compared 
with Fig. 6 it also serves to identify those areas which 
represent  corrosion. Corroded areas appear black in  
Fig. 7, a un i form gray in  Fig. 6. 

Discussion 
In  a previous report  (1) the microstructure  and  

in te rgranular  corrosion of these plates was discussed 
in greater detail, and addit ional  i l lustrat ions repre-  
sent ing this phenomenon were presented. Some of the 
mater ia l  was reexamined,  and the considerably modi-  
fied present  paper is the result.  

The mechanism of corrosion for pure lead and  for 
the lead-an t imony alloy is different in some physical 
aspects. Under  the conditions existing in  the lead-acid 
storage bat tery  the lead grid becomes covered with a 
coating of lead dioxide which is formed from the 
metal.  This is usual ly considered to be a dense and 
protective covering for the under ly ing  metal, and in  
the absence of more than trace impurit ies this is prob- 
ably true. In  the l ead-an t imony  alloy the as-cast  sur-  
face does not form a continuous homogeneous layer 
but  contains numerous  impurit ies which consist of 
small  particles of an t imony and also contains .anti- 
mony atoms in a solid solution. 

I t  can be demonstrated that  the an t imony particles 
are removed from this surface by anodic corrosion 
even before the lead begins its conversion ~o lead 
dioxide. This will  na tura l ly  result  in  voids in the pro-  
tective layer. Since corrosion-product cross sections of 
considerable thickness reveal  no an t imony as a solid 
mater ia l  and since ant imony continues to deposit at 
the negative plate, it can be assumed that  this re-  
moval  of an t imony continues for a considerable t ime 
as the lead dioxide builds up from the lead of the 
alloy. 

The most immediate  effect of this an t imony removal  
is a reduced volume in  the conversion from lead to 
PbO2. When  ant imony is alloyed with lead the re-  
sul tant  alloy will  have a specific vo lume greater than  
that of lead. As the amount  of an t imony in  the alloy 
is increased, the specific volume wil l  also increase. 

While the corrosion product from pure  lead will  
have a specific volume approximately 20% greater  
than the lead from which i t  was formed, that  from 
the l ead-an t imony alloy will  be less than  this amount.  

Fig. 7. Some area and magnification as used in Fig. 6 but 
here illuminated by polarized light to emphasize the extent of 
the corrosion. The corrosion product is the black area. 

the ant imony particles throughout  the corroded area 
would also indicate that  there was no actual  break 
present  during or before corrosion. 

As the corrosion proceeds deeper into the grain 
boundary  there is begun  a decided preferent ia l  cor- 
rosion into each adjacent  grain provided the or ienta-  
t ion of these is suitable. This is shown in Fig. 6 where 
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pERCENTaGE BY WEIGNT OF AP4TIMONY IN ~LLOY 

Fig. 8. Illustration of the manner in which specific volume of 
the alloy and of its corrosion product vary with change in the 
antimony content of the alloy. 
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Fig. 9. Relationship between the antimony content of the alloy 
and the percentage volume increase as the alloy corrodes and is 
converted to lead dioxide. It will be noted that the volume de- 
creases with increase of antimony in the alloy. 

For, if the specific volume of the ant imony is not 
added to that  of the corrosion product, the la t ter  wil l  
depend ent i re ly  on the lead port ion of the alloy. As 
the amount  of ant imony in the alloy is increased and 
continues to be removed  in the corrosion process, the 
specific vo lume of the corrosion product  should de- 
crease. A point is then reached where  the specific 
volume of the alloy is greater  than that of the corro-  
sion product. This is graphical ly shown in curves (a) 
and (b) of Fig. 8. Curve (a) shows the increase in 
specific vo lume of the alloy with  increase in amount  
of ant imony and curve (b) shows the decrease in 
specific volume for the corrosion product formed from 
such alloys when  the ant imony is r emoved  from con- 
sideration. 

As has a l ready been seen, a point is reached in the 
corrosion process when  the ant imony is no longer r e -  
moved from the corrosion but remains behind to add 
to its bulk. In this case the specific volume of the 
ant imony must  be added to that  of the lead dioxide; 
the specific vo lume of the corrosion product  does not 
decrease wi th  increasing ant imony content  in the alloy, 
but instead increases at almost the same rate  as does 
the specific volume of the alloy (Fig. 8). This is shown 
by curve (c). The actual conditions can be expressed 
perhaps a l i t t le more clear ly  by plott ing per cent of 
ant imony in the al loy against the actual percentage 
volume increase in each case (Fig. 9). 

In Fig. 9 curve  (a) i l lustrates the percentage spe-  
cific volume decrease as the ant imony content  is in-  
creased toward 11%, at which point there  is no volume 
change. This is t rue provided the type of corrosion 
process tha t  is taking place removes  ant imony from 
the corrosion product. Curve (b) shows the much 
slower decrease in specific volume that  occurs wi th  
increasing amounts  of ant imony in the alloy provided 
the corrosion process does not remove  the ant imony 
from the corrosion product. 

It is a we l l -known  fact  that  lead grids shed corro-  
sion product  at an a larming rate  whereas  lead-ant i -  
mony alloys re ta in  their  products of corrosion much 
better.  It is probable that the entire difference may lie 
in the above discussed volume changes and not in 
alloy s t ructure  characterist ics as some have supposed. 

Lead-ca lc ium alloys, unl ike pure lead, do not shed 
corrosion product  at such high rates when used as 
ba t te ry  grids, and this fact  might  dispute the above 
conclusion. Microscopic examinat ion has shown, how-  
ever,  that  the ent ire  corrosion process in lead-calc ium 
alloys differs f rom that  discussed here  and in par t icu-  
lar that  the corrosion product  appears to be softer and 
less cohesive than that  obtained f rom lead or its alloys 
wi th  ant imony.  Unl ike  the latter,  lead-calc ium alloys 

form a corrosion product  .that disintegrates and blends 
wi th  the surrounding active mater ia l  only :a short 
distance f rom the meta l  surface. So definite is this 
tendency that  the t rue  ex ten t  of the corrosion layer  
is impossible to determine.  A mater ia l  so lacking in 
in ternal  cohesion is able to adjust  to large volume 
changes without  visible spall ing more  easily than  is 
the more  br i t t le  and cohesive pure lead corrosion 
product. 

The stress that  acts to r emove  the corrosion product  
is developed within  it and is re l ieved  in two  ways. A 
study of this shedding process revea led  that as the 
volume of corrosion product  is increased around the 
per iphery  of a grid member ,  the stress increases in a 
c i rcumferent ia l  direct ion and is re l ieved  by a breaking 
away and increase in d iameter  of  a stressed portion. 
This repeated process results in a series of corrosion 
layers that  appear to be paral le l  to the meta l  surface 
when viewed in a plane section and as concentr ic  
layers when  viewed in cross section. 

At  the same t ime that  stress is developing around 
the per iphery  of the  grid member  a s imilar  stress is 
developing along its length. This cannot be re l ieved 
as simply as the c i rcumferent ia l  stress, even  after 
b reakaway has occurred, because portions of this cor-  
rosion product  are prevented  f rom longitudinal  ex -  
pansion by the configuration of the grid which is such 
that  a blockage is provided by every  grid bar crossing. 
The result  of this restr ict ion is tha t  longitudinal  cracks 
occur and the resul tant  long strips take a pronounced 
bow away from the stlrface to re l ieve their  internal  
stress. It is unl ikely that  any great  port ion of this 
type of stress is t ransferred to the grid metal. 

The net  result  of these processes on micrography is 
that the grid cross section is seen sur rounded wi th  a 
series of concentric layers of corrosion product  wi th  
each layer  containing a number  of t ransverse  cracks. 
When viewing a section cut paral le l  to the surface a 
series of near ly  paral le l  layers of  corrosion p roduc t  
are seen, but  the spacing between two adjacent  layers 
is at a max imum midway  between crossing grid 
bars and is at a min imum near  such intersections. As 
the amount  of an t imony in the alloy is increased the 
number  of layers decreases and the spacing between 
adjacent  layers also decreases. 

Definite series of alloys wi th  up to 11% ant imony 
and various types of operat ion should be prepared  to 
support  this observation, which is based on random 
sampling of plates wi th  various amounts of ant imony 
and similar  but uncontrol led periods of service. 

It  can be seen f rom Fig. 9 that  even  5% of ant imony 
in an alloy will  reduce the specific volume increase 
by half  wi th  a corresponding improvement  in the r e -  
tention of corrosion product  and reduced cracking. 
However  the presence of 5% ant imony offers hardly  
any reduct ion in specific vo lume when the second 
stage of corrosion begins and ant imony remains in 
the corrosion product. In this case the volume in-  
crease is almost as great  as that  for pure  lead, and 
the stress developed wil l  be similar. Since a major  
port ion of this stress is developed in the grain bound- 
ary, fai lure is inevitable.  

The above may serve to explain the des t ruct ive  
stress developed in the second stage, but it does not  
explain why  this t ransi t ion in the mechanism of cor-  
rosion should take place. It would appear that  the 
corrosion product  is ini t ial ly and for a t ime suffi- 
ciently porous to allow adequate  acid penetra t ion for 
mainta ining the or iginal  type of corrosion. In this 
original  type of corrosion at tack ei ther  was not p refer -  
ential  or  occurred at such a ra te  that  preferent ia l  
characterist ics were  masked. Despite the development  
of cracks both c i rcumferent ia l ly  and longitudinal ly 
a sufficient thickness of deposit  must  eventual ly  form 
to prevent  adequate  acid being present  to main ta in  the 
original  process. If this is indeed the reason, then 
once the second stage is ini t ia ted it should be self- 
perpetuat ing  because of its preferent ia l  na ture  and 
the confined conditions under  which it occurs. 
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The ini t ia l  penetra t ion at the gra in  boundary  is 
not believed to be caused by stress on the grid. The 
weakness at the grain boundary  is believed to be 
caused by microporosity developed dur ing solidifica- 
tion of the alloy. 

When  pr imary  crystall ization of an alloy is com- 
pleted, a port ion of the available metal  has already 
solidified. In  the case of the l ead-an t imony series the 
amount  wil l  depend on the quant i ty  of an t imony in 
the alloy. In  the case under  discussion it  is evident  
from the well-developed pr imary  branching  in  each 
grain and the relat ively large amount  of p r imary  as 
compared with eutectic that  a major  port ion of this 
alloy had solidified dur ing  p r imary  crystall ization and 
that  a relat ively small  amount  of eutecr mel t  re-  
mained in the channels  between the  p r imary  den-  
drites. 

Microscopic study of the freezing process in  this 
alloy system dur ing  solidification reveals that  solidifi- 
cation is arrested when  format ion of the pr imary  
crystals of lead is completed and does not proceed 
unt i l  eutectic crystall ization is s tarted by the ap- 
pearance of an t imony crystals. In  addition the eutec- 
tic freezing does not  take place in  these alloys as a 
s imultaneous shower of crystals. Instead one or more 
nuclei  are formed wi th in  the grain, and the crystal-  
l ization of the eutectic proceeds from these points by 
a tortuous route along the various channels left be- 
tween dendrit ic branches of the grain. This process 
also proceeds with relat ive slowness and can be 
visually followed. 

Eutectic nucleat ion occurs at more than one place 
in the grain, and from these points it spreads through-  
out the remain ing  channels of the grain. This final 
freezing causes a reduct ion in  volume, and it is un -  
l ikely that  sufficient l iquid either remains  or could 
reach these areas to fill all voids. As a consequence 
microporosity in these eutectic areas undoubtedly  oc- 
curs. Since the nucleat ion of the eutectic appears to oc- 
cur wi th in  the grain, an even  greater  porosity must  
result  at the grain boundary  from which l iquid metal  
is wi thdrawn to feed the areas where freezing is oc- 
curring. 

There is evidence other than the present  corrosion 
to indicate that  the grain boundary  in these alloys may 
be microporous. When  castings of these alloys were 
made very thin, on the order of 5 mils (0.127 mm) in 
thickness, the individual  grains could be seen dis- 
tinctly, as could the pr imary  dendri t ic  s t ructure and 
the grain boundaries.  This sharp demarcation was 
caused by the pronounced shrinkage of the eutectic 
port ion of the material.  

It  was discovered that  with very careful teasing the 
film could be separated into individual  grains with 
easy and distinct separation taking place along the 
grain boundaries.  These individual  grains were then 
mounted so that the formerly  mat ing  surfaces could 
be examined;  it was found that  these showed no 
evidence of tear ing or fracturing. Although there was 
no evidence of any  actual welding at the grain bound-  
ary, the foil gave every  evidence of being completely 
normal  before separat ion and  could be handled and 
bent  in a normal  manner .  Microscopic examina t ion  
of the boundary  before separat ion showed the usual  
grain boundary  structure.  The appearance of the grain 
boundary  after separat ion appeared similar to that 
seen in  the casting defect known  as a cold shut. 

Burbank  (2) has described a process for convert ing 
a thin metal  film into a chemical replica for the pur -  
pose of microscopic examinat ion  by t ransmit ted  light. 
The th in  cast films described above were converted 
to a t rans lucent  chemical replica by the use of an 
acetic acid-hydrogen peroxide solution. When  exam-  
ined under  the microscope by t ransmit ted l ight  these 
replicas were found to reproduce the s t ructure  of the 
metal  fai thful ly as seen by metallographic prepara-  
tion of metal  sections but  in considerable more detail. 
These films were reasonably coherent and stable 
throughout  the grain  and  showed no tendency to be 

O F  S T O R A G E  B A T T E R Y  

Fig. 10. Chemical replica of a portion of very thin Pb-Sb alloy 
cast foil containing 1% Sb illuminated by transmitted light. The 
dark dots in parallel rows represent segregated antimony concen- 
trated at intersections of primary lead dendritic branches of the 
crystals. The boundary between the large lower grain and the 
small grain at center is intact, but separation has occurred cleanly 
along most of the boundary between lower and upper grain and 
between upper and center grain. Original magnification 50X. 

weaker  at the junct ion between pr imary  and sec- 
ondary structure.  However at the grain  boundaries 
there was definite weakness, and as before the film 
could be easily separated into areas corresponding 
to the original metal  grains (Fig. 10). In  addition ex- 
aminat ion of these grain  boundaries at high magnifica- 
t ion and with t ransmit ted  light produced no evidence 
that a crack existed before separation. 

I,t is therefore concluded that these boundaries  were 
not in  any way welded or soldered together in  the 
freezing process bu t  were merely in  very  int imate  
contact and were being held together by atomic forces 
similar to those which hold a plated coating to the 
base metal. 

Although the conditions encountered at the bound-  
ary of a very  thin cast grain may not  duplicate the 
conditions at the boundary  of a metal  in  bulk, and 

Fig. 11. Illustration of the relative amounts of primary crystal- 
lization (in the form of lead-rich dendritic crystals) and of eutectic 
crystallization present at the final solidification for alloys with 
various antimony contents. 
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although eventual  diffusion, recrystall ization, and re-  
sul tant  grain boundary  migra t ion eventual ly  alter this 
condition, it still seems reasonable to expect consid- 
erable microporosity as the grain boundary.  

It must  be emphasized, however, that  the extent  of 
this microporosity and its dis t r ibut ion will  change 
with change in  an t imony conten~ in the alloy. The 
effect of changing the alloy composition of the lead- 
ant imony alloys and the m a n n e r  such changes in-  
fluence the relat ive amounts  of p r imary  dendrit ic and 
secondary eutectic crystall ization have been discussed 
elsewhere (3). It  will  suffice here to refer to Fig. 11 
which shows the relat ive percentage of the two types 
of crystall ization as the amount  of an.timony in the 
alloy is increased. Curves (a) and (a') represent  the 
relat ive portions when freezing takes place under  
equi l ibr ium conditions, while curves (b) and (b') 
show the greatest possible var ia t ion that  could occur. 
All  actual  castings are represented somewhere be-  
tween these two extremes. It  will  be realized that 
when  the greater portion of the mater ia l  freezes as 
pr imary  dendrites, ~he remainder  and still  l iquid por-  
tion may  be confined in nar row passages between 
pr imary  dendri t ic  arms and as a thin film at the grain 
boundaries.  Under  ~hese conditions the freezing of 
the final eutectic port ion will take place with de- 
cided porosity at inCergranular portions. When the 
major  port ion of the mater ia l  remains  liquid after 
the freezing out of lhe p r imary  dendrites,  the indi -  
vidu~al and much less complexly grown crystals of 
p r imary  are separated from one another  by large 
masses of still l iquid mater ia l  and indeed may be 
floating freely in the lat ter  when final solidification 
takes place. In  such a case final eutectic crystall iza- 
tion probably produces much less microporosity. 

Since both volume change in  the corrosion product  
and amount  of microporosity in the alloy are reduced 
as the amount  of an t imony in  the alloy is increased, 
there may be here the explanat ion for the lack of 
success in  the numerous  attempts to reduce the 

amount  of an t imony below that  cur ren t ly  used in  the 
industry.  

In  the process of corrosion that  has been described 
grain boundary  corrosion took place without  visible 
cracks being present  either in ~he metal  or the orig- 
inal  surface corrosion tayer. This indicates a funda-  
menta l  grain boundary  weakness ra ther  than corro- 
sion init iated by external  strain. 

If microporosity is accepted, then i~s presence may 
also help to explain another  puzzling feature, namely,  
the change from a uniform to selective mode of at- 
tack. With the freezing conditions present  at ~he mold 
face it is unl ikely  th, at microporosity would extend 
ent i re ly  to the surface; the surface would almost cer- 
tainly be sound. While there are unquest ionably  other 
differences in  the mode of at tack after a definite thick- 
ness of corrosion product  has been formed, the selec- 
tive characteristic of this attack might  be a t t r ibutable  
to penetra t ion beyond the sound surface layer and its 
encounter  with a porous remainder .  

'The type of corrosion described here is probably 
much more common ~han is general ly  realized. The 
vast major i ty  of batteries used in  such applications as 
starting, lighting, and ignition, s imply do not  survive 
other difficulties long enough for this type of corro- 
sion to become the major  problem. It is inheren t ly  a 
problem of the heavier  grids used for industr ia l  pur-  
poses, and it is suspected that  examinat ion  of those 
in long use would reveal  m a n y  cases of this type of 
attack. 

Manuscript  received Aug. 15, 1966. This paper was 
presented at the Philadelphia Meeting, Oct. 9-14, 1966. 

Any  discussion of this paper will  appear in a Dis- 
cussion Section to be published in the December 1967 
JOURNAL. 
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High Rate Battery Electrodes 
Clarence M. Shepherd and Harry C. Langelan 

U. S. Naval Research Laboratory, Washington, D. C. 

ABSTRACT 

It has been shown previously that metal  plates of controlled porosities and high surface 
areas can be produced by the electrolytic reduct ion of metal  compounds subjected to controlled 
physical pressure dur ing  electrolysis. When these plates are discharged as anodes in test bat-  
teries their capacities and ampere hour efficiencies are found to increase rapidly as the poros- 
ity increases. At porosities of 85-90%, high efficiencies were obtained for extremely high dis- 
charge rates over a range of temperatures  extending down as low as- -60~ Similar  results 
were obtained with high porosity cathodic active materials.  The active materials  thus tested 
included zinc, cadmium lead Ag20, and AgO, all of which were highly successful, thus indicat- 
ing that  the technique can be applied to a wide range of batteries and active materials.  

Theoretically, there are a very large n u m b e r  of sub-  
stances that  can be used as the active mater ia l  in bat -  
tery anodes or cathodes. From a practical viewpoint,  
this use is not feasible with a major i ty  of these ma-  
teri,als since they polarize heavily and can operate 
only at very  low cur ren t  densities. Since polarization 
is a monotonic increasing funct ion of the cur ren t  
density, all  materials  have some l imit  to the cur ren t  
density at  which they may be discharged practically 
and beyond which l imit  the drop in the value of the 
potential  is too large to be acceptable for practical 
purposes. Any  physical factor that  increases the sur-  
face area of the active mater ia l  decreases the po- 
larization by decreasing the cur ren t  density expressed 
in  terms of discharge cur ren t  per un i t  of surface area 
and thus makes it feasible for the mater ia l  to be dis- 
charged at much  higher rates. 

Shepherd and Langelan  (1) have shown that  metal  
plates of controlled porosities can be produced by the 
electrolytic reduct ion of metal  compounds which are 

subjected to controlled physical  pressure dur ing  the 
electrolysis. The porosity of the metal  plate is a 
funct ion of the pressure applied dur ing formation and 
is also depender~t on the part icular  compound or mix-  
ture of compounds being reduced. A wide range  of 
porosities was obtained in this m a n n e r  from metals 
of the normal  electronegative group such as silver, 
bismuth, tin, lead, ant imony,  zinc, cadmium, copper, 
and mixtures  of these inc luding mercury  (1). The 
porosity, P, which is often expressed as a per cent, is 
defined as that fraction of the total volume of ~the 
mater ial  that  is occupied by pores or void spaces. 

Since the surface area of a metal  plate increases 
with increase in porosity, a n u m b e r  of zinc elec- 
trodes of various porosities were prepared from ZnO 
and discharged in a AgO-Zn-KOH cell, in an effort 
s determine the effect of porosity on cell capacity 
(1). The results are shown in  Fig. 1 where  the ampere 
hour efficiency and  the .capacity in  minutes  are plotted 
as a funct ion of the porosity. The efficiency increases 
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Fig. 1. Effect of zinc electrode porosity on capacity and effici- 
ency, 20~ 40% KOH, 730 ma/cm 2. 

f rom close to 0% at  58% porosity up to a max im um  
of slightly over  75% at 82% porosity. As the porosity 
is increased beyond this peak value, ~he meta l  s t ruc-  
ture becomes f l imsier  and anodic dissolution causes 
high resistance paths and crumbling of the metal.  As 
a result,  the  capacity and efficiency then decrease as 
the porosity increases. 

On the basis of this informat ion it  was fel t  that  an 
electrode of  high porosity could be constructed which 
could be discharged at much higher  rates and still have 
high ampere  hour efficiencies for discharge times con- 
siderably tess than the 15 min  shown in Fig. 1. The 
informat ion presented here  is the resul t  of an ex-  
ploratory invest igat ion designed to determine  if such 
high ra te  electrodes could be prepared f rom zinc and 
also f rom other active materials ;  to de te rmine  if 
porosity was a major  factor affecting the capacity of 
such electrodes;  and to de termine  some of the major  
factors affecting the design, formation,  and operat ion 
of high rate  electrodes, thus opening the door to fu-  
ture investigations of a more highly detai led and 
quant i ta t ive  nature.  

High Rate Anodes 
A cell or bat tery  Consists of components  such as an 

anode, cathode, electrolyte,  separators, grids, con- 
nectors, etc., all of which must  be designed, assembled, 
and tested under  appropriate  conditions before the 
cell can be feasible for considerat ion in commerc ia l  
competi t ion with  o ther  power  sources. The test r e -  
sults shown here  are not meant  to imply that  a com- 
mercial  cell is now available. However ,  as soon as a 
high ra te  anode and cathode have been tested in 
common elect rolyte  as shown here  and found to have 
suitable characterist ics,  t he  major  obstacle s tanding in 
the path  of constructing a high ra te  cell or ba t te ry  
has been eliminated.  

The porous meta l  anode was suspended in a test cell 
be tween  cathodes containing an excess of modera te ly  
high rate  AgO as the active material .  Under  these 
conditions the meta l  anodes were  always found to 
fai l  first. The  effective spacing was 0.075 cm which 
was large enough to p reven t  any physical  contact 
be tween  the electrodes and thus e l iminated the need 
for a separator.  The presence of a separator  tends to 
decrease the cell  potent ia l  and also the capaci ty to a 
widely  vary ing  degree  that  depends on the physical  
propert ies of the separator  and the discharge condi- 
tions for the cell. Thus, the data taken in the above 
manner  represent  an opt imum as far  as separators are 
concerned and present  a s tandard against  which  the 
use of various separators can be tested in a specific, 
commercial  cell. 

A number  of porous zinc electrodes of various 
porosities were  formed by the electrolyt ic  reduct ion 
of pasted ZnO, ZnCO3, or mix tures  of ZnO and ZnCO3 
under  controlled physical  pressures in 15% KOH elec- 
t rolyte (1). Porosit ies as high as 92% were  obtained 
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Fig. 2. Effect of porosities on efficiencies of zinc electrodes at 
20~ 

by reducing ZnCO3 under  the comparat ive ly  l ight 
pressure of 0.054 k g / c m  2. A number  of discharges 
were  made at  constant current  covering a range of 
porosities, cur ren t  densities, and electrode thicknesses. 
The results are shown in Fig. 2 where  the ampere  
hour efficiency is plotted as a function of the porosity 
for various current  densities and amounts  of zinc. In 
each case, the efficiency and consequent ly  the cell 
capacity increases rapidly wi th  increasing porosity. 
In curve D, discharges are being obtained in sl ightly 
over  one minute  at efficiencies up to 60%. Figure  2 
shows, as would be expected,  that  an increase in cur-  
rent  density at a given porosity decreases efficiency. 
It also shows that  a given efficiency can be maintained,  
wi th in  limits, by  increasing the  porosi ty as the cur -  
rent  density increases. The current  density is defined 
here  in amperes  per  square centimeter,  1 cm 2 being 
defined as the area of an electrode 1 cm square. It  
would seem m o r e  logical to define cur ren t  densi ty as 
an active mater ia l  current  density measured  in am-  
peres per gram of zinc, since this value  would be in-  
versely  proport ional  to the theoret ical  discharge t ime 
at 100% efficiency. Consequent ly  the capacity of an 
electrode, at a given porosity and active mater ia l  cur-  
rent  density should be fair ly constant but  would tend 
to decrease as the thickness of the electrode increased. 

The fact that  ampere  hour  efficiencies of  as much as 
60% were  obtained on cells discharging in as li t t le as 
1 min  indicated that  a fur ther  study should be made 
in this ex t remely  high ra te  area. A number  of cells 
were  eva lua ted  by means of  constant  resistance dis- 
charges. The average  potent ia l  and the cutoff po ten-  
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Fig. 3. High rate zinc electrode, constant resistance discharge at 
23~ AgO-Zn=32% KOH, 0.0577 g/crn 2 of 91.6% porous zinc. A, 
Potential; B, current density; C, time. 
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t}al as well  as the capacity are difficult to e~aluate 
in  a constant  resistance discharge, since the potent ial  
tends to drop slowly with t ime in  the m a n n e r  shown 
in Fig. 3, which is in  sharp contrast  wi th  the constant  
cur ren t  discharges of Fig. 7 where  the potent ial  is 
fair ly constant  throughout  most of the discharge and 
drops off rapidly near  the end. However, m a n y  uses 
of a cell approximate  constant  current  discharge con- 
ditions. 

Occasionally in the past a cell has been observed, 
par t icular ly  at low temperatures,  which vcas incapable 
of discharging through any  type of load. Once started 
by extraneous means, a cell of this type would some- 
times be capable of discharging on its own wi th  satis- 
factory characteristics. If such a cell were  discharged 
by the usual  method of forcing a constant  cu r ren t  
through the  cell and recording the potential,  an  ini t ia l  
period would be observed where the potential  would 
be less than  zero. If ~his period were too short to be 
detected by the recording equipment,  it  would never  
be known  that  the cell was incapable of practical op- 
erat ion without  being star ted by an  external ly  ap-  
plied poter~tial. The constant  resistance discharges 
showed that this problem did not occur with these 
high porosity electrodes at high rates. 

A large number  of highly porous zinc electrodes of 
vary ing  porosity were discharged at various high 
rates at temperatures  vary ing  from 23 ~ to ~60~ A 
typical disch.arge is shown in Fig. 3 where  the  poten-  
tial, the time, and the cur ren t  density at 23~ have 
been plotted as a per cent of the total zinc that  has 
been consumed at any  given time. A discharge cur-  
rent  equivalent  to almost 2000 ma /cm 2 was main ta ined  
for near ly  a minu te  at bet ter  than 50% efficiency. To 
check their durabil i ty,  one of the cells tested at --60~ 
was short  circuited for 6 sec followed by an imme-  
diate discharge through a constant  resistance. The 
results are shown in Fig. 4 and indicate that  the 
short circuit had no apparen t  effect on the Zn elec- 
trode characteristics. 

The extremely high rates and efficiencies involved 
here can best be appreciated by comparison with ex-  
isting types of electrodes. In  Fig. 5, curve A, esti- 
mated  values of the l imi t ing current  densities at var i -  
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Fig. 4. High rate zinc electrode, constant resistance discharge at 
--60~ AgO-Zn-32% KOH, 0.070 g/cm 2 of 91.4% porous zinc. A, 
Potential; B, current density; C, time. 
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Fig. 6. Comparison of high rate zinc electrode battery with 
conventional silver zinc batteries, 

ous temperatures  for %he high porosity, high rate elec- 
trode are compared with those of a conventional  elec- 
trode, curve B, recent ly developed for commercial 
high rate usage. The high porosity electrode has l im-  
i t ing cur ren t  densities that  are more than  ten to 
thir ty  times higher than the convent ional  electrode. 

In  Fig. 6, where the potent ial  is a funct ion of the 
constant current  discharge time, a higher efficiency 
and better  characteristics are obtained for the high 
rate zinc electrode which is discharged in about  1 min, 
than are obtained for two commercial  cells which 
were discharged in  about 20 min. Commercial  cells 
with higher efficiencies than these ma y  be available, 
but  these were the only two in  which the weights of 
the active materials  were known.  

If the high surface area of the high porosity zinc 
electrode is the chief reason for its abil i ty to dis- 
charge wi th  high efficiencies a t  high rates and low 
temperatures  then  i t  should be possible to form high 
rate electrodes from other metals. High porosity cad- 
mium electrodes were prepared by the electrolytic 
reduct ion of cadmium oxalate under  0.054 kg / cm ~- 
pressure in  15% KOH electrolyte. They were  dis- 
charged against  AgO cathodes in  32% KOH at  con- 
s tant  cur ren t  densities up  to 1460 m a / e m  s. The re-  
sults are shown in  Fig. 7 where  the emf is plotted 
against  t ime throughout  the discharge. High effi- 
ciencies were obtained, even  in  discharges tha t  lasted 
as l i t t le as 1 min. Excel lent  results were also obtained 
at low temperatures.  High porosity lead electrodes were 
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Fig. 7. High rate cadmium electrodes, constant current discharge 
at 20*C, AgO-Cd-32% KOH. 
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Fig. 8. High rate lead electrodes, constant current discharge at 
20~ AgO-Pb-32% KOH. 

prepared by the electrolytic reduct ion of lead cyan-  
amid and  1cad thiocyanate in 15% KOH electrolyte 
under  0.054 kg/cm 2 pressure. These were discharged 
against  AgO cathodes in a 32% KOH electrolyte at 
constant  current  densities up to 1100 ma /cm 2 and dis- 
charge times of as little as 1 min. The results 'are 
shown in Fig. 8. The high capacities and efficiencies 
obtained at ex t remely  high rates f rom the zinc, cad- 
mium, and lead high porosity electrodes indicate that  
other high porosity, active materials should also make 
excellent high rate electrodes. 

In  every case, there was a large increase in temper-  
a ture  dur ing  a high rate discharge which would be 
capable under  many  conditions of seriously affecting 
cell capacity and other characteristics, par t icular ly  at 
low, ambient  temperatures  where the change in  ca- 
pacity with change in  tempera ture  is re la t ive ly  large. 
This increase in temperature,  which measured as much 
as 30~ varies widely wi th  changes in  cell construc-  
tion and operat ing conditions and consequently can 
have a serious effect on cell design. In  the case of a 
large, closely packed, well  insulated cell, containing a 
m i n i m u m  of electrolyte, the tempera ture  increase dur -  
ing discharge would be higher. Consequently,  the dis- 
charge characteristics would be much  bet ter  at  low 
ambien t  temperatures  t han  those obtained by the test 
procedures described here and i l lustrated in Fig. 4 
and 12. 

E l e c t r o d e  P a s t i n g  

There are a large number  of problems involved in 
the past ing of the grids for the format ion of the high 
porosity electrodes (2). Since the paste is subjected 
to physical pressure du r ing  reduct ion it cannot  be put  
in  the pockets of a commercial  grid bu t  mus t  be set 
on top of a wire screen. Under  these conditions the 
pasted mater ia l  mus t  be quite stiff in order to avoid 
flowing. This type of pas t ing is not  par t icular ly  easy 
and is to a certain extent  an art  (2). An ideal paste 
gives on reduct ion a porous meta l  plate having op- 
t imum properties in  regard to such characteristics as 
s t rength and cohesiveness. This ideal  paste is a stiff 
paste and is almost dry, is slightly flexible and doughy, 
is not c rumbly  or sticky, and is cohesive and will 
flow to a certain ex ten t  when placed under  pressure. 
The percentage of l iquid present  in  a par t icular  
power- l iquid  combin,ation is ei ther constant  or fixed 
wi th in  nar row limits. There is an ext remely  wide 
var ia t ion in  the past ing properties of various com- 
pounds as defined in  terms of ease of past ing and 
qual i ty of paste. It  was possible to divide all the com- 
pounds tested into five a rb i t ra ry  groups ranging  from 
"very good" to "very poor." This grouping w,as found 
to be a funct ion of particle size and the water  con- 
tent  of the ideal paste. The average water  content  of 
each group is approximate ly  a l inear  funct ion of the 
average geometric mean  diameter.  In  going from the 
"very poor" to the "very good" paste group, the aver-  
age water  content  increases from 32 to 60%, while the 
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Fig. 9. Variation of porosity with the amount of zinc per unit 
area. 

average particle size decreases from 1.2 to 0.3~. Con- 
sequently,  the finest size of particles make  the best 
pastes and should be used wherever  possible (2). 

Since the water  content  of the paste is critical, 
sligl~t variations in  the paste composition might  be 
expected to have an effect on the electrode porosity. 
The porosity of the metal  obtained by electrolytic re-  
duction of a pasted electrode is shown in Fig. 9 to be 
a funct ion of the amount  of zinc per un i t  area. The 
pm, osity decreases as the amount  of zinc increases 
which is equivalent  to saying that  the porosity de-  
creases as the thickness of the electrode increases. 
Similar  results were obtained with lead. Results are 
shown in Fig. 9 for two different physical pressures 
applied throughout  the reduct ion and show, as has 
been done previously, that  the porosity decreases as 
the formation pressure is increased. A comparison 
shown here of ideally pasted eleotrodes wi th  electrodes 
that  were pasted slightly on %he dry side indicate that 
the lat ter  give a slightly lower porosity. 

The control  of metal  porosity by the use of con- 
trolled physical pressure dur ing  reduct ion presents a 
number  of problems which are now fair ly well  unde r -  
stood. This method has been successful in prepar ing 
porous metals from the normal  electronegative group 
previously ment ioned but  has not been successful with 
the t ransi t ion metals. I t  has been shown that the 
porosity of the metal  plate is seriously affected by the 
choice .of metal  compound being reduced (1). If it  
is assumed that  the volume of the porous metal  plate 
at the end of the reduct ion at zero pressure equals 
the volume of the paste at  the start, then the weight 
of the metal  per cubic cent imeter  is 

( 1 - - P ) p  = ( 1 - - p ) d P m  [1] 

where P is the porosity expressed as a fraction, p is 
the metal  density, p is the ratio of the volume of l iquid 
in  the paste to the volume ,of paste, d is the densi ty of 
the compound being reduced, and Pm is the percent-  
age of meta l  in  this compound. Equat ion [1] can be 
rewr i t ten  in the form 

l - - P =  ( 1 - - p ) M c  [2] 

where Mc = dPm/p  = cubic cent imeter  of metal  con- 
tained in a cubic cent imeter  of the compound. 

A plot of 1 - -  P vs.  Mc should give a s t raight  l ine 
with the slope (1 - -  p).  Values of the porosity, P, at 
zero formation pressures were obtained by extrapola-  
t ion from porosi ty-pressure  curves and were  plotted 
in  Fig. 10 against  cubic cent imeter  of metal  per cubic 
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of material on porosity. 

cent imeter  of compound for various compounds of 
zinc, lead, cadmium, silver, tin, copper, antimony, 
bismuth, and severa l  mix tures  of some of these com- 
pounds including mercury.  The s t ra ight  line fitted to 
this data has a slope of 0.48 which corresponds to a 
l iquid content  of 52% in the paste, which is about 
what  would be expected (2). There  is an appreciable 
scatter in the data of Fig. 10 due to the fact that  each 
ideal ly pasted compound has its own par t icular  value 
of p. In addition, the relat ionship is probably affected 
by such factors as the solubil i ty of the compound in 
the electroly,te and its part icle size distr ibut ion and 
shape factor. The two zinc compounds fall  well  below 
the line and indicate that  the  slope may also be de- 
pendent  on the par t icular  meta l  being formed. The 
data for the lead compounds alone have  been plot ted 
in Fig. 11 and the scatter, though definite, is much less 
than in Fig. 10. Porosities of lead f rom less than 70% 
up to 94% are shown here and any desired porosi ty  
in this range could be obtained by using a single com- 
pound or a suitable mix tu re  of two or more of these 
compounds. All  of these compounds were  reduced to 
the porous meta l  in a 15% KOH electrolyte.  The same 
meta l  porosity was obtained for Pb formed from PbO 
in 25% H2SO4 as in 15% KOH. It seems l ikely that  the 
choice of e lectrolyte  wi l l  have l i t t le effect on the meta l  
porosity as long as the compound wil l  reduce satis- 
factor i ly  in that  electrolyte.  The ve ry  high porosities 
are obtained f rom compounds having a low value of 
Mc. Organic compounds containing a low percentage 
of meta l  tend to have low densities and consequent ly 
a low value  of Me. Not all  compounds wil l  reduce to 
the meta l  by electrolytic reduct ion under  pr.essure. As 
a rough ru le  those compounds that  are soluble in the 
electrolyte  or are modera te ly  good conductors of elec- 
tr ici ty tend to reduce. The best chance of obtaining 
very  high porosities appears to be by the use of a 
meta l  salt of a high molecular  weight  organic acid. 

If  the use of pressure during ,the electrolytic reduc-  
tion could be eliminated,  the paste could be applied 
into the pockets of a convent ional  grid and thus e l imi-  
nate  most of the problems involved in pasting on top 
of a wire  screen grid ,to form high porosi ty electrodes. 
A careful  selection of metaI  compounds or mix tures  
thereof  obviates the use of  pressure to control meta l  
porosity. However ,  a l ight pressure during reduct ion 
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Fig. 11. Effect of cubic centimeter of lead per cubic centimeter 
of compound an porosity. Lead compounds; 1, oxide (PbO); 2, oxide 
(Pb304); 3, maleate (tribasic); 4, carbonate; 5, formate; 6, oxalate; 
7, chlorphthalosilicate; 8, cyanate; 9, cyanamid; 10, thiacyanate; 
11, stearate. 

may be necessary in many  cases in order to obtain 
op t imum physical  propert ies  of the reduced meta l  
electrode. It  seems probable tha t  a l ight pressure could 
be applied successfully to a pasted convent ional  grid 
par t icular ly  if a slight excess of paste were  used. 

If a high rate  ba t te ry  is to be constructed, a high rate  
cathode is needed in addit ion to the available high 
rate  meta l  anodes. The problems involved in p repar -  
ing high porosity cathodes f rom such mater ia ls  as AgO 
and PbO2 are s imilar  to those involved in producing 
high rate  meta l  anodes, but appear  to be much more  
difficult, possibly because they have  rece ived  less 
study. The major  problem involved is the difficulty of 
get t ing good adherence be tween  the active mater ia l  
and the grid. Al though an Ag20 electrode can be 
easily produced that  operates at ve ry  high efficiencies 
at ex t remely  high rates, a study was started on the 
AgO electrode since it is theoret ica l ly  capable of pro-  
ducing almost double the capacity of the Ag20 in 
terms of ampere  hours per uni t  weight.  

AgO electrodes were  p repared  by oxidat ion of va-  
rious si lver compounds pasted on a si lver screen grid. 
Cathodes containing up to 87% porous AgO were  
formed in this manner .  A number  of cells were  dis- 
charged under  various conditions. A typical  resul t  is 
shown in Fig. 12 where  the potent ia l  in volts, the  
cur ren t  density, and the t ime are  plotted as a func-  
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Fig. 12. High rate AgO electrode, constant current discharge at 
--40~ AgO-Zn-32% KOH, 0.117 g/cm 2 of 86.9% porous AgO. 
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tion of the per cent of AgO consumed throughout  a 
discharge made at --40~ 

A 71% porous PbO2 electrode was prepared which 
was capable of discharging at moderately  high rates. 
Both the AgO, the Ag20 and the PbO2 electrodes 
could be recycled. 

The data indicated that  the m a x i m u m  efficiency on 
an efficiency porosity curve may be obtained at about 
92% porosity at very  high discharge rates as com- 
pared to 82% at the much lower rate i l lustrated in 
Fig. 1. At 92% porosity there are llY~ cc of electrolyte 
contained in the electrode for each cubic cent imeter  
of Zn giving a total  weight of active mater ia l  plus 
electrolyte of about 27.6g. At 84% porosity there are 
5V4 cc of electrolyte per cubic cent imeter  of Zn giving 
a total of about 14.1g. Thus, a drop in porosity that 
might  be expected to decrease the capacity about  25% 
gives a decrease in the electrode weight of about  35%. 
Obviously the porosity that  gives a peak capacity 
does not  give a m i n i m u m  weight. A 92 or 94% porous 
electrode is fair ly flimsy. Rough calculations indicate 
that the m a x i m u m  opt imum porosity ever needed will  
be about 85 to 86%. Such an electrode, prepared on 
top of a wire screen, has fairly good physical s t rength 
which would be even better  if a convent ional  grid 
were used. High porosity meta l  plates can be pro- 
duced by other methods such as felt  fiber or meta l -  
lurgical  techniques. Whether  such electrodes will  give 
the capacities obtained here probably depends on 
their  pore size dis t r ibut ion and surface area. The 
successful reduction of a metal  compound by the 

methods described here probably  depends on the es- 
tabl ishment  of a ne twork  of relat ively low resistance 
electrolytic paths filled with electrolyte and leading 
to v i r tual ly  all the available active material .  Since 
they must  be there for format ion to be possible, they 
will  also be there for the purposes of discharge. 

Conclusions 
The results of this exploratory inves t iga t ion  show 

that  high rate anodes and cathodes can be prepared 
that are capable of operating at high ampere hour  
efficiencies at temperatures  down to as low as --60~ 
thus point ing the way io the possibility of producing 
commercial  cells capable of discharging with high 
efficiencies at  ext remely  high rates. What  may be of 
greater importance is the fact that  this work shows 
that the porosity of the active mater ia l  is a major  
factor of u tmost  importance in  de termining  the ca- 
pacity and other characteristics of many  if not all  
cells which have porous electrodes. 

Manuscript  received May 5, 1966; revised manuscr ip t  
received August  9, 1966. This paper was presented at 
the Buffalo Meeting, Oct. 10-14, 1965. 

Any  discussion of this paper will  appear in a Dis- 
cussion Section to be published in the December 19(}7 
JOURNAL, 
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The Formation and Discharge of Copper 
Chloride in an Organic Electrolyte 

M. L. Bhaskara Rao 
Laboratory for Physical Science, P. R. Mallory & Co. Inc., Burlington, Massachusetts 

ABSTRACT 

The electrochemical charge and discharge characteristics of copper elec- 
trodes in 1M LiA1C14 in propylene carbonate have been investigated. Oxida- 
t ion of copper occurs with 100% efficiency yie lding a sparingly soluble CuC1. 
The discharge efficiency of the precipitated salt is low (,-~50-75%). Analyses 
of the electrolyte dur ing discharge have indicated the unusua l  phenomenon  
of an increase in the solubil i ty of the salt which accounts for the low uti l iza- 
tion efficiencies. An explanat ion is proposed based on the formation of a cop- 
per chloride complex. The significance of the observed results is discussed in  
relat ion to the development  of organic electrolyte batteries. 

It  was recognized ear ly  that high energy density 
cell systems operat ing under  room temperature  and 
atmospheric pressure conditions would most probably 
comprise light t ransi t ion metal  salt cathodes and light 
alkali metal  anodes in  nonprotonic electrolytes such 
as can be obtained with certain organic solvents and 
inorganic salts. Several  investigations have been con- 
ducted in recent  years aimed at this possibility. It is 
the purpose of the present  invest igat ion to examine 
the suitabil i ty of one of the l ight t ransi t ion metal  
chlorides, copper chloride, for a cathode in-such cells. 

It  has been reported (1-3) tha t  in  propylene car- 
bona.te solutions of l i th ium te t rachloroaluminate  only 
silver and nickel form insoluble salts on anodization 
of the bu lk  metal. Hence, the investigations conducted 
hitherto have concentrated on these two metals. I t  is 
not clear from the previous work whether  the ob- 
served high solubil i ty of copper, i ron and cobalt 
chloride salts is due to the inheren t  solubili ty of the 
salt in  the solvent, to the presence of impuri t ies  like 
water  (4), or to ionic equil ibria  involving electrolyte 
salt. Exper iments  in our  laboratory had shown that 
such processes were not  only possible but  that they 
were, indeed, operative in  the copper chloride system. 

Thus it is of interest  to consider copper chloride and 
other cathode salts which have been reported hitherto 
to be unsatisfactory for solubil i ty reasons. 

Previous work on the rechargeabil i ty of copper 
chloride electrodes in chloride ion containing organic 
electrolytes (1,2) was l imited to l i th ium chloride 
solutions in  butyrolactone and  dimethylformamide,  
and to l i thium tetrachloroaluminate  solutions in pro- 
pylene carbonate. It  was possible to charge and dis- 
charge copper electrodes revers ibly only in  the lat ter  
electrolyte. Porous copper electrodes operated at an 
efficiency of 65-75% (2). The causes of the fai lure to 
achieve 100% .efficiency were not  apparent  f rom this 
work. I t  is the purpose of this paper to present  the 
results of fur ther  work on this system, to in te rpre t  
the observed behavior,  and to indicate areas in  which 
fur ther  s tudy is required. Although at tent ion is fo- 
cused on the copper chloride system, it is apparent  that  
the phenomena are of general  relevance to cathode 
operation in organic electrolyte cells. 

Experimental 
Solvent.- Propy lene  carbonate, obtained from 

Matheson, Coleman, and Bell, was first passed through 
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a column of Linde 4A molecular  sieves to remove  
part  of the wate r  ini t ial ly present  in the solvent. The 
propylene carbonate was then vacuum distil led a.t 3-5 
mm Hg and the useful  fractions collected at 89~176 
The water  content  of the various fractions was ana-  
lyzed by gas chromatography and found to be be tween 
0.002 and 0.5% by weight,  depending on the fraction 
considered. Solvent  f ract ion containing 0.002 to 0.005% 
(wt) water  was used in the present  experiments .  

Electrolyte solution.--Various procedures  for the 
prepara t ion  of solutions of l i th ium te t rachloroalumi-  
nate have been described (1-3). The most common 
method involves the controlled addit ion of stoichio- 
met r ic  quanti t ies of A1Cls and LiC1 to propylene  car-  
bonate. Such solutions become discolored and give 
evidence of extensive side reactions, probably the 
decomposit ion of solvent catalyzed by A1C18. We have 
adopted another  procedure,  previous ly  repor ted  (2), 
involving the direct format ion of LiAIC]4 through 
fusion of solid AICI~ and LiC1 at 200~ Al l  the 
operations of p remix ing  the salt, melting, and cooling 
were  carried out in a dry a tmosphere  to exclude hy-  
drolytic processes. The electrolyte  was prepared  by 
dissolving known amounts  of this salt  in given vol-  
umes of distil led solvent. Normally,  such electrolytes 
were  more stable ,than those obtained by other pro-  
cedures, as evidenced by the very  slight discoloration. 
The specific conduct ivi ty  of  1M electrolyte  solution 
was 5 x 10 -8 ohm -x cm -1. 

The ceIl.~All exper iments  were  carr ied  out in a 
Py rex  glass H-ce l l  with a s intered glass fr i t  separat-  
ing the ,two compartments.  Known  volumes (25-50 m!) 
of e lect rolyte  were  used in the working  electrode 
compartment .  The cell had a cover suitable for hold-  
ing the electrodes and also had provis ion for ad-  
mit t ing dry, iner t  gas for deaerat ion and for mainta in-  
ing a dry a tmosphere  over  the electrolyte.  

Electrodes.--Solid copper foils of 99.99% puri ty  and 
thickness be tween  2 and 30 mils were  employed to 
make  working  electrodes wi th  superficial areas of 
2 to 20 sq cm. Porous copper  electrodes were  also 
used in the present  exper iments .  They  were  2 sq cm 
in projected area, 0.076 cm thick, and were  designated 
by .the manufac tu re r  (Clevite  Corporat ion)  to have 
a porosity of 62 %. Af te r  the electrodes were  cut to the 
requi red  size, copper leads were  at tached by spot 
welding. Solid copper electrodes were  cleaned in di-  
lute nitric acid fol lowed by rinsing in distil led wate r  
and acetone. Porous copper electrodes were  used wi th-  
out any pre t rea tment .  In order  to p reven t  the shed-  
ding of products  formed during anodization, a layer  
of Whatman  No. 40 filter paper  was wrapped  around 
the working electrode. 

Measuring set-up.--All measurements  were  made at 
a constant current  provided by an Electronic Measure-  
ments Inc. e lectronical ly controlled constant cur ren t  
supply Model 620. The counter  electrode was a strip of 
l i th ium meta l  in the counter  electrode compar tment  
of the  H-cell .  

The potentials of the working  electrode repor ted  
were  measured  re la t ive  to a si lver wire  situated in 
the same solution 2-3 m m  away from the former.  
Thus, the repor ted  valves  of potent ia l  include poten-  
tial differences due  to IR in the electrolyte.  The re -  
producibi l i ty  of the re ference  electrode was _0.05v as 
evidenced by a series of open-c i rcu i t  measurements  
wi th  re ference  to a l i thium electrode in the same solu- 
tion. The potentials were  measured with  an e lec t rom- 
eter, E - H  Research Laborator ies  Model 230 and were  
recorded by feeding the output  of the e lec t rometer  
to a potent iometr ic  recorder,  Mosley Autograph  680. 

Anodic and cathodic measurements  were  made at 
currents  be tween  0.5 and 10 m a c m  -2, based on the 
projec ted  electrode area. Most of the measurements  
were  per formed in agitated solution, using a magnet ic  
st irrer .  

Analytical techniques.--Dropping mercury  electrode 
polarography was used to ident i fy and to est imate the 
dissolved copper ion species formed in solution during 
electrolysis. For  this purpose, 1-ml aliquots of the 
electrolyte  f rom the working electrode compar tment  
were  added to a thoroughly deaerated,  known volume 
of aqueous 1M HC1 contained in the polarographic 
cell. Such a medium preserves  the ratio of copper (I) 
and copper (II) ,  since copper (I) will  not dispro-  
port ionate (5), and no copper meta l  is present  to re -  
duce copper (II) to copper (I) .  This procedure  for 
analysis al lowed the unequivocal  identification and 
est imation of the copper ion species ini t ial ly present  
in the working  electrode compartment .  In other  re-  
spects the polarographic  measurements  were  conven-  
tional and the results were  compared against known 
solutions of copper (I) and copper (II) in aqueous 
1M HC1. A Metrohm Polarecord Model E-261 was used 
in this work. 

Specific experiments.--The fol lowing exper iments  
were  done: (A) Charge-discharge  behavior  of solid 
copper electrodes. Solid copper electrodes of known 
dimensions were  submerged in a solution of 1M 
LiA1C14 in propylene carbonate in the working  elec- 
trode compar tment  of the cell. The electrodes were  
anodically charged to capacities of 2.5 to 10 m a - h r  
cm-2  at 0.5 to 10 m a c m  -2. The  charged electrodes 
were  subsequent ly discharged at various current  den-  
sities. Both the va r i a t ion  of electrode potent ia l  wi th  
t ime and the uti l ization efficiency were  investigated.  
The uti l ization efficiency is calculated by dividing the 
coulombs recovered  on cathodization by the coulombs 
passed dur ing the preceding a~odization. 

(B) Composit ion of e lect roformed salt. A 20 cm 2 
area electrode was anodized at 10 ma  for  15 hr, A 
large amount  of insoluble salt fo rmed on the electrode. 
The electrode and the adher ing salt were  repea ted ly  
rinsed in propylene carbonate and then dried. The 
composition of the salt  was de termined  by x - r a y  dif-  
fraction, using a Phil l ips Type  422730 x - r a y  diffraction 
unit. For  the cell constants, copper radia t ion (no 
filter) was employed. 

(C) Maximum possible loading. The m a x i m u m  
anodization that  an electrode could sustain was deter -  
mined by charging anodically a 2-rail thick copper foil  
of approximate ly  20 m a - h r  theoret ical  capacity (based 
on a one-e lec t ron  oxidation).  This electrode could be 
smoothly charged to capacity of grea ter  .than 18 ma-hr .  
Fur ther  charging was l imited by the physical  discon- 
t inui ty of the meta l  due to the exhaust ion of the meta l  
ra ther  than to passivation problems. 

(D) Solubil i ty measu remen t s . - -At  various intervals  
of t ime during the charging and discharging of the 
electrode, 1 ml aliquots were  taken from the working 
electrode compar tment  and analyzed to de te rmine  the 
nature  and concentrat ion of the dissolved copper 
species. 

(E) Open-ci rcui t  stabil i ty of the charged electrodes. 
Solid copper electrodes were  anodized at 5 ma  cm -2 
in 30 ml  of solution to a capacity of 3.25 m a - h r  cm -2 
and were  al lowed to stand on open circuit  in s t i rred 
solution for 5�89 hr. The solutions were  analyzed for 
dissolved copper species before and after  the open- 
circuit  stand. 

(F) Effect of e lectrolyte  composit ion on charge-dis-  
charge efficiency. The charge-discharge  behavior  of 
solid and porous copper electrodes was studied as de- 
scribed above in electrolytes of al tered composition. 
The electrolyte  was a propylene  carbonate solution, 
1M in LiA1CI4 and 0.5M in A1C13. 

Results and Discussion 
The Charging Process 

The anodic charging of copper meta l  electrodes in a 
propylene  carbonate solution, 1M in LiA1C]4, produced 
a par t ia l ly  soluble greenish whi te  salt on the elec-  
trode. No change in the  color of the solution was ob- 
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Fig. I. Charge-discharge behavior of copper electrodes in IM 
LiAICI4. Capacity of charging: 2.5 mo-hr cm -2 .  Curves 1 and 2 
refer to anodic charging at 2.5 and 0.5 mn cm-2;  curves 3 to 6 are 
for discharge at 0.5, 2.5, 5, and 10 ma cm-2,  respectively. 

served due to the dissolution of the salt. The charg-  
ing curves, shown as curves 1 and 2 in Fig. 1, ex-  
hibited a single plateau. The salt remaining  on the 
electrode was analyzed by x - r a y  diffraction as de- 
scribed above. The results are shown in Table I. Only 
three lines were  observed, and these are compared 
wi th  the ASTM data for CuC1. The data  in Table  I 
provide conclusive proof that  the bulk of the salt 
produced on anodic charging was CuC1. 

The electrolyte  composition was analyzed during 
anodic charging. The results are shown as curve A 
of Fig. 2. Only copper  (I) was found in solution. The 
concentrat ion of copper (I) increased ini t ial ly and 
then leveled off at a value which is assumed to be the 
point of saturation. This conclusion is supported by 
the observat ion that  when an anodically charged cop- 
per electrode was al lowed to stand on open circuit  for  
as long as 51~ hr, there  was no fu r ther  significant 
change in the concentrat ion of copper (I) in solution. 
F rom these data we may calculate the solubil i ty of 
copper (I) in this electrolyte  to be 4.64 x 10 -3 M 1-1 
at 25~ 

It  is concluded that  the only product of the anodic 
charging of copper meta l  in propylene carbonate, 1M 
in LiA1C]4, is sl ighlty soluble CuC1. Since there  was 
no evidence of copper (II) in solution, it mus t  be con- 
cluded that, at the saturat ion concentrat ion of copper 
(I),  disproport ionation is negligible. 

The Discharge Process 
Cathodic discharge curves for the product  formed 

during anodic Charging are shown as curves 3 to 6, 
Fig. 1. These discharge curves were  obtained on elec- 
trodes which had been anodically charged to a ca- 
paci ty of 2.5 ma-h r  cm -2. A single discharge pla teau 
was observed. The uti l ization efficiencies, calculated as 
described above, varied with  the  discharge current  
density f rom approximate ly  50% at 0.5 to 2.5 ma  cm -2 
to 70% at 10 m a c m  -2. It  was also observed that  the 
color of the solution in contact wi th  the working elec- 
trode changed from a l ight  to deeper  yel low upon dis- 
charge. 

Since the uti l ization efficiencies observed were  
ra ther  less than 100% it was necessary to analyze the 
probable  causes of the observed inefficiencies. The fol-  

Table I. Results 

d A  I / I  o 
( L i t e r a t u r e ,  ( L i t e r -  d A  I / I  o 

C u K a  r a d i a t i o n )  a t u r e )  (ObServed )  ( O b s e r v e d )  

3.127 100 3.1552 100 
1.9148 55 1.9225 54 
1 . 6 3 3 2  32 1.6407 29 
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Fig. 2. Build up of copper (1) concentration in the working solu- 
tion during charge and discharge of 10 cm 2 copper electrodes in 
50 cc, IM  LiAICI4 at 20 ma. 

lowing phenomena and propert ies  may cause a low 
efficiency: (a) parasit ic oxidation and reduct ion re -  
actions; (b) t rapping of e lectroact ive mater ia l  in elec-  
t rode regions not accessible to electron transfer due 
to shedding or i r regular  current  densi ty  distr ibution; 
and (c) solubilization of active mater ia l  in the elec- 
t rolyte and the diffusion of solubilized species away 
from the electrode. In the present  case, it was possible 
to ascertain the causes of .the low uti l ization efficiency. 
Dur ing  the investigations, the var ia t ion of the cop- 
per (I) concentrat ion in the solution was also meas-  
ured as a function of the depth of discharge. Sur-  
prisingly, the copper (I) concentrat ion increased dur-  
ing the discharge cycle. The observed bui ldup is p re -  
sented in Fig. 2, curve B. It  may  be seen that  the Cu + 
ion concentrat ion increased sharply f rom 4.64 x 10 -3 
moles/1 at the end of the charge cycle to 2.72 x 10 -2 
moles/1 at the end of the discharge cycle. The ob- 
served resul t  was unexpected  and seems to have no 
paral le l  in electrode processes occurring in aqueous 
systems. 

It  was possible to account ful ly for the loss of effi- 
ciency from the magni tude  of est imated concentrat ions 
of the dissolved copper (I) species. In a typical  ex-  
periment,  a coulombic equiva len t  of 4.1 x 10 - s  moles 
of electr ici ty were  used for the charging of the elec- 
trode, and an equivalent  of 2.46 x 10 -3 moles were  
recovered  from discharge. The analysis of the solution 
for the Cu + ion concentrat ion after  the discharge 
cycle indicated .the presence of 1.68 x 10 -3 mole of 
Cu + ions in the solution which accounted for  the low 
efficiency on discharge. It  was interest ing to note that  
the data  indicated a current  efficiency of 100% for 
the chloride salt format ion process. Obviously some 
ionic process occurred dur ing the discharge that  r e -  
sulted in the production of a copper species more  
soluble than CuC1. The fol lowing explanat ion may  be 
offered at this t ime to explain the observed behavior.  

Ear l ier  investigations (2) of copper salt systems in 
organic e lec t ro lyte  media  had led to the suggestion 
that  there  is a strong tendency for copper chloride to 
form more soluble CuC12- ions in the presence of free 
chloride ions. The exact  exper iments  in this regard  
concerned measu remen t  of the conduct ivi ty  of pro-  
pylene carbonate suspensions of insoluble CuC1 and 
insoluble LiC1. The conduct ivi ty  of the equi l ibr ium 
solution in contact wi th  different  proport ions of CuC1 
and LiC1 increased l inear ly  t i l l  equimolar  amounts of 
CuC1 and LiC1 were  present. Thereaf te r  the  conduc- 
t iv i ty  did not increase appreciably wi th  fu r the r  addi- 
t ion of LiCI. The  observed increase in conduct ivi ty  up 
to I: 1 mole rat io has been explained on the basis of 
format ion of a more  soluble CuC12- complex. This led 
to the formula t ion  of a react ion mechanism involving 
the cathodic genera t ion  of this complex to account for 
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the increased solubili ty observed in the present  ex- 
periments.  

To examine why more copper (I) goes into solu- 
tion on cathodic discharge than on anodic charge, i.t is 
convenient  to consider the following equilibria. 

A1C]4- = A1C13 -{- C1- [1] 
and 

CuCI2- ~ - ~  CuCI § Cl- [2] 

and the reversible ,electrode reaction 

Cu + C1- = CuC1 + e -  [3] 

The equi l ibr ium for react ion [1] lies predominate ly  
to the left, as is known f rom the fact that  LiC1, which 
is relat ively insoluble in propylene carbonate, does 
not precipitate in  1M LiA1C14 solution in propylene 
carbonate. The equi l ibr ium for reaction [2] lies pre-  
dominately  to the left also, in  the presence of a suffi- 
ciently large chloride concentration. This is not the 
case for the LiA1C14 solution, and there is little 
tendency for the CuC1 to go into solution, as attested 
by the solubil i ty for copper (I) in  this solution of 
4.64 x 10-~ M 1-1. 

At  the electrode/solution interface the net reaction 
dur ing  anodization involves the consumption of chlo- 
ride ions (reaction [3] from left to r ight) ,  and, hence, 
there is even less tendency for the dissolution of cop- 
per (I) through formation of CuC12-. It  is reasonable 
to assume that the a luminum chloride generated in  
the above reaction may diffuse away from the elec- 
trode. Consequently,  at the beginning of discharge the 
concentrat ion of A1C13 at the electrode/solution in ter -  
face would be less than needed for reversing the 
quas i -equi l ibr ium steps involved dur ing charging. As 
such, par t  of the C1- ions released dur ing discharge 
(reaction [3] from right to left) become available for 
combinat ion with undischarged CuC1 to form the solu- 
ble CuCl2- species as in 

2CuCI+ e -  ---- Cu + CuC12- [4] 

Thus, the formation and diffusion of CuC12- away from 
the electrode would account for the observed increase 
in the Cu + ion concentrat ion in  solution and the low 
efficiency on discharge. Whether  or not the CuC1 is 
reprecipi tated from CuC12- and A1C13 in  the bulk of 
the solution needs to be investigated. 

The following experiments  were designed to take 
advantage of this postulated mechanism to improve 
the uti l ization efficiency of the copper electrode. 
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Fig. 3. Discharge behavior of anodically charged solid and 
porous electrodes. Initial charge capacity: 2.5 ma-hr cm-2; dis- 
charge current density: 2.5 ma cm 2. Curve 1 and 2 discharge of 
electroformed CuCI on solid and porous copper electrode in 1M 
LiAICI4 containing 0.SM AICIs in propylene carbonate; curve 3 
discharge of electroformed CuCI on porous copper electrode in 1M 
LiAICI4 in propylene carbonate. 

1. Increasing the current  densi ty of discharge should 
increase the uti l ization efficiency since a larger frac- 
tion of the soluble CuC12- species would be reduced 
before they can leave the domain of reduction, the 
electrode. The results shown by curves 5 and 6, Fig. 
1, demonstrate that this did, indeed, occur. 

2. Increasing the porosity of the e}ectrode should 
increase the uti l ization efficiency since the tortuous 
channels of the porous electrode would impede the 
diffusion of the CuC12- species into the solution, and 
a larger fraction of the salt should be reduced. This 
did occur, as is demonstrated by curve 3, Fig. 3, where 
a cathodic uti l ization of 85% w.as realized with the 
porous electrode under  conditions where the solid 
electrode would have only yielded a uti l ization effi- 
ciency of 50%. 

3. Increasing the concentrat ion of A1C13 should in -  
crease the uti l ization efficiency. This may be seen from 
an examinat ion of reactions [1] and [2]. The larger 
the concentrat ion of AICla, the more effective will  be 
the competit ion of A1CI~ for chloride ions, and the 
smaller will  be the degree of complexation of CuC1 
with chloride ions. This was demonstrated to occur 
as shown by curves 1 and 2, Fig. 3, and curve 4, Fig. 1. 
In the 1M LiA1C14 solution containing 0.5M A1C13 the 
uti l ization efficiency was greater than 90%, whereas, 
under  similar conditions, the uti l ization efficiency was 
only 50% when addit ional  A1C13 was not present.  

Conclusions 
(A) In propylene carbonate, 1M in LiAIC14, the 

pr imary  product of the anodic oxidation of copper 
metal  is CuC1. CuC1 may be cathodically reduced; the 
pr imary  problem is the strong tendency of CuC1 to 
form chlorocuprate (I) complexes, which are soluble 
in this solvent. The tendency toward complexation 
may be repressed by the appropriate control of the 
complexation equil ibria through the addition of spe- 
cies which preferent ia l ly  combine with chloride ions. 

(B) The fraction of copper (I) which, through com- 
plexation, escapes into the solution before cathodic 
reduct ion may be retarded through the use of high 
current  densities and porous electrodes. 

(C) Under  opt imum conditions of current  density, 
electrode porosity, and equi l ibr ium control ( through 
the addition of A1C13) it has been possible to cycle 
copper electrodes in propylene carbonate solutions of 
LiA1C14 with better  than 95% util ization efficiency. 
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Studies of Hydrocarbon Fuel Cell Anodes by 
the Multipulse Potentiodynarnic Method 

III. Behavior of Saturated Hydrocarbons on Conducting Porous Teflon 

Electrodes with a Phosphoric Acid Electrolyte 

L. W. Niedrach and M. Tochner 1 

Genera~ Electric Research & Development Center, Schenectady, New Yo~'k 

ABSTRACT 

The behavior of methane through butane fuels parallels that previously 
observed with methane, ethane, and propane with a perchloric acid electro- 
lyte although quantitative differences are observed. A temperature range 
from 60 ~ to 120 ~ was covered. With both electrolytes all of the hydrocarbons 
form one class of surface species which is oxidized at relatively low poten- 
tials. Hydrocarbons above methane form a second more refractory class of 
surface species in both cases. As the molecular weight of the fuel increases, 
greater quantities of the refractory species accumulate on the electrode. These 
species play a role in determining the maximum current that can be carried 
by the electrode. They seem connected with the current and voltage oscilla- 
tions frequently encountered with hydrocarbon fuel cells. 

The behavior  of e thane and related hydrocarbons 
on smooth p la t inum electrodes in the presence of a 
perchloric acid electrolyte has been previously in -  
vestigated with the mult ipulse  potent iodynamic 
(MPP) method in  this laboratory (1,2). More re-  
cently the method has been extended to porous fuel 
cell anodes of more complex s t ructure  with which the 
behavior  of methane and ethane was examined in 
detail, and a few pre l iminary  experiments  were per-  
formed with propane (3, 4). For this purpose a min i -  
a ture  version of a previously described (5) con- 
duct ing-porous-Teflon fuel cell electrode (containing 
p la t inum black as catalyst) was employed. The elec- 
trolyte was ,again perchloric acid. 

The work with porous-Teflon electrodes has now 
been extended to phosphoric acid systems in  the tem- 
pera ture  range from 60 ~ to 120~ Satura ted  l inear  
hydrocarbons from methane  through butane  have been 
included in  the new studies which are the subject  of 
the present  paper. 

As in  the previous work, part icular  a t tent ion was 
given to the behavior of the species that form on the 
surface of the electrode. In  addit ion data were again 
obtained to relate this behavior  to the over-al l  po- 
larizat ion curves for the fuel electrodes. 

Experimental 
The equipment  .and general  procedures utilized in  

these investigations have been described previously 
(3). In  brief, %he 0.2 cm diameter  Teflon-bonded,  
p la t inum black electrode was mounted  in a three com- 
par tment ,  Teflon cell. Plat inized p la t inum flags served 
as the hydrogen reference and counter  electrodes. The 
former communicated with the working  anode through 
a Luggin capillary. The cell was operated in  an air 
thermosta t  enabl ing control of the tempera ture  to 
wi thin  0.1~ 

The 75% phosphoric acid electrolyte solution used 
for this work was prepared from reagent  grade phos- 
phoric acid and quartz distilled water. Electrolytic 
grade hydrogen was used in  the reference electrode 

P r e s e n t  a d d r e s s :  S i l i c o n e  P r o d u c t s  D e p a r t m e n t ,  G e n e r a l  Elec-  
t r io  C o m p a n y ,  W a t e r f o r d ,  N e w  York ,  

chamber, .and Phill ips research grade hydrocarbons 
were used as the fuels. Tank  argon, deoxygenated by 
passage over heated copper turnings,  was used as the 
"fuel" for obtaining solvent blanks. Tank  argon was 
also used for degassing the solution. 

The electronic ins t rumenta t ion  and circuit have 
been described previously (6). 

The potent ia l - t ime sequence applied to the anode 
for adsorption studies at constant  potent ial  is shown 
in Fig. 1. The significance of the steps is covered be-  
low. 

(A) P re t r ea tmen t  step (15 sec) to remove oxidiz- 
able impurit ies and to produce a layer of "adsorbed 
oxygen" which serves to block fuel adsorption. The 
solution is vigorously s t i rred and purged with argon 
to remove molecular  oxygen and oxidation products 
formed. 

(B) Potent ia l  step, dur ing  which the oxygen layer 
formed in  (A) is maintained,  and the solution is 
purged for an addit ional  minute.  The solution is then 
allowed to become quiescent for 1 rain. 

(C) Reduction step (15 sec) dur ing  which the ad- 
sorbed oxygen layer is reduced. At this low potent ia l  
(0.06v) the adsorption of hydrocarbons is blocked. 
This step was included so that  the reduct ion of the sur-  
face and  the adsorption of the hydrocarbon would not 
occur simultaneously.  However, omission of this step 

(A} 1.7V 
15"[ (B) 

L 2 V  / 
r STmRING I / 

I' QUIET I~5 U (,,, x(E~/ANODIC//(E) oRSWEER v 

To CATHODIC SWEEP, u (DI \ 
\ 

O.06V \ 
(c) \ 

Fig. 1. Potential sequences applied to the test electrode. 
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was found to have no detectable effect on the equi l i -  
brations. 

(D) Adsorpt ion step, during which  the hydrogen  
f rom (C) is rapidly oxidized, exposing a reproducibly  
clean surface for adsorption. The durat ion of this step 
is the adsorption time, TD. 

(E) Anodic sweep at 0.1 v/sec.  The adsorbed fuel  
is oxidized and the surface covered with  a layer  of 
adsorbed oxygen. Subtract ion of the charge due to 
surface oxidat ion f rom the total charge yields the 
charge requ i red  to oxidize the surface species der ived 
f rom the adsorbed fuel. 

(E') Al te rna t ive  to (E),  a cathodic sweep at 0.025 
v / sec  which is used for de te rmina t ion  of the " rea l"  
surface area of the electrode f rom the charge sQ~ 
corresponding to hydrogen deposition. In this case, 
argon is subst i tuted for the hydrocarbon fuel. 

The rat ionale behind the various steps has been dis- 
cussed in detai l  e lsewhere  (1-3, 6). 

Polar izat ion curves were  obtained by application 
of steps ( A ) - ( D )  of Fig. 1 before each measurement  
of current  at a par t icular  potent ial  U. At  each poten-  
tial a 10-min equi l ibrat ion was per formed to al low 
the system to approach steady state before the final 
current  measurement  was made. 

The work  was completed over  an in terva l  of three 
months. During this period the area under  the oxygen  
adsorption wave  showed a var ia t ion of  only ___3%. 
This is in agreement  wi th  a s imilar  small  var ia t ion in 
the real  surface area of the electrode. It  was also 
found that  the blank traces were  reproducible  over  
the full  range of equi l ibrat ion periods used, thereby 
indicat ing that  contaminat ion of the electrode did 
not occur dur ing the equilibrations.  

Results 
Each of the four hydrocarbons under  study was 

examined over  a range of equi l ibrat ion times, po- 
tentials, and temperatures .  As in the ear l ier  work  cur-  
ren t -poten t ia l  traces were  obtained wi th  a l inear  
anodic sweep to determine  the behavior  of the adlayer  
on the electrode towards oxidation. In addition po-  
larization curves were  also obtained. 

In Fig. 2, a set of cur ren t -poten t ia l  traces is shown 
for the four  fuels af ter  various equi l ibrat ion times 
at 0.3v wi th  the 75% phosphoric acid electrolyte  at 
100~ The general  fo rm of the traces is s imilar  to 
that  previously  observed with the perchloric  acid elec- 
t ro lyte  at 60~ In par t icular  i t  is to be noted that  
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only the single wave  1 is again observed with  methane.  
This wave,  which occurs at potentials below those at 
which the surface itself is normal ly  oxidized, is also 
evident  in the case of the h igher  hydrocarbons,  but  
the la t ter  also show a broad second wave  which ex-  
tends f rom about 0.8v to oxygen  evolut ion potentials. 
With the ethane a clear indicat ion is seen of a new, 
third wave  which overlaps wave  2 and has a peak at 
about 0.9v. It is also to be noted that the charge re-  
quired to oxidize the  adlayer  f rom the h igher  hydro-  
carbons is much larger  than tha t  requi red  for meth-  
ane. In addition, the rising port ion of wave  1 shifts 
not iceably to higher  potentials  as the coverage in- 
creases. 

The effects of  the equi l ibrat ion potential  on the 
oxidation traces are shown for the four  fuels in Fig. 
3-6. Here  again the t empera tu re  was 100~ and stand- 
ard equil ibrat ion t imes of 10 rain were  employed. 
Over  the range of tempera tures  invest igated this t ime 
was found adequate  to establish essential ly a s teady-  
state coverage except  in the case of methane  at low 
potentials. Again, as in the case of the perchloric 
acid a marked  effect of potent ia l  is seen. The  maxi -  
mum charge requ i red  for oxidat ion of the adlayer  
occurs in the vicini ty  of 0.2v. This probably also cor- 
responds to m a x i m u m  surface coverage with ad- 
sorbate, but  because of the unknown oxidation states 
of the specific surface species involved,  this cannot be 
stated with certainty.  The hypothesis is howeve r  sup- 
ported by the re la ted  work  of B rum m er  et al. with 
propane on wire  electrodes (7). 

It is to be noted that  fol lowing equil ibrations at 
0.6v the amount  of  residual wave  2 increases wi th  the 
molecular  weight  of the fuel. The new wave 3 for 
e thane  is conspicuous after equil ibrations at 0.2, 0.3, 
and 0.4v. It cannot be detected in the traces for pro-  
pane and butane, possibly because of over lapping from 
a pronounced tail f rom wave  2. 

The observed effects of potent ia l  at 100~ are also 
representa t ive  of the trends seen at 60 ~ , 80 ~ , and 
120~ However ,  the re  is a general  tendency for the 
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oxidat ion waves to become more distinct and for wave  
1 to g row in at the expense of wave  2 as the t empera -  
ture  is increased. This is i l lustrated in Fig. 7-10 wi th  
data obtained at 0.3v. Similar  trends had been ob- 
served wi th  the perchloric  acid electrolyte  over  the 
t empera tu re  range f rom 25 ~ to 80~ (3). The traces 
obtained with  the phosphoric acid electrolyte  at 60 ~ 
and 80~ are, however ,  somewhat  more  diffuse than 
those with  perchloric  acid at the corresponding tem-  
peratures.  As in the case of the perchloric  acid elec-  
trolyte, methane  shows only a single wave  through-  
out. 

The charge, QEtot, associated with  the oxidat ion of 
all carbonaceous species in the adlayer  was de te r -  
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mined at 100~ and 0.3v a f t e r  different adsorption 
times, 'I'D. This was done convent ional ly  by integrat ing 
the area enclosed by the solvent  blank t race and the 
fuel  trace (1-3, 6). I t  is to be noted that  hydrogen 
formed by dissociation dur ing the ini t ial  adsorption 
step is not  included in these measurements .  These 
data for the four fuels are  shown in Fig. 11. The data 
have been normalized to charge per  uni t  of  " rea l"  
surface area as de termined  by cathodic deposit ion of 
hydrogen on the electrode. A convers ion factor  of 0.21 
mcou l / cm s was employed in calculat ing the real  
area (8). 

At  the t empera tu re  of these exper iments  the rates 
of accumulat ion of oxidizable species on the electrode 
surface are considerably h igher  than had been en-  
countered in the work  at 60~ with  perchloric  acid. 
This made it  impossible to est imate ini t ial  adsorption 
rates as was reported ear l ier  for the lower  t empera -  
ture  work  with  perchloric  acid. For  ethane, propane, 
and butane, even for the shortest  equitibrations, QEtot 
varies wi th  the logar i thm of t ime as had been ob- 
served at in termedia te  times wi th  the perchloric  acid 
at the lower  tempera ture .  In the case of methane  a 
parabolic relat ionship be tween  Qlctot and t ime is fol-  
lowed at the shorter  equi l ibrat ion times. This con- 
trasts with the l inear  relat ionship previously  ob-  
served w~th the perchloric  acid. As was noted in the 
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earlier work, QEtot eventual ly  levels off to a steady- 
state value when  the rate of adsorption equil ibrates 
with the rate of oxidation. The total surface charge 
at steady state decreases with decreasing molecular  
weight  of the fuel with the largest increment  occur- 
r ing  between ethane and methane.  

In  addit ion to the examinat ion  of the adlayer, 
s teady-state polarizat ion curves were obtained for 
the four fuels at 60 ~ 80 ~ 100 ~ and 120~ The fami ly  
of polarization curves shown in  Fig. 12 for e thane is 
representat ive of the effect of temperature  on all of 
the fuels. In  this figure the abscissa is expressed in  
terms of current  densi ty per uni t  geometrical  area as 
well  as per un i t  real  area for the electrode..The pres-  
ence of both scales enables one to relate the polariza- 
t ion curves to the present  studies as well  as the per-  
formance curves of fuel  cells. The form of these curves 
is similar to  those previously reported for methane  
(4) and ethane (3) with the perchloric acid elec- 
trolyte. 

The polarization curves for the four fuels have been 
related to the steady-state  values of QE1 and QEtot at  
the representa t ive  tempera ture  of 100~ in  Fig. 13-16. 
Here QEz refers to the charge associated with the 
oxidation of species of wave 1; the values of Q~I 
were obtained by dropping a perpendicular  from the 
m i n i m u m  on the fuel oxidation trace and integrat ing 
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Fig. 12. Polarization curves far ethane at several temperatures 

the area between curves 1 and 2 to the left of i t  in 
Fig. 3-6. In  the case of bu tane  the overlap of the in -  
dividual  waves prevented  the de terminat ion  of QE1. 

In  general  the form of the polarization curves is 
similar to those reported earlier for the perchloric 
acid system at lower temperatures.  A comparison of 
the curves for ethane at 60~ with the two electrolytes 
reveals, however, that the ma x i mum current  wi th  the 
phosphoric acid electrolyte is about  33% of that  ob- 
tained with the perchloric acid. As with the perchloric 
acid electrolyte, the ma x i mum currents  occur at po- 
tentials at which there is still adsorbed fuel  on the 
electrode surface. 
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The m a x i m u m  cur ren t  occurred at about 0.Sv with 
all of the fuels. A slight t rend  of the max imum to- 
ward lower voltages was evident  as the tempera ture  
was increased. Arrhenius  plots for the max imum cur-  
rents for the four fuels indicated similar activation 
energies in all  cases. This is shown by the normalized 
data plotted in Fig. 17. An  average activation energy 
derived from these data is 14 kcal/mole.  

Discussion 
All of the results with the phosphoric acid elec- 

trolyte show marked  similari t ies to those obtained 
with the perchloric acid. This includes the single oxi- 
dat ion wave for adsorbed methane,  the mult iple  waves 
for e thane  and propane, the similar effects of increas-  
ing the temperature,  and the similar  relationships 
be tween the polarization curves and the charges re-  
quired for oxidation of the adlayers, i.e., Q~ and QEtot. 
These parallels indicate the absence of gross qual i -  
tative effects of the ionic double layer on the ad- 
sorption and surface behaviors of hydrocarbons on 
p la t inum electrodes. However,  more subtle effects re -  
sult in  detectable quant i ta t ive  differences between the 
two electrolytes. For example, the max imum current  
observed with ethane at 60~ with a perchloric acid 
electrolyte was 2.5 ~a/cm 2 of real  area and with the 
phosphoric acid 0.8 ~a/cm 2. This undoubtedly  reflects, 
in  part, a s tronger anion adsorption from the phos- 
phoric acid electrolyte. 

The new and more extensive data that  have been 
obtained with propane and bu tane  also support  the 
earlier suggestion that  s imilar  surface reactions and 
surface intermediates  are involved with all of the 

saturated hydrocarbons above methane.  Thus it ap- 
pears that  following the ini t ia l  adsorption step two 
impor tan t  react ion paths are available (1-4). The de- 
sirable path involves cracking to form a par t ia l ly  
oxygenated in termediate  which is oxidized fur ther  to 
CO2 at relat ively low overvoltages. The second path 
results in the accumulat ion of relat ively refractory 
mult iple  carbon species on the surface. With the 
higher hydrocarbons it  is l ikely that  a variety of 
such species of different chain length form on the 
surface since it has been observed that  propane pro- 
duces C2 species even at 25~ (9). 

Increases in  the values of Q~z and QEtot are  also 
in strong evidence as the molecular weight  of the 
fuel increases; e.g., compare the areas between the 
blanks  and the hydrocarbon traces in  Fig. 3-6 as well  
as the surface charge curves in Fig. 13-16. The increase 
at 0.5-0.6v in  going from methane  to butane  is of par-  
t icular  interest  since it  undoubtedly  plays an  im-  
por tan t  role in  de te rmin ing  the magni tude  of the 
ma x i mum adsorption rate and hence the ma x imum 
current  that can be drawn from an electrode, al though 
other factors such as anion adsorption, surface oxida- 
tion, and  bonding of water  to the surface can also 
exert  an influence. The accumulat ion of these refrac-  
tory species, which can be removed at still higher po- 
tentials, is also suspect as an impor tant  cause of the 
current  and voltage oscillations f requent ly  encoun-  
tered with hydrocarbon fuel cells (10, 11). One would 
expect in  view of the trends in  surface coverage so far 
observed that  still higher molecular weight  hydro-  
carbons would be more prone toward such oscillations. 
This has indeed been observed with operat ing fuel  
cells (12). 

Because of the par t ia l  oxidation and cracking reac- 
tions, it  is not  possible to relate QE1 and QEtot di-  
rectly to surface coverage. It  is evident, however, from 
the data in Fig. 11 that the oxidizable species accumu- 
late more rapidly as the molecular  weight  is in-  
creased, with the greatest  increment  occurring be-  
tween methane  and ethane. A similar  t rend  is evident  
for the plateau represent ing s teady-state  coverage. 
In  par t  this appears to relate to an increasing propor-  
t ion of the species of wave 2 as the molecular  weight  
increases. These relat ively refractory species are be-  
l ieved to be par t ia l ly  dehydrogenated,  but  nonoxy-  
genated. 

The rate laws in  all  cases appear to be similar  to 
the extent  that  a region in which QEtot varies with the 
logari thm of the t ime precedes the eventua l  region 
of equi l ibr ium coverage. The parabolic relat ionship 
for methane  at low surface coverages (short equi l ibra-  
tion times) suggests that mass t ransport  effects may 
be impor tan t  under  these conditions. Lower solubil-  
ity of methane  in  phosphoric acid than perchloric acid 
may  account for the deviat ion from the ini t ia l  l inear  
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rate law that  had previously been observed with the 
lat ter  electrolyte. It  is possible that  s imilar  devia-  
tions occur for the higher hydrocarbons at short 
equi l ibrat ion times. 

In  the absence of adsorption rates on the "clean" 
surface it is not possible to compare these rates di- 
rectly with the max imum current  obtainable  on the 
polarization curve as was done previously. From the 
data at longer equi l ibra t ion times, however,  it  would 
appear that the init ial  adsorption rates of the four 
gases on the clean surfaces are in the order bu tane  
propane ~ ethane ~ methane.  With the exception 
of methane  this is the reverse order of the max imum 
currents  as seen by the data of Fig. 13-16. Clearly 
then the adsorption of butane  and propane is more 
hindered at the max imum than  is methane  or ethane. 

Summary and Conclusions 
The behavior  of the model saturated hydrocarbons,  

methane  through butane,  on pla t inum-cata lyzed elec- 
trodes is similar with perchloric acid and phosphoric 
acid electrolytes. With both electrolytes the adlayer  
on the electrode contains C~ species some of which are 
undoubtedly  oxygenated. The adlayers from the higher 
hydrocarbons also contain relat ively refractory mu l -  
tiple carbon species, the coverage with such species 
increasing with the molecular  weight of the fuel. 
These similarit ies and t rends  imply that  a correspond- 
ing behavior will  be followed by all saturated hydro-  
carbons. 

In  all cases the anodic performance is strongly in-  
fluenced by the rate of adsorption and the abil i ty of 
the catalyst to promote "cracking" of C-C bonds as 
well  as the reaction of C1 radicals with water. Ac- 
cumulat ion of the refractory mul t ip le -carbon  species 
on the surface in tu rn  influences the adsorption rate 
and results in m a x i m u m  currents  that can be ma r k -  
edly lower than those anticipated on the basis of ad- 
sorption rates on  clean surfaces. It is also likely that 
these accumulated species play an  impor tant  role in 
connection with the current  and voltage oscillations 

that are f requent ly  encountered with hydrocarbon 
fuel cells. 
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The Kinetics of Oxidation of Plutonium Metal and a 
Plutonium-3.4 a/o Aluminum Alloy at 

Temperatures from 140 ~ to 550~ 

J. G. Schnizlein and D. F. Fischer 
Argonne National Laboratory, Argonne, Illinois 

ABSTRACT 

The kinetics of oxidation of reactor grade p lu tonium and u l t rapure  pluto-  
n ium were studied in oxygen and air at temperatures  from 140 ~ through 
550~ Para l inear  rate laws apply over the entire range with a change of 
mechanism between 300 ~ and 400~ In  the low- tempera ture  range (140 ~ 
300~ the process is postulated to be controlled by a compact layer of Pu203. 
Simul taneous growth of this layer and l inear oxidation to PuO2 results  in  
para l inear  kinetics whose rate  constants are 

kl0arabolic = 1.6 x 1015 [exp (.--27,400/RT)] (~g/cm2)2/min 
klinear 1.6 x 10 s [exp (--16,800/RT) ] (~g/cm 2 ) /min  

Above 400~ the oxide produced is more protective and is postulated to 
include a layer of PuO1.6 consistent with phase diagram studies. Para l inear  
kinetics are followed with simultaneous rate constants 

kl0arabolic = 1.8 X 1012 [exp (--22,500/RT) ] (~g/cm2)~/min 
klinear 8.8 X 109 [exp (--26,400/RT) ] (~g/cm 2 ) /min  

The presence of moisture has no effect above 215~ but  causes a marked 
increase in  the oxidation at lower temperatures.  As little as 180 ppm moisture 
caused the l inear  rate at 190~ to accelerate an order of magnitude.  

The presence of 3.4 a/o a luminum in p lu tonium markedly  reduced the 
oxidation rates at temperatures  below 400~ but  only slightly reduced oxi- 
dat ion rates at higher temperatures.  

The l i terature on the oxidation of p lu tonium is 
unders tandably  l imited because of the extreme tox- 
icity and comparat ively recent  production of plu-  
tonium metal  (1). Early studies at Los Alamos (2) 
and in  Great  Bri tain (3), conducted in air at temper-  
atures below 100~ demonstra ted a marked  increase 
of oxidat ion in the presence of moisture. Waber (4, 5) 
and Sack:man (6) have reported that  in  humid  air 
oxidation rates of p lu ton ium follow logarithmic, para-  
bolic, l inear,  and accelerating rate laws for extended 
periods of time. Sackman (7) showed that the oxi- 
dat ion rate at 25~ in moist argon (95% relat ive 
humidity,  RH) is between 4 and 25 times that  in moist 
air. He concluded, in  agreement  with Waber,  that  
air oxidation produces a protective film and inhibits  
the faster reaction with moisture. The observation by 
Thompson (8) tha t  oxidat ion is faster at 175~ in  
360 mm oxygen with 35-40 ppm moisture than  in 760 
mm oxygen with 35 ppm moisture is consistent with 
the competit ive reaction. In  air at 255~ with 38 ppm 
moisture, however, oxidation did not appear to ac- 
celerate and the higher pressure (760 mm) resulted 
in  a slightly higher rate than  was the case at 360 mm 
as might  be expected for a slight pressure depend-  
ence. At the higher t empera ture  no effect of small  
amounts  of moisture was observed. 

In  dry  air at low temperatures,  parabolic behavior  
was usual ly  observed. Sackman (6) observed that  
oxidation in  dry  air at 100~ would be represented 
by a succession of parabol ic-shaped curves. The first 
parabolic rate continued nine  days dur ing  which pe- 
riod the weight gain was 2.4 mg/cm 2. This would 
correspond to a film of p lu tonium oxide less than 20~ 
thick. It  was thought  that the rate of oxidation is l im-  
ited by diffusion of oxygen ions through a thin film of 
PuO or Pu202. The oxide observed after completion 
of the exper iment  was PuO2. 

In  studies of the oxidation of p lu ton ium at higher 
temperatures,  Waber  (5) observed accelerating oxi-  
dat ion in oxygen at 345 ~ and 400~ Dempsey and Kay 
(9), using air as the oxidant,  observed two-stage 

l inear oxidation at 303~ parabolic at 416~ and ini-  
t ially parabolic at 487~ (accelerating to ignit ion after 
300 min) .  The protective na ture  of the oxide film at 
416~ when the metal  has a delta phase structure, 
resulted in  a lower oxidation rate than at lower tem-  
peratures. Notley et al. (10) later demonstrated that  
the oxidation rate passes through a m i n i m u m  in the 
vicini ty of 416~ Since the relat ive amoun t  of ad- 
herent  oxide to porous oxide increased when  the tem- 
pera ture  was increased from 400 ~ to 450~ they 
proposed that the mi n i mum oxidation rate could be 
a net  result  of the increased thickness of adherent  
oxide and the simultaneous increase of the rate of 
oxygen diffusion with increased temperature.  X- r ay  
diffraction studies showed the readi ly removable  ox- 
ide to be PuO2 and the adherent  interfacial  oxide to 
include both cubic and hexagonal  Pu20~. Properties 
and phase relationships of the oxides in the plu-  
ton ium-oxygen  system were reported by Holley et al. 
(11), Chikalla et al. (12), and recent ly  by Gardner ,  
Markin,  and Street  (13). Markin  and Rand  (14) very 
recent ly revised the tempera ture  scale. 

The addit ion of a luminum to p lu ton ium is known 
to extend the range of stabil i ty of the delta phase. The 
phase diagrams determined by investigators from the 
Soviet Union  (15) and from Los Alamos (16) indi-  
cate 3.4 a/o (atom per cent) a l uminum stabilized 
the delta phase from about  290 ~ to 520~ Without  
a luminum present  the delta phase is stable from 320 ~ 
to 450~ Igni t ion temperatures  of the 3.4 a/o alu-  
m i n u m  alloy are also higher than  for pure  p lu ton ium 
(17). Waber (18) and Sackman (6) have shown that  
addit ion of a luminum confers considerable oxidation 
resistance to p lu ton ium in  moist air at temperatures  
below 100~ 

The present  invest igat ion of the oxidation of p lu-  
tonium at temperatures  from 140 ~ to 550~ covers a 
wider tempera ture  range than  any previous study. 
The objectives have been to provide data on the k i -  
netics of oxidation and informat ion about the ra te-  
controll ing mechanisms to aid in  unders tanding  the 

23 
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Table I. Impurities in plutonium materials 

Electrolytic 
h igh-pur i ty  

P lu ton ium f rom plu tonium f rom 
alloy p rogram,  Metal lurgy Div., 
Hanford,  a p p m  ANL, b ppm 

Mg 180 -- 
Fe 198 30 
Ca I00 -- 
Cu 50 
Pb 50 -- 
Ni 23 18 
Mn 20 1 
Ag I0 
A1 5 
Cr -~  18 
Sn 3 
Si 2 16 
A m  ~ 38 
U ~ 22 
C ~60 19 
C~ 110 5 
N~ 105 13 
H~ 3 1.3 

Total  1119 186 

r Metallic e lement  concentrat ions were  obtained by three separate  
spectrographic analyses (average  va lue  tabulated) ,  carbon by com-  
bustion, and hydrogen,  oxygen, and ni trogen by gas analysis. The  
analyses were  pe r fo rmed  by Hanford  Atomic Products  Operation.  

b Metallic e lement  concentrat ions (except Si, Am,  and  U) ob- 
tained by spectrographic analyses.  Those less than  the l imit  of 
detect ion are indicated by  dashes. Si, Am,  U, C, 0.2, N~, and H~ 
were  de te rmined  by chemical  methods.  

28 0 C / 
4000 ~Iap~ " ~ - /  /delta-phase / /  

d 
2ooot -  11 / , 

8 

~ I000 

0 I00 200 300 

TI ME, MIN. 

Fig. 1. Selected plutonium oxidation experiments 

ignit ion behavior.  The study of preoxidat ion  at h igh 
t empera tu re  was made to provide insight  on the im- 
portance of the oxide produced and the unders tand-  
ing of the mechanism of oxidation. The re la t ive  ef-  
fects of the presence of mois ture  on the oxidation at 
various tempera tures  have been evaluated.  Isothermal  
oxidation of a plutonium-3.4 a/o a luminum alloy was 
studied to aid in unders tanding the effect of a luminum 
on the ignit ion behavior  and to evaluate  the possible 
effect of a stabilized delta phase. 

Material  and Procedure 
Plutonium samples of high-puri ty ,  reactor  grade 

were  obtained f rom Hanford 1 in the form of 5 and 10 
m m  cubes. Concentrat ions of metal l ic  impuri t ies  to- 
taled less than 700 ppm. A few samples of u l t rapure  
plutonium were  obtained from Meta l lurgy  Division, 
ANL. 2 The plutonium for these samples was produced 
by electrolysis of a fused salt mix tu re  and was purer  
by an order  of magni tude  than the Hanford material .  
The electrolytic plutonium was 99.84 a /o  pure. Ana-  
lytical  data on impuri t ies  in the two supplies of plu-  
tonium are  presented  in Table I. Pr ior  to oxidat ion 
the cubes were  polished through 600 gri t  silicon car-  
bide meta l lographic  paper. 

Oxygen and air f rom cyl inders  were  used for most  
of these studies wi thout  fur ther  purification. To avoid 
the use of contaminated gas, each gas cylinder was 
sampled and analyzed by mass spectrography prior  to 
use. Typical  analysis expressed in vo lume per  cent 
was as follows: oxygen 99.7 02, 0.3 N2, 0.01 Ar, 0.03 
H20; air 20.7 O~, 78.5 N2, 0.92 Ar, 0.1 H20. 

Because of the ex t reme toxicity of plutonium, all 
operations were  per formed in a glove box. The box 
atmosphere was dry n i t rogen to avoid accidental  Ox- 
idation dur ing sample prepara t ion  and handling. The 
course of oxidation was fol lowed by the increase in 
weight  of a sample. A recording balance which auto-  
mat ical ly  adds weights (Ainsworth  model  1 AU) was 
equipped with a t empera tu re  t ransducer  (19) to per -  
mit  continuous measurement  of the sample t empera -  
ture wi thout  in ter fer ing  with  the operation of the 
balance. 

At  about 480~ problems were  encountered wi th  
sel f -heat ing due to the high oxidation rates and min-  

Prepa red  under  the supervision of O. J,  Wick, R. W. Steward,  
T. Nelson, P. G. Pal lmer ,  and R. l~. King of Hanford  Atomic Prod-  
ucts Operation, General  Electric Company,  Richland, Washington.  

Through  the courtesy of G. B. O'Keefe,  Metal lurgy Division, 
Argonne  National  Laboratory .  

imal  heat  loss f rom the sample. Dempsey (7) observed 
ignit ion after 300 min in a furnace at 478~ This self- 
heat ing was marked ly  minimized by clamping two 
stainless steel plates onto the plutonium sample. 
These stainless plates served as heat  sinks so that 
during oxidation a sample ini t ial ly at 541~ was main-  
tained at 557~ after  0.6 min. Control exper iments  at 
350 ~ and 460~ showed no detectible effect of the 
plates on the oxidation data. 

Experimental Results 
Reactor grade pluto~ium.--Oxidation exper iments  

were  per formed at tempera tures  f rom 140 ~ through 
550~ in oxygen or  air. In general,  the observat ion of 
somewhat  different behavior  in the tempera ture  
ranges of each of the different phases (see Fig. 1) 
is consistent wi th  that  repor ted  by Dempsey and Kay 
(7). In the range of the beta  phase (120~176 a 
three-s tage  oxidation was observed. The third stage 
showed a l inear rate  of 20 (~g O2/cm2) /min  which did 
not appear to be tempera ture  dependent.  This third 
stage was shown to be caused by ve ry  small  mois ture  
content  in the oxidizing gas (see below).  In the 
range of the gamma phase (220~176 after  an 
init ial  deviation, an apparent ly  l inear  ra te  was ob- 
served, ranging f rom 80 to 200 (~g/cm2)/min.  In the 
range of the delta phase (320~176 a m i n i m u m  in 
the oxidation rate  was observed, indicating a change 
in the mechanism. Above 400~ the oxide becomes 
more protect ive so that  the ex ten t  of oxidat ion after  
15 min is less at 420 ~ than at 283~ Through the 
range of the delta pr ime phase (450~176 and 
into the epsilon phase (480~176 to the m a x i m u m  
tempera tu re  studied at 558~ the oxidat ion is ini-  
t ially parabolic fol lowed by a l inear  rate. The l inear 
rate  was 1200 (~g /cm2) /min  at 558~ 

By careful  examinat ion of the init ial  port ion of each 
oxidat ion run, it was possible to show an init ial  fit 
to the parabolic ra te  law. F igure  2 i l lustrates the init ial  
parabolic rate  law agreement  for the same selected 
exper imenta l  data presented  in Fig. 1. The va lue  of 
the parabolic rate constant in (~g O2/cm2)2/min is in-  
cluded with  each tempera ture .  

An Arrhenius  plot of the parabolic  ra te  constants is 
presented in Fig. 3. It is apparent  that  the same init ial  
rate  control process is in effect over  the t empera tu re  
range from 140 ~ to 300~ Applicat ion of the method 
of least squares to all the data  in this t empera tu re  
range provided an apparent  act ivat ion energy  of 29.2 

1.4 kcal /mote,  and the pre-exponent ia I  of 5.5 x 
1016 (~g OJcm2)2 /min .  Above  400~ a somewha t  dif-  
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Fig. 2. Parabolic plots for selected plutonium oxidation experi- 
ments. Temperature and rate constant • 10 - 4  indicated on each 
line (~g/cm2)2/min. 

Fig. 4. Compact film thickness based on weight gain at devia- 
tion from parabolic rate law and ratio of parabolic-to-linear rate 
constants. 

Fig. 3. Initial parabolic oxidation rate data 

ferent  rate l imit ing process is indicated by an ap- 
pa ren t  activation energy of 38.0 _ 2.5 kcal /mole  and 
a preexponent ia l  of 3.9 x 1017 (~g O2/cm2)2/min. These 
activation energies are reasonable values for solid- 
state diffusion of oxygen ions through a thickening 
oxide film. 

Subsequent  to the parabolic portion, the adherent  
layer of compact oxide should remain  essentially con- 
s tant  in  thickness. Figure 4 i l lustrates the extent  of 
oxidation at which the oxidat ion deviates from the fit 
to a parabolic rate law at various temperatures.  Cal-  
culated on  the basis of densities of p lu ton ium oxides 
and the extent  of oxygen consumed, the thickness 
varies from approximately 0.5g at 15O~ to 50g at 
350~ Above 400~ the compact film is more protec- 
tive, and the apparent  thickness increases from about 
20~ at 400~ to about  100g at 550~ 

The l inear  rate constants for the oxidation subse- 
quent  to the parabolic port ion are presented in  an 
Arrhenius  plot in  Fig. 5. The activation energy for 
the l inear  process from 140 ~ to 400~ was calculated 
by least squares method s be 16.8 • 0.7 kcal/mole.  

Fig. 5. Linear oxidation rate data. 

The pre-exponent ia l  was 1.6 x 108 (~g O J c m 2 ) / m i n .  
Above 4O0~ the more protective under ly ing  film 
causes the l inear  process to have an apparent  activa- 
t ion energy of 26.4 • 1.8 kcal /mole  and a pre-ex-  
ponent ial  of 8.8 x 109 (~g O2/cm2)min. 

Electrolytic ultrapure plutonium.--Isothermal oxida- 
tions were performed at 151 ~ 190 ~ 192 ~ 240~ 300~ 
and 438~ with the l imited number  of samples of 
u l t rapure  pIu tonium which had been  prepared by 
electrolysis f rom fused salts. The results showed the 
same characteristic behavior  as was observed wi th  
reactor grade p lu tonium obtained from Hanford. All  
rate constants obtained wi th  the u l t rapure  p lu tonium 
were wi th in  the limits of deviations of the other data. 

Effect of p~eoxidation at high temperature.--Two 
experiments  were performed to test whether  or not  
the oxide formed dur ing  the h igh- tempera ture  proc- 
ess (above 400~ would remain  more protective 
when  oxidat ion was cont inued at a lower tempera ture  
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Fig. 6. Effect of preoxidation at high temperature on subsequent 
oxidation at lower temperature. 

than that  normal ly  produced at lower  temperatures .  
Ul t rapure  p lu tonium samples were  oxidized at 430 ~ 
and 440~ unti l  6500 and 11,000 ~g O2/cm 2, respec-  
t ively,  were  consumed. The oxidations were  proceed-  
ing at l inear  rates of 43 and 63 (~g/cm~)/min,  re -  
spectively. Then, wi thout  remova l  of the oxygen, the 
t empera tu re  was decreased and controlled at a new 
lower  temperature .  Af te r  a new l inear  ra te  was de-  
termined,  the t empera tu re  was reduced again. The  
l inear  ra te  observed at each t empera tu re  was m a r k -  
edly lower than the ra te  expected f rom the data for 
low- tempera tu re  oxidation. However ,  when  the sam- 
ple was cooled to room tempera tu re  overnight  and 
then reheated,  a higher  ra te  was again observed in-  
dicating that  the reduced oxidat ion rate  below 250~ 
caused by preoxidat ion  is only temporary.  

These data  are compared wi th  the previously  de- 
te rmined  data on the Arrhenius  plot  in Fig. 6. I t  is 
evident  f rom the agreement  to an extrapola t ion 
(dotted line) of the h igh- t empera tu re  data  that  the 
oxide produced at the higher  t empera tu re  was stable 
to 318~ in the first exper iment  and 280~ in the sec- 
ond experiment .  

E2ffect ol moisture.--Most of the oxidat ion exper i -  
ments were  per formed  in oxygen  or air containing a 
few hundred parts  per  mi l l ion moisture.  At  t emper -  
a tures  below 210~ the oxidation ra te  would  accel-  
era te  af ter  a period of t ime under  these conditions. 
The final ra te  ranged f rom 12 to 25 (~g O2/cm 2 ) /min  
at tempera tures  near  140~ and f rom 16 to 30 (vg 
O2/cm2) /min  near  190~ This third stage was essen- 
t ial ly independent  of t empera tu re  whi le  the init ial  
parabolic rates and in termedia te  l inear  ra tes  var ied  
wi th  t empera tu re  consistent wi th  the act ivat ion en-  
ergies deduced f rom exper iments  be tween  215 ~ and 
320~ 

The moisture  content  of  the oxidizing gas could be 
mainta ined at low values only by exercis ing ex t reme  
care. It  was also necessary to e l iminate  cel lulose- type 
filters used to avoid escape of plutonium from the 
glove box. Exper iments  pe r fo rmed  with  less than five- 
parts per  mil l ion moisture  in the oxygen at 300 ~ and 
440~ were,  wi th in  normal  limits, the same as those 
per formed wi th  mois ture  contents of  a few hundred  
parts per million. Two exper iments  wi th  20,000 ppm 
moisture  in air  were  also per formed at  430~ wi th  
no ev iden t  effect on the oxidation. 

In contrast, at 190 ~ and 150~ the third stage was 
e l iminated by the use of ex t remely  d ry  oxygen ( <  5 
pprn mois ture) .  The high oxidat ion rate, 20 (vg/cm 2) / 

Fig. 7. Effect of moisture on oxidation of plutonium at 190~ 
in oxygen. 

min, previously called a third stage in the oxidat ion 
be tween 100 ~ and 200~ is thus a t t r ibutable  to mois-  
ture. I t  is no tewor thy  that  this high rate  can be pro-  
duced by a mois ture  content  as low as 180 ppm and 
is a s imilar  value  to that  observed by Dempsey (9) 
wi th  10,000 ppm (55% re la t ive  humidi ty)  in air  at 
205~ In our work, as l i t t le  as 20 ppm mois ture  in 
the oxygen  caused some accelerat ion in the oxidat ion 
curve. F igure  7 i l lustrates the oxidat ion behavior  of 
p lu tonium in oxygen  at 190~ wi th  four  levels of 
mois ture  content, 510, 180, 21, and < 5 ppm. 

Another  exper iment  i l lus t ra ted the behavior  when  
the mois ture  content  was changed during the course 
of an oxidation at 190~ When  the mois ture  content  
was increased f rom 21 to 180 ppm the oxidat ion  ra te  
increased quickly f rom 1.2 to 1.5 (~g/cm2)/min,  then 
fur ther  increased to 3.4 wi th  510 ppm moisture  con- 
tent, and then decreased to 0.71 wi th  21 ppm moisture  
content. 

Interest ingly,  ext rapola t ion of the l inear  ra te  data  
obtained above 215~ with  o r  wi thout  mois ture  and 
the l inear  data be tween  200 ~ and 140 ~ under  dry  con- 
ditions agrees wi th in  a factor of 2 wi th  the data ob- 
tained under  d ry  conditions below 100~ by Kolod-  
ney (2), Waber  (4), and Sackman (6). They found 
increases due to mois ture  to be factors  of 100 to 1000. 

Effect o~ aluminum addition to plutonium.--Iso- 
thermal  oxidation of 5-mm cubes of plutonium-3.4 
a /o  a luminum alloy have been per formed at t emper -  
atures f rom 150 ~ through 588~ on the thermobalance.  
The results obtained in a few runs in air w e r e  not  
different f rom those obtained in oxygen. In general,  
a para l inear  behavior  was observed which was s im- 
ilar to that  of unal loyed plutonium, but  at all t em-  
peratures  the rates for the al loy were  lower. Oxida-  
tion data  for plutonium-3.4 a /o  a luminum are com- 
pared with  data for unal loyed p lu tonium at a few 
selected tempera tures  in Fig. 8. The data for the ini t ial  
port ion of the react ion can be t reated as an apparent  
parabolic or  as s imultaneous parabolic and l inear  
process as will  be explained in the  discussion below. 
The apparent  parabolic, s imul taneous  parabolic,  and 
subsequent  l inear  rate  constants obtained are p re -  
sented in Table II. The parabolic  ra te  constants for 
the plutonium-3.4 a /o  a luminum alloy are  compared 
with  those for unal loyed plu tonium in Fig. 9, whi le  
the l inear  constants for the al loyed and unal loyed 
meta l  are compared in F igure  10, 
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Fig. 8. Oxidation data for plutonium and plutonium-3.4 a/o 
aluminum alloy in oxygen. 

In  the h igh - t empera tu re  region (above 420~ the 
parabolic ra te  constants for the alloy are ve ry  s im- 
ilar to those for unal loyed plutonium. The l inear  rate  
constants are about a factor  of two lower,  but  indicate 
the same act ivat ion energy. This is consistent wi th  
the observed ignit ion tempera tures  which  are approx-  
imate ly  70 ~ h igher  than those for  unal loyed p lu-  
tonium in the h igh- t empera tu re  regime (17). 

At lower  tempera tures  (below 420~ both para -  
bolic and l inear  rates are ve ry  much lower  and in-  
dicate different act ivat ion energies than for unal loyed 
plutonium. The activation energy for the parabolic 
process is about 14 kca l /mole  and for the l inear  proc-  
ess about  13 kcal /mole .  

Discussion 
Previous  l i t e ra ture  on the oxidat ion of p lu tonium 

has tended to attach considerable importance to the 
stable phases of the metal.  This s tudy indicates con- 
sistent act ivat ion energies over  the t empera tu re  ranges 
of several  meta l  phases. The same process appears to 
occur through the t empera tu re  ranges of the beta and 
gamma phase and may  be ext rapola ted  to include the 
range of the alpha phase. Another  applies over  the 
range of delta, delta prime, and epsilon phases. Thus, 
it is more  appropriate  to consider the control  process 
to be a t t r ibuted to the oxide. The principal  features  
in the kinetics of oxidation reached are  the observed 

Table II. Oxidation data for plutonium-3.4 a/o aluminum 
alloy (/~g 02/cm2)n/min 

T e m p ,  *C 

S i m u l t a n e o u s  S U b S e q u e n t  
P a r a b o l i c  p a r a b o l i c  l i n e a r  

r a t e  c o n s t a n t  r a t e  c o n s t a n t  r a t e  c o n s t a n t  
( x  10-~) (n  = 2) ( x  10-4) (n  = 2) (n = 1) 

I 5 0  0.35~ O.S8 a 0.01 a 
188 0.38 ~ 0.19 a 0.01 a 
190 0.69 0.064 1.45 
238  0.22 - -  0.68 
283 2.65 1.62 2.25 
334 7.08 3.86 8.2 
421 33.5 55.8 22.8 
490 ~ 237.0 127.0 98.5 
500 ~, e 265.0 114.0 146.0 
539 ~ 1,764.0 475.0 333.0 
588 b, o 4,726.0 - -  1,555.0 

a T h e  l i m i t  o f  s e n s i t i v i t y  of t h e  b a l a n c e  i n t r o d u c e s  l a r g e  u n c e r -  
t a i n t y  b e c a u s e  t o t a l  w e i g h t  g a i n  w a s  l e s s  t h a n  1 rng.  

b R u n s  p e r f o r m e d  w i t h  a h e a t  s i n k .  
R u n s  p e r f o r m e d  in  a i r .  A l l  o t h e r  r u n s  w e r e  p e r f o r m e d  in  o x y -  

g e n .  

Fig. 9. Parabolic oxidation data for plutonium and plutonium- 
3.4 a/o aluminum alloy. 

Fig. 10. Linear oxidation data for plutonium and plutonium-3.4 
a/o aluminum alloy. 

paral inear  process and the change of mechanism be-  
tween 300 ~ and 400~ Only speculations about the ob- 
se rved  effects of moisture and a luminum are possible 
at this time. 

ParaRnear ki~vetics.--Paralinear kinetics have  been  
observed for the oxidation of numerous  metals  (20). 
The mechanism to explain this behavior  is usually 
init ial  growth of a compact adherent  oxide film to a 
l imi ted thickness. The growth process results in a 
parabolic rate  law. When the outer  port ion becomes 
porous or is fu r the r  oxidized to a higher  oxide which 
affords less protection, in a manner  that  leaves a con- 
stant  thickness of compact oxide, a l inear  ra te  law 
results. The parabolic ra te  constants presented  in the 
previous section (Fig. 3) were  de termined  f rom the 
original  data and would  apply to the case of a com- 
pact  oxide undergoing a change, at some t ime after  
a finite thickness was formed, as a consecutive process. 

Al terna t ive ly ,  if  both compact  and porous oxide 
are formed ini t ia l ly  the two processes can be con- 
sidered to be simultaneous.  Simultaneous processes 
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Fig. 12. Plutonium-oxygen phase diagram. Courtesy of T. L. 
Markin (14). 

Fig. 11. Simultaneous parabolic rate data 

have been discussed by Haycock (21), Jepson and 
Aylmore  (22), and Wajszel  (23). The l inear  process 
is assumed constant f rom the beginning of the oxida-  
tion and is predominant  after a long t ime of reaction. 

The ease of oxidation of lower oxides to PuO2 
makes it  more probable that  the reactions occur si- 
mul taneously  ra ther  than consecutively. Parabolic  
rate constants for simultaneous react ion were  re-  
de termined for each exper iment  by subtract ing the 
portion of oxygen consumption at t r ibutable  to the 
l inear process near  the end of the experiment .  An 
Arrhenius  plot of these parabolic rate  constants for 
a simultaneous process in Fig. 11 indicate an act iva-  
tion energy of 27.4 • 3.3 kca l /mole  and p re -exponen-  
tial of 1.6 x 1015 (~g O2/cm2)2/min for the l ow- t em-  
pera ture  region and an activation energy of 22.5 • 
3.9 kca l /mole  and pre -exponent ia l  of 1.8 x 1012 (/~g 
O2/cm2)2/min for the high temperatures .  The act iva-  
tion energies for init ial  parabolic oxidation process, 
whe ther  consecutive or simultaneous wi th  the l inear  
process, are reasonable values for solid-state diffusion 
of oxygen ions through a compact oxide. No data on 
oxygen diffusion in p lu tonium oxides have been found 
in published l i terature.  

Mechanism change between 300 ~ and 400~ 
change in kinetics be tween  300 ~ and 400~ results in 
a min imum in the over-a l l  oxidation rates at about 
400~ It  has been tempt ing to a t t r ibute  this behavior  
to a proper ty  of the delta phase meta l  since early 
studies (5) had shown " . . .  al loying elements that  
stabilize the delta phase confer substantial  corrosion 
resistance . . .". However ,  it is more  appropriate  to 
at t r ibute the kinetic change to the oxide film. Notley 
(10) postulated the min imum rate  to be the net  r e -  
sult of increased film thickness and increase of oxygen 
diffusion at higher  temperature .  If the compact film 
is to become thicker,  the extent  of oxidation a t t r ibut -  
able to the parabolic ra te  ]aw should become greater  
at 400~ Considerat ion of the ex ten t  of oxidation for 
parabolic rate  law fit presented in Fig. 4 does not in-  
dicate an increase of film thickness be tween  300 ~ 
and 400~ 

Haycock (21) deduced the fol lowing relat ionship 
be tween  compact film thickness and rate  constants. 

d/~ kp bkt 

dt 2~ a 

where  ~ is the compact film thickness, t is time, k~ is 
the parabolic ra te  constant, ks is the l inear  ra te  con- 
stant, and b and a are the conversion factors for 
thickness of porous and compact  films, respectively.  

As/~ approaches a thickness given by kp/2/~ -= bkl/a 
then d~/dt approaches zero. The inner  layer,  there-  
fore, approaches a constant thickness ~ = (a/b)  kp/2ki. 
Considered as a consecutive process, the thickness of 
stable compact film (data points) agree wel l  with this 
relat ionship be tween  rate  constants and film thickness 
/~ ~ kp/2kl, 3 which is represented  by the solid line in 
Fig. 4. If the l inear and parabolic processes are con- 
sidered to occur s imultaneously and the ratio of the 
new reduced parabolic ra te  law constant to 2kt is 
calculated, the dashed line in Fig. 4 is obtained. This 
relationship indicates th inner  compact films at all 
temperatures  and near ly  constant film thickness above 
400~ This leads to the conclusions that  a change of 
the compact oxide film occurs be tween 300 ~ and 40O~ 
and that the diffusion of oxygen  through that  oxide 
is reduced. 

Chikalla  (12) and McNeil ly (24) have pointed out 
discontinuities in thermal  expansion and electr ical  re -  
sistivity measurements  of p lu tonium oxides wi th  an 
oxygen- to -p lu ton ium ratio be tween  1.64 and 1.98 at 
approximate ly  300~ The p lu ton ium-oxygen  phase 
diagram given by Chikalla  and associates (12), Gard-  
ner (13), and most recent ly  by Markin and Rand (14) 
indicates a phase change in the oxide above 300~ 
The p lu tonium-oxygen  phase diagram according to 
Markin  and Rand (14) has been reproduced for con- 
venience in Fig. 12. The modification by Gardner  (13) 
in the region of oxygen- to -p lu ton ium ratios be tween  
1.5 and 1.61 makes it reasonable to a t t r ibute  the de-  
creased oxidation rate  above 400~ to the format ion 
of the cubic phase P u O 1 . 6 1  in addition to the par t ia l ly  
protect ive layer of Pu203. The pre-oxida t ion  exper i -  
ments demonstrate  that  when  formed at h igher  tem-  
pera ture  the new oxide is stable down to about 3O0~ 
The rapid t ransformations and inabi l i ty  by Gardner  
(13) to quench the single phase mater ia l  to room tem-  
pera ture  explains the observat ion by Notley (10) of 
hexagonal  and cubic Pu2Oa in the compact oxide f rom 
most experiments.  

Effect of mois ture . - -The presence of mois ture  dur-  
ing the oxidation of p lu tonium does not  influence the 
rate  at tempera tures  above 215~ but even ve ry  
small  amounts cause marked  accelerat ion at t emper -  
atures below 200~ The observat ion of an even higher  

3 T h e  c o r r e c t i o n  a / b  is  c o n s i d e r e d  n e g l i g i b l y  c lose  to u n i t y  s ince  
t h e  r e l a t i o n s h i p s  os w e i g h t  g a i n  to f i lm t h i c k n e s s  f o r  v a r i o u s  o x i d e s  
a r e  v e r y  s i m i l a r .  1 m g  O J c m  ~~ i s  e q u i v a l e n t  to 7.2/~ h e x a g o n a l  
Pu208, 8.0~ cub i c  Pu203,  a n d  7.4/~ PuC~z t h i c k n e s s .  
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rate in  moist hel ium than in moist air leads to the 
conclusion that  the presence of moisture causes par-  
tial breakdown of the protective layer of oxide formed 
in oxygen. The near  absence of tempera ture  depend-  
ence of the high oxidation rate of ~20 (~g O2/cm2)/ 
min  observed in oxygen or air containing a few hun-  
dred parts per mil l ion moisture may be the result  of 
a balance between the formation of a protective layer 
by oxygen react ion and its destruct ion by react ion 
with moisture. This may occur by formation of a hy-  
drated oxide or p lu tonium hydroxide. Sackman (6) 
reported that  weight gains of p lu tonium on complete 
oxidation in moist air were greater than calculated 
for PuO2 and correspond to PuO2 �9 0.1 H20. No infor-  
mat ion on the stabilities of hydrated oxide or hydrox-  
ide under  these conditions appear available at this 
time. 

Effect of addition of 3.4 a/o aluminum.--Addition of 
3.4 a/o a luminum to p lu tonium improves the oxida- 
tion resistance at all temperatures.  The h igh- temper-  
ature process is very  similar to that of pure plutonium. 
Fur ther  speculations about the decreased oxidation are 
heuristic without  knowledge of the effects of a lu-  
m inum oxide on the phase diagram of p lu tonium ox- 
ides. The increase in the simultaneous parabolic rate 
constants without  apparent  change of activation en-  
ergy in  the h igh- tempera ture  region might  indicate 
an increase of oxygen ion diffusion through PuO1.61. 
The l inear rate may  be lower because of a slightly 
thicker compact film. In  the low-tempera ture  region 
the presence of a luminum seems to cause a completely 
different oxidat ion process than for pure plutonium. 
In  addition, the change of activation energy of the 
process at about 420~ does not indicate that  the 
decreased oxidation should be a t t r ibuted to delta 
phase stabilization. Fur ther  s tudy of the effect of 
varied a luminum content  should be informative.  

Conclusion 
The oxidation of p lu ton ium between 140 ~ and 550~ 

in air or oxygen follows paral inear  kinetics with a 
change of mechanism between 300 ~ and 400~ Below 
300~ the ini t ial  protective oxide is probably hex-  
agonal Pu203. If this film has a l imited thickness of 
stabili ty and the l inear  process is a result  of sub- 
sequent formation of porous oxide on the outside, the 
apparent  parabolic rate constant  is defined. 

kp -~ 5.5 x 10 TM [exp (--29,200/RT) ] (~g O2/cm 2) 2/min 

If the l inear  process occurs s imultaneously from the 
beginning  the parabolic rate constant  is 

kp' = 1.6 x 1015 [exp (.--27,400/RT) ] (~g O2/cm 2) 2/min 

The l inear rate constant between 140 ~ and 300~ is 

k ---- 1.6 x l0 s [exp (--.16,800/RT)] (~g O2/cm2)/min 

Above 400~ addit ional  protectiveness of the oxide 
is observed which is a t t r ibuted to the formation of 
cubic PUO1.61 in addit ion to the hexagonal  Pu203. 
This is consistent with the most recent  phase diagram 
of the p lu ton ium-oxygen  system (14). If the para-  
l inear  kinetics is considered to be a consecutive 
process, the apparent  parabolic rate constant  is de- 
fined 

kp  = 3.9 x 101~ [exp (--38,000/RT)] (~g O2/cm2) 2/min 

If the l inear  process occurs s imultaneously from the 
beginning,  the parabolic rate constant is 

kp' -~ 1.8 x 10 TM [exp (--22,500/RT) ] (~g O2/cm 2) 2/min 

The l inear  rate constant  above 400~ to the m a x i m u m  
temperature  studied of 558~ is 

k = 8.8 x 109 [exp (--26,400/RT)] (~g O2/cm2)/min 

If p lu tonium is preoxidized above 400~ the l inear  
rate continues to fit the h igh- tempera ture  equat ion 
down to approximately 300~ 

The presence of moisture does not  affect the oxida- 
tion above 215~ Below this temperature  very small  
quanti t ies of moisture causes marked acceleration to a 
l inear  rate of about 20 (~g O2/cm2)/min in  the tem-  
perature  range of 100~176 

The content  of 3.4 a/o a luminum in the p lu tonium 
alloy causes 0nly small  changes in the h igh- temper-  
ature regime but  marked differences at lower tem- 
peratures. 

Manuscript  received Dec. 6, 1965. 

Any discussion of this paper will  appear in a Dis- 
cussion Section to be published in  the December 19'67 
JOURNAL. 
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ABSTRACT 

The standard molar  f ree  energy change for the oxidation of cuprous oxide 
to cupric oxide was de termined  over  the tempera ture  range 973~176 using 
galvanic cells employing calcia stabilized zirconia as the electrolyte.  The 
measurements  predict  a t empera tu re  of 1298~ for the decomposit ion of cupric 
oxide in air, in good agreement  wi th  the general ly  accepted value of 1299~ 
The s tandard molar  f ree  energies of format ion of cupric oxide were  calcu- 
lated f rom the exper imenta l  data using previously de termined  values for 
aG~ The results can be represented by the equation 

aGOcuo ---- --35,750 + 19.97T ___ 100 cal mole -1 

which is somewhat  less negat ive  than values est imated f rom calorimetr ic  and 
dissociation pressure measurements .  

The best available data for the s tandard molar  free 
energy of format ion of cupric oxide at e levated tem-  
peratures  have been est imated from calorimetr ic  and 
dissociation pressure measurements  (1-3). The un-  
cer ta inty in these data is of the order  of 4 kcal  
mole -1. This work was under taken  to obtain more  
accurate data for use in an invest igat ion of the 
thermodynamic  propert ies  of solid copper-p la t inum 
alloys (4) by solid galvanic cell techniques (5). 

Experimental 
Since excel lent  data for -%GOcu2o were  available f rom 

previous work in this Laboratory  (6), -%Gocuo could 
be obtained by determining the free energy change 
for the reaction 

Cu20 + z/2 02 ~-2 CuO [1] 

f rom the open-circui t  potential  of the fol lowing cell  

Cu20, CuO [ Zr0.s~ Cao.15 O1.85 [ O~ (air) [I] 

Solid galvanic cells employing calcia stabilized zir-  
conia as the electrolyte  have been used with consid- 
erable success by Kiukkola  and Wagner  (7, 8) and 
by many others to de termine  the standard free en- 
ergies of format ion of oxides at e levated temperatures .  
The essentially pure ionic conductivi ty of this elec-  
t rolyte at high tempera tures  and at oxygen pressures 
of 10 -12 atm and greater  has been wel l  established 
(7-10). Thus, the difference in the chemical  potent ial  
of oxygen  at the anode and at the cathode of the above 
cell, and hence the change in free energy for [1], is 
re la ted to the electrical  potential  of the cell by the 
relationships 

# J  - -  go c = ---%G[t] = 2FE [2] 

where  F is Faraday 's  constant. 
The exper imenta l  apparatus used in this work  was 

similar to that  employed in a previous invest igation 
(5), wi th  the exception of several  impor tant  modifica- 
tions. The cell was enclosed within  a gas- t ight  quartz  
reaction tube that  could be evacuated. The cell holder 
was modified to permi t  the use of an air electrode. 
This was achieved by substi tut ing a closed-end calcia- 
stabilized zirconia tube containing an in ternal  spr ing-  
loaded p la t inum electr ical  contact for the mull i te  
push-rod.  A gas- t ight  seal be tween the zirconia tube 
and the tapered brass holder  was accomplished with  
a compression O-ring, The mixed copper oxide anode 
tablet  was separated from the zirconia tube by a disk 
of e lectrolyte  material .  This prevented  the cathode 
tube from being contaminated so that  i t  need not be 
replaced when  using different types of anodes. The 
zirconia tube and the mul l i te  thrust  reversa l  tube were  
independent ly  spr ing-loaded to the tapered brass joint  

in order to keep the cell components in firm electr ical  
contact at all temperatures .  A combustion boat con- 
taining a 3:1 mix ture  of CuO and Cu20 was placed in 
the hot zone of the furnace to keep the anode envi ron-  
ment  at the proper oxygen pressure. 

The preparat ion of the electrolyte  tablets has been 
described in an ear l ier  publicat ion (5). The closed- 
end cathode tube was obtained f rom the Zirconium 
Corporation. The mixed oxide anode tablets were  pre-  
pared from Baker  reagent  grade Cu20 and CuO ob- 
tained by oxidizing some of the Cu20 in air. A 1:1 
mix ture  of the two oxides was blended and cold- 
pressed in a hardened steel  die at 50 tsi into tablets 
6 mm in diameter  by 3 m m  thick. 

At  the beginning of an exper iment ,  the cell appara-  
tus was evacuated to approximate ly  10 _3 Torr  wi th  a 
mechanical  vacuum pump. The quartz react ion tube 
was then sealed from the pump and the furnace heated 
to temperature.  The gas pressure wi thin  the anode 
compar tment  was thus largely dictated by react ion 
[1]. Cell potentials were  measured to 0.1 mv  with  
increasing and decreasing t empera tu re  over  the tem- 
pera ture  range 973~176 with a L&N K-3 poten-  
t iometer  and a high sensit ivi ty galvanometer .  Tem-  
peratures  were  measured  with a Pt-13% Rh thermo-  
couple placed within 1 mm of the electrolyte  tablet. 
The thermocouple  used for this purpose was cal ibrated 
against a second thermocouple  that had been cali- 
brated by the National  Bureau of Standards. The re-  
suiting tempera ture  measurements  are therefore  be- 
l ieved to be accurate to wi thin  ___ I~ 

The observed cell voltages were  very  stable wi th  
t ime and the cells appeared to be thermodynamica l ly  
reversible.  No tendency for polarizat ion could be de- 
tected. After  a small  current  had been passed through 
a cell by momentar i ly  unbalancing the potent iometer ,  
the potent ial  re turned  to its init ial  value almost  im-  
mediately.  Data that  were  recorded with increasing 
or decreasing tempera tures  did not  exhibi t  any sys- 
tematic  differences. 

Results 
The average values of the cell potentials for four  

separate exper imenta l  runs are listed in Table  I. 
The reproducibil i ty,  as indicated, was bet ter  than __ 1 
my at all tempera tures  except  1273~ where  the 
scatter was somewhat  greater  (+_ 1.9 mv) .  The lat ter  
is undoubtedly an indication that the combustion boat 
of mixed copper oxides had difficulty in establishing 
the re la t ively  high oxygen pressure requi red  for  equi-  
l ibr ium between CuO and Cu.~O at that temperature .  
The exper imenta l  data are well  represented by the 
l inear  equation 

E (my) ~ 678.7 __ 1.0 --0.5228T [3] 
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Table I. Electromotive force of cell 

Cu20, CuO I electrolyte I 02 (air) 

N u m b e r  
T e m p e r -  o f  d e t e r -  
a t u r e ,  ~  m i n a t i o n s  E ,  m v  

FREE ENERGY OF FORMATION OF CuO 

Table II. Standard molar free energies of formation of CuO 

c a l  m o l e - 1  

c a l  m o l e  - I  T e m p e r -  C a l c u l a t e d  W i c k s  a n d  
a t u r e ,  ~  E q .  [13]  B l o c k  (2 )  

AG~ A G ~  

9 7 3  5 170.0-- - - -0 .7  
1 0 2 3  5 143 .9- - - - -0 .4  
1 0 7 3  6 1 1 7 . 7 _ _ _ 0 . 7  
1123 6 91.6~0.9 
1173 6 65.5-- - - -0 .5  
1223 6 39.3• 
1273 5 13.2~1.9 
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calculated by a least squares analysis. This equation 
predicts a temperature  of 1298~ for the decompo- 
sition of CuO in air (i.e., E = 0 and Cu20, CuO, and 
air are in  equi l ibr ium),  which is in  excellent agree- 
ment  with the general ly accepted value of 1299~ 
(11). 

The s tandard free energy changes, -XG~ for reac- 
tion [1] calculated from the relationship 

A G ~  = - -  2FE -5 1/2 RT In Po2 (air) [4] 

are listed in Table I. Since at 1 my uncer ta in ty  in the 
cell potential  corresponds to approximately 50 cal 
mole - t  uncer ta in ty  in AG, the accuracy of •176 
should be ___50 cal mole -1 or better.  The s tandard 
states tacitly assumed by this calculation are Cu20 
saturated with oxygen, CuO saturated with copper, 
and pure oxygen at 1 atm pressure. 

Previous solid galvanic cell measurements  involving 
Cu, Cu20; Ni, NiO; Fe, FexO; and air electrodes that 
have been carried out in this Laboratory have yielded 
reliable, self-consistent free energy data from which 
the s tandard molar free energy of formation of Cu20 
over the temperature  range 973~176 was deter-  
mined to be (6) 

AGOcu2o :-  -- 40,200 -b 17.37T +_ 100 cal mole -1 [5] 

Using these values for AGOcu2o, the s tandard molar  
free energies of formation of CuO were calculated 
from the relationship 

AG~ 1/2 (AG~ -5 AG~ [6] 

These results are listed in Table I and are well  repre-  
sented by the l inear  equat ion 

AGOcuo ---- - -  35,750 -5 19.97T • 100 cal m o l e - t  [7] 

Discussion 
It  should be pointed out that  the s tandard state for 

Cu20 used in Eq. [5] is Cu20 saturated with copper, 
whereas, the s tandard state employed in this investiga- 
tion in [4] is Cu.zO saturated with oxygen. The above 
calculation of aGOcuo therefore assumes that 

, ~ C u 2 0 ( C u )  ---- # C u 2 0 ( C u O )  [ 8 ]  

i.e., that the chemical potential  of CueO in equi l ibr ium 
with Cu is equal  to the chemical potential  of Cu20 in 
equi l ibr ium with CuO. This assumption should be 
valid since Cu20 is a compound of essentially fixed 
composition (11). Wagner  (12) has shown that the 

1 0 0 0  - -  1 5 , 7 8 0  - -  1 6 , 0 5 0  
- -  9 , 3 5 0  - -  1 6 , 3 2 0  1 I 0 0  - -  1 3 , 7 8 0  - -  1 4 , 1 0 0  
- -  8 , 2 2 0  - -  1 5 , 3 2 0  1 2 0 0  - -  1 1 , 7 9 0  - -  1 2 , 1 5 0  
- -  7 , 0 9 0  - -  1 4 , 3 2 0  1 3 0 0  - -  9 , 7 9 0  - -  1 0 , 2 5 0  
- -  5 , 9 7 0  - -  1 3 , 3 2 0  
- -  4 , 8 4 0  - -  1 2 , 3 3 0  
-3,710 -n,330 chemical potential  of phases whose composition does 
-2,580 -10,330 not deviate greatly from stoichiometry is essentially 

constant. 
Taking into account both the uncertaint ies  in  

• and in the exper imental  measurements ,  the 
values of •176 calculated from Eq. [7] should be 
accurate wi thin  approximately • 100 cal mole -1 over 
the 973~176 temperature  range of this invest iga-  
tion. Values of AG~ calculated at several  temper-  
atures are compared, in Table II, with data recently 
tabulated by Wicks and Block (2). As can be seen, the 
agreement  is reasonably good, however,  the differences 
that exist are much larger than the uncertaint ies  in 
the present  exper imental  data. Since the methods used 
to determine AG~ in this invest igat ion represent  a 
more direct measurement  than the values calculated 
from dissociation pressure and heat content  data, they 
are to be preferred. 
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ABSTRACT 

When clean iron is exposed to oxygen at tempera tures  of 200~176 a 
film of Fe304 forms rapidly on the surface. Soon after this a second phase, 
a-Fe203, begins to form in the outer surface of the Fe304 layer. The rates of 
nucleation and la teral  growth of the second phase depend on the oxygen 
pressure and on the crystal lographic or ientat ion of the Fe304 mat r ix  which is 
de te rmined  by the crystal lographic orientat ion of the iron substrate. When 
the oxygen pressure is high and /or  when the close-packed oxygen- ion  planes 
in the Fe304 are paral lel  to the surface, the rate  of formation of the second 
oxide phase is high, and rapid coverage of the Fe304 phase occurs. Conversely,  
when the oxygen pressure is low and /o r  when  the close-packed oxygen- ion  
planes in the Fe304 are not paral le l  to the surface, the rate  of format ion of 
the ~,-Fe203 phase is lower  and the coverage of the Fe304 by a layer  of 
~-Fe203 proceeds more slowly. Coverage of the Fe80~ by a-Fe203 reduces the 
i ron-oxidat ion rate  by reducing the flux of iron ions outward  through the 
Fe304 layer. Thus, the more rapidly the a-Fe203 layer forms, the more quickly 
the rate  of oxidation is reduced. The order of oxidation rate  wi th  oxygen 
pressure, 0.01 > 0.1 > 10 Torr, and with iron crystal lographic orientation, 
(001) > (112) > (111) > (011), can be explained by this mechanism. 

The effect of oxygen pressure on the oxidation of 
polycrystal]ine zone-refined iron has been reported in 
a recent ly  published paper (1). The rate  of oxidation 
of 99.94% polycrystal l ine iron increases as the oxygen 
pressure is decreased f rom 100 to 0.01 Torr  in the 
tempera ture  range 200~176 The oxidation kinetics 
are characterized by an initial period of high oxidation 
rate followed by a period of low oxidation rate. X - r a y  
analyses of the films stripped f rom the specimens 
after  oxidation for increasing lengths of t ime indicated 
that  the period of high oxidation rate was associated 
with the growth  of a layer of Fe304, while  the period 
of low oxidation rate was associated with  the growth 
of a-Fe203. 

Electron microscopic examinat ion of the stripped 
oxide films revea led  that the initial films were  ex-  
t remely  f ine-grained as though composed of very  fine 
crystallites. The oxide associated with  each iron grain 
formed an individual  s ingle-crysta l  electron diffraction 
pat tern  of the cubic oxide, Fe304, an indication that 
the orientat ion of the oxide depended on the or ienta-  
tion of the iron substrate. As the oxidation was al- 
lowed to proceed for successively longer times, the 
oxide films assumed a coarse-grained,  herr ingbone 
texture  suggestive of a Widmanst~itten structure. Se-  
lec ted-area  electron diffraction analysis revea led  that 
the herr ingbone texture  of the lat ter  films was im- 
parted by crystals of a-Fe203 grown into the ini t ial ly 
formed FesO4 layer. 

At  the high oxygen pressures, 10 and 100 Torr, large 
numbers  of acicular ~-Fe203 platelets formed and 
grew together  rapidly into a closely inter locked Wid- 
manst~itten structure. At  the lower oxygen pressures, 
0.1 and 0.01 Torr, the a-Fe203 platelets were  fewer  in 
number  and grew together more slowly. Replicas of 
oxidized and par t ia l ly  str ipped specimens revealed  
that the surfaces of the a-Fe20~ platelets were  in-  
dented in the oxygen-oxide  interface and that  the 
meta l  surface beneath these crystals was raised above 
the remainder  of the ox ide-meta l  interface (1) so 
that the Fe304 layer  was thinner  under  the a-Fe203 
crystals. Replicas of the ~-Fe20~-Fe~O4 interface ob- 
tained after  e lect rometr ic  reduct ion (2,3) of the 
~-Fe203 crystals revea led  that this oxide-oxide  in ter -  
face was rougher  than were  ei ther  the O2-0xide or the 
oxide-meta l  interfaces. Thus, it appeared that the 
~-Fe203 platelets grew into the FesO4 phase f rom sites 
of a-Fe203 nucleat ion at the Fe304-gas interface. 

These exper imenta l  observations suggested the fol-  
lowing mechanism to explain the fact that  thicker  
oxide films were  formed at the lower oxygen pres-  
sures than were  formed at the higher  oxygen pres-  
sures: the p- type  semiconductor oxide, Fe304, forms 
first on the surface of the meta l  at these tempera tures  
(200~176 and oxygen pressures (0.01-100 Tor r ) ;  
the film grows thicker  as i ron ions move outward  
through lattice defects (cation vacancies) in the oxide; 
the vacancies are formed at the O2-Fe304 interface 
when  oxygen is incorporated into the Fe304 lattice. 

The concentrat ion of vacancies, and consequent ly 
the amount  of iron moving through the Fe304 lattice, 
is dependent  on the amount  of oxygen available at the 
outer  surface of the Fe~O4 layer. Thus, if a film of 
a-Fe._,O3 is interposed be tween  the Fe~O4 layer  and 
the oxygen atmosphere,  the amount  of oxygen avai l-  
able to react with the Fe304 and form the i ron-car ry -  
ing vacancies will  be drast ically reduced. In conse- 
quence, the over-a l l  oxidation rate will  be reduced. 
Because the rates of nucleat ion and growth of the 
a-Fe203 platelets are higher at the higher  oxygen 
pressures than at the lower oxygen  pressures, FesO~ 
is exposed to gaseous oxygen for a longer t ime at the 
low oxygen pressures. This allows the high rate  of 
Fe30~ growth to persist  longer at the low oxygen 
pressures and results in thicker  oxide films than are 
formed at the higher  oxygen pressures. 

The proposed mechanism appears to explain, qual i-  
ta t ively at least, the observed kinetic and s t ructural  
aspects of the oxidation of polycrystal l ine zone- re -  
fined iron foils in the tempera ture  range 200~176 
and over  the oxygen-pressure  range 0.01-1O0 Tort .  
However ,  the expected typical Widmanst~t ten pat tern  
of the ~-Fe203 platelets did not develop on all the 
iron grains in each foil. This suggested that the ori-  
entat ion of the iron substrate has an effect on the 
nucleation of a-Fe203 even through the in tervening 
layer  of Fe304. Accordingly,  an invest igat ion of the 
effect of iron substrate or ientat ion on the morphology 
of the ~-F~O3 platelets and on the rates of oxidation 
was undertaken.  

Materials and Experimental Work 
Single crystals of iron, grown by the s t ra in-anneal  

method, were  obtained in the (001), (011), (111), and 
(112) orientations. The approximate ly  1 cm square  
crystals were  mechanical ly  ground, spark-machined,  
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and electropolished into thin wafers of weights suit- 
able for vacuum microbalance experiments .  A 30- 
gauge p la t inum-20%-i r id ium wire  was spot-welded to 
one corner of each crystal  for support  in the micro-  
balance. A disturbed area, only 1 mm in radius, was 
produced on one surface of each crystal  by the spot 
welding. Laue back-reflect ion patterns,  obtained at 
this stage in the preparat ion,  demonstra ted that  the 
crystals were  not otherwise  damaged. The surface 
t rea tment  pr ior  to oxidation was the same as that  used 
on the polycrystal l ine foils (1). Because the greatest  
pressure effect was observed at 350~ all the single- 
crystal  oxidation exper iments  were  carried out at this 
temperature .  Oxygen  pressures were  10, 0.1, and 0.01 
Tort.  Only one crystal  suitable for kinetic studies was 
available in each orientat ion;  consequently,  the speci- 
mens were  cleaned after  each exper iment  and used 
again. 

The oxide films were  examined  in situ by optical 
microscopy. Str ipped oxide films and replicas of the 
interfaces were  examined  by electron microscopy. The 
crystal  s t ructure and orientations of the oxides were  
determined by electron diffraction analysis. Asym-  
metr ic  specimen-suppor t  grids were  used in this work  
so that  the orientat ion relationships be tween  the metal  
and the oxide could be preserved within  a few de- 
grees throughout  the examinat ion of the various types 
of replicas. 

Results and Discussion 
Ktnet/c data.--The results  of the kinet ic  exper iments  

at 350~ and at oxygen pressures of 10 and 0.1 Tor t  
are shown in Fig. 1. Each curve, as plotted, is the 
average of two exper iments  on each crystal  face. The 
agreement  wi thin  the sets of data obtained at 1O Torr  
was quite  good. Al though the agreement  among the 
data obtained at 0.1 Torr  was not as good, there  was 
no overlap among the sets of data for the different 
conditions, an indication that  the effects of i ron ori-  
entat ion and oxygen pressure were  real. 

As was observed in the exper iments  on polycrysta l -  
line iron foils (1), these ra te  curves consist of a short 
period of high oxidation rate  fol lowed by a period of 
ve ry  low oxidat ion rate. In each instance, more oxide 
was formed at 0.1 Torr  than was formed at 10 Torr. 
The order of react ion rates wi th  respect  to the crystal-  
lographic or ienta t ion of the iron was (0Q1) ~ (112) 
(111) ~ (Oll) ,  the same as that  observed by Wagner,  
Lawless, and Gwathmey  (4). 

The curve  for polycrysta l l ine  i ron oxidized at 10 
Torr  and 350~ lies above the curve  for the (112) Fe 
face and below the curve  for the (O01) Fe face. This 
suggests that  the polycrystal l ine iron foils had a p re -  

Fig. 1. Effects of crystallographic orientation and oxygen pres- 
sure on the oxidation of iron at 350~ 
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Fig. 2. Optical micrograph of oxide formed on the (001) Fe 
face in 150 min at 350~ 

Fig. 3. Electron diffraction pattern from oxide formed on (001) 
~-Fe face at 350~ 

fe r red  orientat ion approaching (001). This supposition 
is s t rengthened by the observat ion that  the oxide mi-  
crostructures observed on the polycrystal l ine iron foils 
were,  for the most  part,  s imilar  to those found on the 
(001) face of the i ron single crystal. 

Morphology and orientation of the oxides.--(O01) 
a -Fe . - -The  orientat ion of the cubic oxide Fe304 films 
that  formed ini t ial ly on the (O01) i ron face was the 
same as that  repor ted  in the l i te ra ture  (4 ,5) :  (001) 
F e 8 0 4 / /  (001) a-Fe. A layer  of acicular a-Fe203 crys-  
tals formed over  the init ial  oxide film in a Widman-  
st~tten pa t te rn  such as that  shown in the optical mi -  
crographs of Fig. 2. The ~-Fe2Os layer  was composed 
of two families of paral le l  crystals. The crystals of 
one family  intersected the crystals of the other  at 90 ~ . 
The electron diffraction pa t te rn  obtained f rom such 
an a-Fe20~-Fe304 film is in te rpre ted  in Fig. 3. The 
long axes of one family  of a-Fe203 crystals, labeled 
1 in the inset, were  para l le l  to the [010] direction of 
the iron substrate and the long axes of the other  
family,  labeled 2, were  paral le l  to the [10O] i ron 
direction. The crystal lographic orientat ions of ~-Fe203 
are  given in rhombohedra l  coordinates that  were  de-  
r ived f rom the electron-diffract ion data using ma t r ix  
algebra (6). 

The r idged s t ructure  of the ~-FeeO3 crystals is ev i -  
dent  in electron micrographs of replicas of the oxide-  
gas interface, Fig. 4. This same type of morphology is 
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Fig. 4. Replica of the oxygen-oxide interface of oxide formed on 
the (001) Fe face in 150 min at 350~ 

Fig. 6. Replica of partially stripped surface of (001) a-Fe crystal 
showing oxide at Or-oxide interface and metal at oxlde-metol inter- 
face; oxide formed in 150 min at 350~ and 10 Tort. 

Fig. 5. Replica of the a-Fe203-Fe304 interface of oxide formed 
on the (001) Fe face in 150 min at 350~ and 10 Tart. 

also evident  in  replicas of the a-Fe20~-Fe304 in ter -  
face, obtained after electrometric reduct ion (2, 3) of 
the ~-Fe203, Fig. 5. The r idging exhibi ted by these 
replicas suggests that the oxide interfaces are com- 
posed of microscopic facets. 

The effect of oxygen pressure on the size of the 
~-Fe203 platelets is i l lustrated by the optical micro- 
graphs of Fig. 2. At the lower oxygen pressure, 0.1 
Tort,  somewhat  fewer platelets were formed, and they 
became larger than those formed at 10 Torr. The crys- 
tals formed at 0.I Torr  were also in  higher topo- 
graphical relief than  those formed at 10 Torr  as is 
shown in  Fig. 4. The oxide-metal  interface was much 
smoother than  the ~-Fe20~-Fe304 interface or the 
oxygen-~-Fe203 interface, as is shown in Fig. 6 

(112) a-Fe. - -Opt ica l  micrographs of the oxide formed 
on the (112) ~-Fe face in 150 rain at 350~ are 
shown in  Fig. 7. This oxide is characterized by a pro-  
fusion of small  acicular crystals oriented with their 
long axes paral lel  to the [111] a-Fe  direction. The 

Fig. 7. Optical micrograph of oxide formed on the (112) Fe face 
in 150 min at 350~ 

crystals formed at 0.1 Torr  were much larger than 
those formed at 10 Tort.  

The electron diffraction pat terns  obtained from the 
oxide formed on the (112) iron face are in terpre ted in 
Fig. 8. The (011) Fe304 plane was paral lel  to the 
(112) a-Fe face as has been reported in the l i terature 
(5). However, the directional relationship found__in 
this study between the Fe304 and the iron, [311] 
Fe304 / /  [111] a-Fe, was different from that  found by 
Sewell and Cohen (5). The a-Fe203 crystals formed 
over the Fe304 with the (573) ~-Fe203 plane parallel  
to the (011) Fe304 and the (112) a-Fe. Diffraction 
pat terns from two sets of a-Fe203 crystals are evident  
in Fig. 8. The two sets of ~-Fe2Os crystals are clearly 
evident  in the replica of the oxide-oxygen interface 
shown in  Fig. 9. 

Certain reflections from a cubic crystal l ine phase 
that  are forbidden by diffraction theory for Fe304 are 
indicated by diamonds in the electron diffraction pat-  
t e rn  of Fig. 8. These reflections are characteristic of 
the cubic oxide phase ~v-Fe203, and were in the same 
crystallographic or ientat ion as the cubic Fe304 crystals 
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Fig. 8. Electron diffraction pattern from oxide formed on (112) 
~-Fe face at 350~ Fig. 10. Replicas of the 02-~-Fe203, ~-Fe203-Fe304, and Fe304- 

a-Fe interfaces of oxide formed on (112) a-Fe in 150 min at 350~ 
and 10 Tarr. 

Fig. 9. Replica of 02-oxide interface of oxide formed on the (112) 
Fe face in 150 rain at 350~ and 0.1 Torr showing major (1) and 
minor (2) a-Fe203 orientations 

indicated by the open circles. The FesO4 reflections 
could also be indexed as -~-Fe203. However, since no 
7-Fe203 reflections appeared in the third order ( that  
is, there were 011, 022, and 044 reflections but no 033 
reflections), it is believed that  Fe304 was the major  
cubic oxide phase present  in these films. 

Replicas of the O2-~-Fe203, the ~-Fe203-Fe304, and 
the Fe304-~-Fe interfaces are shown in  the electron 
micrographs of Fig. 10. Traces of the ~-Fe203 plate- 
lets are evident  at all the interfaces. However, the 
a-Fe2Oa-Fe~O4 interface was in higher topographic 
relief than was the outer surface of the oxide. This is 
believed to be evidence of the inward  growth of the 
a-Fe208 phase from the oxide-gas interface. It  is also 
evident  that the planes of contact between the oxide 
phases were different from those shown to be paral-  
lel to the (112) a-Fe  face, Fig. 8. 

(111) a-Fe . - -The  effect of oxygen pressure on the size, 
numbers,  and orientat ion of the a-Fe203 platelets was 
most clearly demonstrated in  the oxidation of the 
(111) a-Fe face. The oxide formed at 10 Torr  and 

Fig. 11. Optical and electron micrographs of oxide formed on 
(111) Fe face in 150 min at 350~ 

350~ in  150 rain was composed of very  fine crystals 
that  exhibited little evidence of morphological or 
crystallographic orientat ion in  optical and in  electron 
micrographs, Fig. 11, or in electron diffraction pat-  
terns. In  contrast, Widmanst~t ten  pat terns  of re la-  
t ively large acicular crystals were found in  the oxide 
formed at 0.1 Tor t  and 350~ for 150 rain. These crys- 
tals were oriented with their long axes near ly  para l -  
lel to the [i~01] and [i-10] directions in  the iron crys- 
tal, and they intersected each other at an  angle of 
about 50 ~ . The surface of the metal  at the oxide-metal  
interface was smoother than the surface of the oxide 
at the oxygen-oxide interface (Fig. 12), but  was con- 
siderably rougher than  the original metal  surface; 
traces of the acicular a-Fe203 crystals were evident  
in the under ly ing  metal  surface. 

Two (111) oriented a-Fe crystals were studied. The 
first crystal  (a) was ti l ted about  2 ~ in  the [211] di-  
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Fig. 12. Replica of partially stripped surface of (111) a-Fe crys- 
tal showing oxide at 02-oxide interface, and metal at oxide-metal 
interface. Oxide farmed in 150 min at 350~ and 0.1 Torr. Note 
traces of a-Fe203 crystals at both interfaces (arrow). 

rection and 1 ~ in  the [011"] direction, whereas the 
second crystal (~) was tilted ~2 ~ in  the [211] direc,  
t ion only. Two orientations of FesO4 were observed; 
the (210) Fe304 plane formed parallel  to the (111) a-Fe 
plane on iron crystal (a),  as shown in Fig. 13, bu t  the 
(110) Fe304 plane formed parallel  to the (111) ~-Fe 
face on iron crystal (/~), Fig. 14. However, the same 
orientations of a-Fe203 with respect to the orientat ion 
of the i ron substrate were observed on both crystals. 

(011) ~-Fe.--No evidence of morphological or ienta-  
t ion effects was found in the oxide formed at oxygen 
pressures of 10 or 0.1 Tor t  and 350~ for 150 min  on 
the (011) a-Fe  face, Fig. 15. As is shown in Fig. 16, 
the oxide was stripped from this face in  i r regular  
patches, and there was li t t le difference between the 
appearance of the oxygen-oxide interface and that of 
the metal  at the oxide-metal  interface. The ~-Fe203- 
Fe304 interface was also quite smooth, as is shown in  
Fig. 17. 

Electron diffraction pat terns from Fe304 alone could 

Fig. 13. Electron diffraction pattern from oxide formed on (111) 
a-Fe face at 350~ (iron crystal a). 

Fig. 14. Electron diffraction pattern from oxide farmed on (111) 
~-Fe face at 350~ (iron crystal ~). 

Fig. 15. Optical micrographs of oxide formed on (011) ,~-Fe face 
in 150 min at 350~ 

be obtained from oxide formed in short times (2-5 
min)  at low pressures (0.01 and 0.1 Torr) on the (001), 
(112), and (111) i ron faces. In  contrast, the dif- 
fraction patterns obtained from the oxide formed on 
the (011) c~-Fe face always demonstra ted the pres- 
ence of both ,~-Fe208 and Fe804 in  the single or ienta-  
tion relationship shown in  Fig. 18. Apparent ly,  the nu -  
cleation and lateral  growth of the a-Fe203 phase over 
the Fe~O4 t~hase was much more rapid on the (011) 
~-Fe face than on any of the other iron faces studied. 

Moire fringes (7), seldom observed in  the t rans-  
mission ~ electron micrographs of oxide stripped from 
the other i ron faces, were always observed in  micro- 
graphs of the oxide formed on the (011) ~-Fe face, 
Fig. 19. These fringes, which appear in electron micro- 
graphs as parallel  black stripes r unn i ng  through a 
crystal, are a diffraction effect obtained when the elec- 
t ron beam passes through one crystal and then through 
a second crystal, the lattice spacing or or ientat ion of 
which is slightly different from that  of the first crystal. 

The combined evidence of the smooth interfaces, the 
single diffraction pat tern,  and the moire fringes sug- 
gests that the preferred or ientat ion for ~-Fe2Os on 
Fe304 is that i l lustrated by the diffraction pattern,  
Fig. 18, with the (111) plane of a-Fe203 paral le l  to 
the (111) plane of Fe304. 

Nucleation of a-Fe203.--The evidence presented in 
the foregoing sections demonstrates that  the nucleat ion 
and lateral  growth of a-Fe203 on Fe304 is influenced 
not  only by the oxygen pressure, but  also by the 
crystallographic or ientat ion of the Fe804 layer. The 
early stages in the growth of a-Fe203 platelets were 
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Fig. 16. Replica of partially stripped surface of (011) Fe crystal 
showing metal at the oxide-metal interface and oxide at the 
02-oxide interface; oxide formed at 350~ and 0.1 Torr. 

Fig. 18. Electron diffraction pattern from oxide formed on (011) 
a-Fe face at 350~ 

Fig. 17. Replica of the ~-Fe203-Fe~04 interface of oxide formed 
on the (011) ~-Fe face in 150 rain at 350~ and 10 Torr. 

examined in  oxide films prepared by oxidizing the 
four iron single crystals for 2 min  at 350~ and ox- 
ygen pressures of 0.01, 0.1, and 10 Torr, respectively. 
The resul t ing 12 oxide specimens were stripped from 
the i ron substrates, and the a-Fe203 crystallites were 
counted in  a small  area of each film to obtain an es- 
t imate of a-Fe203 nucleat ion rates. Typical areas of 
some of these oxide films are shown in  the micro- 
graphs of Fig. 20. The results of these counts- pro- 
jected to a number  of a-Fe203 crystallites per square 
centimeter  are presented in Table I. The correlation 
between the number  of a-Fe203 crystallites and the 
over-al l  oxidation rate is clearly evident, that is, the 
smaller the number  of a-Fe203 crystallites, the greater 
is the over-al l  oxidation rate. This evidence supports 
the argument  presented in the previous paper (1) 
that the formation of a continuous layer of a-Fe203 
lowers the rate  of oxidat ion of i ron by diminishing the 
flux of i ron ions outward through the FesO4 layer. 

Evidence cited above, in  connection with the oxida- 
tion of the (011) iron face, suggests that  the pre-  
ferred orientat ion for the two iron oxide phases is 

Fig. 19. Transmission electron micrograph of oxide formed on 
(011) iron face in 60 rain at 350~ and 10 Torr showing moire 
fringes caused by difference in lattice spacing of two parallel 
layers of oxide crystal phases, a-Fe203 and Fe304. 

such that  the (111) ~-Fe20~ plane is formed paral lel  
to the (111) Fe304 plane. This orientat ion relationship 
has been observed by Sewell  and Cohen (5) in  the 
oxidation of the (001) and (112) faces of iron, and 
also by other investigators in minera l  specimens of 
hemati te  on magnet i te  (8). The closest-packed oxygen 
planes in both iron oxide phases are parallel  to the 
respective (111) planes. The a r rangement  of the ox- 
ygen ions parallel  to the (111) planes in the two 
oxide phases is similar, that is, close-packed hex- 
agonal, with an ion spacing (oxygen-to-oxygen)  of 
2.90A in  a-Fe203 and 2.97/k in Fe~O4 (9). Thus, the 
t ransi t ion from Fe804 to a-Fe203 is least discontinu- 
ous (10) when  the (111) planes in each phase are 
parallel. Fur thermore,  the boundary  between the two 
phases will  be most coherent when  these planes are 
parallel  (11). From these considerations, it is in-  
ferred that  the nucleat ion and lateral  growth rates 
of ~-Fe20~ wil l  be highest when  the (111) plane of 
Fe304 is paral lel  to the gross surface, as is the case 
for the oxidation of the (011) i ron face. This hypoth-  
esis is supported by the data presented in  Table I. 
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Fig. 20. Transmission electron micrographs of oxides formed on 
the four iron crystal faces in 2 rain at 350~ and 0.1 Tort showing 
effect of Fe304 orientation on the number of ~-Fe203 platelets. 

The angles between the (111) plane of Fe304 and 
the gross surface planes of each of the four iron crys- 
tals are shown in  Table II. There appears to be a cor- 
relat ion between these angles and the number  of 
~-Fe203 crystallites, Table I. When the (111) Fe~O~ 
plane is paral lel  to the gross surface plane, as it is in 
the case of Fe304 formed on the (011) iron face, the 
number  of a-Fe203 crystallites observed is high. Con- 
versely, when  the angle between the gross surface 
plane and the (111) plane of Fe304 is high, as it is 
in the case of Fe304 formed on the (001) face of iron, 
the number  of a-Fe203 crystallites observed is low. 

The roughness shown in e]ectron micrographs of 
replicas of the a-Fe203-Fe304 interfaces of all of 
the oxide films, except those formed on the (011) face 
of iron, suggest faceting that is believed to occur 
parallel  to the (111) Fe304 plane. Thus, the geometry 
of the interface between the two oxides that  form on 
the four different i ron faces is cur rent ly  believed to 
be represented approximately by the sketches shown 

Table I. Influence of oxygen pressure and iron orientation 
on the nucleation of ~-Fe.~O3 at 350~ 

N u m b e r  of vt-Fe,zOa p l a t e l e t s  
O r i e n t a t i o n  f o r m e d  in  2 m i n  at 

of  
i r o n  c r y s t a l  10 T o r r  0.1 T o r t  0.01 T o r r  

(OOl) 3.2 X 10~ cm--" 1.7 X 1O~ c m  -2 N o n e  o b s e r v e d  

(112) 9.6 X 10~ cm-$ 1.0 • 10 ~ cm-~ 2.1 • 10~ cm-S 

(111) 1.2 • 109 cm-~ 5.9 • 1O 6 cm--" 3.4 x l 0  G cm--" 

(Ol l )  > 2  • 10aOcm-2 8.5 • 1OScm --~ 5.8 • 10~cm -~ 

i n c r e a s i n g  o x i d a t i o n  r a t e  

Table II. Angles of intersection of the (111) plane in 
Fe304 with the oxide-gas interface 

A n g l e s  b e t w e e n  t h e  
I r o n  P a r a l l e l  s u r f a c e  p l a n e  a n d  the  

c r y s t a l  f a c e  Fe30~ p l a n e  (111) p l a n e  in  Fe~O~ 

(OOl) F e  (OOl) Fe30~ 55 ~ 
(112) F e  (Ol l )  FeuO4 35 ~ 90 ~ 
(111) F e  (210) Fe3Ol  39 ~ 75 ~ 
(011) F e  (111) FejO~ 0 ~ 71 ~ 

Fig. 21. Current concept of the arrangement of the oxides formed 
on the four iron crystal faces. 

in Fig. 21. Independent  electrochemical evidence ob- 
tained by Cohen (2, 3, 5) strongly suggests that a 
thin layer of 5,-Fe203 exists be tween the ~-Fe203 and 
the Fe~O4. Accordingly, such a layer is indicated in 
these sketches, although the only exper imental  ev- 
idence of -y-Fe203 obtained in  the present  study is 
that of the extra reflections from cubic crystals shown 
in Fig. 8 and 13. 

Summary and Conclusions 

The oxidation of four differently oriented i ron single 
crystals at 350~ and oxygen pressures of 10, 0.1, and 
0.01 Torr has been investigated. Kinetic data have 
been related to morphological data so that  a reason- 
able model for the oxidation process can be deduced. 
It  appears that the mechanism producing the differ- 
ence in oxidation rates for different iron orientat ions 
is similar to that suggested in the previous paper to 
explain the increase in  oxidation rate with decreas- 
ing oxygen pressure. 

When clean iron is exposed to oxygen at temper-  
atures of 200~176 a film of Fe304 rapidly covers 
the surface. It appears that this film is composed of 
very small  crystallites, all in  essentially the same ori- 
entation, so that s ingle-crystal  electron diffraction 
patterns are obtained from the stripped films. The ori- 
entat ion of this oxide is determined by the or ienta-  
tion of the iron substrate. The formation of the Fe30~ 
layer is so rapid under  the exper imental  conditions 
that morphological evidence of the nucleat ion of the 
individual  Fe304 crystallites was not obtained. 

Soon after the formation of the Fe304 layer, crys- 
tallites of ,~-Fe203 begin to form in  its outer surface. 
The number  of these ~-Fe203 platelets and the rate 
with which they spread lateral ly are dependent  not 
only on the oxygen pressure but  also on the crystal-  
lograPhic orientat ion of the Fe30~ matrix.  At high 
oxygen pressures (10 Torr in  these exper iments) ,  a 
large number  of a-Fe203 platelets are formed, and 
they grow rapidly. At low oxygen pressures (0.1 Torr) ,  
fewer platelets are formed, and they grow lateral ly 
much more slowly. It also appears that large n u m -  
bers of ~-Fe203 crystalli tes are formed, and they grow 
together rapidly when  the close-packed oxygen plane 
of Fe304, the (111), is paral le l  to the gross iron sur-  
face [in this instance, the (011) a-Fe face]. These 
crystallites are fewer in  number  and grow together 
more slowly when  the (111) Fe~O4 plane in ter -  
sects the gross i ron surface. These observations are 
demonstrated when the crystal  counts in Table I are 
compared with the angles be tween the (111) Fe304 
planes and the gross surface planes listed in Table II. 
It is evident  that the number  of a-Fe203 platelets 
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observed decreases, not only as the oxygen pressure 
decreases, but  also as the angles be tween the (111) 
Fe304 planes and the gross surface planes increase 
from 0 ~ over the (011) ~-Fe face to 55 ~ over the (001) 
~-Fe face. Replicas of the ~-Fe203-Fe304 interface 
indicate that the actual interfaces between the two 
oxide phases are not paral lel  to the original i ron sur-  
face except for the oxides formed over the (011) a-Fe 
face. Thus, it is suspected that the a-Fe2Oa phase 
forms on facets paral lel  to the (111) planes in the 
Fe304 layer, and that the rate of formation of these 
facets is related to the angle with which they in te r -  
sect the gross surface plane. 

This study tends to confirm the mechanism proposed 
in the previous paper to explain the effect of oxygen 
pressure on the rate of oxidation of iron: The forma-  
tion of an outer layer of ~-Fe203 over the surface 
of the FezO4 reduces the area of direct contact be-  
tween the latter and gaseous oxygen. This reduces 
the number  of cat ion-carrying vacancies formed at 
this interface, thereby reducing the flux of i ron ions 
outward through the film. This reduct ion in i ron- ion  
diffusion through the Fe304 layer  reduces the oxida- 
tion rate. Thus, a correlation is observed between the 
number  of ~-Fe203 crystallites and the over-al l  oxida- 
t ion rate. When the number  is high, the ~-FeeO3 forms 
rapidly and the over-al l  oxidation rate is low. Con- 
versely, when  the number  is low, the ~-Fe203 film 

forms more slowly, and the over-al l  oxidation rate 
is high. 

Manuscript  received June  20, 1966; revised manu-  
script received Aug. 15, 1966. This paper was pre-  
sented at the Philadelphia Meeting, Oct. 9-14, 1966. 

Any discussion of this paper wil l  appear in a Dis- 
cussion Section to be published in  the December 1967 
JOURNAL. 
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Noncathodic Effects of the Permanganate Ion 

in the Anodic Passivation of Iron 1 

G. H. Cartledge 

Chemistry Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 

ABSTRACT 

Iron actively reduces the permanganate  ion at concentrations and pH 
values at which both chromate and pertechnetate  ions inhibi t  corrosion 
effectively. The electrostatic polarization hypothesis of inhibi t ion by such 
ions suggests, however, that the permanganate  ion should probably manifest  
the same noncathodic effects as the inhibi t ing ions, if its reduct ion at the 
interface could be avoided. Anodie passivation of iron in  permanganate  solu- 
tions has therefore been conducted at potentials too noble for the cathodic 
process to occur. The polarization data showed that passivation was facilitated 
exactly as was previously found for the chromate and pertechnetate ions. The 
contrast ing behavior  of MnO~-,  TcO4-, and ReO4- is discussed in relat ion 
to different theories of the action of the XO4 n -  inhibitors.  

The permanganate  ion is not general ly considered 
to be an inhibi tor  of the corrosion of i ron and steel, 
and very little study has been made of its interact ion 
with the metals. In  a comparison of the action of 
several oxyanions with iron, Mirolyubov, Tomaschov, 
and Zhuk (1) reported the ion to accelerate attack 
by cathodic stimulation. Hoar and Evans (2) showed 
that the permanganate  ion, having no buffering ca- 
pacity, differs from the chromate ion in  being unable  
to precipitate ferrous ions completely as a hydrous 
ferric oxide without  addit ion of alkali. In  connection 
with the hypothesis of inhibi t ion previously proposed 
(3-5), this fai lure to inhibi t  corrosion was ascribed 
to the strong oxidizing power of the ion, which re-  
sulted in its rapid consumption at the interface. Since 
it is plausible to regard the Mn-O bonds as having a 
considerable degree of polarity, however, it  might  
be expected that the ion would exhibit  the same non-  
cathodic effects as were demonstrated recent ly  for 
both chromate and per technetate  ions, provided its 
reduct ion were prevented (6). The polarization data 
of the present  s tudy show clearly that MnO4- has a 

1 R e s e a r c h  s p o n s o r e d  b y  t h e  U n i t e d  S t a t e s  A t o r a i c  E n e r g y  C o m -  
m i s s i o n  u n d e r  c o n t r a c t  w i t h  U n i o n  C a r b i d e  C o r p o r a t i o n .  

noncathodic act ivi ty in  diminishing the charge and 
current  density required for passivation. 

Experimental 
Tests for inhibition.--The results of one set of sev- 

eral  experiments  carr ied out wi th  0.1% carbon steel in 
potassium permanganate  of different concentrations 
and pH values are shown in Table I. 

Corrosion was not ins tantaneously  stifled under  any 
of these conditions. Even in  the 10-1S solution, a 

Table I. Tests for inhibition in aerated solutions 

[MnO~-]  p H  O b s e r v a t i o n s  

10-3f 4.1 

lO-a.f 5.0 

10-1f 3.05 

R u s t i n g  a n d  f a d i n g ;  i n  7 hr, a l m o s t  co lor le s s  
a n d  m u c h  r u s t  

S p o t t i n g  a t  once ;  i n  14 da,  co lo r l e s s  a n d  s o m e  
loose  r u s t  

In  1 h r ,  b r a s s y  f i lm 
56 da,  no  v i s i b l e  c h a n g e ,  w t  : 0 .4031g 
80 da,  no  v i s i b l e  c h a n g e ,  w t  = 0 .4029g 

103 da ,  no  vis ib le  change ,  w t  = 0 .4032g 
192 da,  no  v i s i b l e  c h a n g e ,  w t  = 0 .4030g 
248 da,  n o  v i s ib le  change ,  w t  = 0 ,4031g 
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heavy, brass-colored film formed quickly, after which 
no more than a very  slow reduct ion of the anions 
continued, in agreement  wi th  the observed constancy 
in weight  over  a period of several  months. Subsequent  
measurements  of electrode potentials of iron speci- 
mens confirmed the absence of appreciable polar iza-  
tion of the Mn( IV-VI I )  couple potent ial  when  the 
permanganate  concentrat ion was 10 -1 or 10--~f (pH 

2.80). In the 10-3f solution at pH 4, the couple po- 
tential  was polarized by 100 my or more  by the cor-  
rosion process. 

Another  exper iment  was made to de termine  whe the r  
the permanganate  ion, wi th  its noble reduct ion poten-  
tial, might  inhibit  attack if admixed wi th  the per -  
technetate  ion under  conditions in which the per tech-  
neta te  alone does not  inhibit  ( low pH in the presence 
of sufficient sulfate ions). The metal  was again 0.1% 
carbon steel (ca. 2 cm 2) and the solutions had the 
fol lowing compositions: 

(a) KTcO4, 10-3f, KMnO4, lO-3f, 

H2SO4, 5 X 10-3f; pH 2.16 

(b) KTcO4, 10-3], - . . . . .  H2SO4, 5 • 10-8]; pH 2.12 

The solutions were  open to the air. Bubbles formed 
on the meta l  in (b) wi th in  3 min while  the specimen 
darkened;  no bubbles formed in (a),  but  the meta l  
darkened and turbidi ty  developed wi th in  5 min. In 
1 hr, the permanganate  color in (a) was completely 
bleached, and the meta l  had a near ly  black film which 
resembled that  produced in certain commercial  coat-  
ing processes. Af ter  the permanganate  color disap- 
peared, evolut ion of hydrogen was seen on both speci- 
mens. At 2.4 hr, the loose corrosion products were  
brushed away under running water  and the speci- 
mens were  weighed. The loss in weight  was 2.6 mg 
for (a) and 1.7 mg for (b).  It  is clear that, under  the 
chosen conditions, the permangana te  ion held the po- 
tential  above that  for evolution of hydrogen so long 
as it lasted, and, at the same time, s t imulated the at-  
tack on the metal. 

Anodic polarization of iron in permanganate solu- 
t ions.--In order to detect a noncathodic effect of the 
permanganate  ion, if one exists, it is first necessary 
to ascertain empir ical ly  the potent ial  of the per -  
manganate  ion and its reduct ion product  under  the 
conditions of concentrat ion and acidity to be used. 
Then, fol lowing the procedure applied in the thorough 
study of the per techneta te  ion (6), it is necessary 
only to polarize the iron electrode anodically at a 
constant potent ial  which is considerably noble to 
these couple potentials.  A noncathodic action will  then 
be seen as a resul t ing fall  of the init ial  anodic current  
density to a low value (passivation),  without  the in-  
te rvent ion  of the very  high current  densities requisi te  
for passivation in noninhibi t ing environments  (sul- 
fate, for example) .  

The Armco iron electrodes were  electrocleaned and 
a l ternate ly  passivated in HNO3 and ac t iva ted  in HC1 
just  before being connected to the polarizing circuit  
and inser ted into the electrolyte.  A rapid s t ream of 
hel ium swept out oxygen and provided agitation. A 
OAf KMnO4 stock solution was prepared,  aged for 
four days, then siphoned off f rom the sediment  and 
adjusted to pH 3.60 by Dowex-50 resin that  had been 
freed of substances that reduce permanganate  and 
left  in the acid form. Other  solutions were  prepared  
by dilution and similar ly adjusted to the desired p H 
values. 

The anodic current  at a fixed potential  was re-  
corded unti l  it fell  to an essentially constant value. 
The cell was then switched quickly to a vibrat ing reed 
e lec t rometer  and recorder  (for fol lowing the change 
of potential  on open circuit) by a re lay  device ac- 
t ivated by a mul t ipole  switch. 2 The charge passed 

a T h e  a u t h o r  i s  i n d e b t e d  t o  M r .  M .  n .  N o g g l e ,  o f  t h e  I n s t r u m e n t a -  
t i o n  a n d  C o n t r o l s  D i v i s i o n ,  f o r  t h e  d e s i g n  a n d  c o n s t r u c t i o n  o f  t h i s  
d e v i c e .  
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during passivation was de te rmined  by graphical  in-  
tegrat ion of the recorder  chart. In order to insure that 
the potentiostat  was set at a potent ial  more noble than 
that of the Mn( IV-VI I )  couple under  the exper imenta l  
conditions, this value was determined using a plat-  
inum wire coated with the reduct ion product  by 
cathodic polarization. The details of these measure -  
ments are indicated in the fol lowing section. 

Results 
The Couple po~ential.--The composit ion of the re-  

duction product  f rom permangana te  ion in the pH 
range 2.8-7.0 and in the presence of an excess of the 
anion is expected, on chemical  grounds, to approx-  
imate a hydrous oxide of Mn( IV) .  La t imer  (7) gives 
an electrode potential  for the fol lowing couple: 

MnO2 (pyrolusite)  + 2 H 2 0 ~ M n O ~ -  + 4H + + 3 e - ;  
VhO= 1.69v 

It is not known how much this value changes with 
the probable hydrat ion of the dioxide or whether ,  
indeed, the s toichiometry of the actual cathodic proc-  
ess conforms definitely to the above equation. Meas- 
urements  were  made, therefore,  in 10 - I  , 10 -2 , and 
10-3f KMnO4 at pH values ranging from 2.80 to 7.00. 
Oxygen was excluded by a rapid s tream of helium. 
Although there was evidence of a slight aging effect 
on the potential  of the filmed pla t inum electrode, the 
potential  responded ra ther  rapidly to changes in pH 
or concentration. 3 Figure  I shows that measurements  
over  a considerable range of concentrat ion and pH 
are in good agreement  wi th  the indicated equation, 
dV/dpH b e i n g - - 7 8 ,  ra ther  than the theoretical  --79 
mv/pH.  The data for 10 - t  and 10-3f solutions have 
been normalized to 10-2f in accordance with  the 
Nernst  equation for the indicated couple. F igure  1 
is a least-squares fit of the data and gives Vh ~ = 
1.562 • 0.007v. 

The manganese couple potential  is more noble than 
the revers ible  potent ial  for evolution of oxygen in 
all the solutions used. Hence, the charges computed 
from the potentiostatic polarizat ion curves  are neces- 
sarily max imum values for the passivating charge. 
The data indicate, however ,  that  the overvol tage  for 
discharge of oxygen is large and the contr ibution of 
this react ion to the total charge is quite small  when 
the potentiostat  is held only 0.1-0.2v above the cal- 
culated manganese  couple potential,  since in such in- 
stances the t o t a l  anodic cur ren t  density fell  to values 
in the #a/cm 2 region. 

Passivation and behavior on open c / rcuf f .~Measure-  
ments were  made at permangana te  concentrat ions of 
10 - i ,  10 -2, and 10-35, and over  the pH range of 2.80- 
4.82. Results were  similar  in all cases: a ve ry  brief  

a A n  e x a m p l e  o f  t h e  r a p i d  e q u i l i b r a t i o n  a f t e r  p o l a r i z a t i o n  m a y  b e  
s e e n  i n  F i g .  3 ,  w h i c h  s h o w s  t h e  e n n o b l i n g  o f  t h e  o x i d e - c o a t e d  p l a t i -  
n u m  c a t h o d e  f r o m  t h e  l o w  p o t e n t i a l  a t  w h i c h  i t  w a s  h e l d  d u r i n g  a 
p a s s i v a t i o n  e x p e r i m e n t .  

i J ~ I 
7 0 0  I 2 3 4 

pH 

Fig. 1. Variation of the potential of the Mn(IV-VII) couple with 
pH. 
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surge  of anodic  c u r r e n t  w a s  f o l l o w e d  by  a r a p i d  d e -  
c rease  to an  e s sen t i a l l y  c o n s t a n t  v a l u e  in  t he  m i c r o -  
a m p e r e  p e r  s q u a r e  c e n t i m e t e r  r ange ,  l e av ing  the  m e t a l  
b r i g h t  a n d  v i sua l ly  f r e e  of any  m a n g a n e s e  oxide .  The  
p o t e n t i a l  fe l l  r a p i d l y  w h e n  the  e l e c t r o d e  was  p u t  on  
open  circui t ,  bu t  i t  did no t  go in to  t he  ac t ive  r eg i o n  
b e l o w  the  F l a d e  p o t e n t i a l  and,  at t he  two  h i g h e r  con-  
cen t r a t i ons ,  u l t i m a t e l y  a p p r o x i m a t e d  the  s t ab l e  v a l u e  
s h o w n  by  a p l a t i n u m  w i r e  coa ted  w i t h  t he  m a n g a n e s e  
r e d u c t i o n  p roduc t .  The  c h a r g e  pa s sed  d u r i n g  p a s s i v a -  
t ion i n c r e a s e d  w i t h  the  app l i ed  p o t e n t i a l  o w i n g  to 
evo lu t ion  of oxygen .  F i g u r e s  2 a n d  3 s h o w  the  t e m -  
po ra l  s e q u e n c e  of m e a s u r e m e n t s  fo r  b o t h  the  po l a r i z -  
ing  c u r r e n t  d e n s i t y  and  s u b s e q u e n t  c h a n g e  of p o t e n t i a l  
on o p e n  c i r cu i t  fo r  two  typ ica l  e x p e r i m e n t s  w i t h  10-2f  
KMnO~ at p H  2.80. In  Fig. 2, t he  po la r i z ing  po t en t i a l  
was  180 m v  nob le  'to the  M n ( I V - V I I )  coup le  po ten t i a l ;  
in  this  case, the  to ta l  c h a r g e  was  16 m c / c m  2. In  Fig. 3, 
the  po l a r i z ing  p o t e n t i a l  w a s  330 m y  above  the  couple  
p o t e n t i a l  and  the  c h a r g e  was  580 m c / c m  ~. If  i t  is as-  
s u m e d  t h a t  the  c o n s t a n t  c u r r e n t  d e n s i t y  of 310 ~a/cm~ 
f inal ly  r e a c h e d  r e p r e s e n t e d  e v o l u t i o n  of o x y g e n  
t h r o u g h o u t  the  e x p e r i m e n t ,  t he  ne t  cha rge  app l i cab le  
to the  pa s s iva t i on  p roces s  is r e d u c e d  to 80 m c / c m  2. 
C h a r g e s  o b s e r v e d  in  t he  va r ious  c o n c e n t r a t i o n s  w e r e  
c o n s i s t e n t l y  in  t h e  r a n g e  of a f e w  m c / c m  2 and  final  
c u r r e n t  dens i t i e s  w e r e  as low as < 1 #a/cm2 for  t he  
l o w e r  po la r i z ing  po ten t ia l s .  The  v e r y  b r i e f  in i t ia l  
su rge  of c u r r e n t  v a r i e d  in  t he  r a n g e  of a f e w  mi l l i -  
a m p e r e s  p e r  s q u a r e  c e n t i m e t e r .  
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Fig. 2. Passivating current density and open-circult potential of 
iron in 10-2f  KMnO4 at pH 2.80; polarization at 1.25v (SCE). 
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For permanganate concentrations of bo,th 10 -I and 
10-2f, the potential of the iron electrode on open 
circuit exhibited the behavior shown in Fig. 2 and 3. 
The potential usually went through a very shallow 
minimum before coming back to a value within a few 
millivolts of the potential of the Mn(IV-VII) couple. 
At 10-3f, the permanganate ion was unable to main- 
tain the passive state produced under anodie polariza- 
tion after current was discontinued. The potential on 
open circuit fell i00 mv or more below the potential 
of the Mn(IV-VII) couple and the electrode corroded 
visibly. The system came to a mixed potential with 
the couple potential cathodically polarized by the 
continuing dissolution of the imperfectly passivated 
iron electrode. These observations are in agreement 
with the contrast shown in Table I between 10-1f 
and 10-'~f solutions, the 10-1f solution being able 
both to produce and to maintain the passive state. 4 

The influence of stdfate io~s.--Anodic po la r i za t i on  
of the  i ron  e l e c t r o d e  was  c o n d u c t e d  also in m i x t u r e s  
of p e r m a n g a n a t e  and  su l fa t e  ions. In  10-3f  (K,H)2SO4 
at p H  4.18, t h e  ful l  v o l t ag e  of the  p o t e n t i o s t a t  was  
ap p l i ed  to t he  cell  w i t h o u t  pass ivat ion.5  S imi la r ly ,  in  
5 x 10-'-'f su l fa t e  at  pH 2.30, w i t h  l o w e r  cell  r e s i s t -  
ance,  the  ful l  anodic  o u t p u t  of 16.5 m a / c m  2 fa i led  to 
pa s s iva t e  the  e lec t rode .  A m i x e d  so lu t ion  c o n t a i n i n g  
5 x 10-~f  SO~ = a n d  5 x 10-2f  M n O ~ -  at  pH 3.86 w a s  
t h e n  used.  In  two  e x p e r i m e n t s ,  the  p o t e n t i o s t a t  w a s  
se t  a t  1.10 a n d  1.20v ( S C E ) ,  r e s p e c t i v e l y .  The  in i t i a l  
s u rg e s  of c u r r e n t  fe l l  on ly  to 21 and  32 #a/cm ~. A l -  
t h o u g h  the  p o t e n t i a l  of t he  i r o n  d id  no t  fa l l  in to  the  
ac t ive  r eg i o n  on  o p e n  circui t ,  c o n s i d e r a b l e  a t t a ck  w a s  
e v i d e n t  bo th  in  the  p r o m p t  f o r m a t i o n  of v i s ib le  f i lm 
a n d  in  t he  d e p r e s s i o n  of t h e  p o t e n t i a l  b e l o w  t h e  ca l -  
cu l a t ed  couple  po ten t i a l .  In  a m i x t u r e  t h a t  w a s  10-2~ 
in  M n O 4 -  and  10-~f  in SO4 = at p H  4, a po l a r i z ing  p o -  
t en t i a l  of 1.10v (SCE)  gave  a p p r o x i m a t e l y  c o n s t a n t  
c u r r e n t  dens i t i e s  of 390 and  524 # a / c m  2, in  two  suc -  
cess ive  e x p e r i m e n t s .  A f t e r  t he  s econd  po la r iza t ion ,  
t he  p o t e n t i a l  fe l l  q u i ck l y  to --510 m y  (SCE)  on  o p e n  
circuit .  I t  m a y  be  conc luded ,  t h e r e f o r e ,  t h a t  su l fa t e  
ions act  a n t a g o n i s t i c a l l y  in  th is  case also, a l t h o u g h  the  
p e r m a n g a n a t e  ion is m o r e  t o l e r a n t  of t h e i r  p r e s e n c e  
t h a n  a re  t he  p e r t e c h n e t a t e  and  c h r o m a t e  ions.  

Cathodic polarization of the M n ( I V - V I I )  couple . -  
The  f i l m - c o a t e d  p l a t i n u m  e l e c t r o d e  used  as c a t hode  in  
t he  po l a r i za t i on  e x p e r i m e n t s  w a s  s u b j e c t e d  to c a t h -  
odic p o l a r i z a t i o n  in 10-~f  KMnO4 at  p,H 3.82. The  r e -  

corrosion of the iron electrode in the 10-.~f solution even when 
the mixed potential is relatively noble is in no way inconsistent 
with the well-known observation that the metal has a very low 
corrosion rate at such potentials, if passivated anodically in sul- 
furic acid. The difference in behavior emphasizes the contrast 
between the simple surface film produced by passivation in the 
strongly acidic solution and the composite, nonprotective film re- 
sulting s action between the metal and the reducible anion at 
higher pH values. 

This means that the resistance of the 10-.~f sulfate solution held 
the  current at too low a value for passivation, whereas in the per- 
manganate solution of the same concentration and comparable re- 
sistance, passivation was readily achieved. 
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KMnO 4 ~O-2f, pH  2 . 8 0  He, V=t4OvSCE 
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Fig. 3. Passivating current density and open-circuit potential of 
iron in 10-2 /  KMnO4 at pH 2.80; polarization at 1.40v (SCE). 
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sults (Fig. 4) show that  a l imit ing current  density of 
about 0.2 m a / c m  2 is reached even at the re la t ive ly  
high concentrat ion of permanganate  ions. This current  
density is of the proper  magni tude to represent  the 
diffusion current  for protons. Reduct ion of the per -  
manganate  ion is thus considerably faster  than that 
of chromate  ions at a similar  pH, as may be seen by 
comparison of Fig. 4 wi th  Fig. 6 of ref. (6), in which 
the l imit ing cur ren t  density (before evolut ion of hy-  
drogen) is an order of magni tude smaller.  

Discussion 
The exper iments  demonstra te  that the permanganate  

ion is able to passivate iron or low-carbon steel only 
at concentrations substantial ly greater  than those 
effective with the per techneta te  and chromate ions. 
At 10-1f and pH 3, however ,  no loss in weight  oc- 
curred over  a long period and the exchange current  
of the Mn( IV-VI I )  couple was sufficient to maintain  
the passive electrode at essentially the revers ible  po- 
tential  of the couple. In a 1O-SJ solution at pH 5, on 
the contrary,  active corrosion proceeded with  reduc-  
tion of the anions and extens ive  polarization of the 
couple potential .  

At all three  concentrations and over  a pH range 
be tween  2.80 and 4.82, a noncathodic effect was mani -  
fest since passivation was observed at current  den-  
sities which failed to produce passivation in sulfate 
solutions of comparable concentrat ion and acidity. 
As in the previous exper iments  (6), the total charges 
accumulated dur ing passivation at potentials noble to 
the anion couple potent ial  were  in the range of a 
few mc /cm 2, in spite of the fact that this charge in- 
cluded wha tever  amount  of oxygen may  have  been si- 
mul taneously  evolved. It was shown also that sulfate 
ions act antagonist ically toward the inhibit ing action 
of the permangana te  ions, again emphasizing the im- 
portance of competing adsorption in the inhibi tory 
process. 

A comparison of the XO4- ' s  of the three transit ion 
metals of the seventh group of the periodic system 
shows the subtle character  of the proper ty  associated 
with inhibi tory action. The permanganate  ion has 
vigorous oxidizing action, yet  fails to inhibit  corrosion 
except  at re la t ive ly  high concentrations. The per -  
rhenate  ion fails to inhibit  at any concentration, even  
if its solution is artificially made to simulate a pe r -  
technetate  solution wi th  respect to radiolytic products 
and oxidizing power (4). The per techneta te  ion, of 
in termedia te  electrode potential,  is effective even at 
ve ry  low concentrations at least up to 250~ although 
it contr ibutes  li t t le to the requisi te  cathodic cur ren t  
if oxygen, or, still  better,  hydrogen peroxide is s imul-  
taneously present  (8). Also, its inhibit ion is destroyed 
by noninhibi t ive anions at moderate  concentration. 
None of the three anions is capable of buffering the 
interface. 

The evidence supports the conclusion that  al though 
inhibition by all the XO4 n-  ions involves oxidation of 
iron to a composite film of low dissolution rate, the 
p r imary  function of the CrO4 =, MnO4-,  and TcO4- ion 

is their  noncathodic action at the interface. In prac-  
tice, atmospheric oxygen is the chief oxidant  (9). The 
proper ty  from which the specific, noncathodic action 
of these anions derives is therefore  not buffering ca- 
pacity, reducibili ty,  nor format ion of an insoluble 
salt wi th  the cations. The effectiveness of the per tech-  
netate ion at higher  tempera tures  indicates that  the 
proper ty  is not ve ry  sensit ive to rise of temperature .  

As suggested previously (3-5), the difference be-  
tween inhibit ing and noninhibi t ing XO4 n-  ions may 
be associated with the contrast ing polari ty of their  
X-O bonds and the resul t ing field exist ing in close 
proximi ty  to the ions. This field would act precisely 
in the double layer, across which the reactants  in cor-  
rosion or passivation, respectively,  must pass. Such an 
electrostatic polarization hypothesis led to the dis- 
covery of the remarkab le  effectiveness of the per-  
technetate ion in 1952. Evans (10) used a re la ted  con- 
cept in 1961, but did not recognize the essential  dif- 
ference be tween the sulfate and chromate ions wi th  
respect  to internal  polari ty and the consequent  dif-  
ference be tween the shor t - range  fields adjacent  to 
the ions. 

The electrocapil lary effects of ions in the double 
layer  have  been more  or less successfully t reated for 
completely polarized electrodes, but the si tuation be- 
comes more complicated when Faradaic  processes are 
in operation, as in corroding systems. In such cases, a 
s imple t rea tment  in terms of a ~ potential  is incom- 
plete, even if possible, since the ident i ty  of the ra te -  
determining process can change with  the ionic popu- 
lation in the interface, as wel l  as with the potential.  
That is, the electrochemical  rate  equat ion can be 
al tered both in the exponent ia l  function containing 
the net change of potent ial  across the Helmhol tz  layer  
and also in the p re -exponen t ia l  terms which depend 
on the "chemical"  parts  of the  process. The non-  
cathodic action of the XO4 n-  inhibitors is discussed 
from these points of view in another  paper (11). 

Manuscript  received Jan. 17, 1966; revised manu-  
script received Ju ly  21, 1966. 

Any  discussion of this paper wil l  appear  in a Dis- 
cussion Section to be published in the December  1967 
~OURNAL. 
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Ellipsometric-Potentiostatic Studies of Iron Passivity 
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ABSTRACT 

Cathodically reduced iron was anodically oxidized at potentials in the 
passive region of the anodic polarization curve in slightly basic sodium borate- 
boric acid solutions by means of a potentiostat. The kinetics of film growth 
were studied using an ellipsometer coupled with a fast recording technique, 
which enabled a determination of the rate of film formation for times less 
than i sec. This study of the kinetics of film growth using a nonelectro- 
chemical  technique agreed wi th  kinetic results based on total  charge measure-  
ments. Three  stages of growth were  detected: (i) First  s t age - -g rowth  l imited 
by a diffusion process in the solution; (ii) Second s tage- - s ta r t  of l imitat ion 
of growth by the film involving the combination of several  processes difficult 
to characterize by any rate law; (iii) Third s t age - -g rowth  obeying ei ther a 
logari thmic or inverse logari thmic rate  law. The lat ter  was found to imply 
that  the passive film consisted of an outer layer  poorly conductive for elec-  
trons. 

Earl ier  el l ipsometric studies (1) f rom our labora-  
tory dealt  with the kinetics of growth of passive films 
on iron in inorganic passivating solutions. As had been 
found by other techniques (2), that  work  showed a 
direct logari thmic growth law of a three-d imensional  
oxide film was observed. The work  to be repor ted  here  
extends these in situ ell ipsometric studies on immersed  
surfaces to the growth of the passive films on iron by 
means of potentiostatic anodic polarizat ion in slightly 
basic sodium borate-bor ic  acid solution. This method 
of passivation has an advantage over  both open-c i r -  
cuit passivation in oxidizing solutions and galvano-  
static anodic polarization. Potentiostat ic anodic po- 
larization enables us to control more careful ly the 
dr iving force for growth and main ta in  these condi- 
tions throughout  the ent ire  growth process, the rate 
being controlled by the process taking place. Thus, 
perhaps, we have a bet ter  chance to sort out these 
processes than for the case where  the rate is fixed and 
the dr iving force changes (galvanostat ic oxidation).  

There  already exists in the recent  l i tera ture  a set 
of excel lent  papers by Nagayama and Cohen (3, 4) 
and Sato and Cohen (5, 6) that deal with the anodic 
oxidat ion of iron under  the same conditions as those 
used in this study. Our work  complements  and extends 
these studies in two ways: (A) By studying film 
growth using the optical technique of e l l ipsometry 
we have a direct nonelectrochemical  way  of measur ing 

Fig. 1. Apparatus used to study the growth of films by anodic 
polarization with the ellipsometer. The drawing is not to scale. 

film thickness that does not depend on any possible 
current  producing reactions not involved  in film for-  
mation. (B) We are able to study the ear ly  stages 
( <  10 sec) of the film format ion process that  are gen- 
eral ly neglected in studies of the kinetics of passive 
film growth. 

This work differs from other in situ elli.psometric 
studies (7-11) on metals exhibi t ing passivity in one 
or both of two ways: (a) emphasis is placed on the 
kinetics of film growth and (b) the electrolyte  is 
chosen so that  l i t t le oxide film dissolution occurs. This 
is important  because it leads to metal  dissolution and 
surface roughening. Such an effect would present  a 
complication in the in terpreta t ion of the ell ipsometric 
measurements .  This is so because the change in the 
optical parameters  measured could be a t t r ibuted to 
both film growth and to surface roughening. In this 
study roughening has been minimized by working 
in a neutra l  e lectrolyte  and by growing the passive 
film rapidly,  i.e., by using a fast rise potentiostat  to 
sweep the potent ial  direct ly from the cathodic region 
to a potential  in the passive region of the potentio-  
static anodic polarization curve.  The la t ter  minimizes 
the roughening that would occur in going slowly 
through the active region before at taining passivity 
as was recent ly done in an el l ipsometric study of pas- 
sivity (10). A less ambiguous way of s tudying the ac- 
t ive-passive transi t ion is by going f rom the passive 
region to the active one. This wil l  be the concern of 
the second paper in this series on the decay of passive 
films. 

Cell, Material,  and Procedure 
Ceff.--Figure 1 shows the cell  used to observe the 

iron surface with  the ell ipsometer,  measure  its po- 
tential, and polarize the surface. The cell consisted of 
a gas bubbler,  two glass windows, a pla t inum gauze 
counter electrode 2.25 cm 2 in area, and a Luggin ca- 
pil lary leading through a wet ted  closed stopcock to 
the saturated calomel electrode which served as the 
reference  electrode. 

The salt bridge was the solution used in the exper i -  
ments and was d rawn direct ly f rom the react ion cell 
through the Luggin capillary. F igure  1 shows also 
the iron specimen with  an exposed area of 1.2 cm 2, 
mounted in a Teflon holder, and inserted into the cell. 
Solut ion was stored in the 2-l i ter  reservoi r  and int ro-  
duced into the bot tom of the cell  as shown in Fig. 1. 
Around 75 ml  of solution were  used in a run. This 
filled about half  the cell. 

Materials.---Solutions were  made up using water  o.f 
a conductivi ty of 7 x 10-~ mho or bet ter  and analyzed 
reagent  grade H3BO~ and Na2B407 �9 10H20. The acid 
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solution used was 0.3N and the salt 0.1N. Various pH's 
were  obtained by mixing  these solutions together  in 
the fol lowing volume ratios of acid to salt to obtain 
the pH's used in this study: pH 7.4, 10/1, pH 8.4, 2/1, 
and pH 9.1, 1/4. The solutions were  then checked wi th  
a pH meter.  Once the solution was mixed  it was placed 
in the 2-l i ter  solution reservoir  and deaerated by pro-  
longed (24 hr) bubbling wi th  purified 99.99% He prior  
to the introduction of the solution into the cell. 

The iron was obtained f rom the Bat tel le  Memorial  
Inst i tute  and was refined by a floating zone technique. 
I t  has less than 10 ppm gaseous impuri t ies  and less 
than 130 ppm metal l ic  impurit ies.  1 

The specimens were  la rge-gra ined  (average grain 
size, 3 mm-~). Two specimens were  used which had 
single crystal  surfaces exposed to the solution. These 
were  prepared by the s t ra in-anneal  technique. 

Procedure . - -The  i ron specimen surfaces were  first 
mechanical ly  polished (final polish 1/4 diamond abra-  
sive),  then electropolished using the perchloric acid 
polishing procedures described by Nagayama and Co- 
hen (3), and finally washed in spectrographic grade 
methanol,  dried in a je t  of pure  oxygen and placed 
in the cell. Once the iron specimen was placed in the 
cell and deaerated solution was admit ted in the 
cell, it was possible to reduce any exist ing oxide film 
on the iron surface prior to growing a film by polariz-  
ing the surface galvanostat ical ly to a cathodic poten-  
tial. Af ter  cathodical ly reducing the iron surface, the 
solution was completely  replaced by fresh solution 
with the meta l  surface mainta ined at the reduct ion 
potential. This step used by Nagayama and Cohen (3) 
was found to be essential  in order to minimize the 
effect of ferrous ions. Also, oxygen had to be ex-  
cluded as r igorously as possible in order  to obtain re-  
producible results. When the film was so reduced, op- 
tical readings could be made 2 and the surface then 
brought  rapidly by the potentiostat  to an anodic po- 
tential  where  films start  to form. F i lm format ion was 
carr ied out in the potent ia l  region --0.4 to +0.8v. All  
potentials are r e fe r red  to a saturated calomel elec- 
trode. All  exper iments  were  carr ied out at room tem-  
perature,  25~177176 

Ellipsometric-potent~ostatic technique.--Detai led de- 
scriptions of e l l ipsometry in genera l  and the exper i -  
menta l  aspects of using el l ipsometry in making in 
si tu studies of the oxidat ion and corrosion of metal  
surfaces are discussed e lsewhere  (12). Therefore,  the 
discussion here  will  be confined to the el l ipsometr ic-  
potentiostatic technique used in this s tudy which al- 
lows the kinetics of anodic film growth to be studied 
during the ear ly  stages of film format ion at t imes as 
short as tenths of a second. The procedure  used was 
an adaption of one recent ly  reported by Reddy and 
Bockris (13) and consisted of the following: (i) Af te r  
the surface was cathodically cleaned and readings 
taken, the el l ipsometer  was set at its ext inct ion point 
(a min imum of l ight impinging on the photomult ip l ier  
tube) .  (if) The photomult ipl ier  tube was connected 
through an amplifier, which was a high impedance 
electrometer ,  to a fast two channel  recorder  of the 
direct recording ga lvanometer  type with  a f requency  
response as high as 100 Hz. This recorded the photo-  
current  along with the e lectrochemical  current  or po- 
tential. (iii) The surface was polarized anodically 
using the potentiostat  3 to potentials wtiere film growth 
occurs. As soon as the film formed on the metal, the 

1 G a s e o u s  i m p u r i t i e s  ( p p m ) :  O._, ( v a c u u m  f u s i o n ) ,  2.1; S (co lor -  
i m e t r i c ) ;  4 • 3; C ( c o m b u s t i o n = e o n d u c t o m e t r i c ) ,  3 - -  3; N_. { v a c u u m  
fus ion} ,  0.5; H~ ( v a c u u m  fus ion} ,  0.3. 

M a j o r  metallic impurities ( p p m ) :  A],  15; Cr ,  5; Co, 5; Cu, 7; 
Ni ,  20;  P ,  9; Si ,  10. 

T h i s  c a t h o d i c  r e d u c t i o n  w a s  a lso  u s e d  as a c h e c k  to d e t e r m i n e  
w h e t h e r  r o u g h e n i n g  h a d  o c c u r r e d  d u r i n g  f i lm g r o w t h .  O n l y  w h e n  
t h e  s a m e  o p t i c a l  p a r a m e t e r s  w e r e  o b t a i n e d  a f t e r  r e d u c i n g  a f i lm 
f o r m e d  d u r i n g  a g i v e n  r u n ,  w a s  t h e  k i n e t i c  d a t a  o b t a i n e d  d u r i n g  
t h a t  r u n  c o n s i d e r e d  v a l i d .  

3 T h e  p o t e n t i o s t a t  u s e d  w a s  a c o m m e r c i a l  i n s t r u m e n t  w h o s e  r i s e  
t i m e  as d e t e r m i n e d  u n d e r  t h e  c o n d i t i o n s  of t h e s e  e x p e r i m e n t s  w a s  
a rounc i  20  m s e c .  
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Fig. 2. Optical and electrochemical changes occurring during the 
galvanostatic oxidation of polycrystalline iron in a solution of pH 
8.3. The specimen was pre-oxidized at O.08v for 1 hr and then 
oxidized at a constant current density of ! ~a/cm 2. 

el l ipsometer  was no longer at the ext inct ion point and 
the intensi ty of the l ight reaching the photomultJpl ier  
tube increased. For films <5OA., this was approx-  
imately  a l inear measure  of the amount  of film formed. 
This method depends also on the fact that  for oxide 
films on iron _~, the re la t ive  phase retardat ion,  is the 
optical pa ramete r  that  is sensi t ively changing with 
film growth ( <  50A) while the other optical pa ram-  
eter measured tan r the re la t ive  ampli tude reduction, 
is only sl ightly a l tered (14). Once the ra te  of film 
growth had slowed down (after  a minute)  more  pre-  
cise readings could be made by hand and the s lower 
parts of the growth process studied. The circuit  used 
to carry out such a technique is given e lsewhere  (12). 

A complex refract ive  index used for the film formed 
was 2.5-0.3i (L = 5461A). This value was that  found 
for the oxide formed on iron in a gaseous oxidation 
study (15). For  reasons given elsewhere (14) it was 
reasonable to use in measur ing the thickness of the 
very  thin films observed in this study. 

Results and Discussion 
Comparison be tween  etl ipsometric and coulometric 

t~lm thickness measuremen t s . - -As  a pre l iminary  to 
the study of film growth kinetics a comparison be-  
tween optical and coulometric  anodic film thickness 
measurements  was made. For  this purpose galvano-  
static ra ther  than potentiostat ic  growth was employed. 
The conditions of growth  were  essentially the same as 
those used by Sato and Cohen (5); namely,  the iron 
surface was pre-oxidized  at 0.08v for 1 hr  and then 
oxidized at a constant current  of 1 #a /cm 2. The optical 
and coulometric results obtained in a solution of pH 
8.3 are shown in Fig. 2. Al l  the el l ipsometric points 
shown were  measured  by the more accurate technique 
of placing the el l ipsometer  at ext inct ion ra ther  than 
the more rapid technique described in the exper i -  
menta l  section. The thickness values g iven in this 
figure are based on the re f rac t ive  index value n2 given 
for the oxide earlier,  2.5-0.3i. The time is, of course 
direct ly proport ional  to the total charge used in the 
growth process, 

With respect to the el l ipsometric measurements ,  
there  are three  separate  regions in the re la t ive  phase 
retardation,  ~ vs. t ime plot; before the arrest  in A- 
values (called region I),  dur ing the arrest  (region 
II) ,  and after the arrest  where  steady growth occurs 
(region III) .  A potent ial  arres t  s imilar  to that  ob- 
tained by Sato and Cohen (5) appears to correspond 
to the arrest  in ..x-values, but this would not be evident  
f rom our curve were  it not for much more pronounced 
_~-value arrest. The re la t ion between the coulometric  
and the el l ipsometric measurements  differs in each 
of these regions and wil l  be considered separately.  We 
will  consider only the variat ions of '~ because, as Fig. 
2 shows, the var ia t ion of ~ wi th  film growth  is slight 
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Fig. 3. Theoretically calculated curve showing the effect of vary- 
ing n2, the refractive index of the oxide film, on 8~, the change in 
the phase retardation that occurs on the growth of a 5.i~ film. 

for films whose thickness lies in the range of interest  
of this study (40A or less). 

Region I . - -Before  the _x-value arrest,  a film is 
formed where  0.2 m C / c m  2 are requi red  to cause a 
change of 1 ~ in A as measured el l ipsometrically.  This 
compares wi th  a value  of 0.9 m C / c m  ~ that one would 
calculate for a film assumed to be Fe2Os, density of 
5 g / cm 3 and roughness factor of uni ty  having the n2 
given above. This would  thus suggest that during the 
stage before the potent ial  arrest  we have a film that  
has a density lower than 5 and thus probably an n._, 
lower than 2.5-0.3i. It is l ikely that  this would mean 
a film wi th  many  empty  spaces or perhaps a film made 
up of discrete separated crystall i tes of oxide. Such a 
film probably behaves optically as a continuous film 
of low ref rac t ive  index. 

Region II . --At  the arrest,  the empty  spaces in the 
film have  filled up sufficiently to shift its n2 va lue  
into a range where  a change in n2 does not appreciably 
change ~, as long as the effective thickness is constant. 
This can be seen f rom Fig. 3 which shows the resul t  
of a calculat ion of the effect of vary ing  the oxide's 
r e f rac t ive  index, n2 ,on .-%, the change in ', brought  
about by the growth of a 5A film. Be tween  points 
A and B in Fig. 3 there  is only a small  change in _% 
wi th  n.~. Thus, it would be possible to use up charge 
wi thout  appreciably changing _% by forming oxide to 
fill the empty spaces in the film. As long as empty 
spaces are present  and the solution has access to the 
substrate on which the film is growing, a constant po- 
tent ial  would be expected.  When  the substrate be-  
comes completely  covered, the potent ial  then changes 
and more  near ly  continuous film grows dur ing the 
steady growth stage. 

Two other explanat ions may  be suggested to explain 
the ~-va lue  arrest. It may  be re la ted to Sato and 
Cohen's (6) observat ion that  the outer  layer  of the 
passive film has a lower  i ron content  and the process 
involved  is the format ion of i ron- ion  vacancies or 
excess oxygen ions. Such a process should not produce 
any observable  change in ~ or @. Another  possibility 
is that  the  arres t  is associated with  the introduct ion 
of protons into the Fe203 lattice, this being necessary 
for passivation according to some recent  ideas of 
Bloom and Goldenberg (16). Because of  the size and 
mass .of the proton, its introduct ion into the film would 
probably be even less detectable e l l ipsometr ical ly  than 
the product ion ,of i ron- ion  vacancies. 

Region III . - -When the  potent ia l  and film th icken-  
ing arrest  stage is over, the steady growth stage of a 
passive film commences.  In the steady growth region 
the a t ta inment  of a s teady va lue  for the re f rac t ive  
index of the film is a more  reasonable  assumption 
than for regions I and II. I t  is this region that  offers 

the best opportuni ty  to compare the el l ipsometrical ly 
de termined  thickness wi th  the coulometr ical ly  de te r -  
mined  values. A value  of 0.242 m C / c m  2 per optically 
measured  angstrom is obtained f rom Fig. 3. Using the 
density and composit ion assumptions described earlier,  
a thickness ratio of 1.3 can be calculated. Since ell ip- 
sometric thickness measurements  do not depend on a 
knowledge of the roughness factor, while  electro-  
chemical  ones do, the thickness 1,atio represents  the 
surface roughness factor. A reasonable value  for an 
electropolished surface is 1.3. 

Variation of film thickness with potential and pH.--  
A dete rmina t ion  of the var ia t ion of film thickness 
measured  at a given t ime with  overpotent ia l  4 is im-  
port.ant because it gives us an idea of the fields [or 
more correct ly overfields (17)] involved.  Figure  4 
shows this var ia t ion  for three  solutions of different 
pH's used in this study, for a 1 hr polarizat ion at a 
given potential.  At an overpotent ia l  of around 0.5v 
the slope changes for the 7.4 pH solution. This over -  
potent ial  corresponds to a potential  of around --0.2v 
(SCE) and is near  the potential  that Nagayama and 
Cohen (4) call Ea 2, a potent ial  below which Fe ++ 
is observed in solution (called by them "region A") ,  
and above which the concentrat ion of Fe + + is too low 
for analysis ("region B") .  Very  lit t le or no change in 
slope was observed for the 9.1 and 8.4 pH solutions in 
the passive region of the polarization curve, roughly 
be tween --0.6 to +0.85v (SCE).  Our optically deter -  
mined value for the differential  field (dV/dX)  [see 
(17)], for a solution of the same pH, 8.4, as that  
studied by Nagayama and Cohen (3) agrees wi th  thei r  
value to bet ter  than 5% for potentials  above Ea 2. 

The fact that  (dV/dX)  is greater  5 at the lowest pH 
(above Ea 2) means phenomenological ly  that  the bar-  
r ier  that  the ions must  surmount  for the film to grow 
is h igher  than that  exist ing in the film formed in the 
pH 9.1 solution. 

Below Ea 2 for the 7.4 pH solution, the change in 
(dV/dX)  to a lower value  points to a lower barrier .  
The work  .of Nagayama and Cohen (4) indicated for 
the film formed  in "region A" has a higher  percentage 
of iron in its outer  layer  and is less protect ive be-  
cause ferrous ions are found in solution. Thus a higher  
iron content in the film may be related to a lower 
barr ier  to the movemen t  of ions. 

4 Our  o v e r v o l t a g e  v a l u e s  are a s s u m e d  to be  the  d i f fe rence  in  po-  
t e n t i a l  b e t w e e n  t he  p o t e n t i a l  d u r i n g  f i lm g r o w t h ,  V, as p r o v i d e d  
by  t he  p o t e n t i o s t a t  a n d  t he  o p e n - c i r c u i t  p o t e n t i a l  m e a s u r e d  a f t e r  
t he  i ron  su r face  has  been  c a t h o d i c a l l y  r educed .  A t  e q u i l i b r i u m  
u n d e r  these  c i r c u m s t a n c e s  in  the  p H  r a n g e  u sed  fo r  t h i s  s tudy ,  a n  
ox ide  f i lm does ex i s t  on  the  m e t a l  su r face  (18). The  e q u i l i b r i u m  
va lues ,  E~, fo r  the  so lu t ions  s h o w n  in  F ig .  4 a re  for  pH 7.4, --0. ' /1, 
fo r  8.4, --0.75, a n d  fo r  9.1, --0.78. 

I t  s h o u l d  be  n o t e d  t h a t  s ince  F ig .  4 is  a p lo t  of  X vs. V,  t h e  
v a l u e  of  ( d V / d X )  is the  r ec ip roca l  of the  s lopes  s h o w n  in  the  fig- 
ure .  A l so  i t  s h o u l d  be  pointed out t h e  c u r r e n t  was  a l m o s t  c o n s t a n t  
w h e n  X was  measu red ,  ( d V / d X )  -~ (OV/OX)~. 
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Fig. 4. Comparison of the change in film thickness with over- 
potential in solutions pH 7.4 (open circles), 8.4 (closed circles), 
and 9.1 (triangles) used in this study. Specimens were polarized 
potentiostatically 1 hr at potentials shown. 
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Fig. 5. Plot shows the three stages of passive film growth in 

solutions of pH 7.4 (open circles) and 9.1 (closed circles) for 
potentiostatic growth at 0.8v. This also shows that the onset of 
the three stages is affected by pH. Plot is logarithmic in time. 

Stages oJ film growth.--A rapid recording technique 
described ear l ier  was used to fol low the kinetics of 
p.otentiostatic film growth. The growth of the passive 
film can be fol lowed for times f rom less than 1 sec to 
any chosen longer time. Three  stages in the growth 
process can be identified. These three stages are shown 
in Fig. 5 which also shows the var ia t ion in the onset 
of the stages as affected by pH. The division of the 
growth curve into these three stages is ~omewhat 
a rb i t ra ry  but, except  for those times during the 
growth process when  there  is a transi t ion be tween  
stages, we do not have  any difficulty in separat ing the 
stages. Str ic t ly  speaking, the second stage may not be 
a t rue stage in a kinetics sense, because it may  be 
only a transi t ion be tween  the first and third stages. It  
wil l  be so labeled, however ,  because there  is a possi- 
bility, for reasons given in the section where  it is 
discussed, that  it may be a t rue stage. 

First stage growth.--Figure 6 shows that  the film 
growth dur ing the first stage in the format ion of  the 
passive film follows a square root of t ime dependence.  
This was found to give a bet ter  fit than e i ther  a 
l inear  or logari thmic dependence by using a computer  
p rogrammed  for this purpose. F igure  6 also shows that  
the slope of the straight  line plot of thickness vs. x/t,, 
is h igher  for the solution with the highest  pH. This 
l inear  relat ionship be tween  the thickness and ~/~ 
which is obtained by the in tegra t ion of the diffusion 
equation (19) suggests that  a diffusion process is con- 
troll ing the rate  of film growth dur ing the first stage. 
Initially,  it was thought  that  O H -  ions were  the dif-  
fusing species control l ing the growth process because 
the ra te  increased with  an increase in pH. However ,  
if  the buffering action of a solution is good, the process 
could not be l imited by O H -  diffusion because a wel l  
buffered solution would instantaneously supply a 
given concentrat ion of O H -  ions. Calculations 6 indi-  

e The  a u t h o r s  a r e  i n d e b t e d  to  Dr.  W i l l i a m  M. Schwarz ,  J r . ,  of 
t h e  E l e c t r o c h e m i s t r y  Sec t ion  of NBS,  fo r  m a k i n g  these  c a l c u l a t i o n s  
a n d  p o i n t i n g  out their i m p l i c a t i o n s .  
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Fig. 6. Plot of film thickness vs. square root of time at pH ~ 7.4 
(closed circles) and pH ~ 9.1 (open circles) for potentiostatic 
growth at 0.By. 
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Fig. 7. Plot of film thickness vs. log of time in an oxygen sat- 

urated (closed circles) and He saturated solution (open circles). 
The oxidations were carried out at --0.2v in a solution of pH ~- 
8.75. 

cate that  for the solutions used the buffering action is 
poor, par t icular ly  for the 7.4 pH solution. Hence, the 
si tuation is complex with diffusion of not only O H -  
ions, but  also that  of borate and boric acid being in- 
volved. For this reason the usual diffusion equat ion 
(19), which allows one to de termine  the diffusion co- 
efficient, cannot be used. We can only give an em- 
pirical  equat ion 

x ---- kl X/t" + C [1] 

where  kt, the slope of the lines in Fig. 6 is pH de- 
pendent.  This strong pH dependence suggests that  the 
most impor tant  feature  of the first stage is that  it is 
controlled by diffusion through the solution ra ther  
than through the film. 

To determine  if the diffusion of a react ing species, 
such as oxygen, could be control l ing in the first stage, 
an exper iment  was carr ied out  using a solution satu- 
ra ted  wi th  oxygen. As Fig. 7 shows the concentra-  
tion of oxidizing species was so high that  the first 
stage ~ / t -dependence  was over  so rapidly  that  our 
measur ing technique could not detect  it. The results 
obtained could also be due to a change in mechanism 
that  occurs in the oxygen saturated solution. 

Second stage growth.--The first stage ends at that  
point in the growth process at which there  is a de- 
par ture  from the l inear relat ionship be tween  thick-  
ness and ~ When this occurs diffusion through the 
solution is no longer  the ra te-contro l l ing  step, and we 
begin to observe a change in the type of rate  law 
governing the process. We call  this second stage 
growth. It appears to be the transi t ion be tween  the 
solution l imited growth  of the first stage and the 
s teady-s ta te  film l imited growth  of the third stage. 
Since the second stage is a t ransi tory one, it is diffi- 
cult  to characterize the type of rate  law governing  the 
growth  process. Because of this uncertainty,  we  wil l  
not a t tempt  to fit a specific ra te  law, but  wil l  instead 
jus t  point  out the fol lowing three  qual i ta t ive  obser-  
vations: 

1. The rate  of growth is grea ter  than that  in the 
third stage. This may indicate that  the composit ion of 
the film formed dur ing the second stage differs f rom 
that  of the third. I t  is assumed that  a more  protect ive  
layer,  one where  ion movemen t  is more difficult, is 
formed during the lat ter  stage. 

2. The possibility of diffusion of Fe  + + ions in solu- 
tion being rate  control l ing is ruled out because current  
measurements  made s imul taneously  wi th  the optical 
measurements  show that  for the coulombs passed all 
of the Fe  + + produced have  gone into producing the 
film measured  optically at the point  of  t ransi t ion be-  
tween the first and second stages. F i lm growth during 
the second stage can therefore  not use the Fe  + + ions 
present  in solution. 
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Table I. Field, E, existing during the transition from first to second 
stage kinetics 

E L L I P S O M E T R I C - P O T E N T I O S T A T I C  S T U D I E S  

X �9 
P o t e n t i a l ,  O v e r p o t e n t i a l ,  1 --~ 2' 

p H  v v A (10 ~ ~ v / c m )  

g.1 0.8 1.58 27.5 5.8 
0.0 1.38 21 .0  6,5 
0,4 1.18 17.9 8.5 

7.4 0.8 1.51 22.5  6.8 
0.6 1.31 18.3 7.2 
0.4 i . I I  15.4 7.2 

6x10 -2 

e., 

.v_ 2 
e- 

l - -  

o 
~  o ~ . . . . , ~  

(ol 1) 

�9 Xt_~ is  the  t h i c k n e s s  at  w h i c h  there  o c c u r s  a t r a n s i t i o n  f r o m  
first to s e c o n d  s tage  k inet ics .  

3. When  the thickness at which a change f rom first 
stage to second stage occurs is divided into the over -  
potent ial  at which growth is occurring, it is found that  
this ratio, E, is roughly  the same regardless  of poten-  
tial (see Table I).  E is the field across the film, as- 
suming that  the film is a sufficiently good insulator  to 
support  such a field. Thus the first stage may end at 
that  point in t ime when  the field across the film has 
dropped to a value low enough so that passage of ions 
through the film becomes rate  determining.  This as- 
sumes that the growth  process is field dependent.  The 
results of Table I indicate this may be so. 

Third growth stage.--This is the s teady-sta te  growth 
stage and occurs after  about  the first minute  of the 
growth ,process. The growth that  occurs dur ing this 
stage is one that has been studied almost exclusively  
in most other  kinetic studies of anodic oxidation. As 
Fig. 8a and b show this stage fits equal ly  wel l  e i ther  
the logari thmic (x vs. in t) or inverse  logari thmic 
(1/x vs. In t) ra te  laws. Figure  9 is for single crystal  
specimens. A few exper iments  were  carr ied out using 
two single crystal  surfaces of (110) and (311) or ien ta-  
tions. F igure  9 shows that  the orientat ion of the meta l  
surface also affects the rate. This aspect which is of 
great  importance was not gone into in much detail  in 
this study, but  wil l  be exp lo red  fur ther  in later  
studies. It  is interest ing to point out, however ,  that 
the (110) surface (the closest packed surface in the 
bcc system) exhibi ted the higher  rate. This fits wel l  
wi th  another  study (1) that  showed that  the (110) 
forms the least protect ive  film. 

The logari thmic law implies a number  of  different 
mechanisms that  are listed by Sato and Cohen (5). 
None of these requ i re  the existence of a large field 
dependent  on film thickness to promote  the growth 
process. F igure  8a shows the direct  logari thmic rate  
is independent  of potent ial  (approximate ly  paral le l  
lines for different potentials) ,  but  the intercept  varies 
wi th  potential.  These results agree wi th  the empir ical  
equat ion obtained by Sato and Cohen (5) for the 
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Fig. 8. Plots showing that the third stage data fit either (a) film 
thickness vs. log time or (b) reciprocal of film thickness vs. log 
time at. potentials shown. 
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Fig. 9. Plot of reciprocal of film thickness vs. log time for (311) 
and (110) surfaces. 

same system. They give the expression for current  as 
follows 

i : k  exp ( V - - Q / B )  [2] 

where  i is the current,  V the potential,  and Q the total 
charge accumulated in forming the film; k and B are 
constants. To compare their  coulometric  results wi th  
our optical ones Equat ion [2] is in tegrated and the 
film thickness, X, int roduced in place of charge using 
the factor de termined  exper imenta l ly  (0.242 m C /  
cm2/A) 

B Bfl 
x : ~ in (t -5 to) -5 V -5 C [3] 

0.242 0.242 

The to in Eq. [3] is a constant  wi th  the uni t  of time, 
resul t ing f rom the integration,  whose value depends 
on the t ime scale selected. On the basis of the em-  
pirical expression they obtained and because their  ra te  
constant B is t empera tu re  dependent,  7 they concluded 
that the various mechanisms leading to direct loga- 
r i thmic growth do not fit. Instead, they proposed a 
"place exchange" mechanism for the oxidat ion of iron. 
This mechanism involves film grown by the s imulta-  
neous exchange of positions be tween oxygen and iron 
ions for all layers of these two species forming the 
film. In this way, oxygen at the solution interface is 
incorporated into the film while,  likewise, i ron at the 
meta l -ox ide  interface  is also incorporated. 

The average values for a large number  of  runs ob- 
tained for the constants B and ~ by this el l ipsometric  
study compared with  those obtained by Sato and 
Cohen by electrochemical  measurements  and are 
shown in Table II. This agreement  is reasonble for 
the pH 8.4 considering the fact that  different iron 
was used and various assumptions were  made with  
regard  to the density and optical constants of the 
oxide, and the roughness factor of the surfaces. It can 
be seen f rom Table II and Fig. 4, however ,  that this 
study does indicate that/~ was found to vary  with  pH, 
whereas  Sato and Cohen did not  find any variat ion.  
Whether  these variat ions are real  or due to the differ- 
ences in the two techniques of measurements ,  e.g., the 
optical constants of the films formed at different pH's 
may vary,  we  cannot say. Possible reasons for the 

I f  B w e r e  n o t  as  t e m p e r a t u r e  d e p e n d e n t  as  S a t o  a n d  C o h e n  (5) 
f o u n d ,  e l e c t r o n  t r a n s p o r t  t h r o u g h  t h e  f i lm c o u l d  be  r a t e  l imit ing .  
S u c h  a p roce s s  w o u l d  l e a d  to a l o g a r i t h m i c  l a w .  

Table II. Average values of B and/~ 

/oH B / 0 . 2 4 2 ,  A /~, v -a  

S a t o  and C o h e n  8.4 0.77 10.2 
N a g a y a m a  a n d  C o h e n  8.4 20* 
T h i s  s t u d y  9.1 0.76 ----- 0.1 28  ~- 1" 

8.3 1.08 ----. 0,3 18 - -  I* 
7.4 1.04 ----- 0.3 12 ---+ I* 

* T h e s e  v a l u e s  are  b a s e d  on  A v s .  ~ o r  A v s .  V c u r v e s  s i m i l a r  to 
tha t  o f  Fig .  4,  s ince ,  as  can  b e  s e e n  f r o m  Eq .  [3] ,  t h e  s lope  of  th i s  
c u r v e  f o r  a f ixed  t i m e  is  B f l / 0 , 2 4 2 .  
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variat ion of ~ with pH were  g iven in the ear l ier  sec- 
tion on the var ia t ion of film thickness wi th  potent ial  
and pH. 

Empirically,  our results can be reasonably re la ted  
to those obtained by Sato and Cohen and t reated in 
the same way but using optical ra ther  than electro-  
chemical  measurements .  We will  now consider in 
detail  the other  way of looking at the data which, as 
Fig. 8 shows, fit an inverse logari thmic growth equal ly  
well. When this type of growth  is observed, we can 
consider the rate  to be controlled by the current  
of Fe  + + over  an act ivat ion barrier ,  W. For  such a 
process a plot of the reciprocal  of the film thickness 
vs. the log of t ime should yield a straight line. F igure  
8b shows such a plot for 3 different potentials, all 
above Ea 2. The rat ionale  behind such a plot is based 
on the approximate  in tegrat ion of the equat ion for  
the ion current  (20) neglect ing the backward  field, 
whose effect is small  at potentials above Ea 2 where  
vi r tual ly  no Fe + + ions are found in solution. This 
equation is 

[ W - - z e a * n / X  ] 
i ---- 2a*nvze exp --  [4] 

kT 

where  n is the number  of mobile ions per unit volume, 
v, the frequency,  ze the charge on the mobile  ion, n the 
overvoltage,  a* the act ivat ion jump distance, and X is 
the film thickness. An approximate  integrat ion of the 
equat ion gives 

1 1 
- -  = Const. --  In t [5] 
X X1 

where  
1 kT  

X1 zea*n 

This is the inverse logari thmic ra te  law der ived by 
Cabrera  and Mort (21). From the expression for 
l /X1 as der ived  from this theory, we can see that  we 
would expect  a plot of XI vs. ,1 to yield a s t raight  
line. F igure  10 is such a plot for the two ex t reme pH 
solutions studied. Each point represents  the averages 
of at least three  runs. It  can be seen that  the values 
for  both solutions fit reasonably wel l  a s t ra ight  line, 
the 7.4 pH solution showing more scatter. 

Since the dependence of X1 on n, as shown in Fig. 
10, is reasonably l inear and because an indirect  log- 
ari thmic rate  law is observed, we can consider the 
mechanism of passive film growth on i ron in near ly  
neut ra l  solutions as being similar  to that  for a lumi-  
num or tantalum, namely,  field assisted migra t ion  of 
cations through the film to react wi th  oxygen or O H -  
at the solut ion-oxide interface. This mechanism has 
indeed been proposed for iron by Vet ter  (22), Ord 
(23) more  recently,  and others. A difficulty, however ,  
arises when  comparing the mechanism of passive film 
growth  on iron to that  of a luminum or tantalum. The 
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Fig. 10. Plot of X1, the rate constant vs. overpotential for solu- 
tions of pH 7.4 (closed circles) and 9.1 (open circles). 

oxides on the la t ter  two metals  are ve ry  poorly  con- 
duct ive for electrons and can thus support  large fields. 
However ,  the oxide film on iron is assumed to be a 
good electronic conductor (22) and would thus not  be 
able to support  the 106-107 v / c m  field necessary to 
pull  cations through the film. The assumption that  the 
passive film on iron is a good electronic conductor is 
probably based mostly on the fact that  one gets oxy-  
gen evolution when a thin film is still  present  and at 
fair ly low potentials as compared to a luminum (24). 
However ,  as the Pourbaix  diagram for iron shows (18) 
at the oxygen e~olution ( transpassive)  potentials  the 
possibility of a change in the nature  of the film exists. 
Electron diffraction studies f rom our laboratory (25) 
have indicated that  the 7Fe203 found for films formed 
in the passive region is not found for films formed at 
potentials in the t ranspassive region. While still at  
passive potentials, however ,  the existence of ~Fe203 
at the outer  part  of the film is most probable (3, 25). 
This oxide is probably a very  poor electronic con- 
ductor (26) and could support  the field requirec} by 
the theory. As Nagayama and Cohen (3), Vet ter  (27), 
and others  have  pointed out, there  exists a strong 
possibility that  the "yFe203 exists as an outer  layer  of 
the passive film next  to the solution with  Fe804 being 
next  to the metal. Since Fe~O4 is a good electronic con- 
ductor, the field just  postulated would exist  only 
across the poorly conduct ive ~/Fe20~. In l ine wi th  this, 
Vet ter  (27) has postulated that  all of the potent ial  
drop in a passive film is across the outer  layer. The 
reasonableness of this concept can be seen if we first 
calculate a value for the jump distance, a*, using the 
slope f rom Fig. 10 and the expression for X1 in Eq. 
[5]. The values in this plot are  based on the assump- 
tion that  the field is across the ent ire  film. Such an 
assumption leads to a value of  around 10A. for a*, as- 
suming that the mobile ion has a charge of 2. Es.ti- 
mates of a* for the (110) and (311) surfaces were  
8.3 and 4.6A., respectively.  Vet ter  (22), assuming that 
the ferr ic ions are mobile, obtained a value  of 5.5A 
for  films formed in H.,SO4 solution. Our value as wel l  
as Vet ter 's  appears to be .abnormally high. H.owever, 
if the field is only across a poorly conducting outer 
layer  of the passive film, the value of X, becomes 
roughly equal  to the product  of the fract ion of the film 
that is poor ly  conducting and the value of X, obtained 
by assuming the field is across the ent ire  film, i.e., 
the values plotted in Fig. 10. An est imate of this 
fract ion can be obtained f rom the work  of Nagayama 
and Cohen (3), f rom the ratio of the charge requ i red  
to reduce the outer  layer  to the total  charge accumu-  
lated in forming the film. The fract ion obtained using 
this assumption and their  data is around 1/3. With 
this assumption the value of a* becomes 3A, a most 
reasonable value. Using this value  for a* or the larger  
value  and ei ther  1/3 the l imit ing thicknesses shown 
in Fig. 4 or the whole thickness, the same values for  
an est imate of W, the act ivat ion barr ie r  can be made 
f rom the approximate  expression for the l imit ing 
thickness (22) 

Zea*~l 
XL = [6] 

W --  39kT 

A value  of 1.8 ev (41 kca l /mole )  was obtained for  
the pH 9.1 solution and 2.0 ev (46 kca l /mole )  for  
pH 7.4. Values es t imated for the single crystal  surfaces 
are about 1.5 ev  for  both orientat ions studied. All  
the values of W are  ra ther  high compared to the 
va lve  metals  (18). This is reasonable in l ight of the 
fact  that  the passive film on iron is much th inner  
than that  on the va lve  metals  such as A1 or Ta. 

It must  be emphasized that  the reasonable  va lue  of 
3A for a* is based on the assumption that  the field is 
only across that  par t  of the film that  has a low con- 
cent~ation of iron, the par t  that  Nagayama and Cohen 
concluded contains i ron vacancies and Fe +6 ions. If the 
field is across all of the ~.Fe208 they  found to be pres-  
ent, a* becomes much larger,  around 7A. Therefore,  
if the field assisted cation migra t ion  theory is valid, i t  
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is more reasonable to expect  that  the field is only 
across a vacancy r ich or, using Bloom and Golden-  
berg's model  (16), a proton rich outer  third of the 
total film. This port ion would be expected to be more 
poorly conducting than a more stoichiometric 7Fe203 
and would  thus be able to support  a large field. 

Recent  work  by Ord and DeSmet  (28) combining 
el l ipsometric  and capacitance measurements  on the 
same system described here  indicate that  the field is 
only across the outer  part  of the film as proposed here. 
Electrode capacity studies by Wisdom and Hackerman  
(29) also indicate that  the passive film over  a wide 
range of pI-I has two sorts of material ,  the last formed 
being responsible for passivity, and being different 
f rom bulk oxides. 

Another  indication of the importance of the com- 
position of the outer  par t  of the passive film and its 
bearing on the fields in the film can be obtained by 
considering film growth at potentials below Ea 2. Here 
a measurable  concentrat ion of Fe + + is present  in 
solutions, and thus a more complicated set of condi- 
tions exist. Because of this it has been difficult to 
obtain completely  reproducible  results. The reason for 
this lies in the fact that  two factors affecting the rate  
in opposite ways are probably present. The first factor, 
the increase in importance of a backward  field s with 
decrease in overvoltage,  tends to decrease the ra te  
and is probably  responsible for the appearance of 
Fe + + ions in solution. The second factor, a less pro-  
tect ive film which would tend to increase the rate, is 
probably present  on films formed at potentials below 
Ea 2 a s  indicated by results of Nagayama and Cohen 
(3). They found a higher  concentrat ion .of iron which 
they ascribed to a lower  concentrat ion of defects in 
the films formed b e l o w  Ea 2. Loosely expressed, they 
found the higher  the concentrat ion of defects, the more 
protect ive the film was. 

' th is  model  concerned with field assisted movement  
of cations through a poorly conducting outer  layer  
neglects the movement  of cations through the inner 
layer. Elect ron diffraction studies (30) give a clue to 
the manner  in which this may occur. These studies 
indicate that  this inner  layer  is highly oriented, but 
made up of a ve ry  high concentr.ation of grain bound-  
aries or pipes of Fe304 so that easy diffusion of Fe + + 
is a good possibility. In this manner  passage of Fe + + 
through the inner  layer  would be re la t ive ly  easy. The 
second stage growth may  thus be a combination of an 
easy diffusion growth  through the inner "porous" 
Fe304 and the format ion of an outer  7 F e 2 0 3  that be- 
comes more  and more  nonconduct ive and less porous 
with t ime unt i l  it can support  a field that  assists cat-  
ion movement  unti l  the field becomes too small. Since 
the second stage is thus a mix tu re  it is difficult to 
characterize by a simple rate law. 

Summary 
These studies have  shown that by the use of the 

optical technique of e l l ipsometry we were  able to get 
reasonable agreement  with other  studies on the same 
system using an ent i re ly  different way  of measur ing 
the amount  of film, coulometry.  Three  growth stages 
were  observed which were  in terpre ted  as follows: 
(~) Firs t  Stage, growth l imited by the ra te  of diffusion 
of some species through the solution giving a process 
where  the thickness is proport ional  to ~/~; (ii) second 
stage, the onset of the l imitat ion of growth by the film 
but because it is a combination of two or more  proc- 
esses difficult to characterize by any rate law; (iii) 

s T h i s  b a c k w a r d  f ie ld s h o u l d  be  p a r t  o f  Eq.  [4],  b u t  w a s  l e f t  o u t  
f o r  s i m p l i c i t y  a n d  b e c a u s e  i t  is  u n i m p o r t a n t  u n t i l  y b e c o m e s  s m a l l  
(17).  

thi rd  stage, described equal ly  wel l  by ei ther  a log- 
ari thmic or inverse logari thmic rate  law. The con- 
sequences of the former  have been in te rpre ted  else- 
where  (5). The la t ter  was shown to imply that  the 
passive film involves a film whose outer layer  is poorly 
conductive for electrons al lowing a high field to be 
buil t  up which assists the movemen t  of cations 
through the film to the solution interface where  they 
are oxidized. 

This study has shown that rate  studies are not able 
to decide definitely be tween  the above two mech-  
anisms in a sl ightly basic s.olution. 
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ABSTRACT 

C-14 allyl and C-14 quinaldine labeled N-allyl quinaldinium bromide 
(NAQ) were prepared and their inclusion in bright nickel deposits studied. 
The amount of NAQ inclusion was found to depend on the mass transfer 
processes, the diffusion layer thickness, and the catalytic state of the nickel 
deposit. 

Previous publications from this laboratory on the 
mechanism of level ing in bright nickel pla t ing have 
shown that radioactively labeled addition agents can 
be used to s tudy the problem (1-3). Work with C-14 
and S-35 labeled sodium allyl sulfonate (SAS) dem- 
onstrated that slightly more radioactivity was in -  
corporated in the nickel deposit adjacent  to peaks 
rather  than valleys of a microprofile surface. These 
results are in  agreement  with the general  theory of 
leveling which postulates that a th inner  diffusion 
layer above peaks facilitates t ransfer  of addition 
agents to these areas, while the relat ively thicker 
diffusion layer above valleys impedes t ransfer  (4, 5). 
Adsorption of the addit ion agent or its reduct ion 
product  leads to localized polarization and par t ly  in-  
hibits deposition of nickel  ions. The net  effect is the 
deposition of slightly more metal  in the valleys than 
on the peaks. 

In  addit ion to the leveling phenomena the effect of 
other plat ing variables, such as pH, current  density, 
and concentrat ion of other addit ion agents on the 
amount  of inclusion of the labeled compound, can 
also be determined.  As is well known, in  bright 
nickel plating, two or more  addit ion agents are neces- 
sary to achieve the desired results. Addit ion agents 
are categorized as class I and class H brighteners,  
and a member  of each class must  be used (6). SAS 
is a typical class I brightener.  The class II br ightener  
used with SAS in the earlier work was N-al lyl  
qu ina ld in ium bromide (NAQ). 

The results obtained with C-14 and S-35 labeled 
SAS in  combinat ion with nonradioact ive NAQ have 
been reported (3) and are in agreement  with the 
known  behavior  of class I brighteners.  Recently Ed- 
wards also reported similar results with two other 
S-35 labeled class I br ighteners  (7, 8). 

Relat ively little work has been done, however, on 
the inclusion of class II brighteners.  2 Because of the 
commercial  importance of class II br ighteners  and the 
very low concentrations that  are normal ly  employed, 
this problem seemed worthy of s tudy by the radioiso- 
tope method. 

The class II br ightener  chosen for s tudy was NAQ, 
pr imar i ly  because some exper imental  technique had 
been developed in its use from the earl ier  work. Which 
carbon atom should be labeled was the next  decision. 
In any study involving radioactive compounds, it is 
necessary to be certain that  the labeled port ion of the 
molecule represents the behavior of the whole mole-  
cule in all reactions. Puri ty,  availabili ty,  and cost 
of the radioactive intermediates  are other factors. 

1 N o w  w i t h  t h e  M i l i t a r y  V e h i c l e s  O r g a n i z a t i o n ,  G e n e r a l  M o t o r s  
C o r p o r a t i o n ,  W a r r e n ,  M i c h i g a n .  

A f t e r  t h i s  w o r k  w a s  c o m p l e t e d ,  a s t u d y  of c lass  I I  b r i g h t e n e r s  
w a s  p u b l i s h e d  by  J .  E d w a r d s  a n d  M. J .  L e v e t t ,  Trans.  Inst .  Metal  
F in i sh ing ,  44, 27  1966) .  

C-14 allyl bromide (3 position) meets all of the 
lat ter  considerations. Reacting this compound with 
quinaldine  as shown in reaction 1 forms C-14A NAQ. 
Previous work had shown, however, that some of the 
NAQ was cleaved dur ing electrolysis at the al lyl- to-  
ni t rogen bond and that  propene was identified in the 
gases (mainly hydrogen) which had escaped the cath- 
ode (3). The use of C-14A NAQ, therefore, is suspect 
as correctly represent ing the behavior of NAQ if only 
the deposit is to be counted. Nevertheless, C-14A NAQ 
was prepared because at the t ime no source for C-14 
quinaldine  was available. 

Later, after the inclusion studies were under  way, 
a supplier  of C-14 quinald ine  (8a position) was lo- 
cated. A sample of C-14Q NAQ was prepared and the 
inclusion experiments  repeated. With both functional  
parts of the NAQ molecule labeled, comparison of the 
relat ive inclusion of each par t  could now be made. 

Experimental 
Synthesis of NAQ.--Quinaldine and allyl bromide 

react to form the qua te rnary  compound, NAQ. 

4a 

1 t .2 3 
CH3 + CH2 = CHCI-I2Br - '~ ~ H : 3  Br-  

L CH2CH = CH2J 

As reaction 1 proceeds the l iquid reactants are con- 
sumed and a solid product  formed. In  order to moder-  
ate the reaction and minimize the occlusion of s tar t -  
ing materials in the NAQ, the use of an iner t  solvent 
is necessary. Vanderkooi (9) had used isopropanol 
for this purpose. This same solvent was used in  this 
work before it was discovered that allyl bromide re-  
acts with most of the lower alcohols. One of the 
products of the solvolysis reaction is HBr which com- 
bines with quinaldine  and precipitates as quinaldine  
hydrobromide. 

Both radioactive NAQ preparat ions were contami-  
nated with quinaldine  hydrobromide to different de- 
grees and had to be purified. Details of the purifica- 
tion procedure (neutra l izat ion and solvent  extraction) 
are omitted in the interest  of brevity,  but  will  be sup- 
plied on request. Pe r t inen t  data of the purified prod- 
ucts are summarized in  Table I. 

Pure  nonradioactive NAQ was prepared by reflux- 
ing a 1:2 mole ratio of quinaldine  and allyl bromide 
at 70~ for 48 hr with an equal  volume of n i t roben-  
zene. Excess allyl bromide was removed by distillation. 
After  cooling to room temperature,  the product  was 
filtered and washed with isopropanol. The crude prod- 
uct (mp 225~176 was found by infrared and u l t ra -  

50 
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Table I. Radioactive NAQ data 

Spec i f i c  
Concen- activity, 

Volume, tration, Activity, millicuries/ 
S a m p l e  m l  m g / m l  c p m / m l  m i l l i m o l e  

C-14A N A Q  5 13.2 3.5 X 107 0.48 
C-14Q NAQ I0 6.15 3.9 • I0 v 1.15 

Table II. Plating solutions and conditions 

B a t h  c o m p o s i t i o n :  

P l a t i n g  condi t ions :  

300 g / l i t e r  NiSO4 �9 6I-IeO 
30 g / l i t e r  NiC12 �9 6HsO 
30 g / l i t e r  H~BOs 

p H  3.0* 
C u r r e n t  d e n s i t y  43 m a / c m S *  
T e m p e r a t u r e  00~ 
A g i t a t i o n  200 r p m  
A d d i t i o n  a g e n t s  

S A S  2000 rag / l i t er  * 
N A Q  4 m g / l i t e r  

* I t e m s  w e r e  s t u d i e d  as  i n d i v i d u a l  v a r i a b l e s  in  w h i c h  case  all  
t h e  o t h e r  c o n d i t i o n s  w e r e  m a i n t a i n e d  at  the  a b o v e  v a l u e s .  

violet  analyses to be f ree  of major  contamination.  
Both spectra were  unchanged by recrystal l izat ion of 
the NAQ from isopropanol-water .  Melt ing point of the 
recrystal l ized NAQ was 227~176 

Sodium Allyl SuIfonate.--Sodium allyl sulfonate is 
avai lable as 2 -p ropene- l - su l fon ic  acid sodium salt.~ 
It  can be prepared  by scaling up a previously  de-  
scribed synthesis (1). In this case the procedure  is 
modified to include the dropwise addit ion of allyl  bro-  
mide to a we l l - s t i r red  sodium sulfite solution. The con- 
centrat ion of SAS in the stock solution can be deter-  
mined by the b romate -b romide  method. 

Equipment and other conditions.--The plating cell, 
related equipment,  and the method of prepar ing foil 
samples for proport ional  counting are  described in 
ear l ier  reports  (1, 2). A circular stainless s teel  shield 
was substi tuted for the previously used lead shield. 
The area (1 cm 2) of the hole remained  the same. The 
change of mater ia ls  was made because the natura l  
radioisotopes in lead consti tuted a large background 
compared to some of the samples. Other  conditions 
are summar ized  in Table II. 

Results 
Autoradiography.--The autoradiogram shown in 

Fig. 1 is representa t ive  of a deposit  plated in a C-14Q 
NAQ solution. Deposits f rom a bath containing C-14A 
NAQ gave identical  autoradiograms.  

The cathode f rom which the foils were  r emoved  
had a peak- to -va l l ey  height  of 0.072 cm and a peak-  
to-peak separation of 0.161 cm. The autoradiogram in 
Fig. 1 shows a greater  darkening occurred on the par t  
of the film next  to the peaks as compared to the 
valleys, indicat ing more  radioact ivi ty  was included 
in the nickel  deposited on the peaks. Since the same 
results  were  found for C-14A and C-14Q NAQ, it can 
be concluded that  the whole NAQ ion is preferent ia l ly  
incorporated in the deposit  on the peaks. 

Inclusion of NAQ.--For every  data point, at ]east 
two and as many as 10 samples were  prepared for 
counting. As is the case wi th  the measuremen t  of low 
levels of radioactivity,  the agreement  be tween  repl i -  
cate samples can sometimes be poor. Therefore,  no 
measurements  were  discarded unless it was certain 
that an e r ror  had been made in the sample prepara-  
tion. 

F rom the general  shape of the inclusion curve, an 
equat ion was selected and the method of least squares 
used to obtain the best fit to the data. The mathe-  
mat ical  procedure  was carr ied out by a computer.  The 
equations used to represent  the inclusion curves will  
be given in subsequent  sections. 

8 Eastman K o d a k  C o m p a n y .  

Fig. T. Autoradiogram of the top of a foil containing C-]4Q NAQ 

It  was convenient  to t reat  and to plot  the data  in 
terms of "apparent"  inclusion. Apparen t  inclusion is 
defined as the observed count ra te  of the sample  wi th-  
out correction for self-absorption.  It is known in ra-  
dioisotope work  that the count ra te  for beta radia t ion 
increases as a function of sample thickness unt i l  an 
"infinite" thickness is attained. Above  infinite thick-  
ness the count rate  becomes constant. Since the in-  
finite thickness for C-14 beta radiat ion in a nickel  
mat r ix  is 12~, the sample thickness of 13~ used in this 
work  was infinitely thick. Smal l  var iat ions in sample 
thickness thus have  l i t t le effect on the observed or 
apparent  count rate. 

The true count rate, No, can be calculated f rom 
the apparent  count rate,  N, by correct ing for the self-  
absorption of C-14 beta radiation. The correct ion is 
expressed by 

N 
No = e - a t  [1] 

where  a is the l inear absorption coefficient of nickel  
and t is the nickel  thickness. The ma jo r  problem in 
applying Eq. [1] is the difficulty of accurate ly  measur -  
ing t. Small  errors  in t wil l  lead to large errors in No. 

One of the benefits of fitting a curve to the data  is 
that  differences in sample thickness are el iminated,  
and an average thickness for all samples may  be as- 
sumed. Eighteen samples were  measured,  and an 
average  of 1.32 x 10 -4 cm was found. Using this value 
for t, and 2.14 x 103 cm -1 for a, Eq. [1] reduces to 

No = 16.9 N [2] 

Any  value of "apparent  NAQ" inclusion in the fol-  
lowing figures can be conver ted  to total  NAQ inclu- 
sion by Eq. [2]. 

Effect of NAQ concentration.--Inclusion of C-14A and 
C-14Q NAQ in nickel deposits as a funct ion of NAQ 
concentrat}on in the plat ing bath is shown in Fig. 2. 
These curves were  fitted to the equat ion 

y= Ax* + Bx 2 + Cx 8 [3] 

where y is the apparent NAQ inclusion in the deposit 
and x the NAQ concentration in the bath in milli- 
grams per liter. A, B, and C are empir ical ly  de te r -  
mined constants having the fol lowing values: 

A B C 

C-14Q NAQ ii.05 1.070 --0.0169 
C-14A NAQ 10.91 0.067 0.0207 
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Fig. 3. Inclusion of NAQ vs. current density 

According to Eq. [3], inclusion is proport ional  to NAQ 
concentrat ion in the bath only at low concentrations 
of NAQ where  the effect of the B x  2 and C x  3 terms is 
small. At higher  concentrations of NAQ, the effect of 
the B x  ~ and Cx 3 terms increases; and, as Fig. 2 shows, 
both the C-14A and C-14Q inclusion curves bend to- 
ward  the y axis. Over  the concentrat ion range in- 
vest igated (0-25 mg / l i t e r  NAQ),  Eq. [3] states that 
NAQ inclusion increases as a power  funct ion of its 
concentrat ion in the bath, i .e. ,  NAQ increases its own 
inclusion. 

E f f e c t  o f  c u r r e n t  d e n s i t y . - - Q u a n t i t i e s  of included 
C-14A and C-14Q NAQ are shown in Fig. 3 as func-  
tions of current  density. These curves were  fitted to 
the equat ion 

Y i =  A w  ~ + B w  -1  + Cw -2 [4] 

where  y~ is the apparent  NAQ inclusion and w is the 
current  densi ty in mil l iamperes  per  square cent i-  
meter.  A, B, and C are empir ical ly  determined con- 
stants having the fol lowing values: 

A B C 

C-14Q NAQ 35.83 534.6 - -  290.4 
C-14A NAQ 25.64 795.4 --2255.0 

From Eq. [4] it can be seen that the amount  of in-  
clusion will  be de te rmined  by the B w  - 1  t e rm at high 
current  densities while  it wil l  be dependent  on both 
B w  - 1  and C w  - 2  at low cur ren t  densities. 

It  has been suggested that  inclusion of  class II 
br ighteners  is diffusion l imited at h igher  plat ing cur-  
ren t  densities (5, 7). If  this were  true, the ra te  of 
inclusion, ~ should leve l  off and become constant af ter  
a critical current  density is exceeded. The rate  of in-  
clusion can be calculated f rom the apparent  inclusion 
values of Fig. 3 by conver t ing these values to total  
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Table IlL Rate of inclusion of NAQ 

C u r r e n t  ~ /z~ 
d e n s i t y ,  P l a t i n g  C -  14Q,  C -  1 4 A ,  
m a / c m  2 t i m e ,  s e c  M / c m 2 - s e c  x 10 ~ M / c r a ~ - s e c  x 10  ~ 

6 12,000 1.84 1.34 
11 6,000 2.41 2.34 
22 3,000 3.50 3.40 
43 1,500 5.53 4.95 
64 1,000 7.65 6.42 
86 750 9.35 7.92 

inclusion using Eq. [2] and dividing by the appro-  
pr iate  plat ing times. The data are shown in Table III  
where  it can be seen that  ~ increases s teadi ly with 
current  density. No l imit ing ~ is reached. 

E f f e c t  o f  S A S  c o n c e n t r a t i o n . - - I n c l u s i o n  of C-14A 
and C-14Q NAQ as a function of SAS concentrat ion in 
the plat ing bath is shown in Fig. 4. F rom 0 to 400 rag/  
liter, there is a rapid rise in NAQ inclusion; this por-  
tion of the curve  is approximated  by two straight  
lines. Above 400 mg/ l i t e r ,  the curve was fitted to the 
equat ion 

Yi = A z  ~ -b B z  - 1  Jr C z - ~  [5] 

where  yi is the apparent  NAQ inclusion and z is the 
SAS concentrat ion in grams per liter. A, B, and C are 
empir ical ly  de termined  constants having ~he fol lowing 
values: 

A B C 

C-14Q 36.72 27.35 5.44 
C-14A 18.27 46.65 --9.12 

This equat ion is the same as the one used to express 
inclusion as a funct ion of cur ren t  densi ty  and can be 
in te rpre ted  similarly.  

The cathode potent ial  as a function of SAS concen- 
trat ion is also shown in Fig. 4. Cathode potentials 
were  measured wi th  a I.~N potent iometer  using a 
fiber tip saturated calomel electrode in a Luggin 
capillary. The salt bridge was filled with  saturated 
NaC1 to prevent  crystal l izat ion of potass ium-nickel  
sulfate in the capi]lary tip. 

An in terpre ta t ion of Fig. 4 can be given by con- 
sidering the inclusion curves  to be the resul tant  of 
two competing phenomena,  both of which depend upon 
SAS concentration. 

In the region 0 to 400 rag / l i t e r  of SAS, many  things 
occur simultaneously:  SAS inclusion in the deposit is 
rapidly increasing (3); NAQ inclusion is also increas-  
ing; cathode potentials shows a smooth increase; the 
appearance of the deposit changes f rom dull  to bright. 
It  is bel ieved that  inclusion of SAS serves to create sur-  
face adsorption sites at a rapid rate  (8). In support  of 
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this point is the evidence of great ly  reduced grain size, 
even  when low concentrat ions of class I br ighteners  
are employed (10). More sites are created than can be 
filled by the SAS, and consequently NAQ inclusion 
rises to a maximum. 

In the region above 400 mg/liter of SAS, the regular 
decrease in NAQ inclusion is due to increasing compe- 
tition of SAS ions for adsorption sites. From other 
work (3) it is known ~hat SAS inclusion continues to 
increase up to approximately 1 g/liter, then levels off 
and becomes fairly constant. Creation of adsorption 
sites would probably follow the SAS inclusion curve, 
but NAQ ions would have to compete with increas- 
ingly larger amounts of SAS in order ~o occupy these 
sites. 

The Ef]ect of pH.--The inclusion of C-14Q NAQ as 
a function of pH in the plating bath is shown in Fig. 5. 
Only C-14Q NAQ was used for these experiments be- 
cause it represents better the behavior of the NAQ 
molecule. As pH increases over the range 3.0-5.0, the 
amount of NAQ included in the deposit increases. 
With 2 g-liter of SAS in the bath, the same general 
trend of NAQ inclusion with pH is found, but over a 
much wider range. These results again suggest an ef- 
fect of plating conditions on the surface density of 
adsorption sites. Increasing pH increases the amount 
of codeposited colloidal nickel hydroxide which affects 
the crystallographic structure of the deposit and, 
hence, the density of adsorption sites. Similar inclusion 
results were observed by Edwards and Levett (8) for 
low concentrations of saccharin. 

It should be pointed out that these pH data were 
determined in a smaller plating cell and with a 
slightly different method of sample preparation to 
obtain more efficient use of the radioactive NAQ. Re- 
sults are comparable among themselves, but absolute 
values may differ from data shown in Fig. 2, 3, and 4. 

Discussion 
All  of the inclusion resuRs can be explained by 

consideration of the principles involved in mass t rans-  
fer, diffusion layer thickness, and catalytic act ivi ty of 
a surface. 

The three modes of mass t ransfer  part icipate  to 
vary ing  degrees in the movemen t  of addition agent 
ion, depending on whe ther  the addition agents are 
in the bulk solution or near  the cathode-solut ion in- 
terface. Hydrodynamic  flow, caused by agitat ion and 
convection currents,  is the main mode of t ransport  for 
all ions in the bulk solution. Diffusion and electrical 
migra t ion  becomes significant at the cathode-solut ion 
interface (11). However ,  the effect of electr ical  mi-  
grat ion usually ca.n be neglected for addition agents 
because of the large concentrat ions of nickel  and other 
inorganic ions that  are normal ly  present.  Thus diffu- 
sion is general ly  concluded to be in the main process 

by which addition agents move  through the cathode- 
solution interface (5, 7, 8). 

The ra te  of diffusion, ~d, is given by the w e l l - known  
equat ion 

D ( C b - -  Co) 
~ = [63  

8 

where  cb and Co ---- the bulk and interfacial  concen- 
trations, D ---- diffusion coefficient, 5 ~ diffusion layer  
th ickness .  

Since D is a constant at a given tempera tu re  and Cb 
is fixed exper imental ly ,  the first approximat ion of the 
amount  of NAQ inclusion wil l  depend on Co. However ,  
Co wil l  depend on the rate  of supply, ;~, and the ra te  
of inclusion, ~i. Factors affecting the rate  of supply are 
s t ra ight forward and are g iven by the terms of Eq. [6]. 
Rates of inclusion vary  with  the concentrat ions of 
SAS or hydrogen ions and wil l  be explained later by 
postulat ing different numbers  of adsorption sites 
created by addition ager~t inclusion. 

Factors affecting rate  of supply of NAQ are Cb and 8, 
but  8 is a function of both the hydrodynamic  condi-  
tions and ~he current  density. F igure  2 shows that  
when  Cb is increased NAQ inclusion also increases. 
There  appears to be no l imit  to the amount  NAQ that  
can be included in nickel. Only brit t leness of the de- 
posit l imited the highest NAQ concentrat ion to 25 
mg / l i t e r  in this study. 

Excluding convection effects the thickness of 5 is 
constant when  adjacent  to smooth surfaces, but is 
affected by a microprofile surface (5). The autoradio-  
gram (Fig. i )  shows inclusion of NAQ in the deposit 
is sl ightly larger  above peaks than in valleys. A 5 that  
is re la t ive ly  th inner  next  to peaks and thicker  next  to 
valleys can account for the differences in diffusion of 
NAQ to these areas (12). 

Because of the importance of agitation on 8 and 
~d, it was a t tempted to mainta in  reasonably constant 
hydrodynamic  conditions by using constant s t i r r ing 
speed, temperature ,  solution composition, cell geom- 
etry, and electrode shape. I t  is bel ieved that  5 was 
reproducible  to wi thin  15% for each var iable  invest i -  
gated except  pH. This can be shown by calculating 
~ f rom the inclusion data in Fig. 2, 3, 4, and 5 at the 
common point (4 rag / l i te r  NAQ, 43 ma/cm2; 2000 
mg / l i t e r  SAS; and pH 3.0). 

D a t a  /zl /L~ 
f r o m  V a r i a b l e  C - 1 4 Q  N A Q  C - 1 4 A  N A Q  

Fig. 2 NAQ 6.8 ~< 10~ MlcmS-sec 5.2 • 10 -~ ~/cmS-sec 
Fig. 3 CD 5.5 • 10 -z~ M/cmS-sec 5.0 • 10 -~ M/cm2-sec 
Fig. 4 SAS 5.9 x 10 -~ M/cm~-sec 4.4 • 10 ~s M/cmS-sec 
Fig .  5 p H  9.7 x 10 - 2  M / e m 2 - s e c  - -  

The average /L~ excluding that  of Fig. 6, is 6.1 • 0.6 
x 10 -12 M/cm2-sec for C-14Q NAQ and 4.9 +_ 0.5 x 
10 -12 M/cm2-sec for C-14A NAQ. The exper iments  
wi th  pH as the var iable  were  done in a smaller  sized 
cell and indicate a smaller  5 was probably obtained 
because of different hydrodynamic  conditions. 

The amount  of NAQ inclusion shown in Fig. 4 and 5 
is direct ly ,proportional to ~. Al though the plat ing con- 
ditions should have given a reasonably constant ~a, it 
can be seen f rom the figures that  #~ varies widely. 
F rom Fig. 4 the m ax im um  ;~ for C-14Q NAQ is 15.7 
x 10 -12 M/cm2-sec and occurs at 400 mg / l i t e r  of SAS. 
This is approximate ly  2.5 t imes the average  ~ found 
previously when  the SAS concentrat ion was 2000 
mg/ l i te r .  Similarly,  the highest  /~ calculated f rom the 
data of Fig. 5 is 18.8 x 10 -12 M/cm~-sec or near ly  
double the rate  at pH 3.0. Nei ther  the change in SAS 
concentrat ion nor pH would be expected to have af- 
fected ~d or 5. Therefore,  changes in ~ cannot  be ex-  
plained by changes in ra te  of supply of the NAQ but 
ra ther  by differences in the catalytic propert ies of the 
nickel  surface. Adsorpt ion sites, according to Edwards  
and Levet t  (8), are created by inclusion of ei ther  
class I or class II brighteners.  The density of sites de-  
pends on the re la t ive  concentrations of the two 
br ighteners  as wel l  as their  effectiveness. This hy -  
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pothesis is applied in more detail  in the Results sec- 
tion. 

The mechanism of NAQ inclusion is bel ieved to 
requi re  an init ial  adsorption step fol lowed by a part ial  
reduct ion or c leavage of the ion. Pos.sible reduct ion 
products were, at first, thought  to be propene (3) 
(collected in the cathode gases) and quinaldine which 
can be isolated from used baths in large amounts 
(~25%)  by solvent extraction.  However ,  when nickel  
samples containing C-14A and C-14Q NAQ were  dis- 
solved anodically, the Q / A  ratio of the anolytes was 
1:1 or the same as that  contained in the sample. If 
the C-14A part  of NAQ were  included as propene, it 
should have volat i l ized during dissolution. It  was 
found that  the C-14A mater ia l  was water  soluble, not 
extractable  f rom basic solution, and not distil lable up 
to l l0~ Therefore,  it appears that  only a small  por-  
t ion of the cleaved NAQ is lost as propene,  and the 
remainder  of the allyl  par t  is included in some other 
chemical  form. 

The tenta t ive  distr ibution of inclusion products found 
for C-14Q NAQ is 40% NAQ, 40% quinaldine, 20% re= 
duced NAQ and quinaldine,  probably as the corre-  
sponding 1, 2, 3, 4-tetrahydro=compounds.  The same 
distr ibution occurring for C-14A NAQ products can 
account for 50% of the C-14A activi ty (NAQ plus 
reduced NAQ).  The rest  of the C-14A activi ty has not 
been identified. 

The above results were  obtained from samples 
plated at 43 m a / c m  2 with  2 g / l i t e r  SAS and 10 mg / l i t e r  
NAQ in the bath. However ,  the plat ing cell and cur-  
rent  density distr ibut ion were  different than that  
used in the ear l ier  work. The ratio of included prod-  
ucts will  probably change when any of these variables  
are changed. Some idea of the differences in the in-  
cluded products can be found by compar ing the Q / A  
ratios shown in the inserts of Fig. 2, 3, and 4. Note 

how large the Q / A  ratio is at in termedia te  NAQ con- 
centrations,  low cur ren t  density or low SAS concen- 
trations. It is bel ieved that the Q / A  rat io indicates 
changes in the catalytic act ivi ty of the adsorption sites 
that are created when  different amounts of SAS or 
NAQ are included. 

Manuscript  received Apri l  18, 1966; revised manu= 
script received Ju ly  27, 1966. This paper  was presented 
at the Washington Meeting, Oct. 11-15, 1964. 

Any discussion of this paper wil l  appear in a Dis- 
cussion Section to be published in the December  1967 
J O U R N A L .  
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Surface Roughness Effects in the Electrodeposition 
of Copper in the Limiting Current Range 

N. Ibl and K. Schadegg 1 
Department of Industrial and Engineering Chemistry, Swiss Federal Institute of Technology, Zurich, Switzerland 

ABSTRACT 

Copper was deposited at high mass t ransfer  rates (rotat ing disk cathode) 
in the range of the l imit ing cur ren t  of mass transfer.  The roughness of the 
deposit  was characterized by impedance measurements .  Galvanostat ic  and 
potentiostatic experiments ,  in which the potential,  or the current,  was meas-  
ured as a function of time, were  also carried out. The various methods used 
show that  a ve ry  rough deposit  is formed when the l imit ing current  is reached. 
The results are discussed f rom the v iewpoint  of the methodology of e lectro-  
chemical  de terminat ion  of mass t ransfer  coefficients and f rom that  of the 
mechanism of metal  powder  format ion at high current  densities. 

In a previous invest igat ion of the electrodeposi= 
tion of copper (1) a study was made of the transit ion 
f rom a compact  to a powdery  deposit  2 which takes 
place when the current  density is increased to a cer-  
tain value. It  was found that  this transit ion occurs 
when the l imit ing current  of mass t ransport  is reached. 
The exper iments  were  carried out with nonacidified 
CuSO4 solutions, under  conditions of natural  con- 
vection, i.e., at ra ther  low mass t ransfer  rates. In the 
present  work  copper was deposited f rom acidified 
CuSO4 solutions at a rotat ing disk electrode, which 
ensured high mass t ransfer  rates under  wel l -def ined 
hydrodynamic  conditions. The concentration,  speed of 
rotation, and current  density were  var ied wi th in  a 

1 P r e s e n t  a d d r e s s :  D ~ p a r t e m e n t  de  C h i m i e ,  U n i v e r s i t ~  L a v a l ,  Q u e -  
bec ,  Canada. 

A c o m p r e h e n s i v e  r e v i e w  of  t h e  l i t e r a t u r e  on  e l e c t r o l y t i c  m e t a l  
powders  h a s  b e e n  g i v e n  in  t w o  p r e v i o u s  p a p e r s  (2, 3) .  

wide range. The roughness of the deposit was char-  
acterized by impedance measurements .  Under  other-  
wise comparable conditions the imaginary  component  
of the vector  impedance (reactance) gives a re la t ive  
measure for the surface area of the deposit. The 
change in surface area in the l imit ing current  region 
was also followed by measur ing the var ia t ion of 
cathode potent ia l  with t ime at constant current,  or 
the var ia t ion of current  wi th  time at constant po-  
tential. 

Experimental 
The cathode was a rotat ing stainless steel  disk, 1 cm 

in diameter ,  embedded in araldi te  to minimize edge 
effects. The outer  iner t  annulus of araldi te  was 2.5 
mm wide. The coupling be tween  dr iving motor  and 
rotat ing disk assembly was a magnet ic  one to avoid 
transmission of vibrations.  The anode was a stat ionary 
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disk of electrolytic copper, 6 cm in diameter ,  located 
4.5 cm from the rotat ing disk. 

Before each run the deposit f rom the previous ex-  
per iment  was stripped off the stainless steel cathode, 
the lat ter  degreased by a t rea tment  wi th  t r ichloro-  
e thylene vapor  fol lowed by a cathodic cleaning in an 
alkal ine bath. A copper plate 10~ thick was then de- 
posited on the stainless steel wi th  a current  density 
eqttal to 5% of the l imit ing current  corresponding to 
the conditions of the g iven experiment .  Finally,  cop- 
per was deposited on this plate under  the chosen con- 
ditions. In Fig. 2, 3, and 6 each point corresponds to a 
new run, wi th  a f reshly prepared  surface as indicated 
above. The same applies to the various curves  of Fig. 
1, 4, and 5. All  reagents  used were  "pro analysi." The 
cell was thermosta ted at 25 ~ • 0.05~ The exper i -  
ments were  carr ied out in deaerated solutions under  
a N2 atmosphere.  

Af te r  switching off the d-c, the cathode was con- 
nected with  a platinized pla t inum electrode (r 1 cm),  
and the impedance of this system was measured with 
a Wheatstone bridge similar  to that  employed pre-  
viously (1). An oscilloscope was used as null  detector.  
The a.c. (250 cycles) applied to the cell had an ampli -  
tude of 10 my. The impedance of the cell was balanced 
by a resistor and a capacitor in parallel.  The re-  
actance Rb was calculated f rom their  resistance R and 
capacitance C by the relat ion 

R2~C 
R~ = [1] 

1 ~ (R,~C)2 

where  ~ is the angular  frequency.  Both the imaginary  
and the real  par t  of the impedance decrease with in- 
creasing surface area of the meta l  deposited on the 
cathode, but  the reactance (in contrast  to the real  
component  of the impedance)  does not include the 
electrolyte  resistance and, therefore,  undergoes a much 
larger  re la t ive  change when the roughness increases. 

A number  of impedance measurements  were  also 
carr ied out during the metal  deposition by super im-  
posing a.c. on the electrolysis current  (Fig. 3). Suitable 
capacitors p revented  the d.c. f rom flowing through 
any of the branches of the Wheats tone bridge except  
through the electrolysis cell. 

In general,  the meta l  was deposited under  galvano-  
static conditions. The current  was kept  constant by 
using a large voltage source and a high resistance in 
series wi th  the electrolysis cell. In a series of typical 
runs the cathode potential  was recorded as funct ion of 
the electrolysis time. The potent ia l  was measured 
with a Knick h igh- impedance  vo l tmeter  against  a 
copper reference electrode dipping into a solution of 
the same composit ion as that being electrolyzed. The 
reference electrode was connected to the cathode by a 
fine ver t ica l  Luggin capi l lary reaching to 0.5 mm of 
the center  of the rotat ing disk. 

In addition to the galvanostatic experiments ,  poten-  
tiostatic measurements  were  also made. The cathode 
potent ial  was kept  constant wi th  an electronic po- 
tentiostat  (Tacussel PR-2000). The current  was meas-  
ured as voltage drop over  a resistor and recorded as 
funct ion of t ime by feeding this vol tage to a compen-  
sating pen and ink recorder.  

Results 
Figures 1 to 5 present  a selection of the results ob- 

tained. A more  complete account of the results and of 
the exper imenta l  procedure  is given in (4). The 
CuSO4 concentrat ion ranged f rom 0.05 to 0.7M, the 
rotat ion speed of the disk f rom 300 to 6000 rpm. In 
general,  the curves were  of the same shape for all 
concentrat ions and speeds employed, so that  only 
one typical  curve  or family  of curves is shown in each 
case. The theoret ical  l imit ing current  iL, as indicated 
in some of the figures, was calculated from the re la-  
tion (5) 

iL ~ 0.602 AzFco D 2/3 v -1/6 ~1/2 [2] 

where  z ~ charge of cation (for copper, z -~ 2), 
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Fig. 1. Variation of reactance with time after switching off the 
d.c. The copper was deposited from 0.05M CuSO4 -{- 1.5M H2SO4 
at 300 rpm with a current indicated on each curve in per cent of 
the limiting current calculated from Eq. [2]. The metal remained in 
contact with the solution after switching off the d.c. 

F : Faraday 's  constant (96500 Cb),  co -~ concentra-  
tion of CuSO4, D ~ diffusion coefficient, v ~ kinematic  
viscosity, ~ ~- angula r  veloci ty  of rotat ion of disk, 
A ~ area of disk (0.785 cm2). The numer ica l  coeffi- 
cient (0.602) applies for a Schmidt  number  of 1000, 
which is approximate ly  the value usual ly prevai l ing 
in aqueous electrolysis. The following average  values 
for . and D were  used (6) for 0.05M CuSO4 -~ 1.bM 
H2SO4, and 0.7M CuSO4 W 1.bM H2SO4, respect ively:  
v : 1.101 and 1.308 x 10 -2 cm 2 sec -1, D = 6.50 and 
5.14 x 10 -6 ClTt 2 sec -1 . 'The  values of iL shown in the 
figures were  calculated for the projected electrode 
area (0.785 cm2), i.e., the area of the flat disk, before 
roughness format ion sets in. Migration effects were  
not taken into account. The reasons are similar to 
those given by Wilke  et al. (6), who used acidified 
CuSO~ solutions of the same concentrat ion range as 
in the present  work. An additional reason why  in the 
present  case a more refined t rea tment  would not be 
justified is that  the l imit ing current  was not ve ry  
accurately defined (see la ter) .  In any case, because of 
the smallness of the effects involved,  taking migra t ion  
into account would not change anything in the con- 
clusions reached. 

In Fig. 1 the reactance is plot ted against  the t ime 
which has elapsed after  the d.c. has been switched 
off. On each curve  the cur ren t  at which the meta l  has 
been deposited is given in per  cent of the l imit ing cur-  
rent. In all exper iments  the reactance increased with  
t ime during a re la t ive ly  long period, except  when  the 
meta l  had been deposited at a current  close to or 
larger  than the l imit ing value. This indicates that  the 
surface of f reshly  deposited meta l  is unstable. It  
seems that  a smoothing of the surface takes place for 
several  minutes after  the electrolysis current  has been 
switched off. a 

Figure  2 shows the var ia t ion of the reactance with  
the current  at which the copper has been deposited. 
Because of its var ia t ion wi th  tithe the reactance was 
always measured  after  the same t ime in te rva l  (30 
sec) fol lowing switching off the d.c. in order  to get 
comparable  results. I t  is seen that  the reactance drops 
off sharply when the deposition current  reaches the 
l imit ing value iL. This indicates a strong increase in 
surface area at the l imit ing current.  The reactance 
measured during meta l  deposition (with a.c. super-  
imposed on the d.c.) goes through a marked  maxi -  
mum at the l imiting current  (Fig. 3). This can be 
in te rpre ted  as being due to two effects acting in 

a A l t e r n a t i v e  i n t e r p r e t a t i o n s  w o u l d  be (a) the  f o r m a t i o n  of  an  
ox ide  l aye r  (b) a d s o r p t i o n  or  d e s o r p t i o n  effects.  H o w e v e r ,  these  
e x p l a n a t i o n s  a p p e a r  less l i k e l y  t h a n  a s m o o t h i n g  due  to r ec rys t a l -  
l i za t ion  processes,  because  of the  f ac t  t h a t  no inc rease  of  r e a c t a n c e  
w i t h  t i m e  occurs  w h e n  t he  m e t a l  has  been  d e p o s i t e d  at  or a b o v e  
the  l i m i t i n g  c u r r e n t ,  i..e., w h e n  t he  depos i t  is  v e r y  r o u g h  or 
p o w d e r y .  
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Fig. 2. Variation of the reactance Rb with the current of metal 
deposition (Rb measured after switching off this current). Deposi- 
tion conditions: I, 0.7M CuSO4, 1.5M H2SO4, 2000 rpm; II, 0.7M 
CuSO4, 1.5M H2SO4, 300 rpm; III, 0.05M CuSO4, 1.5M H~2SO4, 
2000 rpm; IV, 0.05M CuSO4, 1.5M H2SO4, 300 rpm. 
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Fig. 3. Variation of reactance Rb with current (Rb measured 
during metal deposition); 0.05M CuSO4 + 1.5M H2SO4, 2000 rpm. 

opposite direction. The reactance due to concentrat ion 
overvol tage,  eRb*, increases strongly when  the elec-  
trolysis cur ren t  i approaches the l imit ing current,  iL, 
according to the equat ion 

cRb 
eRb* = "  [3] 4 

1 - -  i/iL 

which has been der ived by Gerischer  (7). On the 
other  hand, the format ion of a rough or powdery  de- 
posit in the l imit ing current  range tends to decrease 
the reactance. When this effect prevails,  the over -a l l  
reactance decreases again, as is seen on the r ight  
branch of the curve of Fig. 3. 

In the case of the impedance measurements  dur ing 
meta l  deposition this decrease of reactance wi th  in-  
creasing d.c. is probably not only due to the depend-  
ence of the reactance on the surface area as such, but  
also to an indirect  influence of the increase in surface 
area. For  a rough surface (with peaks of a height  
comparable  to the thickness of the diffusion layer) ,  the 
l imit ing current  is la rger  than the value  calculated 
for the projected electrode area; therefore,  if we cal-  

4 c R ~  = R T / z 2 F 2 e o  (2Dr 1/2, w i t h  ~o = a n g u l a r  f r equency ,  R = gas  
cons tan t ,  T = abs.  t e m p e r a t u r e ,  orb  r e p r e s e n t s  t he  r eac t ance  due  
to  c o n c e n t r a t i o n  o v e r v o l t a g e  in  a n  a-e  c i r c u i t  w i t h o u t  S u p e r i m p o s e d  
d.c. 
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Fig. 4. Variation of overvoltage with time at constant current i 
(for 0.05M CuSO4, 1.5M H2SO4); 1000 rpm: 1, i = 1.12 iL; 2, 
i = 0.95 iL; 3, i = 0.90 iL; 4, i = 0.84 iL; 5, i = 0.47 iL; 6, i = 
0.15 iL. 

culate iL f rom Eq. [2] for the projected electrode 
area (i.e., without  taking the roughness . formation 
into account) and if we electrolyze with  a cur ren t  
which is not much la rger  than iL, then, this cur ren t  i 
is no longer la rger  than the l imit ing current  once a 
rough deposit has s tar ted to form and the depar ture  
f rom the l imit ing current  condit ion causes a decrease 
of the reactance according to Eq. [3]. 

A similar  influence of an increase of the surface 
area was observed on the galvanostat ic  curves, a 
sample of which is shown in Fig. 4. When the copper 
is deposited below the l imit ing current,  the overvol t -  
age is v i r tua l ly  independent  of electrolysis t ime. In 
the l imit ing current  range, however ,  the overvol tage  
strongly decreases wi th  time: for instance, for i = 1.12iL 
(iL being calculated for the projected electrode 
area) the overvol tage  decreases by about 400 m v  
within  2 min after  the beginning of electrolysis. 5 This 
is due to the onset of the format ion of a rough or 
powdery  deposit at the l imit ing current  and to the re-  
sult ing increase of the l imit ing current.  Figures  5a and 
5b show the var ia t ion  of current  wi th  electrolysis t ime 
at constant cathode potential.  Instead of the decrease 
of overvol tage  observed in the galvanostatic case, we 
have in the potentiostatic exper iments  an increase of 
current  with t ime when  a rough deposit is formed. 
The increase of cur ren t  occurs only if the potent ial  is 
more negat ive than a certain value. As can be seen 
f rom a comparison of Fig. 5a and 5b, this potent ial  is 
less negat ive wi th  concentra ted  than with  di lute  solu- 
tions. A similar  shift of the potent ia l  for the s tar t  of 
the increase of current  wi th  t ime was observed when 
the speed of rotat ion was increased. I t  is not  im-  
possible that at ve ry  high speeds of rotat ion and high 
concentrations the formation of a powdery or ve ry  
rough deposit would start  at potentials less than that  
corresponding to zero interfacial  concentration, i.e., be- 
low the l imit ing current.  However ,  within the range 
of concentrations and speeds of rotat ion studied in this 
work, the strong increase of current  wi th  t ime always 
occurred within  the l imit ing current  range. 

It  is to be noted, however ,  that  the l imit ing cur-  
rent  was not ve ry  wel l  defined in spite of the wel l -  
defined hydrodynamics,  because the cur ren t  distr i-  

5 A s i m i l a r  decrease  of  t he  o v e r v o l t a g e  w i t h  e lec t ro lys i s  t i m e  i n  
t h e  e l e e t r o d e p o s i t i o n  of m e t a l  p o w d e r s  has  also been  r e p o r t e d  in  
o t h e r  p a p e r s  (8-10). 
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Fig. 5a. O.OSM CuS04, 1.5M H2S04; 2000 rpm 
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Fig. 5b. 0.7M CuS04, 1.5M H2S04; 2000 rpm 

but ion  at a disk is not uni form below the l imit ing 
current .  W h e n  the cur ren t  is increased, the l imi t ing 
current  is thus reached first toward the edge of the 
disk, so that  the formation of a rough deposit starts 
at the edge and successively spreads over the whole 
electrode area. Owing to the roughness at the edge, the 
average l imit ing current  for the whole disk can thus 
be increased before the l imit ing cur ren t  condit ion is 
reached for the whole electrode area. There is thus a 
l imit ing current  range rather  than a well-defined 
l imit ing current .  From cur ren t  voltage measurements  
the uncer ta in ty  in  the l imit ing current  was estimated 
at 5-10% in most cases. The potentiostatic measure-  
ments  yielded consistently higher l imit ing currents  
than the galvanostatic experiments  (the current  volt-  
age curve being in both cases obtained by plott ing the 
current ,  or the potential,  measured after the same 
time on the potentiostatic or galvanostatic curves, re-  
spectively).  Similar  observations have been made by  
Emelyanenko and Baibarova (11). 

The appearance of the deposits obtained at the 
l imit ing current  was more reddish in  color, and their 
adherence to the electrode was better  than  in  the case 
of our previous study (1). 6 This appears to be due to 
the fact that s trongly acidified solutions were used in  
the present  case, compared to the neut ra l  solutions 
employed earlier (rather  than to the change in  the 
rate of the mass t ransport  owing to the increased stir-  
r ing) .  However, the rule, that a deposit with a 
strongly increased surface is formed at the l imit ing 
current ,  holds t rue regardless of whether  the solu- 
tion is acid or not. 

Discussion 
The four methods used (galvanostatic and potentio- 

static procedures, impedance measurements  with and 
without  d.c.) gave concordant results showing that a 
very rough deposit is formed when the l imit ing cur-  
rent  is reached. This rule, which has been found pre-  
viously for uns t i r red  systems (1, 8, 9), is therefore 
also valid for strongly agitated solutions. 

These results are of importance for the methodology 
of the electrochemical de terminat ion of mass t ransfer  
coefficients (12), which can be obtained very  con- 
venient ly  from the l imit ing current  as given by the 
current  voltage curve. The deposition of copper f rom 
acidified solutions has been repeatedly used as indi-  
cator reaction for this purpose in recent  years [see 
for instance (13-16) ]. 

Correct values of the mass t ransfer  coefficient wil l  
be obtained only if the effective electrode area does 

" I t  cou ld  t h u s  w e l l  be  t h a t  it  is on ly  the  format ion  o f  a v e r y  
r o u g h  depos i t  {ra ther  t h a n  t he  f o r m a t i o n  of p o w d e r  i t se l f )  w h i c h  is 
l i n k e d  to  the  l i m i t i n g  cu r r en t .  H o w e v e r ,  e v e n  a t  r o t a t i n g  d i sks  w i t h  
ac id i f i ed  s o l u t i o n s  a p o w d e r y ,  loose  depos i t  is  e v e n t u a l l y  o b t a i n e d  
w h e n  one  w a i t s  l o n g  enough ,  or  w h e n  the  c u r r e n t  is  suf f ic ien t ly  
a b o v e  t he  l i m i t i n g  v a l u e  c a l c u l a t e d  for the projec ted  area.  

l" 
n~R 

-& 
aO 

20 

Fig. 6. Current 
measurements) 0.1M 

voltage curve (derived from galvanostatic 
CuS04, 1.5M H2S04; 1000 rpm. 
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not change during the measurements  for the current  
voltage curve. The roughness of the deposit, which de- 
velops at the l imit ing current,  is thus a great  poten-  
tial source of e r r o r J  This is i l lustrated drast ically by 
the current  voltage curve  of Fig. 6, which exhibits  
even a negat ive slope for currents  larger  than the 
l imit ing value. For  each cur ren t  set t ing the cathode 
potential  was read after  5 min and under  these con- 
ditions the influence of the increase of surface area 
becomes predominant .  In order  to avoid distortions 
of the current  voltage curve  the measurements  should 
be made as rapidly as possible. However ,  one is 
usually interes ted in the s teady-sta te  mass t ransfer  
coefficients, and one must  thus wait  long enough for 
the steady state to be established. A compromise with 
respect to t ime must  therefore  be found. Fortunately ,  
the onset of roughness occurs onIy after some time; 
as can be seen f rom Fig. 4 and 5. As long as the cur-  
ren t  is not much higher than the l imit ing current,  this 
induction period is substant ial ly longer than the gal-  
vanostatic " transi t ion t ime" (17,18) elapsing unti l  
zero concentrat ion at the cathode surface is reached. 8 
This leaves one some "f reedom of action" when  taking 
the current  voltage curve and makes it more  hopeful  
to find a sat isfactory compromise with  respect  to 
measurement  time. It  might  wel l  be, however ,  that  
the possibility of finding such a compromise, al lowing 
one to obtain rel iable  mass transfer  coefficients, de- 
pends on the exper imenta l  conditions. F rom the ex-  
per iments  of this study it would appear, for instance, 
that  dilute solutions are more favorable  than concen- 
t ra ted ones. A closer examinat ion  of this question 
would be valuable  for the methodology of the elec- 
t rochemicaI measurements  of mass t ransfer  rates. Of 
course, the above difficulty does not arise when a 
redox react ion (such as the reduct ion of ferr icyanide 
to ferrocyanide)  is used as indicator instead of meta l  
deposition. However ,  the ferr icyanide system is not 
suitable for the study of na tura l  convection and has 
also some other minor  disadvantages.  

Let  us now briefly discuss the results f rom the 
viewpoint  of the mechanism of electrolytic powder  
formation. A number  of theories have been proposed. 
They have  been rev iewed  in an ear l ier  paper  (2). An  
interest ing in terpre ta t ion based on quantum mechanics 
has been developed by Calusaru and Atanasiu (20). 
According to this theory, the electrons f rom the meta l  
are t ransferred to the cations by the tunnel  effect over  
a distance which substantial ly increases at the l imit ing 
current  because the electrode potential  becomes very  
negat ive and, at the same time, the supply of cations 
to be discharged is limited. The cations are  thus dis- 
charged at some distance in front  of the interface. 
When this neutral izat ion distance becomes larger  than 
the lattice parameter ,  powder  is formed. An  a l te rna-  
t ive explanat ion has been based on mass transfer  con- 
siderations (2), (21). Below the l imit ing current  the 
current  distr ibution tends to be uniform because of 
the activation overvoltage,  but at the l imit ing current  
the influence of mass t ransfer  becomes predominant ,  
and small  peaks present  by chance grow faster  than 

V A l t h o u g h  t he  m a j o r  r o u g h n e s s  inc rease  t akes  p lace  in  the  
l i m i t i n g  c u r r e n t  range ,  some r o u g h n e s s  d e v e l o p s  p r o g r e s s i v e l y  a l -  
r eady  w h e n  one a p p r o a c h e s  the  l i m i t i n g  c u r r e n t  and  i t  appea r s  
t h a t  u n d e r  c e r t a i n  c o n d i t i o n s  an  a p p r e c i a b l e  r o u g h n e s s  has  al-  
r eady  f o r m e d  at  50% of  the  l i m i t i n g  cu r ren t ,  for  i n s t ance  [see Fig .  
8 of  ref.  (1)] .  Th i s  m a k e s  the  q u e s t i o n  of  the  r o u g h n e s s  f o r m a t i o n  
e v e n  more  i m p o r t a n t  f r o m  the  v i e w p o i n t  of the  m e t h o d o l o g y  of the  
e l e c t r o c h e m i c a l  d e t e r m i n a t i o n  of mass  t r a n s f e r  coef f ic ien ts .  

S The relationships given in (17) and (18b for the calculation of 
the transition time apply to the case that there is no convection. 
This gives a first approximation sumcient for a comparison of the 
order of magnitude with that of the induction period. A more re- 
fined calculation is given in (4). For the potentiostatic case, an 
accura t e  c a l c u l a t i o n  t a k i n g  c o n v e c t i o n  in to  ac c oun t  can be m a d e  
on  t he  basis  of  t he  O la nde r  t h e o r e t i c a l  t r e a t m e n t  {19): a t  300 r p m  
the  mass  t r a n s f e r  r a te  d rops  in  h a l f  a second to a v a l u e  w h i c h  d i f -  
fe rs  f r o m  the  f igure  for  t he  s t eady  s ta te  by  on ly  5%. The  a u t h o r s  
t h a n k  Dr .  J .  R. S e l m a n  ( U n i v e r s i t y  of  Ca l i f o rn i a ,  Be rke l ey )  f o r  
having  drawn t h e i r  a t t e n t i o n  to t h i s  paper. 

the flat parts around them because of the differences 
in the mass transfer  rates of the cations being dis- 
charged. There is thus, at the l imit ing current,  a sort 
of instabil i ty wi th  respect to small  scale he te ro-  
geneities of the surface (21). A rough deposit results 
and, when  the roughness has become very  strong, this 
leads eventual ly  for mechanical  reasons to the fo rma-  
tion of a loose meta l  which can eas i ly  be str ipped off 
the electrode. The characterist ics of such more  or less 
powdery deposits can then much  depend on c i rcum- 
stances and be strongly affected by factors such as the 
adsorption of inhibitors. The present  work  does not 
allow clear conclusions regarding these processes, but  
at least the fol lowing can be said wi th  respect  to the 
pr imary  roughness formation. The induction period 
observed before the onset of roughness (see above and 
Fig. 4 and 5) as well  as the direct ion in which the 
potential  of the onset of roughness format ion shifts 
when the concentrat ion or the speed of rotat ion is 
changed (see above and Fig. 5) are difficult to in te r -  
pret  in terms of the tunnel  effect theory and speak 
for a mass transfer  mechanism, at least of the rough-  
ness formation. 
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Kinetics of Nitrogen Transfer through an Iron Surface 
E. T. Turkdogan and P. Grieveson ~ 

Edgar C. Bain Laboratory 5or Fundamental Research, 
United States Steel Corporation, Monroeville, Pennsylvania 

ABSTRACT 

A study has been made of the kinetics of ni t rogenizat ion and deni tro-  
genization of v- i ron  at 1000~ in the presence of nitrogen, water  vapor, and 
hydrogen in  the gas phase. For a given ratio, PHJPH.)o, the rate is shown to be 
directly proport ional  to the square root of the n i t rogen part ial  pressure. It  is 
shown that under  these conditions ni t rogen t ransfer  is dominant ly  controlled 
by the surface reaction rather  than by diffusion. A rate equat ion is derived 
for the condit ion of almost complete coverage of surface sites by adsorbed 
oxygen atoms. The rate equation derived for this l imit ing case states that  the 
rate of ni t rogen reaction on the surface of iron, for a given ni t rogen activity, 
is inversely proport ional  to the activity of oxygen in the system. This is in 
agreement  with the exper imenta l  observations. 

In previous work by the authors (1, 2) on kinetics 
of solution of n i t rogen in purified i ron (in =, v, or b 
state),  the reaction rate was found to be controlled 
essentially by the process of diffusion in  samples 
thicker than 0.05 cm. It was shown explicitly that  in 
purified ni t rogen the phase boundary  reaction with 
purified i ron approached the state of equi l ibr ium in  a 
short react ion time. In  unpurif ied nitrogen, on the 
other hand, the approach to metal-gas  phase bound-  
ary equi l ib r ium was found to be much slower. Other 
investigators (3-7) have also demonstra ted that  the 
rate of n i t rogen solution in l iquid iron is re tarded 
markedly  with increasing oxygen content  of the iron. 
Although many  ra te  data have  been published, u n -  
ders tanding of the na ture  of this phase boundary  re- 
action with l iquid or solid iron containing oxygen 
remains  to be developed. 

In  an at tempt  to advance the present  knowledge of 
the kinetics of phase boundary  reactions in gas-metal  
systems at elevated temperature,  a study was made 
of the effect of oxygen on the rate of the reaction of 
ni t rogen with purified v- i ron  at 1000~ the results 
obtained are presented in  this paper. 

Experimental 
The exper imenta l  technique, apparatus, and mate-  

rials used were the same as those discussed in  the 
previous two papers (1, 2). The mater ia l  used was 
vacuum-carbon  deoxidized Plas t i ron rolled to 0.051 
cm thick sheet. The impur i ty  contents were: C, Mn 
< 0.01%; S, P < 0.002%; each of the other v.sual 
impuri t ies  < 0.004%. The oxygen content  of the ni -  
trogen atmosphere was controlled by introducing ap- 
propriate mixtures  of hydrogen and water  vapor 
into the react ing atmosphere. Depending on the gas 
composition required,  a mix ture  of hydrogen, argon, 
and ni t rogen was allowed to pass through a long 
column containing a mix ture  of oxalic acid dihydrate  
and 10% anhydrous  oxalic acid. The tempera ture  of 
the oxalic acid dihydrate  column was controlled by  a 
thermostat ical ly regulated water  bath. Using a total  
gas flow rate of 200 cc /min  at about 0.96 atm, the gas 
compositions employed in the ni t rogenizat ion and  
denitrogenizat ion exper iments  were wi thin  the follow- 
ing range: 0.0 to 0.92 atm N2, 0.0 to 0.90 atm Ar  and 
PH2O/~2 from 0.03 to 0.3. The ratio P~20/PH2 was less 
than  the critical value of 0.67 which is required  for 
the oxidation of i ron to wusti te  at  1000~ 

The tempera ture  dependence of the water  vapor 
pressure of oxalic acid dihydrate,  as determined by 
Baxter  and Lansing (8), is given by the following 
expression 

9661 
log PH20 = 18.053 [1] 

250 + T 
z Present  address: Univers i ty  of  Newcast le ,  Neweas t l e -upon-Tyne ,  

England. 

where PH2O is in mm Hg and T is in ~ This was 
later confirmed by Bookey and Tombs (9). A series of 
tests carried out in  the present  work also gave water  
vapor pressures in  agreement  with Eq. [1] wi th in  2% 
over the tempera ture  range of 20~176 

The iron strips, 3 x 1.5 x 0.051 cm, were cleaned 
and treated in  an atmosphere of purified hydrogen 
for 17 hr at 1000~ before the react ing gas was intro-  
duced. At the end of a specified reaction time, the 
sample was wi thdrawn rapidly to the water-cooled 
end of the reaction tube and analyzed for nitrogen. 
The reproducibi l i ty  of chemical analysis was wi thin  
about  4 ppm. 

Results 
The results given in  Fig. 1 show the re tarding ef- 

fect of oxygen in the atmosphere (as given by PH2O/ 
P~2) on the rate of ni t rogenizat ion of iron. The dashed 
curve in Fig. 1 is that  calculated for p solid state dif- 
fusion-control led process, using D = 1.12 x 10 -7 cm~/ 
sec for the diffusivity (1) of ni t rogen in  v- i ron  at 
1000~ Comparison of the exper imenta l  results with 
the calculated broken curve shows the strong influ- 
ence of oxygen, or oxygen-bear ing  gaseous species, 
on the rate of the n i t rogen- i ron  interfacial  reaction. 

In  one series of experiments,  the samples were ini-  
t ially annealed for 17 hr at 1000~ in a hydrogen-  
water vapor mix ture  having the ratio PH2o/PH2 
0.064 (solid triangles in  Fig. 1). The rate of n i t ro-  
genization of these samples was found to be the same 
as those in another  series (open triangles in  Fig. 1) 
in which the samples were annealed  in  dry hydrogen 
prior to the ni t rogenizat ion exper iment  in  an at-  
mosphere with P H 2 0 / P t t 2  = 0.064. This finding indi-  
cates that  the rate of saturat ion of the surface of i ron 
with chemisorbed oxygen, in the part icular  atmos- 
phere employed, is a re la t ively fast reaction. 

0.03 

~. 0.0~ 

o.ol ! 

l - -  

P~o/P~2 PN~ otto. [% N]e 
0 0.332 0.928 0.0241 
�9 0.214 0.928 0.0~41 

&, �9 0.064 0.80t 0.0237 
. . . .  FOR BFFUSION PROCESS 0.0~41 

f 
25 50 ?5 

REACTION TIME, HOURS 
I00 

Fig. 1. Nitrogenlzation of iron strips (0.051 cm thick) at iO00~ 
in H2 -f- H20 + H2 at total pressure of 0.96 arm. 
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Fig. 2. Nitrogenization of iron strips (0.051 cm thick) at I000~ 
in N2 -t- H20 ~ H2 at total pressure of 0.96 atm. 
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Fig. 3. Denitrogenization of iron strips (0.051 cm thick, contain- 
ing 0.024% N) at 1000~ in Ar -I- H20 -I- H2 with PH20/PH2 = 
0.064 at total pressure of 0.96 atm. 

In another  series of experiments ,  iron was ni t ro-  
genized in atmospheres of various ni t rogen part ial  
pressures wi th  PH20/PH2 ~ 0.035. The results obtained 
are given in Fig. 2; as would  be expected, the rate  of 
ni t rogenizat ion decreases wi th  decreasing par t ia l  pres-  
sure of nitrogen. It should be noted that  the half-  
t ime of the react ion is independent  of ni t rogen par t ia l  
pressure. The dotted curves given in Fig. 2 are cal- 
culated f rom the ha l f - t ime  for a f i rs t-order type of 
reaction. These theoret ical  rate  curves are very  close 
to those drawn through the exper imenta l  data. 

The values of [%N]~ given in Fig. 1 and 2 are the 
calculated equi l ibr ium (1) ni t rogen concentrations. 

The results in Fig. 3 are for deni t rogenizat ion of iron 
(init ial  uni form ni t rogen content  being 0.024% N) 
at 1000~ in argon with  PH2o/PH2 ~ 0.064. Comparison 
of the results wi th  the dashed curve  for the solid 
state diffusion-controlled react ion indicates that  the 
presence of oxygen-bear ing  species in the a tmosphere  
also m a r k e d l y  lowers the rate  of denitrogenizat ion.  
Again, the results compare favorably  with the the-  
oretical  dotted curve for a f i rs t-order type  of reaction. 

It is apparent  f rom these exper imenta l  results  that  
the interst i t ia l  diffusion of n i t rogen in iron does not  
play a p rominent  role in the control  of the ra te  of 
ni t rogenizat ion or deni t rogenizat ion of iron strips 
(0.051 cm thick) when  oxygen  is present  in the react -  
ing gas. In order  to ver i fy  this indication, a thicker  
iron strip (0.51 cm thick) was reacted with  ni t rogen 
at 1000~ wi th  PN2 ~ 0.91 atm and PH20/PH2 ~ 0.052. 
Af ter  a given react ion time, the meta l  was sectioned 
paral le l  to its surface and each layer  analyzed for 
nitrogen. As seen f rom the results g iven in Fig. 4, 
the ni t rogen distr ibution across the sample is essen- 
t ially uniform. Since in the ra te  studies much th inner  
strip was used (0.051 cm thick) ,  the surface ni t rogen 
concentrat ion in solution can in all  cases be taken to 

be almost the same as those determined by analyzing 
the entire sample. 

Reference  should be made here  to a recent  exper i -  
menta l  work  of Podgurski  (I0) of this Labora tory  on 
denitrogenizat ion of iron at 442~ in HaO-H 2 atmos- 
pheres. In this case the react ion product was found to 
be ammonia, and the rate  was observed to be con- 
trolled by ni t rogen diffusion in the bulk iron phase 
(~0 .05  cm thick) .  Since at 1000~ the equi l ibr ium 
ammonia  concentrat ion is ve ry  low, the presence of 
hydrogen in the a tmosphere  is not  expected to en- 
hance the rate  of ni t rogen react ion at the surface of 
iron. 

For  a f i rs t-order type of react ion the rate  equation 
has the fol lowing form for ni t rogenizat ion and deni- 
t rogenizat ion 

d ( % N )  =----2q [ ( % N ) e - -  ( % N ) ]  [2] 
dt l 

where  q = rate  pa ramete r  for given tempera ture  and 
PH2/PH2O ratio, I = thickness of iron strip, [%N]e 
= ni t rogen content  of iron in equi l ibr ium wi th  the 
atmosphere,  and [%N] = uni form ni t rogen content  of 
iron at a part icular  react ion t ime t. 

Upon integrat ion of Eq. [2], the fol lowing logari th-  
mic expression is obtained 

( % N ) e - -  (%N) 2q 
t [3] 

l~ ( % N ) e - -  (%N)o 2.303 / 

where  (%N)o is the init ial  ni t rogen content  of the 
sample at t = 0. In all cases (%N)o was about 3 ppm, 
or less, after hydrogen anneal ing at 1000=C. 

The exper imenta l  results on ni trogenizat ion and de- 
ni trogenizat ion of iron are  plotted in Fig. 5 and 6 in 

~ -0.5 

a~ ae 

- -I.C 

-I.~ = 

I 

PH~o/pHz PN=etm. 1, cm 

0 0.0357 0.160 0.051 
�9 0.0347 0.385 0.051 
& 0.0353 0.754 0.051 

5 I0 15 20 
REACTION TIME, HOURS 

Fig. 5. Experimental results of Fig. 1 are plotted in accordance 
with the rote Eq. [3] for nitrogenizotion of iron at 1000~ 
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Fig. 6. Experimental results of Fig. 2 and 3 are plotted in ac- 
cordance with the rate Eq. [3]  for nitrogenization and denitro- 
genization of iron at 1000~ 

accordance with the rate Eq. [3], which appears to be 
supported reasonably well  by the exper imenta l  data. 
The rate parameter  q is computed from the slopes 
of the lines in Fig. 5 and 6 and the thickness of the 
iron strip, and is plotted against the ratio PH2/PH20 
in Fig. 7. The line drawn through the points and the 
origin of the coordinates should of course be ter-  
minated at PH2/P~.jO = 1.49 below which iron is ox- 
idized to wustite. 

T ~ e o r e t i c a l  
One often refers to re tardat ion  of surface reactions 

on poisoned surfaces without  ident i fying the implica- 
tions involved in the so-called poisoning effect. There 
are two effects to be considered. One of them is an 
increase in the free energy of activation of the sur-  
face reaction involving adsorption and desorption of 
nitrogen. The other is that  of re tardat ion of t ransport  
of n i t rogen through the few avai lable vacant  surface 
sites; that is, if the extent  of surface coverage by a 
contaminant  is very high, the fewness of the sites 
available for ni t rogen atoms may create a bott leneck 
for the passage of ni t rogen across the surface layer. 
The second effect would not appear to be the ra te -con-  
troll ing step for the system considered; however, the 
rate equation derived for such a t ransport  process in 
the subsurface region is given in the Appendix.  

o 
% 
x 
r 

3 
P- 

�9 "~w0sT,TE I 
IO 20 30 

PHz / PH20 

Fig. 7. Rate parameter q for nitrogenization of iron of |000~ as 
a function of PH2/PH20 in the gas phase. 

T h e r m o d y n a m i c s  of  c o n t a m i n a t e d  s u r ~ a c e . - - I n  the 
simple model to be considered, all  the sites on the 
iron surface available for the adsorption of oxygen 
and ni t rogen atoms are taken to be ini t ia l ly  of the 
same kind, the total number  being r si tes/cm 2 

r = no + nN + n ,  + n [4] [] 

where the subscripts indicate the adsorbed atomic 
species, $ being the activated state of the ni t rogen 
atom and the subscript  [] is that  for vacant  sites. 

In  the thermodynamic  t rea tment  of the surface 
coverage in a monolayer  by the classical statistics, the 
adsorbed atoms of different species are assumed to be 
completely in terchangeable  without  affecting the in -  
ternal  energy. Then, the number  of ways of d is t r ibut-  
ing I" elements 2 is given by 

r!  

no!nN!n,!n[:]! 

The part i t ion function, Q, for such as assemblage 
becomes 

Q -~ const. �9 I2 

I (g~176 (gN)"N (g*)~* (g[3)"[] 1 
n o !  n N !  n$1. ~ ! 

[5] 
where g is the par t i t ion function of the e lement  in -  
dicated by the subscript. By applying Stir l ing's  ap- 
proximation 

in Q -- r In r + x (ni In g i - n ~  In n~) + const. [6] 

where the subscript i indicates terms for a part icular  
element;  it is to be remembered  also that  the summa-  
tion x nl is equal to r. Differentiat ing In Q wi th  re-  

spect to a part icular  e lement  nj gives the chemical 
potential  ~j of that adsorbed species, thus 

- ~ j  )v ,T ,r  = " , , = #~ 
[7] 

o r  

- a--~--~ -T.v,r = ~'~ § in aj [8] 

where ~f  is the chemical potential  of j in  the star~dard 
state and aj its activity. In  differentiat ing Eq. [6], i t  
is to be remembered  that n = r - -Z  hi; the final form 

of the equation now becomes 

aj -- ks. n~ [9] 
n [] 

where kj is a tempera ture  dependent  proport ionali ty 
factor containing all the constant  terms. 

A n  impor tant  point  to be noted is that the propor-  
t ionali ty factor kj for a part icular  adsorbed species 
and a given tempera ture  is a constant  only when the 
state of the monolayer  satisfies one of the following 
idealized conditions for which the preceding t rea tment  
applies: (i) For  small  coverage in the surface no 
adjacent  sites are occupied, therefore no change in 
the in te rna l  energy of the surface. (ii) One of the 
species occupies most of the surface sites, and that 
fur ther  increase in  adsorption in the monolayer  hardly  
affects the energy of the surface. Fur thermore ,  the 
other species adsorbed on this near ly  saturated sur-  
face cannot  occupy adjacent  sites; therefore in ter -  
action between them can be negIected. ( i i i )  The ad- 
sorbed atoms of different species are completely in -  
terchangeable wi thout  affecting the in te rna l  energy of 
the surface, i.e., an  ideal monolayer.  

2 T h e  w o r d ,  e l e m e n t ,  is u s e d  h e r e  in  a g e n e r a l  sense ,  including 
v a c a n t  s u r f a c e  s i tes .  
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When most of the surface sites on iron are occupied 
by adsorbed oxygen  atoms, condition (ii) stated above 
will  apply. For  this l imit ing case, the activities of the 
adsorbed species may  now be given in terms of the 
fractions of sites occupied, 0, using the general  Eq. [9] 

00 -~- 0N -~- 05 --~ 0 ~ 1.0 [10]  [] 

00 
ao = k o - -  [11] 

0 [] 

ON 
aN : kN [12] 

0 [] 

0, 
a~ = k , - -  [13] 

0 
[] 

where  a is the ac t iv i ty  of the species indicated by the 
subscript and k's are t empera tu re -dependen t  con- 
stants. For  the l imit ing case of eo --+ 1.0, the fract ion 
of vacant  sites may be represented in terms of oxygen 
act ivi ty f rom Eq. [11] 

1 
0 = k o - -  [14] 
[] ao 

Kinetics of nitrogen reaction.--As shown exper i -  
mentally,  the rate  of ni trogenizat ion and deni t ro-  
genization of solid iron is direct ly proport ional  to ni-  
t rogen activity, i.e., to the square root of the corres-  
ponding ni t rogen part ial  pressure. The same observa-  
tion was made by previous workers  on the rate of ni-  
t rogen react ion with  l iquid i ron containing some oxy-  
gen. When most of the surface sites are covered with  
oxygen atoms, there is l i t t le probabil i ty  for ni t rogen 
atoms to occupy adjacent  surface sites, at least for ni-  
t rogen activities corresponding to PN2 ~ 1.0 atm. 
Therefore,  it would appear reasonable to assume that, 
wha teve r  may be the nature  of the slow surface ni-  
t rogen reaction, the act ivated state for the reaction 
involves an atom of nitrogen. 

There  are two possible types of slow react ion steps 
when most of the surface sites are occupied wi th  
chemisorbed oxygen atoms. 

(i) In the case of nitrogenization, for example,  the 
ni t rogen molecules in the gas phase first encounter  
the upper  surface of the adsorbed oxygen monolayer ,  
where  equi l ibr ium is assumed to exist  be tween gase- 
ous ni t rogen and that  adsorbed on the chemisorbed 
oxygen. The ra te -cont ro l l ing  react ion step is consid- 
ered to be the jump of a ni t rogen atom f rom the outer  
surface of the oxygen layer  to the act ivated state over  
a vacant  n i t rogen site on the surface of iron. 

(ii) The other possibility is that  the ni t rogen chemi-  
sorption on a few available sites on the surface of 
iron is in equi l ibr ium with  the gaseous nitrogen. The 
slow react ion step is that  due to the jump of the ni-  
t rogen a tom from the chemisorbed site to the bulk 
meta l  phase. 

The rate  equat ion der ived  is identical  in form for 
these two possible react ion steps, and, fur thermore ,  
no differentiat ion can be made be tween  them f rom 
the avai lable rate  data. The sum of the reactions in-  
volved in ei ther  case leads to the fol lowing over -a l l  
react ion equi l ibr ium 

Vz N2 (gas) = N, (act ivated state) [15] 

N, (act ivated state) ~ N dissolved in iron 

For the react ion [15] the equi l ibr ium constant K,  is 
given by 

K, [16.] 
"X/PN2 

The fract ion of sites occupied by the act ivated ni-  
t rogen is obtained f rom the sum of Eq. [13], [14], 
and [16] for the l imit ing case of 0o --+ 1.0: 

K,ko  1 
05 = - -  ~/PN2 [17] 

k, ao 

Now, by invoking the theory of absolute react ion 
rates, a rate  equation may be der ived f rom [17] 

dn kT 
dt h r0, 

where  dn/dt  is the ra te  in g ram-a tom N / c m  e sec, k T / h  
is the universal  rate.  Subst i tut ing e, f rom Eq. [17] 
gives 

dn 1 
- -  = -- k' - -  ~/PN2 [18] 
dt ao 

where  k' is the specific rate constant which is equal  
to the product of all the other  constants for a given 
temperature ,  i.e. 

kT K,ko  
k ' =  - - r  

h k,  

According to the proposed react ion model  yielding 
Eq. [18], when  the surface of solid or l iquid iron is 
near ly  saturated wi th  chemisorbed oxygen, the rate  
of ni t rogenizat ion is inverse ly  propor t ional  to the ac- 
t ivi ty of oxygen in the system. 

In v iew of the microscopic revers ibi l i ty  of the re-  
action process, the rate equat ion for deni t rogeniza-  
tion must  be based on a similar model. That  is, e i ther  
(i) a ni t rogen atom adsorbed on the surface of iron, in 
equi l ibr ium with  the bulk phase, goes through an 
act ivated state in the process of jumping  onto the 
chemisorbed oxygen layer, or (ii) a ni t rogen atom in 
solution in the bulk phase goes through an act ivated 
state in the process of jumping  into a vacant  site on 
the surface of iron. These are the two possible slow 
reactions corresponding to the reverse  of ni t rogeniza-  
tion, and the ra te  equat ion is again identical  in form. 

The net  rate equat ion involving a fo rward  and re -  
verse  ni t rogen react ion on the surface of iron con- 
taminated with an oxygen monolayer  is der ived in 
a manner  similar to those given above 

dn 1 
= - - k " ~  [ ( % N ) e - -  (%N) ]  [19] 

dt ao 

where  k" is the specific rate  constant, (%N)e  is the 
ni t rogen content of iron when in equi l ibr ium with  a 
g iven ni t rogen par t ia l  pressure of the gas phase and 
(%N) is the ni t rogen content  of iron at time, t. 

Equation [3] for a f irst-order type of react ion is the 
integrated form of Eq. [19]. I t  is seen that  the rate  
parameter  q (in Eq. [3]) der ived from the slopes of 
the lines in Fig. 5 and 6 is direct ly  proport ional  to 
k"/ao of Eq. [19]. If  the oxygen act ivi ty is sufficiently 
high that the l imit ing case of 0o --> 1.0 is satisfied, then  
the rate  pa ramete r  q should be inverse ly  proport ional  
to the oxygen activity. 

As seen from the results in Fig. 7, the exper i -  
menta l ly  determined rate  parameter ,  q, is direct ly  
proport ional  to the ratio PH2/PH20 (which is inverse ly  
proport ional  to oxygen act ivi ty) ,  at least wi th in  the 
range studied (PH2/PH20 ~ 30). 

Discussion and Conclusions 
In a recent  study by Swisher  and Turkdogan (11) 

of the rate  of decarburizat ion of l iquid iron, the ox-  
ygen chemisorpt ion isotherm for l iquid i ron-oxygen  
system was der ived f rom the avai lable surface ten-  
sion data. At oxygen activities corresponding to % O 
in iron > 0.024%, the oxygen coverage in the mono-  
layer  corresponds to 0o > 0.9 at 1550~ For  the pres-  
ent purpose, the oxygen  act ivi ty may be defined as ao 
= 1.0 at oxygen  saturat ion for i ron- i ron  oxide equi-  
l ibrium. The oxygen solubil i ty l imit  in l iquid iron at 
1550"C is 0.17% O, giving ao = 0.14 for 0.024% O 
content. That is, for l iquid i ron containing oxygen, 
chemisorpt ion corresponds to 0.9 ~ 0o ~ 1.0 when  ao 
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tion states that  the ra te  of n i t rogen reac t ion  on the 
surface of iron, for a given ni t rogen activity, is in-  
versely proport ional  to the act ivi ty of oxygen  in the 
system. The exper imenta l  results for 1000~ and for 
l iquid iron are found to be consistent wi th  this the-  
oretical  analysis. On the basis of the exper imenta l  
evidence, the act ivated state of ni t rogen in the sur-  
face react ion is taken to be that  containing an atom 
of nitrogen. The ra te-cont ro l l ing  react ion step on 
highly contaminated surface may  be due ei ther  to 
the j u m p  of a ni t rogen atom from the outer  surface 
of the oxygen layer  to the act ivated state over  a 
vacant  ni t rogen site on the surface of iron, or to the 
jump  of the ni t rogen atom f rom the chemisorbed site 
to the bulk meta l  phase. The rate  equat ion for ei ther  
process is identical  in form. Addit ional  ra te  studies 
on this system at different tempera tures  m a y  assist in 
the clarification of this uncertainty.  
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> 0.14; for this range, the extent  of coverage may be 
approximated to the l imit ing case of 0o --> 1.0. 

At 1000~ H2-H20 mix ture  corresponding to the 
i ron-wust i te  equi l ibr ium is g iven by the ratio PH2/ 
PH20 ~ 1.49. The oxygen act ivi ty  may be defined wi th  
respect  to this critical ratio, e.g., ao = 0.05 for PH2/ 
PR2o = 30 at 1000~ Since the ra te  of ni t rogen reac-  
tion with i ron at 1000~ is a l inear  funct ion of PH2/ 
PH20 for the range studied, f rom the foregoing dis-  
cussion it would follow that  0o --> 1.0 when ao > 0.05. 

From these observations it may  be deduced that 
monolayer  saturat ion wi th  oxygen on solid iron is 
approached at oxygen activities (with respect  to i ron-  
iron oxide equi l ibr ium) lower  than those requi red  for 
liquid i ron surface. 

As i l lustrated e lsewhere  (1), the rate  of ni t rogen 
react ion on l iquid i ron surface, de te rmined  by Schenck 
et al. (5) and Pehlke  and Elliott  (6), is inverse ly  pro-  
port ional  to the oxygen  content  of iron for the range 
% O > 0.04 for which Oo --> 1.0. This evidence pro-  
vides fur ther  support  to the proposed react ion model. 

The rate data on ni t rogen react ion on solid and 
l iquid iron surfaces are compared in Fig. 8 where  the 
rate  pa ramete r  q is plot ted against the act ivi ty of 
oxygen  in i ron on a log-log scale. The results for 
1000~ are those reproduced from Fig. 7; the line 
drawn through the points in Fig. 8 has the theoret ical  
slope of unity. The lines, of course, te rminate  at ao = 
1 at which iron oxide forms. 

Neglect ing for the present  the difference be tween  
the surfaces of solid and l iquid iron, an estimate may 
be made of the t empera tu re  coefficient of the ra te  of 
ni t rogen reaction. F rom the slope of the  line of In 
(q /T)  vs. 1/T plot, the tempera ture  coefficient of the 
reaction ra te  is found to correspond to about 78 kca l /  
g -a tom N. It  is to be real ized that  this is not  the t rue 
heat  of act ivation of the react ion considered, but  i t  
is the sum of all the heat  terms associated wi th  the 
constants contained in the rate  equation. 

The main conclusion to be d rawn  from this study 
is that  at  1000~ and oxygen activities ao > 0.05 (rel-  
at ive to i ron-wust i te  equi l ibr ium) the oxygen  chemi-  
sorption in a monolayer  on the surface of iron ap-  
proaches  saturation, i.e., Oo --> 1.0. The ra te  equat ion 
der ived for this l imit ing case of oxygen chemisorp-  

A P P E N D I X  

Nitrogen Transport in Subsurface Regio~ 

When the extent  of surface coverage with  chemi-  
sorbed oxygen is ve ry  high, the paucity of sites avai l -  
able for ni t rogen atoms may create a bott leneck for 
the passage of ni t rogen across the surface layer. Al -  
though this is not the slow react ion step in the system 
already considered, it may play an impor tant  role in 
the kinetics of other  similar  reactions on poisoned 
surfaces. With this point in view, a par t icular  rate  
equat ion applicable for such a t ransport  process in the 
subsurface region wil l  be given here;  for convenience, 
the ni t rogen reaction may  again be taken as an 
example.  

If there  are a ve ry  few sites on the surface of iron 
avai lable for occupation by ni t rogen atoms, there wil l  
be radial  diffusion of ni t rogen atoms to or f rom these 
sites in the subsurface region. As an approximat ion 
and for mathemat ica l  convenience, this subsurface 
region may  be considered to consist of hemispheres  
at equal  size having  centers at n i t rogen surface sites 
or at vacant  sites. Outside the hemispherical  diffusion 
zone in the bulk phase the ni t rogen concentrat ion is 
taken to be uniform. 

The solution of Fick's second law yields the fol low- 
ing expression for diffusion in a hemispherical  shell at 
a par t icular  t ime t 
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C e - -  C 
F = 2~D [20] 

1 / r s -  1~to 

where  F = ni t rogen flow per ni t rogen site, g -a tom 
N/sec,  D = ni t rogen diffusivity in the metal, Ce = 
ni t rogen concentrat ion in solution near  the surface 
ni t rogen site, g-a tom N / c m  3, in equi l ibr ium with  the 
gas phase, c = uniform ni t rogen concentrat ion in solu- 
tion in the bulk phase outside the diffusion zone, 
g -a tom N / c m  3, rs = radius of inner  hemispher ical  
shell  surrounding the surface ni trogen site, and ro = 
radius of hemispherical  shell  which is equivalent  to 
the thickness of the subsurface region. 

If there  is a total number  r of s i tes /cm 2 at the sur-  
face of which  0 and 0 are fractions of ni t rogen COV- 

N [] 
ered and of vacant  sites, the total number  of hemi-  
spherical diffusion zones is 

x =  (8 N + 0 [ ] ) F =  ( 1 - - 8 o ) r p e r u n i t a r e a  [21] 

For  a close-packed a r rangement  of these hemispher i -  
cal diffusion zones assumed to be uni form in size, the 
radius ro is given by 

1 
ro = [22] 

~/~(1- 0o)r 

The radius rs of the inner  hemispher ical  shell 
around the surface ni t rogen atom may  be taken to be 
half  of the i ron- i ron interatomic distance d 

d 
rs = - -  [23] 

2 

By substi tut ing Eq. [21]-[23] in [20], the rate  of 
ni t rogen t ransfer  across the unit  area of the surface is 
given by 

d n  c e -  c 
= xF = 2nD(1- -  0 o ) r  [24] 

dt  2 / d  - -  ~/n(1 --  0 ~ ) F ~ 

where  d n / d t  is the rate of ni t rogen t ransfer  in g-a tom 
N / c m  2 sec. 

Since the max imum possible value of r is about 1015 
s i tes /cm 2, Eq. [24] may be simplified for small  values 
o f  ( 1 - - ~ o )  < 1 0 - 2 "  

dn 
= qt(ce - -  c) [25] 

dt  
where  

qt = =dDr (1 - -  e ~ ) [26] 

For the condition that  0 ~ > >  (o N + ~ ) ,  it is per -  

missible to take 1 - -  0 ~ _ e[:] and substi tut ing its 

equivalence from Eq. [14] in [26] gives 

1 
qt = ~d D r ko  [27] 

ao 

It is to be noted that  the rate  Eq. [25]-[27] are 
s imilar  in form to those given in Eq. [19] for the sur-  
face reaction involving monatomic ni t rogen in the 
act ivated state. 

For  the ratios P H 2 / P H 2 0  f rom 3 to 30, the rate pa ram-  
eter q at 1000~ is wi thin  the range 1.4 x 10 -7 to 
1.4 x 10 -6 cm/sec.  If the observed rate  were  that 
l imited by the transport  process in the subsurface 
region, q may  be set equal  to qt of Eq. [26]. Taking 
r = 1015 s i tes /cm 2, d = 3.64 x 10 - s  cm and D = 1.1 x 
10 -~ cm2/sec, the value of (1 - -0o )  would then fall  
wi thin  the range 10-s-10 -7. That  is, if ( 1 - -0o )  were  
less than 10-~ in the exper iments  considered for 
8o -~ 1.0, diffusion in the subsurface region would be- 
come the ra te-contro l l ing  step. This l imit ing case is 
not considered to be reached in the system studied. 

Cathode Processes in Molten Nitrates and Nitrites 
H. E. Bartlett 1 and K. E. Johnson 2 

Departw~ent of Chemis t r y ,  S i r  J o h n  Cass College, London ,  Eng land  

ABSTRACT 

Fused NaNO3 is reduced electrolyt ical ly  first to ni tr i te  and oxide. This 
process, however ,  is mixed  as exact  correspondence is not obtained be tween  
the ni t r i te  produced and the coulombs passed. On fur ther  reduct ion of NaNO3 
there is an increasing contr ibut ion from various other cathodic processes in-  
cluding the production of colored species containing oxidized cathode metal.  
Reduct ion of KNO3 and NaNO2 also gives rise to mixed electrode processes 
and the format ion of colored species in the cathode compartment .  A g + / A g  
is shown to be a suitable reference  couple for fused NaNO2. 

About  120 years ago, Hit torf  (1) a t tempted the 
prepara t ion of alkali  metals  by electrolysis of their  
fused nitrates and, a l though his object  was not 
achieved, he observed the format ion of br ight ly  col- 
ored liquids in the vicini ty of gold and p la t inum 
cathodes. More recent ly  (2, 3) it has been shown that  
the NaNO3-KNO3 eutectic melt  is reduced in two 
discernible stages. In the first stage ni tr i te  and spar-  
ingly soluble sodium oxide are produced, and at a 
more negat ive  potential,  wi th  a p la t inum cathode, an 
unstable green solution, postulated as being a metas ta-  
ble solution of alkali  metal,  is said to be formed (3). 
In conflict wi th  this postulate of the instabil i ty of the 
alkali  metals  in mol ten  ni t ra te  are the claims of Arv ia  
and co-workers  (4, 5) to have  measured the s tandard 
revers ible  potent ia l  for a N a + / N a  couple in mol ten 
sodium ni t ra te  and mol ten  sodium nitrite.  In order to 
resolve this conflict we have  studied the cur ren t -  
vol tage curves of fused sodium nitrate,  fused potas-  

z P re sen t  address :  Atomic  E n e r g y  Board ,  P re to r i a ,  Sou th  Afr ica .  

P re sen t  address :  C h e m i s t r y  D e p a r t m e n t ,  Un ive r s i ty  of S a s k a t c h -  
ewan ,  Regina,  S a s k a t c h e w a n ,  Canada .  

sium nitrate, and fused sodium nitr i te  and have ex-  
amined the electrolytic reduct ion products of each of 
these melts using various metals  as cathodes. 

Experimental 
The start ing materials  were  AnalaR grade chem-  

icals. The sodium nitr i te  was dried by heating a t  about 
150~ in  vacuo for 12 hr whereas  the sodium and po- 
tassium ni t ra tes  were  dried by bubbling dried ni t ro-  
gen through their  melts. Once molten, the salts were  
kept under  an a tmosphere  of dried nitrogen. 

The cell assembly consis ted of a wel l - lagged  3- 
necked flask stoppered wi th  silicone bungs, through 
which passed 1 cm diameter  filter tubes cut off below 
the sintered glass disks (porosity No. 3 or 4) to form 
the electrode compartments .  The flask was heated by a 
mantle,  the power to which was controlled by a sim- 
merstat .  With this a r rangement  the t empera tu re  of 
the melt, as de termined  by a ch romel -a lumel  the rmo-  
couple, could be mainta ined to • l~ 

A g + / A g  reference  electrodes (6, 7) were  made by 
simple addition or by coulometric  generat ion of Ag  + 
ions in compartments  containing silver wires. 
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Fig. 1. Current voltage curves with platinum micro-electrodes. 
A, Sodium nitrate at 340~ B, Potassium nitrate at 350~ C, 
Sodium nitrite at 302~ The lines numbered 1 to 5 in A and B 
mark the standard reversible decomposition voltage E ~ of reactions 
1 to S in Table measured from the anodic decomposition wave. 

The constant current  for coulometric  generat ion was 
supplied by a Metrohm coulometer  (ME211) whereas  
the somewhat  larger  currents  needed for the massive 
electrolyses were  der ived ei ther f rom a Wadswor th  
potentiostat  when exper iments  were  conducted at 
controlled cathode potentials,  or f rom an Eliminac 
power  supply when  it was necessary to apply a large 
potential  difference across the systems. 

P la t inum microelectrodes,  made by sealing plat inum 
wire  (0.020 cm in d iameter)  into Py rex  glass and 
grinding the ends off flush, and an A g + / A g  counter  
electrode were  used to obtain the current  vol tage 
curves. 

These current  vol tage curves were  recorded ei ther  
on a Tinsley 13/1 or  a Cambridge  photographic polar -  
ograph. 

The reducing power  of the catholytes was de te r -  
mined by adding the cold, g round-up  compar tments  
and their  contents to s tandard solutions of Ce 4+ or 
chloramine T, s t i r r ing unt i l  all but  the glass had dis- 
solved and then back t i t ra t ing with  sodium thiosul-  
fate. (The equivalent  of the reducing agent  is defined 
as the number  of moles of reducing agent  mult ipl ied 
by the number  of electrons involved  in its oxidation 
back to ni t ra te  and is equal  to the number  of moles 
of Ce 4+ or chloramine T used to oxidize the catholyte. 
Such a definition is requi red  as the reducing agent  
produced in electrolysis is unknown.)  

The rhodium or p la t inum which went  into solution 
at the cathode was de te rmined  as follows: 

The catholytes were  dissolved in water ,  any salt 
still adher ing to the electrode being washed off into 

the solution. Concentra ted HC1 was then added and 
the solution evapora ted  down to dryness. The  residue 
was s t rongly heated to decompose any nitrate.  

When it was cold, more HC1 was added and the 
evaporat ion and heat ing repeated  to decompose most 
of the nitrate.  The residue v ~s then dissolved in HC1 
and stannous chloride solution added. The P t  or Rh 
were  de termined  colorimetr ical ly  (8). 

Ag was de termined  grav imet r ica l ly  and Co color- 
imetrical ly.  

Resul ts  

Sodium nitra~e.--Figure 1A depicts the cur ren t -  
vol tage curve  obtained for  NaNO3 at 340~ using a 
p la t inum microelectrode and an A g + / A g  counter-  
electrode. 

This cur ren t -vo l tage  curve, which has the same pro-  
file as that  for a NaNO~-KNO8 mel t  (2,3) may be 
subdivided convenient ly  into three distinct regions: 
the peak, the afterpeak,  and the u l t imate  decomposi-  
t ion wave. 

Prepara t ive  electrolyses, at controlled potentials, 
were  conducted in separate compar tments  wi th in  the 
melt, using pla t inum foil cathodes. Table I gives the 
results of these experiments .  

In addit ion to the prepara t ive  electrolyses at  con-  
trolled potentials,  a number  of electrolyses were  con- 
ducted at high current  densities (500 ma cm -2) using 
various metals as cathodes and, in every  case, colored 
solutions or precipitates were  formed in the catholytes 
(see Table I I ) .  

Potassium nitrate.--Figure 1B shows the cu r ren t -  
vol tage curve obtained for KNOs at 350~ using a 
p la t inum microelectrode and an A g + / A g  counter  
electrode. 

Unl ike  the corresponding curve  for NaNO3, the cur-  
ren t -vo l tage  curve for KNO~ shows only a single 
cathodic decomposit ion w a v e  and hence most  of the 
prepara t ive  electrolyses were  conducted at only the 
one potential.  

During these prepara t ive  electrolyses at p la t inum 
foil cathodes, it was observed that  dark green solu- 
tions were  formed in the cathode compartments  and 
that only a ve ry  small  vo lume of gas was evolved.  
Nei ther  red catholytes nor sparks could be observed 
in these experiments .  

Fur ther  p repara t ive  electrolyses were  conducted, 
using other metals  as cathodes and in all  cases, e i ther  
colored solutions or precipitates w e r e  formed (Table 
I I ) .  

The analyses of the cathode compar tments  showed 
that the amount  of reducing agent  obtained depended 
on the meta l  used as cathode. With  a p la t inum cathode 
there were  1.11 equivalents  of reducing agent  per 
Faraday  and with  a si lver cathode 1.52 equivalents  
per Faraday.  It is impor tant  to real ize that  it is im- 
possible to produce more than one equiva len t  of re -  
ducing agent  per Faraday  unless, in the course of the 
e lectrochemical  reaction, the meta l  is oxidized. With 
these electrolyses in the KNO3, the meta l  was in fact 
oxidized; in the case of the p la t inum 0.144 mole of 
p la t inum per Fa raday  was found in the catholyte 
and in the case of silver, s i lver  oxide was isolated f rom 
the aqueous ext rac t  of the catholyte. 

Table I. Results of preparative electrolyses in sodium nitrate 

A n a l y s e s  os e a t h o l y t e  
C o n t r o l l e d  p o t e n t i a l  O b s e r v a t i o n s  (i) R e d u c i n g  a g e n t  (i$) p l a t i n u m  

P e a k  p o t e n t i a l  
-- 1.35v vs .  A g / A g +  
r e f e r e n c e  

A f t e r - p e a k  
- -2 .5v  "vs. A g / A g §  
r e f e r e n c e  

U l t i m a t e  d e c o m p o s i t i o n  
- -3 .1v  vs .  A g / A g §  
reference  

C a t h o d e  b e c a m e  c o v e r e d  w i t h  a w h i t e  
depos i t .  C a t h o l y t e  w e n t  ye l low.  Q u a l i -  
t a t i v e  t e s t s  on  so l id i f i ed  m e l t  s h o w e d  
t h a t  n i t r i t e  w a s  p r e s e n t .  

C a t h o d e  b e c a m e  c o v e r e d  w i t h  a d a r k  d e -  
pos i t .  C a t h o l y t e - - r e d  so lu t ion .  O n  a g i -  
t a t i o n  o f  e l e c t r o d e  g r e e n  s o l u t i o n  
f o r m e d .  

A s  f o r  t h e  a f t e r - p e a k  p o t e n t i a l .  

0.94 e q u i v a l e n t  p e r  F a r a d a y ,  E x p r e s s e d  N o n e  
as  n i t r i t e :  - 0 . 4 7  m o l e s  p e r  F a r a d a y  
( a v e r a g e  of  3 d e t e r m i n a t i o n s )  

I r r e p r o d u c i b l e  b u t  r e s u l t s  r a n g e d  f r o m  D e t e c t e d  q u a l i t a t i v e l y  
0.70 to  0.90 e q u i v ,  p e r  F a r a d a y  

A s  fo r  t h e  a f t e r - p e a k  p o t e n t i a l  I n  g r e e n  s o l u t i o n  a p p r o x .  0,03 
m o l e s  p e r  F a r a d a y .  I n  red 
solution---detected qualitao 
U v e l 7 .  
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Table II. Cathodic corrosion products in fused NaNO2 and KNO3 

S o l v e n t  C a t h o d e  D e s c r i p t i o n  o f  c a t h o l y t e  Co ld  c a t h o l y t e  A c t i o n  of  H=O 

NaNO3 P t  O r a n g e ,  t u r n e d  g r e e n  on s h a k i n g  c a t h -  O r a n g e  u n c h a n g e d .  G r e e n  to D e c o m p o s e d ,  P t  -~ in  so lu t ion  
ode.  S p a r k s  o b s e r v e d  w h e n  o r a n g e  b l u e  n e a r  m . p t .  t h e n  b r o w n  
p r o d u c t  f o r m e d  i n  q u a n t i t y  w i t h o u t  
a g i t a t i o n .  

S t a i n l e s s  D a r k  b r o w n  p r e c i p i t a t e  a n d  y e l l o w  D a r k  b r o w n  Fe~O3 aq.  
s tee l  so lu t ion  

NaNO~ P t  Red ,  t u r n i n g  g r e e n  as gas  e v o l v e d  
A g  Y e l l o w  p r e c i p i t a t e  Y e l l o w  Ag+ i n  so lu t i on ,  s o m e  Ag~'~'20~ 
Co B u r g u n d y  r e d  B l u e - g r e e n  Co s§ in  so lu t ion  

KNO3 P t  D a r k  g r e e n  D a r k  g r e e n  N O  e v o l v e d  pt'-'§ i n  s o l u t i o n  
R h  Y e l l o w - b r o w n  t u r n e d  g r e e n  on  ag i -  Rhe+ in  so lu t ion  

t a t i o n  
A g  D i r t y - b r o w n  D i r t y - b r o w n  Ag=O 

Table III. Cathode processes, over-all cell reactions, and reversible decomposition potentials for NaNO3 and KNO3 

C a t h o d e  p r o c e s s  O v e r - a l l  ce l l  r e a c t i o n  E~176 E ~ 1 7 6  
M = N a  M = K  

1. N O . -  + 2 e -  = NO2-  + O ~- 3MNO8 = M N 0 2  + M 2 0  + 2NO2 + O~ - -2 .03  - -2 .64  
1 1 S 

2. NO3-  + 5 e -  = - - N ~  + 3 0  ~- 6MNO8 = - -N'2  + 3 M 2 0  + 5NO~ + - -  O~ - -1 .97  - -2 .63  
2 2 2 

3. 2 N O s -  + 8 e -  = N 2 0  + 5 O ~- 10MNOs = N~O + 5MsO + 8NC~ + 4 0 ~  - -2 .18  - -2 .87  
3 

4. NO~- + 3e -  = N O  + 2 Cr 41VINO3 = N O  + 2M~O + 3NO2 + - - O ~  - -2 .39  - -3 .13  
2 

1 
5. M +  + e -  = M M N O 8  = M + N O =  + - - O =  - - 3 . 4 9  - - 3 , 7 3  

2 

S o d i u m  n i t r i t e . - - I n  some work  on mol ten  NaNO2, 
Calandra  and Arv ia  (5) have used an A g + / A g  elec-  
t rode in NaNO3-KNO3 as a reference electrode. This 
was connected to the ni tr i te  through a Lugg in -Haber  
tip. However ,  since a re ference  electrode wi thout  the 
complicat ion of two different solvent systems is pref -  
erable, a A g + / A g  reference  electrode in mol ten  NaNO2 
was established. 

Figure  2 is a Nernst  plot  for a concentrat ion cell 
exper iment  in mol ten NaNO2 at 302~ a line of the 
slope predicted by the Nernst  equat ion being d rawn 
through the exper imenta l  points. The Ag + was pro-  
duced by anodic generat ion with  a cur ren t  efficiency 
of 100% (coulombs passed 8.88, weight  of si lver ex-  
pected 9.937 rag, weight  of si lver  found 9.94 rag).  

F igure  1C is the cur ren t -vo l tage  curve  obtained 
for  NaNO2 at 302~ and as wi th  the potassium ni t ra te  
there is only a single reduct ion wave.  

Prepara t ive  electrolyses were  conducted at the po- 
tential  of this reduct ion wave, using various metals  
as cathodes, and in every  case the meta l  was corroded 
(Table II) .  
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Fig. 2. Nernst plot for Ag/Ag (1) concentration cells in NaNO2 
at 302~ R is the ratio of Ag (I) concentrations in the two com- 
partments. 

In contrast  to ei ther of the nitrates, the pla t inum 
foil  anodes used in the sodium nitr i te  were  corroded 
and, over  a period of time, a green coloration devel-  
oped in the anolyte. 

Discussion 
Unless otherwise specified this discussion is re -  

stricted to the results obtained with p la t inum elec- 
trodes. 

At the peak potent ial  in the mol ten  sodium nitrate,  
the favored electrolytic process appears to be the re -  
duction of the ni t ra te  ion to ni tr i te  and oxide, in 
accord with  the work  of Swofford and Lai t inen (3). 
However ,  the fact that  only 0.47 mole of ni t r i te  per 
Faraday  was found analyt ical ly  indicates that  other  
processes may also occur at, or before the peak po- 
tential.  Among these processes could be (a) n i t rogen 
evolution, (b) nitrous oxide evolution, or (c) nitric 
oxide evolution [cf. the production of nitrite, nitrous 
oxide, and ni trogen by reduct ion of ni trate  with cal-  
cium metal  or sodium amalgam (9) and the thermal  
evolut ion of ni t rogen and nitric oxide f rom sodium 
ni t ra te  (10)]. The s tandard revers ib le  decomposit ion 
potentials (11) for each of these evolut ion re,actions, 
for the product ion of the alkali  metal,  and for the 
format ion of the alkali  meta l  ni t r i te  are given in 
Table III. For the purposes of calculating these stand- 
ard revers ib le  decompositions, it is assumed that  r e -  
versible  cells of the type 

Pt, NO2, 02 / N a N O s / / N a ~ O ,  NaNO3 / N2, Pt  

are formed when  the mel t  is e lectrolyt icalIy decom- 
posed. Working on these assumptions, the potentials 
at which reactions 1 to 5 occur in the sodium ni t ra te  
are marked  on Fig. 1A: processes 1 to 3 should all 
occur before a potent ial  of --1.35v vs .  the A g + / A g  
reference  electrode. 

At  potentials beyond --1.35v vs .  the re ference  elec- 
trode there  is an increasing contr ibution f rom the 
gaseous evolut ion reactions and f rom other reactions, 
as evidenced by the smal ler  quantit ies of reducing 
agent  found, by the appearance of the red and green 
colorations, and the identification of p la t inum in the 
catholytes. These mixed  processes occur over  a fair ly 
wide potent ial  span, and it is suggested that  the sharp 
rise in current  at --3.1v is not due to any one of these 
processes involving the reduct ion  of the ni t ra te  anion, 
as the products formed during the a f te r -peak  process 
are substant ial ly the same as formed at --3.1v. The 
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sharp rise in current  at --3.1v is more likely to be 
due to the breakdown of the sodium oxide film on the 
cathode. Metallic sodium should be thus produced and 
would then reduce the ni t ra te  ion. At  high cur ren t  
densities, this sodium, produced in  fair ly large quan-  
tities, would be part ial ly shielded from the ni t ra te  by 
a protective layer  of sodium oxide, bu t  when  the n i -  
trate does reach the sodium, a violent reaction in the 
form of sparks is not unexpected as the value for 
~Go600 for the reaction 

5Na + NaNO3 = 3Na20 -5 1/zN2 

is --173.7 kcal mole -1. Incidental ly,  this high negative 
value of AG~ and the fact that  sparks are observed 
at the cathode dur ing electrolyses at high current  
densities would suggest that  Arvia,  Calandra,  and 
Triaca's (4) claims to have measured the potential  of 
a reversible N a + / N a  electrode are suspect. 

The electrolytic reduct ion processes in  potassium 
ni trate  differ in some respects f rom the correspond- 
ing reductions in  sodium nitrate,  al though in  both 
cases it is the ni t ra te  anion that  is being reduced. 
Some of these differences could be explained in terms 
of the relat ive insolubil i ty of sodium oxide in ni t ra te  
melts and the solubil i ty of potassium oxide in potas- 
s ium ni t ra te  (3). Thus, there is no peak formed on 
the current -vol tage  curve of potassium ni t ra te  as the 
electrode processes are not  inhibi ted by an insoluble 
oxide layer. Also, as there is no alkali  metal  oxide 
film on the cathode in the KNO3, there is little chance 
of forming alkali  metal  in  large concentrations,  with 
the resul t  that  no sparks are observed at the cathode 
on electrolysis of KNO3 at high cur ren t  densities. 

The preparat ive  electrolyses in  mol ten  sodium ni-  
tri te showed that  the reduct ion processes in this 
medium are a t  least as complicated as those occurr ing 
in nitrate.  Unfor tunate ly ,  it is not feasible to analyze 
a ni t r i te  for reducing agent and the oxide analyses 
were very unre l iable  due to the attack of the glass by 
the oxide. The fact that some silver hyponi t r i te  was 
found in  the catholyte when  a silver cathode was used 
indicates that hyponi t r i te  may be formed as an in ter -  
mediate. 

A reasonable explanat ion  of the appearance of cath- 
ode metals in solution may be the attack of the cath- 
ode metal  by one of the other cathode reduct ion prod- 
ucts. The catholytes formed with p la t inum cathodes 
resemble those of aqueous p la t inum ni trosyl  complexes 
(12, 13), and the b rown compound formed in the ni -  
trates when  stainless steel cathodes were used is 
s imilar  in appearance to Fe(NO)~ and the FeNO 2+ 

ion which occurs as the "brown ring" compound in  
tests for the presence of n i t ra te  in  aqueous solutions. 3 

Fur ther  evidence suggesting that  the green complex 
formed at the p la t inum cathodes in the ni trates  may 
be a hi t rosyl- type complex is that  NO is evolved from 
the catholytes when water is added to them. Also 
with the sodium nitri te,  in  contrast  of the nitrates,  a 
green color develops in  the anode compartment  as 
well  as in the cathode compartment.  This may indicate 
that NO is formed as an in termediate  in  the oxidation 
of the ni t r i te  and that this NO then chemically reacts 
with the p la t inum to form the green p la t inum nitrosyl  
type complex. 
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ABSTRACT 

The equi l ibr ium oxygen pressure for the react ion 2PdO(c)  ~:~ 2Pd(c)  Jr 
O2 (g) was accurately measured  over  the tempera ture  range 910~176 The 
fol lowing working equat ion for the oxygen pressure is val id  over  the ex-  
per imenta l  range. 

14,510 
log Po2 = 31.905 - -  6.2.9 log T - -  • 0.006 

T 

The fol lowing expressions, val id  f rom 298~ ~ apply to the :[ormation 
of one mole  of PdO(c)  

hF~ ~-- --27,013 ~ 14.0 T log T - -  6.16 x 10-3T 2 
- -  0.1 x 10~T - I  - -  12.190 T • 100 ca l /mole  

~H~ ~- --27,013 --  6.08 T ~ 6.16 x 10-3T 2 -  0.2 x 10ST -1 • 400 ca l /mole  

The heat  of formation and ent ropy of PdO(c)  at 298.15~ were  found to 
be --28,345 • 400 ca l /mole  and 8.60 ___ 0.3 eu, respectively.  

In an ear l ier  paper (1), the author  pointed out 
certain advantages that could be real ized if the de- 
composition of a meta l  sulfate were  carr ied out in the 
presence of an oxygen-cont ro l l ing  couple. The react ion 

4CuO (c) ~ 2Cu20 (e) + 02 (g) (A) 

was employed  to mainta in  a known part ia l  pressure of 
oxygen over  a sample of COSO4 and its decomposit ion 
products. While the CuO/Cu20 couple was satisfac- 
tory for that  par t icular  study, its re la t ive ly  low equi-  
l ibr ium oxygen pressure and its abili ty to r emove  
SO3 f rom the gas phase, forming the stable c6m- 
pound CuO.CuSO4, restr ic ted its use to the study of 
the more stable sulfates. 

A search of the l i tera ture  revea led  that  the P d O / P d  
couple produced an oxygen pressure suitable for the 
study of less stable sulfates and did not itself form 
sulfates stable at high temperatures .  Unfor tuna te ly  as 
repor ted  by Coughlin (2), the free energy of fo rma-  
t ion of PdO was uncer ta in  to • 2000 cal/mole.  This 
large uncer ta inty  would have seriously affected any 
thermodynamic  propert ies  der ived for a sulfate de- 
composed in the presence of the P d O / P d  couple. It 
was therefore  decided to make an accurate rede te r -  
minat ion of the equi l ibr ium oxygen pressure of the 
fol lowing react ion 

2PdO(c)  ~-----2Pd(c) ~- O2(g) (B) 

Experimental Apparatus 
An apparatus, suitable for the static de terminat ion  

of a var ie ty  of equil ibria  be tween  gases and con- 
densed phases of fixed composition, was designed and 
constructed. Since the gas phase was usual ly produced 
by some react ion of the condensed phases, i t  was es- 
sential  that  the apparatus accommodate a substantial  
quant i ty  of reactants  in its i sothermal  zone while 
keeping the gas vo lume to a minimum. This goal was 
achieved through the use of special furnace control  

I[ 55/50 el~RtO JOINT 7 
CRUCIBLE - - , ,  INNER REACTION 
ABBEMBLY r ~  MEMBER VESSEL 

IILH I FI~I.D 

Fig. 1. Reaction vessel and crucible assembly 

circuitry, a crucible of unusual  design, and an elec- 
t romechanical  t ransducer  for pressure measurement .  

The react ion vessel, shown schematical ly  in Fig. 1, 
was a 45 mm ID fused silica tube, 24% in. in length 
including the Vycor  female  joint.  The inner  member ,  
a 41 m m  OD fused silica tube, carr ied the main  
thermocouple well  and permi t ted  the large crucible 
assembly to be sealed into the react ion vessel without  
creating much dead volume. The vessel was inserted 
about 16 in. into a tube furnace so that  the crucib]e 
assembly rested at the center  of the furnace. 

The Nichrome heat ing e lement  was wound evenly  
on a grooved Alundum core, 2 in. ID and 24 in. long 
with  two taps dividing the winding into three 8-in. 
sections. The furnace control  circuit, pa t te rned  after  
one described by Smith  (3), could make as much as 
an 8 in. length of the 2 in. ID tube isothermal  wi thin  
_ I ~  Such control was par t icular ly  impor tan t  be- 
cause of the asymmetr ica l  a r rangement  of the reac-  
tion vessel wi th in  the furnace. The  average difference 
in tempera ture  at the two thermocouples for the 
measurements  to be reported was only 0.4~ The fur -  
nace e lement  was supplied with  heat ing and cooling 
currents  by a potent iometr ic  control ler  in paral le l  
with a rheostat. The furnace winding and the con- 
troller  were  supplied electr ical  power  f rom separate 
constant voltage transformers.  Since ~he control ler  
had a wide dead band, a small  G u o y  modula tor  (4) 
was placed in series wi th  the control thermocouple  
whose hot junct ion was in contact wi th  the furnace 
winding. This crude form of proport ioning control  
mainta ined the t empera tu re  of the isothermal  zone 
constant wi th in  a few tenths of a degree  for  severa l  
hours and within  one degree  over  a day. 

The p ick-a-back  crucible assembly detai led in Fig. 
2 was constructed f rom 0.010 in. p la t inum sheet. This 
design reduced the necessary length of the isothermal  
zone to 31/2 in. It  could accommodate  re la t ive ly  large 
volumes of reagents  in separate  containers, which ar-  
r angement  was usually necessary in sulfate studies to 
prevent  undesirable side reactions be tween  the sul-  
fate, its decomposition products, and an oxygen-con-  
trol l ing couple. A very  impor tan t  feature  of the as- 
sembly was that  it a l lowed the main  and auxi l iary  
thermocouples (see Fig. 1) to "see" only the inter ior  
of the assembly and the surface of the mater ia l  in the 
lower  crucible. This configuration permi t t ed  an  ac- 
curate  measurement  of the t empera tu re  of the con- 
densed phases. 

Tempera tures  were  measured  with  P t -P t /10% Rh 
thermocouples and an L&N Type K-3 Universa l  Po-  
tent iometer  with guarded circuitry. The thermocouples 
were  cal ibrated in accordance with  NBS Circular  950 
at the freezing points of zinc, a luminum, silver, and 
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Fig. 2. Crucible assembly 

copper. The  silver, of 99.999% purity,  was obtained 
commercial ly,  the other  metals  f rom NBS. The re -  
ported tempera tures  are probably accurate to at least 
_ i  ~ 

The pressure  of the system was measured  by a mini -  
a ture  e lec t romanomete r  system (Consolidated Elec t ro-  
dynamics) .  This device was p re fe r red  to a simple 
manomete r  because it had a much smaller  dead vo lume 
and could be t reated to resist  at tack by gaseous SO3 
arising f rom the decomposit ion of sulfates. (The au- 
thor could find no manomet r ic  fluid which did not 
react  w i t h  SO3 or absorb significant quanti t ies of gas.) 
The react ion gases were  admit ted  to a small  bellows 
in the thermosta t ted  pressure balance. The inter ior  of 
the bellows was gold-flashed for corrosion resistance. 
An  associated servo-amplif ler  gave a • 10 vdc output  
~or a • 15 psi pressure  different ial  be tween  the bel-  
lows and the re fe rence  cavi ty of the balance, which 
was normal ly  evacuated to a pressure of a f ew  mi-  
crons. The output  vol tage was divided by a Ke lv in -  
Var ley  type d iv ider  and then measured by the Type 
K-3 potent iometer  or displayed on a potent iometr ic  
recorder.  

A la rge-bore  (22 mm ID) mercury  manomete r  was 
constructed and installed in a special housing bo in- 
sure an accurate de terminat ion  of the mercury ' s  t em-  
perature.  Pressures  could be measured  on this manom-  
eter to • 0.1 mm Hg with  a cathetometer .  The elec- 
t romanomete r  was cal ibrated at 100 different points 
by comparing its electr ical  output  wi th  the pressure 
read  on the mercu ry  manomete r  w h e n  both devices 
were  connected in para l le l  across the same pressure 
difference. The vol tage-pressure  data were  correlated 
b s / a  quadrat ic  least squares equation. There  was a 
slight hysteresis effect so different equations were  
used for increasing and decreasing pressures. By using 
the quadrat ic  equations, pumping continuously on the 
reference  cavity, mainta in ing  the t empera tu re  of  the 
p ressu re  balance constant to wi th in  • �89176 and cor- 
rect ing for  zero drift, one could measure  pressures  
accurately to be t te r  than • 0.1 m m  Hg for a few 
months at a time. The a r rangement  of the manifold 
permi t ted  the cal ibrat ion to be checked at any t ime 
dur ing the exper iment .  

Sample Preparation 
Since  Hansen (5) repor ted  a continuous series of 

solid solutions be tween Pd and Pt, the P d O / P d  couple 
was contained in a ha l f -cy l indr ica l  l iner  of fused 
silica which fitted snugly into the lower  half  of the 
crucible assembly. The empty upper  half  of the cruci-  
ble was set in place to act as a radiat ion shield. An  
invest igat ion of the system Pd-S i  (6) revea led  that, 
if  there  were  any te rmina l  solubili ty of Si in Pd, i t  
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was less than 0.1 a/o. This fact, together  wi th  the great  
difference in stabil i ty of PdO and SiO2, indicated that  
no react ion should be expec ted  be tween  the couple 
and the silica liner. P re l iminary  exper iments  lasting 
several  weeks lef t  the l iner  absolutely clear  and un-  
etched. 

These ear ly  exper iments  were  not ve ry  satisfactory 
because of a slow approach to equil ibrium. This was  
found to be caused by sinter ing of the Pd, creat ing a 
serious reduct ion in surface area. To p reven t  this 
sintering, Pd  was mixed  wi th  an equal  volume of 
silica which had been crushed to --200 mesh and 
leached repea ted ly  unti l  f ree  of iron. The me ta l  was 
completely  oxidized wi th  dry  tank oxygen  in  the re -  
action vessel at 700~ The system was cooled, opened, 
and more Pd added to the mix tu re  of PdO and SiO2. 
Two thorough studies were  made of this mix tu re  wi th  
excel lent  results. The approach to equi l ibr ium was 
reasonably fast in both directions, and the equi l ibr ium 
oxygen  pressure did not appear  to depend on the 
amount  of oxide present.  Finally,  x - r a y  diffraction 
pat terns of the m ix tu r e  made  after  the exper iment  
were  in excel lent  agreement  wi th  the pat terns for 
PdO, Pd, and SiO2 given in the ASTM Index. 

Experimental Method and Results 
The crucible assembly was inserted into the react ion 

vessel and the inner  m e m b e r  sealed in place with  
Apiezon T grease. The thermocouples  were  posit ioned 
as shown in Fig. 1. The ent ire  system was evacuated 
to ~5~ then isolated f rom the mechanical  pump and 
al lowed to stand overnight  to test for leaks. The sys- 
tem was heated and continuously evacuated for about 
1 V2 hr unti l  its t empera tu re  reached 500~ 

The procedure  fol lowed in all measurements  was to 
br ing the furnace close to the desired temperature ,  
al low it to come to thermal  equil ibrium, then adjust  
its controls to minimize  the tempera ture  difference 
across the crucible assembly. Exper ience  proved that  
subsequent  constancy of pressure  and both tempera-  
tures for �89 hr  was sufficient to insure a t ta inment  of 
equil ibrium. A small  amount  of gas was then removed  
in order  to check the zero of the e lec t romanometer  
and the pressure al lowed to re-es tabl ish  itself. Some-  
times the furnace t empera tu re  was lowered sl ightly 
to approach equi l ibr ium from above. The first exper i -  
menta l  point was obtained at a pressure of  several  
Torr, the ent ire  gas phase being removed  repea ted ly  
to insure the absence of adsorbed gases. The data in 
the first two columns of Table I were  obtained in this 
manner.  

Correlation of the Data 
Implicit  in the equation for react ion (B) is the as- 

sumption that  pal ladium oxide is a stoichiometric 
compound. Al though the l i te ra ture  offers no evidence 
to the contrary,  it appears that  this hypothesis has 
not been tested. The equi l ibr ium constant for this re -  
action may be expressed as follows 

a2pdPo2 
K---- 

a2PdO 
Schmahl  and Minzl (7) repor ted  that  the solubil i ty 

of Pd in the oxide, if any, is ve ry  small. Raub and 
Pla te  (8) claimed to have found a small  solubili ty of 
oxygen  in Pd that  decreased rapidly wi th  decreasing 
t empera tu re  and amounted to only 0.038 a /o  at  
1173~ In v iew of these facts Pd and PdO were  as- 
sumed to have been pure substances throughout  the 
experimefft,  The equi l ibr ium constant was simplified 
accordingly. 

K ----- Po2 [1] 

Heat  capacity equations given by Kel ley  (9) were  
employed to der ive  the fol lowing expressions for 
~C~ and Z for react ion (B) 

hC~ ~- 12.16 - -  24.64 x 10-aT - -  0.4 x 10ST -2 [2] 
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Table I. Experimental data and sigma function for the reaction 
2PdO(c) = 2Pd(c) -~ 02(g) 

T ,  ~  log Po~ ~, c a l / m o l e - ~  IO~/T, ~ 

9 0 9 . 2  - - 2 . 6 6 7  8 3 . 8 2 0  1 0 . 9 9 9  
9 0 9 . 2  - - 2 . 6 6 7  8 3 . 8 2 0  1 0 . 9 9 9  
9 2 8 . 4  - - 2 . 3 9 1  8 2 . 5 7 6  1 0 . 7 7 2  
9 2 9 . 1  - - 2 . 3 8 4  8 2 . 5 4 4  1 0 . 7 6 4  
9 4 5 . 3  - - 2 . 1 5 4  8 1 . 5 0 3  1 0 . 5 7 9  
9 4 5 . 4  - - 2 . 1 5 2  8 1 . 4 9 5  1 0 . 5 7 8  
9 5 0 . 0  - - 2 . 0 9 4  8 1 . 2 3 1  1 0 . 5 2 6  
9 5 0 . 2  - - 2 . 0 9 7  8 1 . 2 4 5  1 0 . 5 2 5  
950.3  --2.097 81.245 10.524 
969.5" -- 1.843 80.091 I 0 . 3 1 5  
9 7 1 . 8  --  1 . 8 1 6  7 9 . 9 6 7  1 0 . 2 9 0  
972 .1  -- 1.814 7 9 . 9 5 8  1 0 . 2 8 8  
9 9 1 . 3  - -  1 . 5 7 9  7 8 . 8 6 6  1 0 . 0 8 6  
9 9 1 . 6 "  --  1 . 5 7 5  7 8 . 8 6 8  1 0 . 0 6 5  
9 9 3 . 6  --  1 . 5 5 3  7 6 . 7 6 7  1 0 . 0 6 5  

1 0 1 2 . 9 "  --  1 . 3 2 5  7 7 . 7 2 0  9 . 6 7 3  
1 0 1 3 . 0  --  1 . 3 2 5  7 7 . 7 2 0  9 . 6 7 2  
1015.6 --  1 . 2 9 3  7 7 . 5 7 3  9 . 8 4 5  
1 0 3 4 . 4 "  --  1 . 0 8 5 4  7 6 . 6 1 5  9 . 6 6 7  
1 0 3 7 . 3  - -  1 . 0 5 5 0  7 6 . 4 7 5  9 . 6 4 0  
1 0 5 7 . 3  - - 0 . 6 4 3 5  7 5 . 4 9 3  9 . 4 5 8  
1 0 5 9 . 9  -- 0 . 6 2 5 2  7 6 . 4 0 8  9 . 4 4 4  
1 0 7 9 . 9 "  - - 0 . 6 1 1 8  7 4 . 4 1 3  9 . 2 6 0  
1 0 8 1 . 5  - - 0 . 5 9 7 5  7 4 . 3 4 5  9 . 2 4 6  
1 0 8 1 . 7  --0.5944 7 4 . 3 3 1  9 . 2 4 5  
1081.8 --0.5940 74.329 9.244 
1101.6 -- 0.4030 73.433 9.078 
1103.1 --0.3873 73.359 9.065 
1122.1 -- 0,21582 7 2 . 5 4 8  8.912 
1124.0  --  0 . 1 9 5 7 6  72 .454  8 . 8 9 7  
1 1 2 4 . 8  - - 0 . 1 8 4 7 1  7 2 . 4 0 2  8 . 8 9 1  
1 1 4 4 . 7  -- 0 . 0 0 4 7 3  7 1 . 5 4 7  8 . 7 3 6  
1144.9 - .  0.00258 71.537 8.734 

* E q u i l i b r i u m  a p p r o a c h e d  f r o m  h i g h  o x y g e n  s i d e .  

= --4.5756 log Po2 -t- 28.0 log T 
- -  12.32 x 10-3T- -  0.2 x 10ST -2 [3] 

The values of z calculated from the exper imental  
data are reported in Table I. These were correlated 
wi th  reciprocal tempera ture  by a l inear  least squares 
method, resul t ing in the following equation. 

A H ~  54,025 
= I -t- ----- 24.381 -{- - -  

T T 
_ 0.029 cal/mole-~ [4] 

The uncertainty quoted for Sigma represents two 
standard deviations of the data points about the cor- 
relating line. This scatter agrees quite well with that 
predicted from Eq. [3] assuming the errors in measur- 

ing tempera ture  and pressure were I ~  and 0.1 Tort ,  
respectively. 

Equat ion [4] has been graphed on Fig. 3 along with 
values of Sigma calculated from other exper imenta l  
investigations of reaction (B). The data given in  Table 
I were not  plotted because their  deviation from the 
correlat ing l ine could scarcely be detected even on a 
very large graph. When comparing data from var i -  
ous sources in  Fig. 3, it is convenient  to remember  
that the difference in Sigma values mult ipl ied by the 
tempera ture  at which the comparison is made equals 
the difference in the values of •176  for react ion (B);  
i.e., T ( 5 ~ ) r  = 8(AF~ caI/mole. For  example, the 
small  scatter in the data of Table I may be expressed 
as b(•176 ~ ___0.029 T. This uncer ta in ty  is less than 
35 cal /mole  over the exper imenta l  range of tempera-  
ture. 

The data points labeled "Warner,  Run No. 1" re-  
sulted from an earlier exper iment  performed with the 
dispersed couple in an uncovered silica crucible placed 
beneath the main  thermocouple well. The thermo-  
couple had not been calibrated, bu t  the manufac turer  
supplied a calibration based on the wire f rom which 
it was made. This run  covered a temperature  range 
from 903 ~ to 1177~ and developed oxygen pressures 
up to 1.84 atm. The sixty exper imenta l  ,points were 
correlated as described above and the resul t ing equa- 
tion for z was compared with Eq. [4]. In  terms of 
.~F~ the data for r u n  No. 1 were 100 cal /mole less 
positive at the lowest exper imental  tempera ture  and 
10 cal/mole less negat ive at the highest exper imenta l  
temperature.  When both sets of data were extrapo-  
lated to room temperature,  r u n  No. 1 was only about 
330 cal /mole less positive. Although the earlier ex-  
per iment  general ly yielded slightly higher pressures, 
it was felt that  these small  differences could be 
readily explained in  terms of the improved tempera-  
ture measurement  in  the final experiment .  

Since the completion of the author 's  experiments,  
another  recent  study of reacti.on (B) appeared in  the 
l i terature.  Schmahl and Minzl (7) used a thermo-  
balance to determine when  a small  sample of the 
couple had come to equi l ibr ium with a controlled 
oxygen pressure. They reported the following equa-  
tion, said to describe their 14 data points lying be- 
tween about 10200 and l120~ 

11152 
log Po2 = - - -  ~- 9.726 [ 5 ]  

T 

:f ' 
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Fig. 3. "~ vs. 104/T for the reaction 2PdO(c) ~ 2PdCc) ~ 02(9) 

The data  appeared to have very  li t t le scatter, bu t  no 
quant i ta t ive  measure could be obtained as the indi-  
vidual  equi l ibr ium points were not  reported. In  terms 
of •176 for reaction (B), their  data were found to 
coincide with the author 's  at l120~ and to be about 
170 cal /mole less positive at 1020~ These invest iga-  
tors ment ioned that  their experiments  took a very 
long time, (experiments  No. 1 and No. 2 took over  two 
months) ,  which fact may have been due to s inter ing 
of the Pd content  of their couple. If this were true, it 
is not  surpris ing that  they found somewhat larger 
oxygen pressures than the author. 

With  the exception of one point of Schenck and 
Kurzen  (10) and the sole point  of Korzillius (11), all 
of the older data also lay on the high oxygen pressure 
side of Eq. [4]. The max imum deviat ion from the l ine 
was 500 cal /mole for W.ohler (12), 350 cal /mole for 
Schenck and Kurzen,  and 380 cal /mole for Korzillius. 

The data  of all  five investigators agree ext remely  
well  wi th in  the exper imental  temperature  range. 
However, the results of this invest igat ion are pre-  
ferred for the care taken in  measur ing temperature  
and pressure, the precision of the results over a wide 
range of temperatures,  and  because, in measurements  
of this type, the lowest pressures are probably  the 
most accurate, all ,other things being equal. Equat ion 
[4] will  be used for all subsequent  calculations. 

By combining Eq. [3] and [4] the following five- 
term equat ion for log Po2 was derived 
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11,805 
log Po2 - -  + 6.119 log T - -  2.693 x 10-3T 

T 
- -  0.044 x 10ST - 2 -  5.328._ 0.0063 [6] 

A simple th ree- te rm equation was derived for log 
Pog_ which was valid over the actual exper imental  
range of temperatures.  

14,510 
log Po2 ---- 31.905 - -  6.29 log T [ 7 ]  

T 

Equat ion [7] gives excellent  agreement  with [6] at 
900 ~ 1000 ~ and l l00~ but  differs from the preferred 
values by 0.01 log units  at 800~ and by 0.004 log uni ts  
at 1200~ However, these deviations are comparable 
to the uncer ta in ty  in Eq. [6]. 

Thermodynamic Properties of P d O  

The following expressions for the change in  var i -  
ous thermodynamic  properties accompanying reaction 
(B) were calculated by combining Eq. [2], [3], and 
[4] with the appropriate thermodynamic  relations 

AF~ • 54,025-- 28.0 T log T + 12.32 x 10-3T 2 
+ 0.2 x 10ST -1 -p 24.381 T ~ 200 cal /mole [8] 

AH~ = 54,025 ~- 12.16 T- -  12.32 x 10-3T 2 
-l- 0.4 x 10ST - I  "4- 800 cal/mole [9] 

AS~ = - -  12.221 ~- 28.0 log T- -  24.64 x 10-3T 
+ 0.2 xI05T -2 __ 0.5 eu [i0] 

Equations [11] and [12] give the s tandard free 
energy of formation and the heat of formation of one 
mole of PdO. 

~F~ = --27,013 -I- 14.0 Tlog T- -  6.16 x 10-ST 2 
- -  0.i x 10ST - 1 -  12.190 T ___ I00 cal/mole [Ii] 

AH~ = --27,013 - -  6.08 T + 6.16 x 10-ST 2 
- -  0.2 x 10ST -1 -+- 400 cal /mole [12] 

The heat of formation of PdO at 298.15~ was cal- 
culated to be --28,345 • 400 cal/mole. 

From Eq. [10], hS~ was calculated to be 49.94 
• 0.5 eu. This value was combined with the en-  
tropies of Pd(c)  and O2(g) given by Kel ley (13) to 
de termine  S~ for PdO (c). 

49.94 _ 0.5 = 2[9.06 _ 0.05] -t- 49.01 ___ 0.01 
- -  2S~ [13] 

S~ = 8.60 _ 0.3 eu 

F R E E  E N E R G Y  O F  F O R M A T I O N  O F  P d O  

[14] 

Discussion of Results 
The second-law correlation of the exper imental  

data indicates that PdO has a smal ler  entropy at 
298.15~ than does Pd. This is unusual ,  but  not rare as 
CaO, MgO, and SrO also have reported entropies 
smaller  than  those of the corresponding metal, wi th in  
the precision of the measurements .  
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Kellogg (14) has indicated the value of Cp for PdO 
at 298.15~ seems low compared with the heat capac- 
i ty of comparable compounds. The data in  Table I 
were correlated using a modified expression for the 
heat  capacity of PdO, bu t  the calculated value of 
S~ w a s  even smaller  than that  given in  Eq. [14]. 

From the data given by Coughlin (2) for AF~ and 
-~H~ at 298.15~ it was apparent  that he estimated a 
value of S~ for PdO by Latimer 's  (15) method. 
This estimate, 13.2 eu, could not be used in  a third-  
law correlat ion that  honored the exper imental  points. 
It  was probably for this reason that he assigned such 
a large uncer ta in ty  to AF~ 

It  appears that  a th i rd- law determinat ion of the 
entropy of PdO is needed for clarification of these re-  
sults. 

Summary 
The equi l ibr ium oxygen pressure of the PdO/Pd  

couple in the range 800~176 is given by the ex- 
pression 

14,510 
log Po2 ---- 31.905-- 6.29 log T -  ~ ___ 0.006 

T 

The heat of formation and entropy of PdO at 298.15~ 
were found to be --28,345 _ 400 cal/mole and 8.60 
+ 0.3 eu, respectively. 
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Cation Effects on the Potentials of Zero Charge of 
Gold, Silver, and Mercury Electrodes 

D. D. Bod~, Jr., T. N. Andersen, and H. Eyring 
Rate Processes Institute, University of Utah, Salt Lake City, Utah 

ABSTRACT 

The potentials of zero charge of the mercury, silver, and gold electrodes 
were measured in aqueous salt solutions containing tetra-alkylammonium and 
some other cations. The open-circuit scrape method was used in the case of 
the solid electrodes, and the streaming electrode method was used for mer- 
cury. For mercury the potential of zero charge (pzc) shifts either positive or 
negative with increasing electrolyte concentration, depending on the relative 
adsorbabilities of the cation and anion. In the case of gold and silver the pzc 
is more cathodic in tetra-alkylammonium or cesium salt solutions than in 
solutions containing sodium ions. This difference in trend for mercury from 
the gold or silver electrode, with cation variation, reflects the variance in 
metal-anion vs. me~al-cation interactions on the different metals. 

Adsorbable cations markedly  affect the kinetics of 
electrode processes in a manner  which is not  expl ic-  
able wi thout  a fair ly detai led knowledge of the inner  
double layer  (1, 2). Al though a knowledge  of the 
potential  of zero charge is needed for such studies, 
this re fe rence  point has seldom been direct ly  measured 
in solutions containing adsorbable cations for elec- 
tredes other  than mercury.  

The present  study presents measurements  of the 
pzc on gold and silver electrodes by the "open-ci rcui t  
scrape" method (3) in solutions containing cesium 
and t e t r a -a lky lammonium ions. The above method 
has been tested on gold and si lver  electrodes in simple 
aqueous salt solutions (4) and has also recent ly  p roven  
successful in producing pzc values for solid gal l ium 
(5), which are in good agreement  wi th  the values 
obtained f rom the electrocapi l lary max imum of the 
l iquid meta l  (6). Since the mobili t ies of the te t ra-  
a lky lammonium ions in wate r  are lower than those 
of the common inorganic ions (7) it was feared that  
mass t ransfer  may not be fast enough to insure equi-  
l ibr ium adsorption conditions for the above pzc meas-  
urements.  Therefore,  potentials of a s t reaming mer -  
cury electrode (sme) were  measured in t e t r a -a lky l -  
ammonium iodide solutions and compared with the 
electrocapi l lary maxima avai lable in the l i tera ture  
(8), in order  to test the effectiveness of mass t ransfer  
at the sme. From these results the applicabil i ty of the 
open-ci rcui t  scrape method to these systems could be 
ascertained, based on the s imilar i ty of this method to 
the sine method for obtaining the pzc. Results of the 
above tests lead us to bel ieve that  kinetic complica-  
tions do not seriously in ter fere  with the open-ci rcui t  
scrape experiments ,  nor  wi th  the s t reaming elec-  
trode potentials  over  a major i ty  of the concentra-  
tion ranges studied. 

Experimental Methods 
Streaming mercury electrode.--An ai r - t ight  Py rex  

glass cell  housed the electrolyte.  Into the lid was 
sealed a capi l lary of approximate ly  0.04 mm diam- 
e ter  which was joined to an adjustable me rcu ry  res-  
ervoir. Tr iply  distil led mercury  could then be passed 
f rom the reservoi r  into the solution at control led 
rates. The saturated calomel re ference  ele.ctrode made  
ionic contact, through an agar -sa tura ted  KC1 salt  
bridge, to a side compar tment  of the main  cell. This 
compar tment  contained the solution under  invest iga-  
tion and was separated f rom the main  cell  compar t -  
ment  by means of a closed stopcock. Solutions were  
prepared  f rom salts of reagent  grade and wa te r  which 
was redist i l led f rom a basic permanganate  solution. 

Af te r  cleaning and assembling the cell, the solu- 
tion was admitted, and n i t rogen of 99.996% pur i ty  was 
bubbled for 30 min. The solution was at room temper -  

a ture  (23.5 ~ -t- 1.5~ The potent ia l  of the sme vs. the 
reference  electrode was measured  with  a L&N K-3 po- 
tent iometer  and recorded as Vo vs. the normal  hy-  
drogen electrode using the I .U.P.A.C.-Stockholm sign 
convention. The results of Grahame and co-workers  
(9) with KC1 solutions were  reproduced wi th in  5 mv, 
which was satisfactory agreement  for the present  
work  considering the degree of care taken in pur i fy-  
ing chemicals, mainta in ing  constant  t empera tu re  and 
standardization of re ference  electrodes [besides the 
fact that direct measurements  of the potent ial  of the 
sine were  made, ra ther  than the more  accurate  meth-  
ods used by Grahame et al. (9)].  

The apparatus, materials,  and procedure  for the 
open-circui t  scrape method were  described in a pre-  
vious paper  (4). 

Experimental Results 
The abbreviat ion Me, Et, Pr, Bu wil l  be used for 

the alkyl  part  of the cation, R4N +, where  R is the 
methyl,  ethyl, n-propyl ,  and n-bu ty l  group, respec-  
tively. 

The pzc obtained wi th  the sme in t e t r a -a lky lam-  
monium iodide solutions are compared with  the elec- 
t rocapi l lary maxima of mercu ry  in the same solutions 
(8) in Fig. 1. Considering differences of more  than 
15 mv  as being significant we  see that  the zero charge 
potentials measured by the two methods are  in agree-  
ment  for Me4NI, Et4NI, and Pr4NI from the most dilute 
concentrations studied [0.005, 0.003, and 0.01M, re-  
spectively, by ref. (8)] to concentrat ions of 0.05-0.1M, 
depending on the solution. In more concentrated so- 
lutions it is seen that  the e lectrocapi l lary results level  
out and become more  posit ive whi le  the sme values 
continue to become more  negative.  Al though the pres-  

- 0 3 0  ". 
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Fig. 1. Potential of zero charge, Yo (vs. NHE) vs. concentration 
(moles/liter). Dashed lines ( . . . .  ) electrocapillory maxima (8); 
solid lines this work; chain line (m..--~.__) KI solutions [Gra- 
hame (13)]: (a) Me4Nl, (b) Et4NI, (c) Pr4NI, and (d) Bu4NI. 
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Fig. 2. Potential of zero charge, Vo, vs. concentration, c 
(moles/liter), for streaming mercury electrode in various aqueous 
solutions. 

pzc f rom the two methods for Bu4NI, wi th  increasing 
concentration, does not agree wi th  the trends found 
for the other  solutions and may  indicate that  exper i -  
menta l  errors account for more than 15 mv difference 
be tween  the two methods. 

The potentials of zero charge for the sme in various 
t e t r a -a lky lammonium solutions are shown in Fig. 2 
as a function of concentration. Results shown in Fig. 
1 for the iodides indicate that  the sine in Fig. 2 
should agree closely wi th  the electrocapi l lary m a x -  
imum results at least up to 0.1NI, and even when 
there  is some divergence it  is by no means certain 
which procedure is most  accurate. No results  are avai l -  
able in the l i te ra ture  to compare wi th  values given in 
Fig. 2 for the bromides, chlorides, and hydroxides.  

F rom comparing the sine and electrocapi l lary re -  
sults, one may  safely assume that  mass t ransfer  con- 
siderations can be neglected in the open-ci rcui t  scrape 
exper iments  (in which the solution is in a state of 
rapid movement ) ,  and thus the t ransient  peak poten-  
tial, Vpk , is expected to yield the potent ia l  of zero 
charge. Figures 3 and 4 show peak potentials for sil- 
ver  in chloride solutions containing Na +, Cs +, and 
Et4N + cations. F rom previous pH and anion work  (4) 
we may interpret ,  as the pzc, all the Vpk values in Fig. 
4 and those in the l inear  Vpk VS.  pH region in Fig. 
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Fig. 3. Peak potential, Ypk, (in volts) vs. pH for the silver elec- 
trode in 0.1M solutions: 0 N a C I + ( H C I  or NaOH); [ ]  CsCI + 
(HCI or NaOH). 
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Fig. 4. Peak potential, Ypk (in volts), vs. activity (in moles/liter) 
for the silver electrode: �9 NaCI, 0 Et4NCI. 

ent results do l i t t le  to expla in  the observed differences, 
it can be seen that  slow mass transfer ,  in the case of 
the sme, is not the cause of the differences. If this were  
so, the discrepancies would be consistently present  in 
di lute r a the r  than concentrated solutions. Other  in-  
vestigators have also found that  mass t ransfer  need 
not be considered for t e t r a -a lky lammonium ions at 
modera te  concentrat ions (2). In the concentrated so- 
lutions one might  presume that  the sme measurements  
ou t - run  some process involved  in double layer  forma-  
tion, such as chemibonding of cations to specifically 
adsorbed anions (assuming the e lectrocapi l lary m a x -  
imum values to be correct) .  The convergence of the 
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Fig. 5. Peak potential (in volts) vs. concentration (in moles/liter) 
for the gold electrode: �9 Me4NOH, [ ]  Et4NCI, �9 Me4NCI (--- ,  
NaCI; - - . - - . - - ,  NaOH). 
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Fig. 6. Peak potential (in volts) vs. pH for the gold electrode: 
�9 0.1N Et4NCI -{- (HCI or NaOH), 0 0.1N Me4NCI + (HCI or 
Me4NOH). 
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Fig. 7. Peak potential (in volts) vs. pH for the gold electrode in 
0.1N fluoride ( F - )  and chloride ( C I - )  solutions of Ha + (tri- 
angles), Rb + (circles), and Cs + (squares). 
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3. For pH < 3, the hydrogen evolution reaction 
occurs so rapidly that charge is t ransferred to the 
electrode before the potent ial  is measured. Fig-  
ures 5, 6, and 7 show the Vpk for gold electrodes 
in solutions containing various large cations. In  
these figures all Vpk values are considered to be 
the pzc (4), and the deviations of the Vpk potentials  
from the horizontal at high pH arise from preferent ia l  
adsorption Of hydroxyl  over the chloride or fluoride 
ions (4) in the alkal ine region. 

Discussion 
When there is no electronic charge on the metal  (i.e., 

at the pzc) the change in potential  brought  about by 
the electrolyte is due to several  causes. We write for 
this, -XV, change in potential  

Here _xW is the change in the work funct ion of the 
electron which is added in  charging the electrode with 
the change of the electrolyte. We consider _xW to be 
negligible in  our experiments.  ~Vdi p arises from the 
orientat ion of dipoles at the interface. -XVd~ is the po- 
tent ial  arising from the diffuse double layer, and -~Vads 
is due to the closer approach to the surface of ions 
of one charge over that  of the counter ions. We now 
wri te  

4~qi71 
AVad ~--- ~ i -  [2] 

ei 

Here qi is the surface density of the adsorbed ions, 
i; "~i is the difference in  distance from the electrode 
to an adsorbed ion and its counter  ion (10), i.e., the 
distance between the inner  and outer  Helmholtz layer  
for this pair  of ions; ,i is the effective dielectric con- 
stant for the ith kind of ions. 

If one plots data for various sources (11-13) for 
~Vad against qi either changing concentrat ion or the 
kind of ion at a fixed concentration, near ly  straight 
lines are obtained. This is unders tandable  if -:-tOad is 
the large term in  -XV and if 7i is roughly constant for 
different ions. We accordingly neglect all terms in ~xV 
e x c e p t  -tOad in  our subsequent  discussion. 

When only one ion is adsorbed we therefore wri te  

4~qiTi 
~v = - -  [3] 

e i 

In this case _~V measures the amount of adsorbed ions 
qi providing 7i/,~ is known. The anodic shift, AV, has 
been observed for mercury in sodium sulfate or sul- 
furic acid to which tetra-alkylammonium ions have 
been added (14, 15). It is assumed that the OH- ion 
is only slightly adsorbed on Hg, since the potential 
of zero charge for a 0.1N KOH solution is near to that 
for KF (9), and the KF is known to show negligible 
specific adsorption (Ii). Thus the pzc for Me4NOH 
and Pr4NOH in Fig. 2 should indicate the extent of 
cation adsorption. 

Assuming that a simple competitive adsorption ex- 
ists between anions and cations, the relative positions 
of the pzc in Fig. 2 may be explained assuming that 
the adsorbability decreases in the order I -  > Bu4N + 
> Br- > Et4N + > CI- > Me4N + > OH-. Pr4N + lies 
immediately to the left or right of Br-. A minimum 
or maximum in the pzc vs. log c plot appears for the 
electrocapillary curves in the case of Et4NI and Pr4NI 
(cf. Fig I) and for the streaming electrode in the 
case of Bu4NCl and Bu4NBr (cf. Fig. 2). This indi- 
cates that the sign of the preferentially adsorbed ion 
changes with progressive adsorption. 

When both the cations and anions adsorb as in the 
case of most of the salts in Fig. 2, the interpretation 
of the pzc becomes more complicated, since the po- 
tential shift due to either ion may be compensated by 
that due to the opposite ion. When two ions are com- 
petitively adsorbed we write 

4~q,71 4~q272 
AV = -  ~ [4] 

el eg 

Devanathan and Fernando (8) used their measure-  
ments to estimate the amount  of adsorbed cation and 
anion. Actual ly they could only measure the sums of 
the concentrations in the adsorbed and diffuse layer 
for each ion. They then estimated the amount  of ad- 
sorbed iodide ion. Using this value they calculated 
qad for the cation. In  this way they arrived at stronger 
adsorption of the t e t r a -a lky lammonium than  of the 
iodide ions. This seems inconsistent  with the fact that 
the zero charge potential  of t e t r a -a lky lammonium 
iodides are markedly  negative with respect to KF  for 
which nei ther  ion is adsorbed. This explains the dis- 
crepancy between their order and ours for ion adsorp- 
tion. 

The potentials of zero charge for gold and silver (Fig. 
3-7) show a surpris ing anomaly with respect to mer-  
cury. Thus the pzc for gold and silver shifts nega-  
t ively for t e t r a -a lky lammonium ions over the values 
for the comparat ively small  H +, Li +, or Na + ions. 
Such results require that the negative charge be 
nearer  to the metal  than the positive charge. This re-  
quires that there be some meta l -an ion  interact ion 
which is stronger than the metal -ces ium or te t ra -a l -  
ky lammonium interaction. To unders tand  these re-  
sults we must  suppose that  the preferent ial  adsorp- 
tion of anions is enhanced by large cations. This would 
be explained if ion pairs are adsorbed with the nega-  
tive ion next  to the metal. Analogous "bridges" have 
been discussed by F r u m k i n  (1). If the adsorbed ion 
pairs decrease the dielectric constants in Eq. [4], we 
see that -%V will  be enhanced in such cases. With mer-  
cury there is no evidence of preferent ia l  or ientat ion 
of the negative end of such ion pairs as may exist 
toward the metal. Selective or ientat ion of ion pairs 
depending on the metal  is consistent with the known 
differences in tendencies to form coordination com- 
pounds as exemplified by the difference of gold and 
mercury  in complexing with the cyanide ion. 

The enhancement  of anion adsorption by te t ra -a l -  
ky lammonium ions is an already famil iar  phenomenon 
in certain kinetic processes (1, 17). The formation 
of meta l -an ion-ca t ion  bridges has also been invoked 
in explaining corrosion inhibi t ion by organic cations 
(17) and in a variety of other reaction rates (1). 
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Technical Note @ 
The Anodic Oxidation of Yttrium Thin Films 

J. R. Rairden 

General Electric Company, Research and Development Center, Schenectady, New York 

As part  of a study of the propert ies  of vacuum de-  
posited thin films of yt t r ium, it has been observed 
that  these films can be anodized to form thin, ap- 
parent ly  dense, oxide films on the surface. 

The y t t r ium was deposited onto 1 x 3 in. microscope 
slides f rom a water-cooled,  e lec t ron-beam heated  
source using equipment  that  has been described p re -  
viously (1). The evaporat ion source was a 100g ingot 
of 99.9% y t t r ium meta l  heated wi th  a beam power  
of 250 ma at 14 kv. Pr ior  to deposition, the slides 
located 10 in. f rom the  source, were  heated to about  
300~ then the y t t r ium was deposited in a vacuum 
of 1 x 10 -5 mm Hg at a ra te  of approximate ly  30-40 
A/sec.  X - r a y  diffraction analyses indicated that  only 
ve ry  fine grained e lementa l  y t t r ium is deposited with  
a slight amount  of p re fe r red  orientat ion of (001)- 
type reflections. 

During evaporation,  the y t t r ium was deposited 
through a stencil  mask  so that  the film coated an area  
1.8 x 7.0 cm on the glass. 

Electroplaters  masking tape was used to define a 
film area on the slide approximate ly  1.8 x 4.5 cm, and 
this area of the film was completely  immersed  in the 
solution dur ing anodization. 

Severa l  anodizing solutions were  tr ied;  the best one 
found, based on low- leakage  cur ren t  and high scin- 
t i l lat ion voltage, was a solution consisting of: 156g 
ammonium pentaborate,  1124g e thylene glycol, and 
720 ml water. 

i i i t t t t 

3O 

2O 
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0 50 I00 150 200 250 300 350 

El~otts} 

Fig. 1. Reciprocal capacitance vs. voltage for yttrium oxide films 

A pla t inum foil cathode was used for all exper i -  
ments. Using a constant voltage power  supply, the 
anodic vol tage was increased manual ly  at a rate  so 
that  the cur ren t  density was about  5-8 m a / c m  2. When 
the te rminal  vol tage was reached, the current  was al-  
lowed to decrease to, typically, 10-20 ;~a. For  instance, 
using these conditions, i t  took about 1 rain to anodize 
to 300v and about 3 rain at vol tage for the current  to 
decrease to the min imum value.  

The oxide films formed showed strong in terference 
colors similar  to those observed when  tanta lum or nio-  
bium is anodized. X - r a y  diffractometer  traces taken 
of anodized films yielded pat terns characterist ic of 
y t t r ium;  the oxide being too thin and /o r  of too small  
part icle  size to yield a pattern.  Electron diffraction 
pat terns  showed three broad, diffuse halos at "d"  
values of 3.07, 1.98, and 1.16A. These diffraction data 
indicate that the surface oxide is "amorphous"  or of 
ve ry  small  part icle  size which is similar  to the s truc-  
ture of the anodic oxide formed on tantalum. 

Capacitance values for the oxide films were  meas-  
ured at 1 kc in the anodizing e lect rolyte  using a Gen-  
eral  Radio Company Type 650-A bridge. The recip-  
rocal  capacitance vs. voltage is shown in Fig. 1. It  is 
interest ing to note that  this curve appears to have two 
l inear regions; one f rom 0 to about 50v, and another  
above 50v. Scint i l lat ion occurs in the region of 375- 
400v. No quant i ta t ive  measurements  of capacitance 
reproducibi l i ty  were  made;  however ,  it was observed 
that  films anodized to a given voltage show identical  
in terference colors. 

Samples of several  different thicknesses of y t t r ium 
were  deposited; then the meta l  film was completely 
conver ted to oxide by anodization. These exper iments  
indicate that  for anodization above 50v, the "oxide 
build" is (14.8 A / v  4- 300A) _+ 0.5 A/v.  By calcula- 
tion, the dielectr ic  constant of the anodic y t t r ium ox-  
ide is 16.5 -+- 0.5. By comparing the thickness of the 
oxide to the thickness of the or iginal  y t t r ium film, it  
was de termined  that  the vo lume  ratio of oxide to 
meta l  is 1.36 __ 0.03 for the films examined.  All  film 
thickness measurements  were  made using a Sloan 
Ins t rument  Corporat ion Model  M-100 Angstrometer .  
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Calcium Fluor- and Chlorapatite Crystals 
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ABSTRACT 

Stoichiometric crystals of Cas(PO4)sF and Cas(PO4)3C1 were grown by 
slowly cooling solutions of the polycrystal l ine apatites in fused CaCI2 or CaF~. 
While fluorapatite is hexagonal, optical and x - ray  observations indicate that  
Cas(PO4)3C1 has a monoclinic P21/b space group. All  crystals of this com- 
pound are highly twinned.  At about  200~ a t ransi t ion to a hexagonal  phase 
( P 6 J m )  occurs. Loss of CaCI., from the crystals leads to a stabilization of 
the hexagonal  phase whereas at low concentrat ions F ion impuri t ies  have the 
opposite effect. Some previous observations on the luminescence of 
Cas(PO4)3-x(MnO4)xC1 can now be understood in terms of the lower sym- 
met ry  structure. 

The calcium apatites [Cas(PO4)sX; X = F, C1, OH] 
form an impor tant  class of na tu ra l  and synthetic com- 
pounds. Fluorapat i te  is the major  ore of phosphor- 
ous, hydroxyapat i te  makes up the minera l  port ion of 
bones and teeth in  all  animals, and the mixed fluor- 
chlorapatites constitute the base for the major  phos- 
phor component in  fluorescent lamps. Structural ,  op- 
tical, and other significant properties of these com- 
pounds can best be determined and studied using sin- 
gle crystals of good quality. The first part  of this 
paper describes the solution growth methods used 
for obtaining fair ly large, stoichiometric crystals of 
both fluor- and  chlorapatite. Recently Young and E1- 
liott (1) in  some pre l iminary  experiments  have found 
it possible, by heat ing in steam, to convert  the crys- 
tals of chlorapatite grown by us from solution (but  
not na tura l  minera l  chlorapatite) into single crystals 
of hydroxyapati te.  These contained only 6% of the 
original  C1. Thus for the first time, large crystals of 
this biologically impor tant  mater ia l  may become 
available for study. The fluorapatite crystals grown 
from solution have been used in optical and EPR 
studies of color center formation on x - r ay  i r radiat ion 
(2). 

In  the latter part  of this paper some optical and 
crystallographic properties of the solution grown 
crystals are described. In  part icular  the availabil i ty 
of chlorapati te of sufficiently high pur i ty  and good 
stoichiometry has revealed that at room temperature  
the s t ructure  is monoclinic, not  hexagonal  as pre-  
viously reported (3). P re l iminary  x - ray  diffraction 
studies on these crystals have already been reported 
by Young and Elliott (1). We describe here some op- 
tical studies on the twinn ing  and birefr ingence of 
chIorapatite which reveal  its lower symmetry.  The 
observation of a t ransi t ion at about  200~ from a 
monoclinic to hexagonal  form is described, and the 
effects of stoichiometry and fluoride content  on the 
t ransi t ion tempera ture  are discussed. Even though 
the present  evidence therefore clearly indicates that 
stoichiometric, pure, Ca~(PO4)3CI does not  have a 
true apatite s t ructure  at room temperature,  we shall 
for convenience refer to this compound as calcium 
chlorapatite in  this paper. 

Solution Growth of Apatite Crystals 
Single crystals of fluorapatite have been grown 

previously by the Kyropoulus method, but  stoichio- 
metric chlorapatite could not  be grown by this method 
due to the rapid loss of CaC12 by vaporization at the 
high temperatures  required for fusion (ca. 1650~ 
(4, 5). No chemical analysis was reported for the 
fluorapatite crystals, but  these too may  be off stoi- 
chiometry for the same reason. Fur thermore ,  crystals 
grown from the melt  at such high temperatures  tend 
to be severely strained due to the large tempera ture  
gradients present  dur ing growth. In  contrast, crystal 
growth from solution takes place at much lower tem- 
peratures under  almost isothermal conditions. 

In the methods to be described below, the for- 
mat ion of apatites that are halide deficient is averted 
through the use of CaF2 or CaC12 as the solvents. 
These solvents provide a hal ide-r ich sur round for the 
growing crystals. 

The phase diagrams of the pseudobinary systems 
C aF2-Cas(PO4)3F (calcium fluorapatite) and CaC12- 
Cas(PO4)3C1 (calcium chlorapatite) were determined 
by Nacken (6), and his results are reproduced in Fig. 
1. In  the fluoride system there is a simple eutectic 
at 1205~ In  the chloride system there is one in ter-  
mediate solid phase. Besides chlorapatite, Ca5 (PO4)3C1, 
there exists the incongruent ly  mel t ing compound 
Ca2PO4C1 corresponding to the minera l  spodiosite. The 
eutectic temperature  is 770~ and  the incongruent  
mel t ing point  occurs at 1040~ In  growing chlorapa- 
tite crystals from a CaC12 solution, therefore, growth 
must  take place above 1040~ It is not of course pos- 
sible to grow Ca2PO4CI from a melt  of the same com- 
position, but  ra ther  large (0.4 cm) wel l - formed crys- 
tals of this mater ia l  have been obtained from solu- 
tions of Cas(PO4)~C1 in CaC12 at tempera tures  below 
1040~ (7). 

The solutions, from which crystals of the apatites 
were grown, were made up by fusing mixtures  of 
microcrystal l ine Cas(PO4)~F 1 or Cas(PO4)3CI 1 and 
either CaF2 of CaC12. The CaF2 used consisted of small  

1 The  a p a t i t e s  w e r e  m a d e  b y  solid phase  react ions  a n d  k i n d l y  
suppl ied by  the  Chemica l  Products  P l a n t  of  the  G e n e r a l  Electric  
Company,  C l e v e l a n d ,  Ohio .  
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Fig. 1. Phase diagrams of the pseudobinary systems CaF2-Ca3 
(P04)2 (top) and CQCIz-Caz(P04)2 (bottom) (6). 

crystal l ine chips obtained from the Harshaw Chemical 
Company. The CaC12 was prepared by dehydrat ing 
AR CaC12 �9 2H20 in  a s t ream of anhydrous  HC1 at 
500~ Typical  compositions of the mixtures  suitable 
for crystal growth are given in Table I. 

The mixtures  were contained in I00 ml  p la t inum 
crucibles having a % in. lip around the top. For the 
chlora, patite, the crucibles were t ightly covered by 
cr imping 20 mil  P t  foil around the lip and placed in  
the central,  isothermal region of a wire wound fur-  
nace. For the fluorapatite, it was necessary to use the 
a r rangement  shown in  Fig. 2. Whereas chlorapatite 
crystals could be separated very easily from the CaC12 
mat r ix  by Ieaching wi th  hot water, fiuorapatite crys- 
tals could not  be separated from the solidified CaF2. 
I t  was therefore necessary to effect a separation of 
the l iquid and solid crystal l ine phases at a tempera-  
ture  above the 1205~ eutectic. The h igh- tempera ture  
separat ion was accomplished by inver t ing  the fu r -  
nace for several  hours at the end of the crystal  grow- 
ing r u n  ( tempera ture  about 1220~ The l iquid phase 
passed through the Pt  gauze which re ta ined the fluo- 
rapat i te  crystals. After  cooling to room temperature,  

Table I. Typical compositions used for growth of apatites from 
solution in fused salts 

Temp of 
W t  Wt. apa-  Liquidus  growth,  

Compound hal ide,  g tite, g temp, ~ ~ 

Ca~(PO4)aF 45.0 55.0 1325 1375-1220 

Ca5 (POt) 8Cl 60.0 23.5 1230 1280-1060 

Fig. 2. Furnace and crucible used to grow crystals of Ca~ 
(PO4)sF from fused CaF2 solutions. 

the crystals could be washed free of any adher ing 
CaF2 by boiling in an aqueous 20% solution of 
AI(NOs)s �9 9H20. 

Crystal  growth runs  were carried out as follows. 
The mix ture  of apatite powder and halide was soaked 
at temperatures  some 50~ above the l iquidus tem- 
pera ture  for 10 to 20 hr  in  order to insure complete 
solution and  then cooled at l inear  rates of 2-4~ 
Uniform cooling rates and precise tempera ture  con- 
trol (bet ter  than •176 could be at ta ined by dr iv-  
ing the set-point  potent iometer  of a L&N Precision 
Set Point  C.A.T. control ler  wi th  a synchronous motor  
and suitable gear train. Dur ing  cooling, when  the 
tempera ture  of the melt  dropped below the l iquidus 
temperature,  crystallites of the apatites spontaneously 
nucleated in  the mel t  or on the walls of the Pt  cru-  
cible. Many crystals grew unde r  these conditions, 
usually resul t ing in  a large n u m b e r  of small  crystals 
in addition to some larger ones. In  the growth of 
fluorapatite, we cycled the tempera ture  several  times 
up and down some 20~ below the l iquidus tem- 
perature.  In  this way the smallest  of crystalli tes were 
redissolved leaving a fewer number  of the larger crys- 
tallites which then acted as a s ink for fur ther  growth. 
We were a,ble to obtain many  large crystals of fluor- 
apatite (Fig. 3). The largest chlorapatite crystals 
obtained were 3-4 mm. The apatite crystals gener-  
ally grew in the form of hexagonal  prisms bounded 
by the faces of the {1010} form. In  many  cases inclu-  
sions of the flux in  th in  rods paral lel  to the hexagonal  
axis were  seen by microscopic examination,  but  it was 
always possible to find a large number  of flux free 
crystals. The chlorapatites cleaved ext remely  easily 
perpendicular  to the hexagonal  axis, bu t  no easy 
cleavage was observed in  the fluorapatite crystals. 

A number  of mixed fluor- and chlorapati te crystals 
were grown by the use of mixtures  of CaF2 and CaC12 
as the solvent and Ca5 (PO4)3C1 powder as the source of 
apatite. In  Table II we list the composition of the 
charges and the atomic ratio, F / (C1 + F) ,  in  the 
charge as well  as in  the crystals. No a t tempt  was made 
to determine the uni formi ty  of the composition among 
the m a n y  crystals grown or wi th in  a single crystal. 

It  can be seen that  the crystals are r icher in  F 
than the melt  from which they grow. The ratio of the 
atomic fraction of F in  the crystals to that in  the 
charge is 2.0 • 0.5 from the data shown in  Table II. 
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Fig. 3. Some fluorapatite crystals grown from fused CaF2 solu- 
tions by slow cooling. The three transparent crystals have been cut 
and polished on the 1010 faces. The scale is in centimeters. 

Properties of the Apatite Crystals 
Samples of both fluor- and chlorapatite crystals were 

analyzed for Ca, PO4, and halide and the results are 
given in Table III. 2 

Since the accuracy of the chemical analyses was 
probably of the order of 0.1 w/o, the results given in 
Table II indicate that the apatite crystals were very  
near  the stoichiometric composition. 

The optical absorption of thin polished slabs of 
apatite crystals was measured at room temperature.  
A Cary Model 14 spectrophotometer was used down 
to 2000A and a 1M normal  incidence grating vacuum 
monochromator  (8) was used for measurements  at 
shorter wavelengths.  The absorption coefficients of 
fluor- and chlorapatite are given in Fig. 4 and 5. 
Fluorapat i te  has essentially no strong absorption down 
to 1600A (7.75 ev).  The onset of strong absorption 
at this wavelength  is probably intr insic  in origin [see 
also ref. (4)].  By way of comparison, fluorapatite 
crystals grown from the melt  have a strong absorption 
band (200 cm -1) peaking at 1900A (4). This band 
is not intrinsic,  but  is due either to impurit ies or to 
a departure  from stoichiometry for the me l t -g rown  
crystals since the absorption coefficient in this region 

+" The  ana ly se s  we re  p e r f o r m e d  b y  the  Q u a l i t y  Con t ro l  and  Tes t -  
i ng  L a b o r a t o r y  of  t he  C h e m i c a l  P r o d u c t s  P l a n t ,  G e n e r a l  E lec t r i c  
C o m p a n y ,  C l e v e l a n d ,  Ohio.  

Table II. Composition of charges and the F/(CI ~ F) atomic ratios 
in crystals of mixed fluor- and chlorapatite 

Wt. 
Ca5(PODsCI, Wt.  CaC]2, Wt.  CAP2, F / (C1  + F) F / (C1  + F) 

g g g i n  cha rge  in  c rys t a l s  

11.7 29.7 0.3 0.014 0.03 
11.7 28.5 1.5 0.067 0.09 
11.7 27.9 2.1 0.093 0.16 
11.7 27.0 3.0 0.13 0.36 

Table III. Analysis of fluor- and chlorapatite 

W t  % h a l o g e n  W t  % Ca W t  % PO4 
F o u n d  Calc. F o u n d  Cale. F o u n d  Calc. 

Cas(POD ~F(") 3.73 3.77 39.7 39.7 56.5 56.5 

Ca5 (PO&) aC] (b) 6.72 6.81 38.5 38.5 54.2 54.7 

(") I t  was  necessa ry  to cor rec t  a n a l y t i c a l  r e su l t s  for  0.17 w t  % 
occ luded  CaF2 s o l v e n t  w h i c h  cou ld  no t  be  r e m o v e d  b y  w a s h i n g  the  
p o w d e r e d  cha rge  w i t h  a h o t  c o n c e n t r a t e d  AI(NO~)3 so lu t ion .  

(b) A n a l y t i c a l  s a m p l e  a n a l y z e d  for  1.5% Ca2P207 as a s epa ra t e  
phase .  Th i s  again  m a y  h a v e  been  an  occ luded  phase .  
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Fig. 4. Optical absorption of a Cas(PO4)3F single crystal grown 
from solution. 
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Fig. 5. Optical absorption of a Cas(P04)sCI single crystal grown 
from solution. 

for the solution grown crystals is only about  30 cm -1. 
Strong optical absorption in  chtorapatite also starts 
at about  1600A, and again this probably represents 
an intr insic edge. Solut ion-grown chlorapatite crys- 
tals have an absorption band (65 cm -1) at 2000A. 
It is again probably not  intr insic  and has also been 
seen as a very strong optical absorption in  diffuse 
reflectance spectra of chlorapatite powders (4). The 
origin of these impur i ty  or defect absorption bands is 
being investigated. 

Lattice constants of both fluor- and chlorapati te 
were obtained from single crystal  c-axis rotat ion pho- 
tographs. Based on a hexagonal  un i t  cell (see, how- 
ever, the next  section) the measured lattice constants 
are given in  Table IV and compared wi th  previous 
determinations.  The agreement  of our results on single 
crystals wi th  previous values determined using poly-  
crystall ine mater ia l  is seen to be very  good. 

Microscopic examinat ion  under  crossed polaroids 
using a quartz wedge showed fluorapatite to be un i -  
axial negative. For  white light, the difference between 
the two principal  refractive indices (n~ - -  n+) was 
found to be 0.0019. The space group of fluorapatite as 
determined from x - ray  precession photographs was 
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Table IV. Lattice constants of fluor- and chlorapatite 

ao, A. co, A R e f .  

C a s ( P O D a F  9.364 -4- O.OOl 6.89 -~ 0,05 O u r  v a l u e  
9.364 -4- 0.005 6.879 -4- 0.005 (9) 

Cas(PO4)sC/  9 .640 -4 -  0.001 6.73 "+" 0.05 O u r  v a l u e  
9.634 ~ 0.005 6.783 -4- 0.005 (1) 

hexagonal  P 6 J m ,  and the intensit ies of the various 
observed reflections were in agreement  with those of 
previous studies of na tu ra l  and synthetic fluorapatite. 
In  contrast  to fluorapatite, sections of solut ion grown 
chlorapatite crystals cut perpendicular  to the ap- 
parent  hexagonal  c-axis appeared very weakly bire-  
f r ingent  under  crossed polaroids. The difference be- 
tween the two principal  refractive indices in this 
plane, n~ --  n~, was found to be about 0.0002. Calcium 
chlorapati te is biaxial, and the true symmet ry  must  
therefore be lower than hexagonal. Young and E1- 
liott (1) have already found from x - r ay  diffraction 
studies on some of these crystals that the true sym- 
met ry  of chlorapatite was monoclinic P21/b, the mono-  
clinic un i t  cell arising from a doubling of one of the 
a axes of a hexagonal  cell. We were able to confirm 
their  observations using x - r ay  precision camera tech- 
niques. The strong reflections indicated a hexagonal  
lattice. However, along one direction of the reciprocal 
lattice (which we take as b*) weak reflections were 
found ha l f -way between the main  reflections, thus 
indicat ing a doubled b-axis.  The absence of odd k-  
indices in hko reflections and of odd 1-indices in  001 
reflections l imit  the space group to monoclinic P21/b. 
For monoclinic Cas(PO4)3CI, Fig. 6 shows the rela-  
tionship between t,he un i t  cell directions a, b, and c 
and  the directions of the pr incipal  refract ive indices 
(i.e., the or ientat ion of the indicatr ix) .  

All  crystals of chlorapatite when  examined under  
crossed polaroids were found to be mul t ip ly  twinned.  
In  Fig. 7a, b, and c are shown microphotographs of 
a thin crystal slab cut perpendicular  to the c-axis 
( taken as the unique  axis of the monoclinic cell to 
coincide with the pseudo-hexagonal  c-axis)  as seen by 
t ransmit ted light be tween crossed polaroids. The crys- 
tal was rotated 120 ~ between each photograph. This 
crystal (as well as all  other crystals examined)  con- 
sists of three  in te rpene t ra t ing  twins each having a 
common c-axis but  oriented 120 ~ to each other in the 
a-b  plane. The 1200 angle between the a and b axe~ 
and the fact that  bo = 2ao results in  the growth of 
mimetic  %wins having  apparent  hexagonal  symmetry.  
The twinn ing  planes are 120 and 120 and Fig. 8 shows 
the relat ionship be tween adjacent  twins and the ob- 
served twinn ing  planes. 

Phase Transition in Chlorapatite 
A large n u m b e r  of crystals of Ca5 (PO4)3C1, cut per -  

pendicular  to the c-axis, were observed between 

19.280A b 

9.640 A a 

Fig. 6. Orientation of the inclicutrix with respect to the unit Cell 
in monoclinic Cas(P04)sCI. 

Fig. 7a, b, c (left, center, right). Microphotographs of a Co5(P04)~ 
CI crystal slab cut perpendicular to the c-axis (pseudohexagonal 
axis) and viewed through crossed polaroids. In each successive 
picture, the crystal is rotated 120 ~ . The long dimension of the 
crystal was 4 ram. 
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Fig. 8. Orientation of adjacent twins in Ca~(P04)~CI and the 
observed twinning planes. The two other adjacent sets of twins ore 
obtained by two 120 ~ rotations. 

crossed polaroids while being heated on a microscope 
hot stage. At temperatures  vary ing  between 185 ~ to 
210 ~ for different crysCals, the birefr ingence disap- 
peared, the crystals becoming optically iso~ropic in 
this plane but  not in a perpendicular  plane. Because of 
the low birefr ingence of monoclinic apatite, observa-  
tions were greatly aided by the use of a gypsum uni t  
re tardat ion plate. Below ~he transi t ion temperature,  
at a suitable orientat ion of the crystal, the three twins 
show up as second order br ight  blue, first order 
br ight  orange and red-violet ,  whereas above the t r an-  
sition temperature,  the entire crystal appears red-  
violet. The t ransi t ion was found to be a perfect ly re-  
versible one. With each tempera ture  cycle, however,  
the twinning  pat terns in  m a n y  areas of the crystals 
changed drastically. For example, Fig. 9 shows the 
same crystal and orientat ion as in  Fig. 7a, after one 
temperature  cycle through the t ransi t ion point. The 
change in the twinn ing  pat tern  is obvious from the 
photograph. This t ransi t ion was also studied by x - ray  
diffraction. Below the t ransi t ion temperature,  as al-  
ready described, the space group is monoclinic P21/b, 
but  above the t ransi t ion tempera ture  the observed re -  
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Table VI. Monoclinic-to-hexogonol transition temperatures of 
Cas(P04)3 (F,CI) crystals 

Atomic ratio, Transition 
F/(C1 + F) temperatttre, ~ 

Fig. 9. Same crystal and orientation as one in Fig. 7a after one 
temperature cycle through the phase transition point. 

flections are consistent wi th  the hexagonal  space group 
P 6 J m .  The only obvious changes in the x - r ay  diffrac- 
tion pa t te rn  as one goes through the transit ion is the 
disappearance of ~he odd k reflections in hkl  (i v~ 0) 
resul t ing f rom the doubling of the hexagonal  cell. 

The real  differences in the transi t ion tempera ture  
observed in different crystals suggested that  e i ther  
deviations from stoichiometry,  impurit ies,  or both 
could effect this transition. To study the effect of stoi- 
chiometric  deviat ions we heated chlorapat i te  crystals 
in vacuum at various tempera tures  and for various 
lengths of time. The results on two typical crystals 
are summarized in Table V. X - r a y  diffraction pat-  
terns taken of these heated crystals af ter  they had 
become optically iso~ropic in the a-b plane again 
showed that  their  symmet ry  was hexagonal  P63/m 
with an apatite structure.  We at t r ibuted the cont inu-  
ous lower ing of the t ransi t ion t empera tu re  and the 
final stabilization of the hexagonal  form to a loss of 
CaC12 f rom the s t ructure  since it has been shown that  
there is a loss of CaC12 when  chlorapat i te  powders  are 
heated at tempera tures  of 900~176 (10). Fu r the r -  
more, we were  able to res tore  the monoclinic form by 
reheat ing  the hexagonal  crystals in CaC12 vapor  at 
9O0~ for about 15 hr. Microscopic examinat ion  re -  
vealed that  these crystals were  now ex t remely  highly 
twinned on a microscopic scale. These results on the 
effect of s toichiometry explain why  Cas(PO4)3C1 
grown f rom the mel t  at about  1650~ are optically 
uniaxia l  (5). 

Table V. Effect of heating chlorapatite in vacuum on the 
transition temperature 

H e a t i n g  tern- Transition 
p e r a t u r e ,  ~ Time, hr temperature, ~ 

Crys ta l  I 
A s  g r o w n  - -  202 

703 15 202 
792 15 193 
814  15 174 
834 15 Opt i ca l l y  i so t rop ic  

d o w n  to 6 ~  
Crys ta l  II 

A s  g r o w n  -- 198 
800 40  170 
800 50 161 
800 60 155 
800 70 143 
800 85 Opt ica l ly  i so trop ic  

d o w n  to 6 ~  

O.0 200  
0.03 223  
0.09 315 
0.16 310  
0.36 Opt i ca l l y  i so trop ic  

d o w n  to 6 ~  

Natural mineral chlorapatite is also apparently al- 
ways optically uniaxial. Since mineral chlorapatite 
always appears to contain considerable amounts of 
F(11), we also studied the effect of the F content in 
chlorapatite on the transition temperature. The com- 
position of the crys'tals of Cas(PO4)3(F, CI) used are 
given in Table II. In Table VI are listed the observed 
monoclinic-to-hexagonal transition temperatures as 
measured optically. It is quite apparent from the re- 
sults on Table VI tha~ small amounts of F in Vhe 
chlorapatite lattice tend to stabilize the monoclinic 
form, but that somewhere between an atomic ratio of 
F/(CI -{- F) of 0.16-0.36, the hexagonal form becomes 
the stable one. Presumably other impurities can act 
in a similar manner in stabilizing the hexagonal form 
of chlorapatite when present in sufficient concentra- 
tions. Young and Elliott (1) for example state that 
OH groups replacing CI stabilize the hexagonal form. 

Discussion 
The s t ructure  of Ca5(PO4)3F (~hexagonal space 

group P63/m) has been invest igated many  times (1, 
3, 12). In the fluorapati te s t ructure  the two F -  ions 
per uni t  cell lie in the twofold positions (a) at 001/4 
and 003A. They are thus located in columns paral le l  to 
the hexagonal  c-axis;  each F -  ion lying on the mi r -  
ror planes at z = V4 and 3A and in the center  of a 
Ca 2+ triangle. All  six PO4 te t rahedra  per unit  cell are 
crystal lographical ly equivalent .  

The location of the F -  ions and the surrounding 
Ca 2+ ions are s,hown in Fig. 10a. Previous x - r a y  dif-  
fraction studies of chlorapat i te  have indicated that  
its space group symmet ry  was the same as that  of 
fluorapatite (3). Because of the larger  size of the C1- 
ions, however ,  it seemed most  probable that  they were  
in the twofold positions (a) at 000 and 00%, ha l fway 
between the mir ror  planes. However ,  as we have 
pointed out, x - r ay  diffraction and optical studies on 
single crystals of stoichiometric Ca5(PO4)3C1 have 
shown that  the t rue symmet ry  at t empera tures  below 
200~ is monoclinic P21/b. The monoclinic unit  cell 
can be der ived f rom a hexagonal  cell by doubling one 
of the hexagonal  a axes. In this lower symmet ry  struc- 
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Fig. lOa. Positions of the F -  ions and surroundin 9 (3a 2+ ions 
projected on on a-c plane in the fluoropafite structure; Fig. lOb, 
possible positions of the C I -  ions projected on the b-e plane in the 
moneclinic form of the Ca5(P04)3CI structure. The ionic sizes are 
drawn 1,/2 scale for clarity. 
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ture all the atoms most probably lie on fhe fourfold 
general  positions (e). As a consequence of this, the 
twelve P atoms per uni t  monoclinic cell wi l l  lie on 
three crystal lographical ly  inequiva len t  sets of posi- 
tions (e) .  By a suitable choice of parameters ,  the 
general  equiva len t  position of the P21/b space group 
can be made close to or even the same as those of 
P 6 J m .  The s imilar i ty  in the strong reflections of 
Ca~(PO4)~C1 above and below the monocl in ic -hex-  
agonal t ransi t ion indicates that the atomic positions 
in the monocl inic  and hexagonal  forms of chlorapat i te  
are indeed not very  different. Hence the term pseudo- 
hexagonal  symmet ry  used to describe the l ow- t emper -  
a ture  form. That  there  are, however ,  sl ight but meas-  
urable differences in the surroundings of the three  sets 
of P atoms is shown by the fluorescence studies in fluor- 
and chlorapati tes and spodiosite (Ca2PO4C1) doped with  
small  amounts of MnO4 -3 (7). The MnO4 -3 ion substi-  
tutes for the PO4 -3 ion in these materials.  At  78~ in 
fluorapatite and spodiosite a strong, sharp fluorescent 
emission line is observed at 8640 and 8410 cm -1, r e -  
spectively. In chlorapat i te  three lines, of about equal  
intensi ty and separated by 5 cm -~, are observed near  
8600 c m - L  These lines are due to electronic t ransi-  
tions be tween the exci ted 1E and ground 3A2 states 
of the e 2 configuration of the te t rahedral  MnO4 -3 ion. 
Crystal  field splittings of the ~E ~tate due to deviat ions 
from perfect  Wd symmet ry  are also observed and 
vary  f rom about 110 cm - t  in fluorapati te and 166 
c m - '  in chlorapati te  to 293 cm -1 in spodiosite. The 
origin of the 5 cm -~ split t ing of the fluorescent line 
ou~crved only in ehlorapat i te  was a t t r ibu ted  to a 
splitt ing of the threefold spin degenerate  aA2 state. It 
was not understood why  a similar  spli t t ing was not ob- 
served in f luorapati te or spodiosite. In view of the 
s t ructural  considerations discussed above, i t  seems 
most probable now that the three closely spaced 
equally intense lines observed in chlorapat i te  are in 
fact  due to the presence of equal  numbers  of Mn 5+ 
on the three different sets of P positions. The  small  
value of the  spli t t ing indicates again that  the three  
sets of P positions are s t ructura l ly  not ve ry  different 
f rom each other. Incidental ly,  the much larger  crys-  
tal field split t ing (arising f rom deviations f rom Td 
symmet ry  ment ioned above) in spodiosite as compared 
to the apatites is also reflected in the large distort ion 
of the PO4 te t rahedra  found f rom x - r a y  diffraction 
studies of Ca2PO4C1 (13). 

At  tempera tures  near  200~ we have  found that  
monoclinic Ca~(PO~)3C1 undergoes a revers ib le  t ran-  
sition, to a hexagonal  form and that  the x - r a y  dif- 
fract ion pat terns  of the h igh- t empera tu re  form are 
consistent with the hexagonal  space group P 6 J m  and 
an apatite structure.  Young and Ell iot t  (1) have  
suggested ~hat the lower  symmet ry  of chlorapat i te  
compared to f luorapati te arises p r imar i ly  f rom the 
positions of the halide ions. They indicated that  the 
four  C1- ions per  unit  monoclinic cell could lie on 
the fourfold (e) positions (with x = 0 and y ---- J/a 
and the origin on the twofold screw axis) 00z; 0, �89 
0,0, � 8 9  0, 1/2--z of the P21/b space group. F rom 
considerations of ionic size and typical  Ca-C1 bond 
distances they fu r ther  suggest a possible value  of 
0.413 for the z parameter .  The effect of moving the 
C1- ions away from positions ha l fway be tween  the 
mi r ro r  planes of the apati te s t ructure  (z ---- 0, �89 is to 
lower  the symmet ry  to P21/b and to replace the mi r -  
ror planes by b glide planes. These proposed geo- 
metr ica l  features  of the monoclinic s t ructure  are i l lus- 
t rated in Fig. 10b. Considering only the C1- ions, the 
observed monocl in ic- to-hexagonal  transit ion can oc- 
cur in two ways. Above  the transi t ion t empera tu re  
the C1- ions may  be shifted to mean  positions at z ----- 
0 and 1,2, thus raising the symmet ry  to hexagonal.  
These shifts would be accompanied of course by cor- 
responding small  displacements of the other  atoms 
to positions consistent with the hexagonal  space group. 
On the other  hand, the higher  symmet ry  above the 
t ransi t ion t empera tu re  can be achieved by a statistical 

disordering, wi th in  each column of C1- ions, of the 
sign of the z parameter .  We have  no exper imenta l  
evidence as to which mechanism operates in the r e -  
versible transit ion at about 200"C. We do, however ,  
have evidence that  the hexagonal  off-stoichiometric 
chlorapat i te  which results f rom the loss of CaC12 
when  Ca~(PO4)aC1 is heated in vacuum is a disordered 
phase. We have measured the fluorescence spectrum of 
MnO4 -a ions in this hexagonal  phase, and find that  
at 6~ the three  closely spaced l ines are stil l  observed 
but much broadened when compared to those in the 
monoclinic form. At  77~ only one broad line was 
observed. We may conclude therefore  that  there  exist 
small  coherent  regions (containing a small number  of 
uni t  cells) with the monoclinic s t ructure  having the 
three inequivalent  P sites. Be tween  neighboring re-  
gions, however ,  there  is no s t ructura l  coherence. If the 
s t ructura l ly  coherent  regions are small  enough, the 
symmet ry  would appear to be hexagonal  as far  as 
the bi refr ingence or x - r a y  diffraction effects are  con- 
cerned. The line broadening may be due to lattice 
strains introduced by the disordering. This type of 
disordering as wel l  as the stabilization of the hex-  
agonal s t ructure  by C1 vacancies can be made plaus-  
ible when  w e  consider again the suggested C1- ion 
positions. In the monoclinic form the C1-C1 distance 
along a column is given by Co/2 -= 3.39A. Keeping any 
one C1- ion fixed and changing the sign of the z 
parameter  of a neighboring C1 in the chain would put 
the two Cl ions a distance Co(2Z--Yz)A apart. Taking 
z = 0.413, we get a value  of  2.205-, a distance consid- 
erably  smaller  than twice the ionic radius of CI - ,  
3.625_. Complete statistical disordering in the C1- ion 
positions does not therefore  seem reasonable f rom 
size considerations. Such a shift in a C1- ion posit ion 
could, however ,  take place adjacent  to a C1- vacancy. 
In fact, a C1- vacancy would constitute locally an 
effective positive charge and would tend to at tract  a 
neighboring C1- ion. We might  imagine therefore,  
that the presence of C1- vacancies destroys the struc- 
tural  coherence be tween  neighbor ing coherent  regions. 
A schematic d iagram of such a possible effect of va -  
cancies on the C1- ion positions in a C1 column is 
shown in Fig. 11 (a) and (b).  The coherent  regions 
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Fig. 11. Schematic representation of the possible disorder in the 
C I -  positions produced by a vacancy. The open circles represent 
Ca 2+ ions and the closed circles are C I -  ions. In (a) the mono- 
clinic arrangement of C I -  ions is shown together with one vacancy. 
In (b) the movement of the C I -  ions in region 11 has produced small 
structurally coherent regions marked by the brackets. 
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along the c-axis are bracketed. The s t ructure  shown 
in (b) is obtained by a change in the sign of the z 
parameter  of the C1- ions in region II. This role of 
vacancies in  Ca5 (PO4)3C1 bears a certain resemblance 
to the role of F -  ion impuri t ies  in  promoting one-di-  
mensional  ctisorder in the orientat ion of OH groups in 
hydroxyapat i te  (14). 

The role of small  concentrat ions of F -  ion impur i ty  
in stabilizing the monoclinic form of chlorapatite is 
uncertain.  It may only be that the mixed fluor- chlor- 
apatite crystals are more stoichiometric. On the other 
hand the F -  ions, presumably  residing in  t he  center 
of the Ca 2+ triangles at z = 1,4 and a~, would provide 
a fixed negative charge in the halide column. If ef- 
fectively positively charged vacancies lower the t ran-  
sit ion tempera ture  and finally stabilize the hexagonal  
form by providing space for the nearby  C1- ions to 
move, then any  fixed negat ive charge in the halide 
column might  have the opposite effect. At this t ime it 
seems fruitless to try to speculate fur ther  on this 
point. At a sufficiently high F content, the fixed F -  
ions at positions consistent with the hexagonal  space 
group would lead to the hexagonal  apatite structure.  
This we have observed to occur at an atomic ratio 
of F / ( F  4- C1) somew~here between 0.16 and 0.36. 

The marked twinn ing  observed in crystals of 
Cas(PO4)sC1 is also unders tandable .  In  the h igh- tem-  
pera ture  hexagonal  phase there are three equivalent  
directions, 120 ~ apar t  in  the plane perpendicular  to 
the c-axis. As the crystal cools through the t ransi-  
tion temperature  any one of these directions can give 
rise to the doubled axis of the monoclinic structure.  
A nucleus of the monoclinic cell once formed with a 
par t icular  or ientat ion will tend to grow with this ori- 
entat ion unt i l  it meets a twin with another  or ienta-  
tion. Hence, the format ion of the highly twinned crys- 
tals and the change in  the twinn ing  pa t t e rn  with each 
temperature  cycle through the t ransi t ion point  can be 
understood. 
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Emission Spectra of Impurity 
Activated (Zn,Cd)(S,Se,Te) Phosphors 

III. Self-Activated Phosphors 

W. I-ehmann 
Wes~nghouse Electric Co~poration, Research and Development Center, Pittsburgh, Pennsylvania 

ABSTRACT 

The blue SA-emission of self-activated ZnS phosphors, due to the sole in- 
corporation of a donor impuri ty,  shifts monotonical ly toward red if Zn is 
gradual ly  replaced by Cd. In  contrast, gradual  replacement  of S in ZnS by Se 
causes little or no shift but  replacement  of the blue band of ZnS by an 
orange band in  ZnSe. Again, the lat ter  shifts monotonical ly into the infrared 
if Zn is replaced by Cd but  is replaced by another  band, also in the infrared, 
if Se is replaced by Te. The dependences are demonstrated in  recombinat ion 
term schemes assuming predominant ly  ionic crystal bonding and validity of 
the SchSn-Klasens model of luminescence. 

Emission spectra due to copper and silver, respec- 
tively, in (Zn,Cd) (S,Se,Te) phosphors as functions 
of the composition of the b inary  or t e rnary  host ma-  
terial were reported in two earlier papers (1, 2). This 
present  paper deals with a similar  invest igat ion on 
self-activated phosphors whose emission is due to the 
incorporat ion of a donor impur i ty  (e.g., C1 or A1). 
The ordinar i ly  observed emission of self-activated 
ZnS consists of a single, a l t hough  ra ther  broad, band 
(SA-emission band) in  the blue region of the visible 
spectrum and is f requent ly  described in  the l i tera ture  

(3-12). Relat ively lit'tle is publ ished on the SA-emis-  
sion of (Zn,Cd)S (3, 13) and of Zn(S,Se)  (3, 14), and 
practically nothing of the other I I -VI  compounds. 

Our investigations were l imited to powder phos- 
phors prepared, excited (by ul t raviole t  radiat ion at 
77~ and measured as described in  ref. (1). The 
evaluat ion of the measured emission spectra was the 
most problematic par t  of the invest igat ion since the 
blue SA-emission band in  ZnS, and the corresponding 
band in  the other I I -VI  compounds, is only one of 
several  which can be observed, especially at low tern- 
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peratures.  The addit ional  emission bands are not nec-  
essarily due to contaminations of the mater ia ls  wi th  
undesired impurities,  e.g., copper, but  some are prob-  
ably due to na t ive  lattice defects wi th  or wi thout  pa r -  
t icipation of the added donor impurity.  Par t icu la r ly  
t roublesome were  the fol lowing addit ional  emission 
bands: 

(a) A very  broad and featureless emission ex tend-  
ing f rom ~he blue over  the whole  visible range into 
the infrared,  and with  a peak position in the neigh-  
borhood of 2.0 ev appears in ZnS prepared  with  Ga 
or In. This emission sometimes dominates  so much 
(especially in case of indium) that no other  emission 
can be observed. Examples  are  shown in Fig. 1. It  is 
probably re la ted to an essential ly similar  emission 
repor ted  by Apple and Will iams (15) in ZnS:Cu  and 
Z n S : A g  containing Ga or In. Its intensi ty decreases 
fair ly rapidly wi th  gradual  rep lacement  of ZnS by 
CdS and somewhat  slower if  ZnS is replaced by ZnSe. 

(b) A band of modera te  width appears in phos-  
phors containing A1, Ga, or In (but ordinar i ly  not in 
phosphors made wi th  C1, Br, or I) at about 0.3 ev 
higher  quan tum energy than the SA-emission.  Its 
peak position in ZnS is about  2.95 ev (). ---- 420 nm, 
violet) .  Details on this emission wil l  be described in 
a separate publication. Examples  are shown in Fig. 1. 

(c) The SAL-emiss ion  (16) which is observed at 
about 0.6 ev higher  quan tum energy than the SA-  
emission. Its peak position is about 3.2 ev (). = 397 
nm, near -u l t rav io le t ) .  

(d) Near -edge  emission (at about  3.6 ev in ZnS) 
of a more or less complex spectral  distr ibution ap- 
pears in many  sel f -act ivated phosphors. I t  is usually 
readi ly  dist inguished f rom the other emission bands. 

This ra ther  complex situation observed already in 
b inary  I I -VI  compounds (e.g., ZnS or ZnSe) becomes 
still more complicated wi th in  some te rnary  mixtures  
[e.g., Zn(S ,Se) ]  whe re  new emission bands may  ap- 
pear  as a function of the host crystal  composition. 
Close over lap of  the genera l ly  ra ther  broad and struc-  
tureless bands is then unavoidable  so that  a clear 
identification f requent ly  cannot be made. 

All  concentrat ions in this paper  are given in terms 
of mole per  cent based on 100% of the combined host 
material .  The indicated impur i ty  concentrat ions are 
those added before firing and not necessari ly ident ical  
(especially in cases of the volat i le  halides) wi th  the 
concentrat ions re ta ined in the phosphors after  firing. 

Zinc S~Ifide 
The peak  position and the width of the blue emis-  

sion band (SA-emiss ion)  of se l f -act ivated ZnS phos- 
phors are  sl ightly uncer ta in  and va ry  f rom sample to 
sample within small  l imits [similar to what  is ob- 
se rved  in cases of act ivat ion by copper  (1) and by sil-  
v e r  (2)].  Typical  widths (measured at 50% of peak) 
are about 0.50 ev at room tempera ture  and 0.30-0.35 ev 
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Fig. 1. Emission spectra of four different samples of hexagonal, 
self-activated ZnS excited by ultraviolet of 3.95 ev (k = 313 nm) 
at 77~ 

at 77~ A dependence of t~he peak  position on the 
crystal  s t ructure  (cubic or hexagonal)  and on the 
donor impur i ty  used seems to exist  but  is small  and 
almost lost in the general  uncertainty.  In particular,  
we are not able to confirm a significant difference be- 
tween ZnS phosphors prepared  ei ther  wi th  halides 
(CI, Br, or I) or wi th  group I I I -B  elements  (A1 or 
Ga) as repor ted  by Prener  and Well  (8). The fol low- 
ing peak positions were  measured  wi th in  these inves-  
tigations as averages  over  many  samples, all  excited 
by ul t raviole t  of 3.40 ev (~. ---- 365 nm) at 7 7 ~  

cubic ZnS: (C1, Br, or I) 2.61 ev 
cubic ZnS: (A1 or Ga) 2.65 ev 
hexagonal  ZnS: (C1, Br, or I) 2.64 ev 
hexagonal  ZnS:A1 2.62 ev 

The peak position of the blue SA-emiss ion depends 
to a small  but measurable  ex ten t  on the quantum 
energy (i.e., on the wavelength)  of the excit ing u l t ra -  
v iole t  radiation, qui te  in contrast  to the luminescence 
of Cu- or Ag-ac t iva ted  ZnS phosphors where  no such 
dependence was detected. General ly,  exci tat ion "across 
the band gap" (~3.8 ev  in ZnS at 77~ gives a peak  
position at sl ightly higher  quan tum energy than ex-  
citation with  lower  quan tum energy. Some actual 
emission spectra, all measured  on the same phosphor 
sample under  different exci tat ion conditions, are 
shown in Fig. 2. 

H~xagonal Zinc-Oad~nium Sulfide 
The blue emission band of hexagonal  ZnS prepared  

with  the aid of a halide (C1, Br, or I) shifts gradual ly  
toward red as Zn is replaced by Cd (3, 13) wi thout  
significant change in band wid th  and shape. Examples  
are shown in Fig. 3. In our  work, the SA-emiss ion 
dominated over  all others only in the  spectra of 
(Zn, C d ) S : h a l i d e  phosphors containing low Cd con- 
centrations but it could be fol lowed up to 100% CdS 
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Fig. 2. Emission spectra measured on a single sample of hexa- 
gonal, self-activated ZnS:Br(1%). A, excited by 3.40 ev (~, = 365 
nm) at room temperature; B, excited by 3.40 ev (~. = 365 nm) at 
77~ C, excited by 3.95 ev (~. = 313 nm) at 77~ 
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Fig. 3. Emission spectra of hexagonal (Zn,Cd)S:Br(1%) excited 
by ultraviolet of 3.40 ev (k = 365 nm) at 77~ 
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where the peak position is near  1.45 ev (k = 855 nm) .  
Emission spectra of self-activated (Zn,Cd)S pre-  

pared with Ga or In  differ somewhat  from those made 
with the help of a halide. The peak position of the 
SA-band  is at roughly 0.05-0.08 ev lower quan tum 
energy ( in contrast  to ZnS phosphors where  this dif- 
ference is smaller) .  

The I I -VI compounds can approximately be con- 
sidered to be ionic compounds where the conduction 
band belongs to the cation (Zn or Cd) and the valence 
band to the anion (S, Se, or Te).  Hence, a var iat ion 
of the Zn /Cd  ratio in  (Zn,Cd)S phosphors means 
mainly  a var ia t ion of the conduction band while, in  
a first approximation, the valence band remains  un -  
changed. This approach is shown in  Fig. 4 where the 
edge of the valence band is represented as a horizontal  
straight l ine while the edge of the conduction band is 
curved according to the dependence of the band gap 
on the Zn /Cd  ratio. 

The electron t ransi t ion responsible for the emissions 
of copper or silver activated ZnS phosphors is gen- 
erally ascribed to be from the edge (or f rom a level 
very  near  to the edge) of the conduction band  into 
empty accepter levels somewhat  above the top of the 
valence band (SehSn-Klasens model) .  The na ture  of 
the electron t ransi t ion responsible for the SA-emis-  
sion of self-activated phosphors is not as well  known  
but  the SchSn-Klasens model may, somewhat em- 
pirically, be applied here also. The result  is shown 
in Fig. 4 where  the quan tum energies corresponding 
to the peak positions of the measured emission bands 
are plotted downward from the curved edge of the 
conduction band. The so-determined term positions 
are connected by two separate curves. Curve A cor- 
responds to the SA-emission of two separate phos- 
phor series, (Zn, Cd)S:C1 and (Zn,Cd)S:Br ,  both of 
which gave practically identical results. Curve B 
corresponds to the SA-emission of a series of (Zn, 
C d ) S : G a  phosphors; it is obtained so far only with 
gallium. Attempts  to replace Ga by A1 failed (prob- 
ably because of the too high react ivi ty  of A1 with 
traces of oxygen),  and ind ium did not  produce well-  
developed SA-emission bands. Curve B is very  closely 
a horizontal  s traight  line, but  Curve A deviates some- 
what  from the horizontal  in  the direction of the var ia -  
tion of the conduction band edge al though to a far 
lesser degree than the latter. 

Cubic Zinc Sulfo-~eIen~de 
The blue emission band  of self-act ivated ZnS is 

reported to be gradual ly  replaced by a green band  

4 - -  
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B 

A 

/ / / /1/H/1/1/1// / / / / / / / i ,  . . . . . . .  ~ ~ ~ ~, ~, ~ ~, , , , ,  ~,,/ 
Valence Band 

I I I 
ZnS 50]50 CdS 

Fig. 4. Recombination term scheme of hexagonal, self-activated 
(Zn,Cd)S at  77~ Curve A, 1% CI or Br added. Curve B, 0 .1% Ga 
added before friing. 

if the sulfur  is gradual ly  replaced by  selenium (3, 
14). This is essentially confirmed in  our measure-  
ments  on cubic Zn(S ,Se ) :ha l ide  phosphors. All  three 
halides C1, Br, and I give similar results. Some emis- 
sion spectra of self-activated Z n ( S , S e ) : B r  phosphors 
are shown in Fig. 5 and 6. I t  is seen that  replace-  
men t  of only 1% of su l fur  by selenium causes the 
green band  (peak ~2.3 ev) to appear, and both bands, 
the green and the blue, are of comparable in tensi ty  at 
about 5% of ZnSe (Fig. 5). The bands are ra ther  
broad so that  their peak positions can only be esti- 
mated because of strong overlap. Both bands shift 
slowly toward lower quan tum energies as more ZnS 
is replaced by ZnSe (Fig. 6). Simultaneously,  the 
"blue" band decreases in  in tens i ty  unt i l  the SA-emis-  
sion of ZnSe consists only  of the "green" band  v~hich 
by then is shifted to orange (peak ~2.0 ev).  Hence, 
the SA-emission of ZnSe:ha l ide  consists only of one 
band just  ,as that of ZnS although there is no direct 
connection be tween the hands. 

A variat ion of the host crystal composition from 
ZnS to ZnSe means a var ia t ion of the valence band, 
while the conduction band  remains  constant, if the 
I I -VI  compounds are considered to be ionic com- 
pounds.The Sch6n-Klasens model of electron recom- 
binat ion can be assumed here also. Hence, the quan-  
tum energies corresponding to the peaks of the meas-  
ured emission bands are plotted downward  from the 
horizontal  edge of the conduction band. The points so 
obtained in Fig. 7 are connected by two separate 
curves corresponding to the two SA-bands  of Zn(S,  
Se) :Br. The curves deviate only sl ightly from the 
horizontal, much less than the edge of the valence 
band varies over the same range. A discontinui ty near  
100% of ZnS [as observed in  cases of activation by 
copper (1) and by silver (2)] cannot be detected. 

Cubic Zinc Sele~o-Telluride 
Emission spectra of self-act ivated Zn (Se,Te) phos- 

phors do not seem to be reported elsewhere. Our work 
on this system was confined to phosphors prepared 
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Fig. 5. Emission spectra of cubic, self-activated Zn(S,Se):Br ex- 
cited by ultraviolet of 3.40 ev (~. ~ -  365 nm) at 77~ 
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Fig. 6. Emission spectra of cubic, self-activated Zn(S,SeJ:Br ex- 
cited by ultraviolet of 3.40 ev (~. = 365 nm) at 77~ 
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ZnS 50/50 ZnSe 

Fig. 7. Recombination term scheme of cubic, self-activated 
Zn(S,Se):Br at T/~ 

with  the addit ion of 1% of  Br (added as ZnBr2) and 
fired at 800~ 

The orange emission band of se l f -ac t iva ted  ZnSe: 
Br (peak N2.0 ev) can be fol lowed up to roughly  
10% of ZnTe af ter  which it  disappears. Instead of it, 
another  emission band builds up at about 1.58 ev (Fig. 
8). It  is strong for a ZnTe concentrat ion as low as 
1%, can be fol lowed up to roughly 20 to 30% of 
ZnTe and, apparently,  shows up again in 100% of 
ZnTe at 1.51 ev (Fig. 9). The wr i t e r  considers this 
la t ter  emission band to be the analog of  similar  bands 
observed in cases of act ivat ion by Cu (1.7-1.75 ev) 
(1) and by Ag (~1.8 ev) (2). 

A third emission band appears at about 1.29 ev in 
Z n ( S e , T e ) : B r  containing 10% of ZnTe (Fig. 8). In 
str iking contrast  to all others, its position is not near ly  
constant but shifts s teadily wi th  increasing ZnTe 
concentra t ion toward higher  quantum energy unti l  
it reaches 1.89 ev in ZnTe :Br  (Fig. 9). The band may 
be identical  with an emission in ZnTe repor ted  by 
Dietz, Thomas, and Hopfield (17). It  does not  seem to 
be in any way  re la ted  to the SA-emiss ion  bands of 
these phosphors but  details are still unknown, and 
it is included in Fig. 8-10 only out of curiosity. 

A four th  emission band is observed in Zn(Se,Te)  
phosphors containing high ZnTe concentrations.  It 
appears in appreciable intensi ty  in the neighborhood 
of 1 ev  1 (Fig. 9). It  seems to be independent  of any 
par t icular  impur i ty  and not re la ted  to the SA-emis -  
sion, but  details are  still  unknown. 

The spectral limit of the photetube used in these investigations. 

1.58 eV 1.99 eV 

- -  . x ' ~  

= ~ , , ~ l  1.90 eV~ X ' ~ I %  ZnTe .~ 1.29 eV 

~' 10~ ZnTe "/" l k  5% ZnTe ~ X  ~ ~  10-- 
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1 I I i I I /  ~ I ~ I i J " i " ' %  I\ J 
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Fig. B. Emission spectra of cubic, self-activated Zn(Se,Te):Br 
excited by ultraviolet of 3.40 ev (~, = 365 nm) at T/~ 
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Fig. 9. Emission spectra of cubic, self-activated Zn(Se,Te):Br ex- 
cited by ultraviolet of 3.40 ev (~, = 365 nm) at T/~ 

Assumption of ionic crystal  binding and of the 
Sch6n-Klasens model  of luminescence permits  one to 
plot the quantum energies corresponding to the peaks 
of the emission bands downward  f rom the horizontal  
edge of the conduction band to de te rmine  the energy 
position of the center  responsible for  the emission as 
a function of the Se /Te  ratio. This gives the te rm 
scheme of Fig. 10 where  the obtained points are  con- 
nected by three curves. Curves A and B correspond 
to the SA-emission of Zn(Se,Te)  phosphors and re-  
semble very  similar  curves obtained in the case of 
Zn(S,Se)  (Fig. 7). Both curves are ve ry  near ly  hor i -  
zontal  straight lines. Curve  C, corresponding to the 
unknown emission band of var iable  position, is also 
ve ry  near ly  s t raight  but  not horizontal.  This emission 
band may possibly be a close superposit ion of several  
nar rower  sub-bands. 2 

Zinc-Cadmium Selenides 
The SA-emiss ion of cubic ZnSe consists essentially, 

or only, of a single band wi th  the peak at about 2.0 
-" Suggested by the referent. 
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Z n ( S e , T e ) : B r  a t  7 7 ~  
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Fig. 11. Emission spectra of self-activated (Zn,Cd)Se:Br excited 
by ultraviolet of 3.40 ev (% ~ 365 nm) at 77~ 

ev. Gradual  replacement  of ZnSe by CdSe causes a 
gradual  shift  of the emission band  toward lower quan-  
tum energies (i.e., into the infrared)  without  any sig- 
nificant change of band  width and shape, all  anal -  
ogous to what  is observed in corresponding sulfide 
phosphors. Some measured spectra are shown in  Fig. 
11. 3 If the SchSn-Klasens model of luminescence is 
used and tae quan tum energies corresponding to the 
peaks of the emiss ion bands are plotted downward 
from the curved edge of the conduction band, one ob- 
tains the recombinat ion term scheme of Fig. 12 where  
all points scatter closely about a curve approaching 
a horizontal  straight line. A slight curvature  near  
100% ZnSe seems to be present  (analogous to curve A, 
Fig. 4, for corresponding sulfide phosphors) bu t  is 
ra ther  weak. The slight discontinui ty near  40% of 
CdSe is reproducible  and seems to be correlated to 
the phase transi t ion from cubic to hexagonal. Ex- 
trapolat ion of the curve toward 100% CdSe indicates 
a probable peak position of the SA-emission of self- 
activated CdSe:Br,  at 77~ near  1.07 ev (k---- 1160 
nm) .  

Discussion 
No emission spectra of Zn(S,Se)  containing A1, Ga, 

or In nor  any spectrum of Cd(S,Se) phosphors are 
presented here. These phosphors were made but  their  

3 The emiss ion  spec t rum of se l f -act ivated,  100% CdSe could not 
be measured  because  of  ins trumenta l  l imitat ions.  
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Fig. 12. Recombination term scheme of self-activated (Zn,Cd)Se: 
Br at 77~ 

emiss ion spectra were very  confusing and did not 
permit  clear dist inction be tween  the various bands 
and their dependences on the S/Be ratio. Obviously, 
there is too much overlap of too many  and too broad 
bands. Nevertheless, the  dependence of the SA-emis-  
sion on the host crystal  composition can fair ly un -  
ambiguously be deduced even from those spectra 
which are given in  the figures of this paper. The 
main  observations can be summarized as follows: 

The SA-emission of self-act ivated b inary  compounds 
ZnS, ZnSe, CdS, and (probably) CdSe containing 
halide ions as donors consists essentially of one ra ther  
broad band. Gradual  replacement  of the zinc by cad- 
mium either in the sulfides or in  the selenides causes 
a steady s~hift of the emission band  toward lower 
quan tum energy. By contrast, gradual  replacement  of 
sulfur  in  ZnS by Se causes little shift of the emiss ion 
but  gradual  replacement  of the one emission band by 
another. The same behavior  is expected also wi th in  
Cd(S ,Se) :ha l ide  phosphors. The si tuat ion wi thin  the 
Zn(Se,Te)  system is somewhat  confused by an emis- 
sion band with the peculiar shift toward higher quan-  
tum energy with increasing ZnTe-concentrat ion.  Al -  
though this band is, so far, observed only in  self- 
activated Zn(Se ,Te) ,  chances are that  it is not related 
to the SA-emission. If its presence is neglected, the 
emiss ion spectrum of self-activated Zn(Se ,Te) :ha l ide  
follows the general  pattern,  i.e., the single SA-band  
in ZnSe is gradual ly  replaced by another  one in ZnTe. 

This behavior  of the SA-emission in  the entire 
(Zn,Cd) (S, Se,Te) system resembles very  much what  
is observed in  the case of si lver activation, i.e., the 
SA-emission in the whole system consists of three 
bands. One band requires the presence of sulfur, an-  
other the presence of selenium, and the third that of 
tel lurium. It is admit tedly tempting to assume that  
each one of the three bands belongs to a par t icular  
recombinat ion center which, besides others, contains 
ei ther  one sulfur  or one se lenium or one te l lur ium ion, 
but  arguments  presented in  the case of silver act iva- 
tion (2) speak against  this simple assumption. 
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ABSTRACT 

Etching with 3% hydrogen peroxide  is useful for removing  fract ional  
micron layers of germanium. The etching rate  is insensit ive to concentration, 
but  it is sensi t ive to pH, showing a min imum of about 0.021 ~/min  at pH 4, 
a region recommended  for control led etching exper iments ;  to temperature ,  
showing a change of a factor 2 f rom 20 ~ to 30~ and to some foreign ions, 
e.g., about twice as great  for sulfate ions present  in solutions as when  phos- 
phate ions are present. The etching rate  is different for different orientations;  
among those tested, slowest for the [111], fastest  for [201] in acid solution 
a n d  [100] in alkaline solution. Mechanically polished surfaces possess an 
enhanced etching rate. The enhancement  is r emoved  by heavy ion bombard-  
ment,  but  not by l ight ion bombardment .  The etching ra te  of normal  ger-  
manium surfaces is not affected appreciably by heavy ion bombardment ,  but 
the etch pit  density is great ly  increased. Photomicrographs of the e tched sur-  
faces a r e  given. 

Etching by 3% aqueous hydrogen  peroxide  was 
used by Bredov and co-workers  (1) to r emove  thin 
(fract ional  micron) layers of  germanium for  the pur -  
pose of de termining the depth of penetra t ion of al-  
kali  metal  ions. The method was adopted by Davies, 
McIntyre,  and Sims (2) who repeated  these exper i -  
ments and repor ted  a var iabi l i ty  in the peroxide etch- 
ing rate. They repor ted  a large increase in etching ra te  
wi th  increase in peroxide  concentrat ion and a de- 
crease in etching rate  on bombardmen t  wi th  cesium 
ions. We adopted the peroxide  etching technique to 
de termine  the depth  of the electr ical  conduct ivi ty  
change produced by ion bombardment .  Since we could 
n o t  determine  weight  losses because of at tached meta l  
leads, it was necessary to know the etching rate  of 
normal  and ion-bombarded  germanium. The present  
invest igat ion was begun when  an i r regular i ty  in our 
results indicated a considerable a l tera t ion in etching 
ra te  dur ing a set of successive etchings. 

There  are detai led reports  of investigations of the 
etching rates of peroxide solutions containing hydro-  
fluoric acid (3), but  th'ese solutions etch far  too rapidly 
to be used for removing  fract ional  micron layers. 
Camp (3) reports  one exper iment  in which " . . .  it 
was found that a [111] surface is e tched by 1 part  
30% H202 in 5 parts wa te r  at 26~ at a ra te  of 0.0275 
~/min."  

Procedure 
Most of the germanium used in these studies was 

purchased under  the specification n-type,  single crys-  
tal, l ineage free, highest  resistivity,  near ly  intrinsic, 
high purity, ( 1 1 1 ~ ,  f rom the Eagle-Pi tcher  Company. 
One piece used for [100] orientat ion studies was a 
Kyropoulos grown crystal  of very  high puri ty.  Plates 
of des i red or ientat ion were  cut w i th  a d iamond saw. 
They were  then lapped successively wi th  19 and 9.5~ 
alumina abrasive. Final  surface t rea tments  used for 
various studies were  (a) CP4 etched, (b) mechani -  
cally polished wi th  Linde A on silk cloth fol lowed by 
Linde A on Microcloth fol lowed by a 1-min etching in 
hydrogen peroxide, (c) etch polished with  a sodium 
hypochlori te  solution on Pel lan  Pan -W cloth (4) fol-  
lowed by a brief  (1-10 sec) e tching with  CP4. 

Irradiat ions were  per fo rmed  in a Cockcrof t -Walton 
machine operated at energies f rom 20 to 140 key. The 

1Ph.D. t h e s i s  s t u d e n t  at  A r g o n n e  N a t i o n a l  L a b o r a t o r y  f r o m  Illi- 
nois I n s t i t u t e  of Technology; present address. General E l e c t r i c  
C o m p a n y ,  A t o m i c  P r o d u c t s  D i v i s i o n ,  S a n  J o s e ,  Ca l i forn ia .  P a r t  o f  
t h e  m a t e r i a l  p r e s e n t e d  h e r e  is t a k e n  f r o m  a d i s s e r t a t i o n  s u b m i t t e d  
b y  Y.  D a y a l  in  par t ia l  f u l f i l l m e n t  of  P h . D .  r e q u i r e m e n t s .  

ions used for  the various studies were  H +, D +, He +, 
Ne +, and A +. For  all  the studies described ~here, one 
of two masks were  used. The first shielded half  the 
specimen and provided a sharp boundary.  The second 
had six small  rec tangular  openings which could be 
covered or uncovered  individual ly  or successively to 
prepare  as many different ly  i r radiated areas on the 
specimen. The specimens were  i r radia ted in a clean 
mercury  pumped (l iquid ni t rogen trapped) chamber  
maintained below 10 .6 Torr. 

The original etching studies were  per formed wi th  
reagent  grade 3% aqueous hydrogen peroxide  f rom 
several  different manufacturers .  Later  studies were  
per formed with  30% aqueous hydrogen  peroxide  di- 
luted wi th  distilled water  to the desired concentration. 

Hydrogen peroxide concentrat ions were  de termined  
by permanganate  t i t rat ion af ter  addition of  sulfuric 
acid as described in the U. S. Pharmacopoeia  XII  (5). 

Germanium content  of the etching solutions both 
before and after  etching was determined as described 
by Hi l lebrant  and Hoste (6) by forming the colored 
complex ion wi th  phenylf luorone (2, 6, 7 - t r ihydroxy-  
9-phenyl - i soxanthene-3-one  D in 0.5N hydrochloric  
acid). The complex compound was ext rac ted  with 
benzyl alcohol, di luted to vo lume and measured 
spectrophotometr ical ly  at 505 m~. The de te rmina t ion  
was made on an al iquot in which the peroxide was 
destroyed by hydroxylamine.  

The pH was de te rmined  with  a glass electrode and 
the PHM4C ins t rument  made by Radiometer  (Copen- 
hagen) .  

Peroxide  etching was per formed in vessels 3-6 in. in 
d iameter  with 100-200 ml  of solution. Specimens were  
grasped by the edges wi th  a stainless steel forceps and 
held in a horizontal  plane whi le  the solution was 
st irred by means of a magnet ic  stirrer.  Af te r  the de-  
sired etching t ime elapsed, the specimen was rinsed 
with distilled water ,  washed in distil led wate r  for 2 
min in a vessel l ike the one used for etching, and 
then blown dry wi th  clean air or nitrogen. Drying 
in a desiccator before weighing was found to be un-  
necessary. The specimens were  weighed on a Met t le r  
microbalance to wi thin  10 ~g. The etching rates were  
computed from the weight  changes and the area (cal- 
culated f rom the dimensions de termined  with  a com- 
para tor) ,  known density, measured  weight,  and etch- 
ing times measured with  a stop watch. 

The differential  etching ra te  for i r radiated and un-  
i r radiated areas was de te rmined  by measur ing the 
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height  of  the step formed at the boundary of the i r -  
radiated area wi th  a Zeiss in te r fe rence  microscope. 

Results 
El~ect of concentration, pH, temperature, orientation. 

- - W h e n  evidence of a var ia t ion in etching rate  ap- 
peared dur ing the course of a series of etchings of a 
set of specimens, the var ia t ion was at first a t t r ibuted 
to peroxide  concentrat ion because hydrogen peroxide  
is considered a labile chemical,  and the age of our re-  
agents was unknown.  Accordingly,  the etching rates 
were  de termined  for 2% and 4% peroxide. The two 
etching rates were  found to be about  the same. 

The pH of the hydrogen peroxide  f rom our stock- 
rooms was then de te rmined  and was found to vary  
widely. According to the analyses given on the la-  
bels, sulfuric acid is an additive,  p resumably  to con- 
trol decomposit ion and its concentrat ion employed 
by different manufac turers  differs considerably. Ac-  
cordingly, the effect of pH on the etching rate  was 
determined,  first by using 3% peroxide f rom different 
sources, ~hen diluted 30% peroxide made up var iously  
wi th  sulfuric acid, sa turated with  carbon dioxide, and 
buffered with  KH2PO4, NaOH, and H3PO4. Results for 
plates whose faces were  perpendicular  to the direc-  
tion stated are given in Fig. 1. 

It is seen that  the etching rate  is great ly  depend-  
ent on pH and possesses a m in imum in the neighbor-  
hood of pH 4.5. For  the results given in Fig. 1, no 
effort was made to control H202 concentrat ions closely. 
Fu r the r  exper iments  at controlled pH confirmed the 
etching rate  to be independent  of peroxide concen- 
t rat ion at these concentrations. The etching rate  for 
CO2 saturated solutions was found to be the same at 
1.8% and 6% H202 used to etch the [111] face. For  
KH2PO4-NaOH solutions buffered at pH 6, the etch-  
ing rates r emained  within  --+7% over  the range of 
peroxide  concentrations 1-4.8% for the four or ienta-  
tions given in Fig. 1. The variat ions found here  were  
typical  of those found for the condit ioning of a clean 
(CP4 etched) surface; an abnormal ly  high (by 7-15%) 
etching ra te  gradual ly  ~alls during half  an hour of 
etching to the stable value  reported in Fig. 1. 

To confirm that  the weight  losses are a correct  
measure  of the 'etching rate, ge rmanium assays were  
made of several  peroxide baths after etching. The as- 
says agreed with the weight  losses to wi th in  5% when 
the not insignificant ge rmanium content  of the re -  
agents (apparent ly  arising largely by leaching ger-  
manium f rom the glass reagent  bottles and chemical  
glassware) was corrected for. This preves  that  in the 
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Fig. 2. Effect of temperature on the etching rate of germanium 
with peroxide ( ~ 3 % )  at pH 3.8; open points for phosphate buf- 
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etching the germanium goes into solution in the e tch-  
ing bath. 

The t empera tu re  dependence was de termined  over  a 
range of tempera tures  near  room tempera ture ;  the 
results are shown in Fig. 2. It is seen that  there  is an 
increase of about  a factor of 2 in etching rate  for a 
10~ tempera ture  rise. 

Ef#ects oy ion bo~nbardment and mechanical polish- 
ing.--The original exper iments  for de termining the 
effect of ion bombardment  on the etching rate  were  
per formed with mechanical ly  polished plates because 
it was thought  necessary to have optically flat surfaces 
for the in te r fe romet r ic  observations. These exper i -  
ments were  per formed wi th  H +, Ne +, and A + in 
the 100 kev  region, as described above, wi th  half  the 
specimen masked. No effect was seen with  H +. From 
the fact that  a step of 1/20 f r inge height  is easily 
visible, the etching rates must  have been the same 
wi th in  a few per cent. With  Ne + 140 key, and A + 
100 key, definite steps were  seen. Some examples  of 
these steps taken f rom our  collection of photographs 
are shown in Fig. 3. In all cases the bombarded area 
etched more slowly. The etching seems to progress in 
a manner  described ful ly by a number  of wri ters  (7) 
for the etching of polished glass surfaces; namely, that  
as the etching progresses, the character  of the lapping 
is revea led  and scratches become more prominent.  In 
these specimens the etching rate  of the i r radiated 
areas was the slower. The behavior  of a typical  case is 
shown in Fig. 4. The m ax im um  differences in etching 
rates calculated f rom such curves was 20-30%. A di-  
rect  comparison of the etching rates of the mechani -  
cally polished and CP4 etched surfaces prior  to bom-  
bardment  was made before the factors affecting the 
etching rate were  known. The average  values  for sev-  
eral  determinat ions were  0.024 ~/min  for CP4 etched 
surfaces and 0.030 ~/min for mechanica l ly  polished 
surfaces. While these values are not reliable,  they do 
afford some direct  evidence ~hat on unbombarded  sur-  
faces the etching rate  is faster for the mechanical ly  
polished than for CP4 etched specimens. 

When these exper iments  were  repeated wi th  chemi-  
cally polished surfaces which had been l ight ly etched 
with CP4, again no effect was seen for H + or He + 
bombarded surfaces. For the Ne + bombarded surface 
an increase in etch pit density was found. Two ex-  
amples are shown in Fig. 5. Al though the etching 
ra te  for the bombarded area appears to be about the 
same as for the unbombarded  area, there  is a marked  
var ia t ion in etching ra te  at the boundary of the bom- 
barded area. Passing f rom the unbombarded  area, 
there is a sharp r idge of about  the depth of the major  
radia t ion effect, and beyond it a broader  shallow de- 
pression. 
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ridge develops, and causes an  enhanced solution rate  
jus t  beyond where  a val ley develops. We suppose 
these effects do not  appear when  etching in  depth 
(i.e., at the boundary  paral lel  to the surface) because 
the p-region here merges very  gradual ly  into the 
n- region  below and as the etching proceeds the 
s t rongly p- type mater ia l  is removed before the bound-  
ary is approached. 

Since the etching rates for bombarded and unbom-  
barded chemically polished surfaces are the same, the 
slower etching rate found for the bombarded half  of 
the mechanical ly polished surfaces is a t t r ibuted  to a 
release of the s t ra in  of mechanical  polishing in  bom- 
bardment .  This is suggested also by the appearance 
of the surfaces on etching as described above. This 
confirms the earlier result  that  the etching rate of 
a mechanical ly polished surface is greater than  the 

Fig. 3. Appearance of a [111] mechanically polished surface, 
left side bombarded and the whole plate etched. The contour 
interval indicated by the fringes is 0.27#. A, 100 key A + bombard- 
ment 300 #C/cm 2 after 12 rain etching. The fringes are spaced at 
157# across the specimen; B, 140 key Ne + bombardment 300 
#C/cm 2 after 10 min of etching. The fringes are spaced 106~ 
across the specimen. It is not known whether the complex boundary 
was caused by the ion beam shifting or was the depletion layer 
effect described in the Discussion. (A, top; B, bottom) 

Discussion 
The large pH effect found for the peroxide etching 

rate of germanium indicates the etching is largely 
controlled by the solubil i ty of the amphoteric  oxide 
surface layer. 

The ridge which is formed at the boundary  of the 
bombarded layer, we suppose, is evidence of the effect 
of the depletion layer on the electrochemical react ion 
involved in the oxidation of the germanium.  It pro-  
vides evidence for one of the possible mechanisms for 
the oxidation; n a m e l y :  that  the oxidation occurs by 
electrons passing through the germanium dioxide film 
from the solution to the germanium. The unbom-  
barded germanium is n- type.  The bombarded area is 
s trongly p-type. Thus in the field of the p -n  junct ion,  
the electrons move toward the bombarded mater ia l  
p revent ing  oxidation at the p -n  junc t ion  where  a 

Fig. 5A. Appearance of a [111] surface bombarded with 140 key 
ions after 17 min etching. Fringes mark a contour interval of 0.28#. 
The fringes are spaced about 40# along the surface. 
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Fig. 5B. Appearance of a [111] surface bombarded with 80 key 
Ne + ions. The fringes mark a contour interval of 0.28~ and are 
spaced about 84~ along the surface. 

etching rate of a chemically polished surface. The 
strain of mechanical  polishing is released by Ne + and 
A + bombardment ,  bu t  not  by the l ight ions, a point  
which is of significance in the theory of the radiat ion 
damage. 

Davies et al. (2) report  a decrease of a factor of 3 
in the etching rate caused by 5 key Cs + ion bombard-  
ment.  We have not had the opportuni ty  to confirm 
this result. Since ion bombardment  alone did not  
affect our etching rates and since the Cs would be ex- 
pected to raise the pH, hence increasing the peroxide 
etching rate, we speculate some other chemical or 
physical effect may be involved; e.g., scavenging of 
the peroxide ion by the Cs in the lattice, a gas barr ier  
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produced from Cs react ing with water, or the forma-  
tion of a protective film of greater  in tegr i ty  or with 
lower diffusion constants than in  the absence of Cs. 

Recommendations for Etching 
For some time CO2 saturated solutions made from 

diluted 30% peroxide (Superoxol) were employed in  
this laboratory. However, in our vessels loss of CO2 
w a s  found to be substant ia l  in 1O-min etching periods 
causing a change from pH 3.8 to pH 4.2-5.2. The etch- 
ing solution cur ren t ly  in use is made by taking 175 ml  
of 3-4% hydrogen peroxide (made by di lut ing 30% 
hydrogen peroxide) and 25 ml  of 0.2M KH2PO4 con- 
ta in ing 12 ml/1 of 1N phosphoric acid. This gives a 
2.7-3% H202 solution of pH 3.8. Tempera ture  is con- 
trolled to __.�89176 which insures etching rates constant  
to a few per cent. Such batches have been used for 
etching as much as 8 cm 2 for as long as 10 min. Speci- 
mens are suspended in the etching solution at mid-  
depth and the solution is st irred with Teflon-coated 
magnetic  s t i r r ing bars at a speed well  below that 
causing splashing or air ent ra inment .  
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The Ternary Condensed Phase Diagram 
of the Ga-As-Te System 

M .  B. Panish 
Bell Telephone Laborato~es, Incorporated, Murray HilL, New Jersey 

ABSTRACT 

The condensed phase diagram for the Ga-As-Te system has been par- 
tially constructed on the basis of data obtained from DTA, electron beam 
microprobe, and x-ray studies. No regions of extensive solid solubility of Te 
in GaAs were observed. DTA data indicate that a region of ternary solid 
solution based on the Ga2Te3 structure exists in the Ga2Te3 region of the 
diagram. There is some evidence for a ternary compound in the arsenic rich 
region. 

Interest  in the Ga-As-Te  system stems main ly  from sults of the first par t  of a s tudy of the Ga-As-Te  
the growing usefulness of Te doped GaAs as a semi-  system which wil l  include de terminat ion  of both the 
conductor for solid-state laser and electroluminescent  l iquidus isotherms in the GaAs pr imary  phase field 
diode applications. In  this paper  are presented the re-  and the solidus isotherms represent ing the equi l ibr ium 
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concentrations of Te in crystals which are in equi-  
l ibr ium with liquidus compositions along the l iquidus 
isotherms. 

The p r imary  object of this present  work  is to p re -  
sent the t e rnary  liquidus isotherms in the GaAs pri-  
mary  phase field and to establish whe the r  there  are 
regions in this phase field where  there  is extens ive  
solid solubili ty of Te in GaAs. 

Most work  wi th  I I I -V-VI  systems has been done for  
the AnlBV-A2mC3 vI binary systems (1) where  there  
is par t icular  interest  in the AemC8 VI compounds, 
which crystall ize in a t e t rahedra l  lattice wi th  bui l t - in  
vacancies. These compounds might  therefore  be ex-  
pected to have extensive solid solubil i ty wi th  the 
AnlB v compounds. In  addit ion to solid solution for-  
mation, I I I -V-VI  systems are l ikely to be complicated 
by te rnary  compound format ion such as has been sug-  
gested by Hahn and Thiele (2) for In2AsSe and dem-  
onstrated for InAs3Se3 by Luzhnaya et al. (3). L iq-  
uid immiscibi l i ty has been observed in the InSb- InSe  
system by O'Kane and Stemple  (4). 

Experimental 
Semiconductor  grade arsenic and te l lur ium wi th  

purit ies bet ter  than 99.999% were  used in this work. 
Reclaimed gal l ium with  pur i ty  bet ter  than 99.99% 
was used, and for many  of the runs semiconductor  
grade GaAs was used instead of the elements.  The use 
of GaAs was necessary when  the re la t ive  amounts  of 
Ga and As were  high in order  to prevent  explosions 
resul t ing f rom the exothermic  react ion of the ele-  
ments. For  several  samples in the h igh  arsenic par t  
of the phase diagram, GaAs, As2Te3, and As were  used 
as s tar t ing materials.  As2Te3 was p repared  f rom the 
elements.  

Fused silica capsules wi th  a volume of about 13 cc 
which were  about 2/3 filled with mel t  were  used for 
the differential  thermal  analysis experiments .  Ex-  
per imenta l  details are ve ry  similar to those which 
have a l ready been described for the study of the 
Ga-As-Zn  te rnary  (5,6) and several  other  systems 
(7, 8). The precis ion to which the rmal  effect t em-  
peratures  are repor ted  is • 1 7 6  except  where  o ther-  
wise indicated. 

X- r ay  analysis of the DTA (differential  thermal  
analysis) samples was done by standard powder  tech-  
niques and electron beam microprobe analyses were  
obtained for several  of the samples. 

Binary Phase Systems 
Ga-As . - -Ga l l ium and arsenic form a single con- 
gruent ly  mel t ing  compound, GaAs, wi th  a repor ted  
melt ing point of 1238~ (9). Thurmond  (1O) has 
utilized the solubili ty measurements  of KSster and 
Thoma (9) and Hall  (11), along wi th  an adaptat ion 
of the regular  solution t rea tment  of Vieland (12) to 
construct  the binary GaAs liquidus curves. The mel t -  
ing point  of GaAs was recent ly  measured  by this 
author  (6) and a value  of 1237 ~ • 2~ was obtained. 
Ga-Te . - -Ga l l i um and te l lu r ium form two congruent ly  
mel t ing compounds, GaTe and Ga2Te3. The mel t ing 
point of Ga2Te3 has been repor ted  as 792 ~ (13) and 
790~ (14), and that of GaTe as 835 ~ (13) and 824~ 
(14). In this work  the mel t ing  points of Ga2Te8 and 
GaTe were  found to be 789 ~ • 3 ~ and 827 ~ • 3~ 
respect ively.  Two other tellurides,  Ga3Te2 and GaTe3, 
have been suggested on the basis of thermal  analysis 
studies (13). These compounds were  reported to de- 
compose below their  mel t ing  points. A phase corre-  
sponding to GaTe3 has been identified in a meta l lo-  
graphic study (15), but in the same study GaaTe2 was 
not identified. A region of l iquid immiscibi l i ty on the 
gal l ium rich side of the binary phase diagram has been 
repor ted  but  not confirmed (13). 

A thermal  effect which could be a t t r ibuted to a 
peri tect ic format ion of Ga3Te2 was noted in the work  
repor ted  here;  however ,  this the rmal  effect could 
equal ly  wel l  be a t t r ibuted to the format ion of a two 
l iquid region. X - r a y  analysis did not revea l  Ga3Te2 in 

Table I. Thermal effects in the Ga-As-Te system 

A t o m  p e r  c e n t  
T3,  T ~ ' ,  F i g .  1 

Ga As Te TI,~ T~,~ ~  T~,~ ~ Ts,~ cut 

6 7 . 5  1 5 . 0  1 7 . 5  1 0 6 1  - -  - -  736 - -  
5 0 . 0  5 0 . 0  1 2 3 7 " *  . . . .  
5 0 . 0  - -  5 ~  8 2 7  - -  - -  A 
5 0 . 0  10 .0  4 0 . 0  1 0 5 3  - -  8 2 8  7 4 3  A 
5 0 . 0  2 0 . 0  3 0 . 0  1 1 2 7  - -  8 1 9  7 4 4  A 
5 0 . 0  3 0 . 0  2 0 . 0  1 1 6 1  - -  8 2 4  ~ 7 5 0  A 
5 0 . 0  4 0 . 0  I 0 . 0  1 1 9 8  - -  8 2 1  * A 
4 0 . 0  - -  6 0 . 0  7 9 7  - -  - -  ~ B 
4 0 . 8  4 . 2  5 5 . 0  8 7 0  8 5 6  - -  8 1 7  - -  - -  B 
4 2 . 1  9 . 9  4 8 . 1  9 9 3  ~ 8 8 0  - -  ~.~825 - -  - -  B 
4 4 . 1  1 9 . 9  3 6 . 0  1 0 9 7  ~ 8 5 0  7 7 2  ~ . 8 2 5  - -  ~ B 
4 5 . 9  2 9 . 1  2 5 . 0  1 1 4 6  . ~ 8 5 0  7 7 1  ~ . 8 1 5  -- -- B 
4 7 . 6  3 7 . 4  15 .0  1 1 8 1  ~ 8 6 0  7 6 8  ~- .815 - -  - -  B 

7.5 7.5 85.0  365 - -  - -  345 335 - -  C 
12.5 12.5 75.0  * - -  - -  340 338 ~ C 
20.0 20.0 60.0 592 (~520) -- 345 340 -- C 
2 7 . 5  2 7 . 5  4 5 . 0  8 8 7  (~-~530) - -  3 4 2  * - -  C 
3 5 . 0  3 5 . 0  3 0 . 0  1 0 6 9  - -  -- 3 4 3  * ~ C 
4 2 . 5  4 2 . 5  1 5 . 0  1 1 7 1  - -  - -  ~ . 3 4 0  * - -  C 

-- 40.0 60.0 362 -- -- -- D 
4 . 2  4 0 . 8  5 5 . 0  3 6 6  - -  * * - -  ~ D 
7 . 3  4 1 . 5  5 1 . 2  3 4 0  - -  - -  - -  D 

1 0 . 5  4 2 . 0  4 7 . 5  4 8 5  - -  3 4 2  - -  D 
12 .5  4 2 . 5  4 5 . 0  ~ 5 4 8  ~ 5 2 0  - -  3 4 7  - -  ~ D 
1 7 . 2  4 3 . 5  3 9 . 3  ~-~778 ~ 5 2 2  - -  3 4 0  - -  - -  D 
18.7 43 .8  37.5 855 ~ 5 3 7  -- 340  -- ~ D 
2 3 . 2  4 4 . 8  3 2 . 0  9 6 7  ~ 5 2 0  - -  3 4 2  - -  - -  D 
2 5 . 0  4 5 . 0  3 0 . 0  1 0 0 4  ~ 5 3 7  - -  3 5 0  - -  - -  D 
2 7 . 0  45.5 2 7 . 5  1039 ~ 5 3 4  -- 348 -- -- D 
3 7 . 0  4 7 . 5  15 .0  1 1 5 7  ~ 5 4 5  - -  3 4 3  - -  - -  D 
2 3 . 0  5 0 . 0  2 7 . 0  9 9 6  5 7 3  - -  3 3 8  - -  ~ - -  
19.6 60.0 20.4 I000 657 -- 340 -- ~ - -  

N o t e :  w h e r e  ~ v a l u e s  a r e  g i v e n ,  t h e r m a l  e f f e c t s  w e r e  v e r y  s l i g h t  
a n d  t h e  p r e c i s i o n  m a y  b e  n o  b e t t e r  t h a n  • 1 7 6  W h e r e  b r a c k e t s  
a r e  u s e d ,  t h e  e x i s t e n c e  o f  t h e  t h e r m a l  e f f e c t  i s  d o u b t f u l .  

* N o t  o b s e r v e d .  
**  R e f .  ( 6 ) .  

any of the cooled DTA samples. No compositions 
which would yield informat ion about GaTe3 were  
studied. 
As -Te . - -  There  is very  l i t t le informat ion available 
about the arsenic- te l lur ium system. Only one com- 
pound, As2Te3, has been repor ted  (16). The  mel t ing  
point of 362~ is in agreement  wi th  that  of 362 ~ • 3~ 
obtained in this work. Hansen (16) gives a tenta t ive  
phase diagram based on the work  of Pelahon (17) in 
which As2Te3 is assumed to mel t  congruent ly  and in 
which a region of l iquid immiscibi l i ty is shown in the 
arsenic r ich region. 

Results 
The tempera tures  at which  the rmal  effects were  ob- 

served when melts  of various compositions were  
cooled are given in Table I. Most of the exper imenta l  
data were  obtained f rom samples wi th  over -a l l  com- 
positions on the GaAs-GaTe,  GaAs-Ga2Te3, GaAs-Te,  
and GaAs-As2Te3 binary cuts of the te rnary  phase 
diagram. 

In each case T1 represents  the t empera tu re  at which 
the surface of p r imary  crystal l izat ion was reached. 
For  those cuts in which a the rmal  effect has been 
in terpre ted  below as the tempera ture  at which the 
coohng mix ture  reaches a peri tect ic boundary  be- 
tween two pr imary  phase fields the the rmal  effect has 
been re fe r red  to as T2. For those cuts in which a ther -  
mal  effect has been in te rpre ted  below as the t empera -  
ture at which the cooling mix ture  reaches a eutectic 
boundary be tween  two p r imary  phases, the the rmal  
effect has been re fe r red  to as T3. The rma l  effects 
which appear  to resul t  f rom te rnary  eutectic or 
per i tect ic  points are re fe r red  to as T4, and those which 
are presumed to resul t  f rom the format ion of a second 
l iquid phase are re fe r red  to as T~. 

Construction of the Ternary Phase Diagram 
The te rnary  phase diagram (Fig. 1) is d r awn  in 

such a manner  as to be consistent wi th  the DTA and 
x - r ay  data for the various binary cuts discussed be-  
low and with  the exper imenta l  data obtained for 
other  points in the t e rnary  system. Most of the ex-  
per imenta l  data were  obtained for composit ions in the 
GaAs pr imary  phase field. 
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Fig. 3. Thermal effects and illustrative phase boundaries for the 
GaAs-Ga2Te3 binary. The dashed curves are intended to indicate 
only the shape of the phase boundaries in this cut. 

Fig. 1. The Ga-As-Te ternary phase diagram; Units are atom 
per cent. 

Other regions of the phase diagram have not  been 
studied in  detail. As will be discussed below, there 
seem to be several  t e rnary  peritectic or eutectic points 
near  340~ The location of these points on the l~hase 
diagram has not been  determined in this work. 

There is some evidence for a t e rnary  compound 
which forms peritectically over a wide range of ter-  
nary  l iquidus compositions in the gal l ium poor regions 
of the phase diagram. This compound, if it does exist, 
is apparent ly  consumed in a te rnary  peritectic re-  
action and is not observed in powder x - r a y  photo- 
graphs. 

The GaAs-GaTe c u t - - T h e  thermal  effect data for 
the GaAs-GaTe b inary  cut, which are tabulated in 
Table I are plotted in Fig. 2. The p r imary  phase 
separat ing at T~ is GaAs. The concentrat ion of Te in 
solid solution with the GaAs is apparent ly  below the 
limit of detection of the x - ray  powder photographs, 
and no line smearing or shifting was observed. 

The secondary phase GaTe precipitates at Ts along 
with GaAs. Although the GaAs-GaTe cut  appears on 
the basis of Fig. 2 to be simple eutectic, the thermal  
effect noted as T5 corresponds to approximately the 
temperature  at which two liquids are found in  the 
Ga-Te binary.  In  order for some of the liquid to reach 
the two l iquid region near  the binary,  the GaTe phase 
precipi tat ing must  be somewhat  richer in  Te than the 
stoichiometric compound. The possibility that  the per i -  
tectic formation of GasTe2 gives rise to T~ and that  

1300 

, 

1200 - 

TI 

11oo 

:~ 1OOO 

~ gO0  

8 0 0  

~ T5 o e 

700 I I / I 
20 40 60 eo 100 

Ga As Ga Te 
MOLE PER CENT GaTe 

Fig. 2. Thermal effects in the GaAs-GaTe binary. 

the thermal  effect due to the formation of the two liq- 
uids either does not occur at all or is hidden in  the 
T5 effect cannot  be discounted. 

No evidence for t e rnary  compound formation such 
as that reported for the InAs- InSe  system (3) was 
obtained. 

The GaAs-Ga2Te3 cut.--The most complicated dif- 
ferent ia l  thermal  analysis cooling curves obtained in  
the Ga-As-Te system were found with melts with 
over-al l  composition in  the GaAs-Ga~Te3 cut. The T,  
l iquidus is plotted as a solid curve in Fig. 3. Other 
thermal  effects were noted which are interpreted 
here to indicate that the GaAs-Ga2Te3 system is not 
a t rue b inary  since the crystall ization paths must  be 
out of the plane of that system. 

To i l lustrate the nonb ina ry  behavior  of this system, 
the DTA cooling curves are shown schematically in 
Fig. 4. For each cooling curve in Fig. 4, T1 is the tem- 
perature  at which t.he first solid appears, and each of 
the Tz points is representat ive of a l iquid with a com- 
position on the GaAs-Ga2Te3 b ina ry  cut. If the GaAs 
precipitates with a small  amount  of Te in  solid solu- 
tion, the crystall ization path will  deviate only  slightly 
from the GaAs-Ga2Te3 cut. The second thermal  effect, 
T2, wil l  be observed when the l iquidus composition 
reaches ~he boundary  of the Ga2Te3 pr imary  phase 
field between points a and p on Fig. 1. If the system 
remains in equ i l ib r ium as the mixture  is cooled still 
further,  the l iquid composition wil l  move along the 
two phase boundary  a-p to a te rnary  pertectic (p), if 
the second solid is re la t ively rich in Te, at which time 

T 
MOLE % 
Ga2Te3 

2 T a 

Tt 12 '4 

T, ~ 

TIME �9 
�9 ~ TEMPERATURE 

Fig. 4. Schematic DTA curves for samples with compositions on 
the GaAs-Go2Te3 binary. 
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the thermal  effect T4 will  be noted. At the te rnary  per-  
itectic the react ion 

l iquid -t- GaAs -> GaTe 

occurs, and with fur ther  cooling the l iquidus com- 
position wil l  move along p-e (Fig. 1) un t i l  the b inary  
eutectic is reached at e ( thermal  effect T3). 

The curve a -p  is assumed here to represent  the 
intersection of p r imary  phase boundaries  of a solid 
solution based on the Ga2Te3 s t ructure  bu t  with var i -  
able t e rnary  composition, and Te doped GaAs. Woolley 
and Smith (18) have shown that  extensive solid so- 
lutions of Ga2Te3 and GaAs exist and that  equi l ibr ium 
in  the solid solution region occurs very  slowly. I t  is 
not expected, therefore, that the cooling curves of 
Fig. 4 represent  equi l ibr ium systems. Although the 
thermal  effects T2, T3, and T4 are observed for most 
of the curves obtained by cooling l iquid mixtures  with 
over-a l l  compositions in the GaAs pr imary  phase field 
of the GaAs-Ga2Tez cut a different type of thermal  
effect ( indicated in  Fig. 4 by an arrow) rapidly gains 
in  importance as the star t ing composition becomes 
closer to pure Ga2Te3. This thermal  effect may be in-  
terpreted as being due to the nonequi l ib r ium pre-  
cipitation of the above ment ioned solid solution with 
coring as the tempera ture  overshoots T4 and the peri-  
tectic reaction cannot be completed. 

The analysis  presented above is consistent with a 
b inary  section such as is i l lustrated approximately by 
the dashed and full  curves of Fig. 3. A miscibi l i ty gap 
exists in the solid between GaAs-Te solid solutions 
and solid solutions based on Ga2Te3. The above anal -  
ysis is also consistent with the studies of Woolley and 
Smith (18) who used long anneal ing procedures in an 
at tempt to produce equi l ibr ium phases in  the GaAs- 
GauTe3 binary.  They were not able to produce single 
phase behavior  on the GaAs side of the system; how- 
ever, on the Ga2Te3 rich side, extensive solid solu- 
bil i ty of GaAs in Ga2Tes was demonstrated. 

Woolley and Smith noted that it was possible that  
they did not a t ta in  equi l ibr ium and that the two- 
phase condition observed was due only to the fact that  
the diffusion rates were too low. If this were the case, 
and at equi l ibr ium there were a complete series of 
solid solutions, the T2, T3, and T4 thermal  effects noted 
in this work would not have been observed. In  such 
a si tuat ion T1 would have been observed, and the 
GaAs-Ga2Te3 solid solution would precipitate with 
severe coring. As a resul t  of the coring GaeTe8 would 
precipitate as a separate phase when  the tempera ture  
had approximately reached the mel t ing point  of the 
pure compound, and a large thermal  effect would have 
been noted at that temperature.  

X- ray  powder photographs of the cooled DTA sam- 
ples in this section do not  show coring in the case 
of GaAs. Since the solid solubil i ty of Te in  GaAs is 
apparent ly  quite small  and probably below the limits 
of detection in the powder photographs this is not 
surprising. The Ga2Tes powder diffraction lines showed 
evidence of severe coring for all of the samples on this 
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Fig. 5. Thermal effects in the GaAs-Te binary; Units are atom 
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Fig. 6. Thermal effects in the GaAs-As2Te3 binary 

cut. A lattice constant  var iat ion of from 5.88 to 5.77A 
was noted. 

T h e  GaAs-Te cut . - -The thermal  effect data for this 
cut are plotted in  Fig. 5. The shape of the T1 l iquidus 
curve is that of a simple eutectic system with the GaAs 
pr imary  phase field occupying the major  port ion of 
the diagram. A very  slight thermal  effect was noted 
on two of the cooling curves, and this has been desig- 
nated T2 because it appears to be the same effect 
designated T2 on the GaAs-As2Te3 cut and on several 
other cooling curves in the high arsenic region of the 
phase diagram. If, as discussed below, this represents  
the peritectic formation of a t e rnary  compound, the 
system is obviously not a simple eutectic type and is 
not b inary  in nature.  Two other thermal  effects, desig- 
nated T4 and T4', were noted in the DTA curves. 
These may result  from a te rnary  peritectic and eutec- 
tic near  340~ No at tempt  has been made to study 
the high Te region of this phase diagram and the 
composition at which these points occur has not been 
determined.  The x - ray  data for all samples on this 
cut are discussed below with the data for the GaAs- 
AssTes cut. 

T ~ e  GaAs-As2Tes cut . - -The  thermal  effect data ob- 
tained when solutions with over-al l  compositions 
along this cut were cooled are shown in  Fig. 6. The 
T1 liquidus curve resembles that  for a b inary  system 
with a peritectic point. A small  thermal  effect (T2) 
was noted for all cooling curves where T1 was greater  
than T2. A large thermal  effect was observed in  al-  
most all  the cooling curves at about 340~ 

If 3:2 represents the peritectic formation of the com- 
pound GaAs-As2Te3 Eby analogy to the In -As -Se  
system discussed by  Luzhnaya  e t a l .  (3)] ,  i t  would be 
expected that DTA curves obtained for compositions 
on the GaAs-As2Tes cut would show a greater  ther-  
mal  effect at T2 than  nearby  compositions in  the ter-  
na ry  system. Actual ly greater  T2 thermal  effects were 
noted for several  compositions at higher As concen- 
trations on the 1000 ~ isotherm. The te rnary  compound 
is therefore not  GaAs-As2Tes, and its actual  compo- 
sition has not been determined in  this work. 

The thermal  effect at 340~ (Ta) may be ascribed 
to the intersect ion of curve b (Fig. 1) with a ter-  
na ry  peritectic point  involving the peritectic forma-  
t ion of the Ga2Te8 based solid solution when  the 
star t ing composition of the mix ture  is less than  55 
mole % As2Te3. For mixtures  with s tar t ing composi- 
tions greater  than  55 mole % As2Tes, the thermal  
effect (Ts) at about the same tempera ture  appears to 
result  from the intersect ion of the l iquidus crystall iza- 
t ion path with the As2Te3 pr imary  phase field. The 
x - r a y  powder photographs of cooled DTA samples 
with over-a l l  compositions along the GaAs-Te and 
GaAs-As2Te3 cuts are quite interesting.  The com- 
pounds identified by their x - r a y  pat terns in each 
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Table II. Room temperature phases observed in cooled DTA 
samples with over-all compositions on the GaAs-Te and 

GaAs-As2Te3 cuts 

Star t ing  composition, 
A t o m  % Phases  observed 

Ga As Te GaAs Ga~Tes* As~Te8 Te As 

4 2 5  4 2 5  1 5 0  
35.0 35.0 30.0 

275 450 X .* 
20.0 20.0 60.0 
12.5 12.5 75.0 ~ 

7.5 7.5 85.0 ~ ~/ 
37.0 47.5 15.0 x/ ~/ 
27.0 45.5 27.5 ~/ ~/ x/ 
23.2 44.8 32.0 x/ ~/ x/ 

. .  
10.5 42.0 47.5 x/ 
4.2 40.8 55.0 

40.0 60.0 ~/ 
23.0 50.0 27.0 
l g 0  0 0 0  2 0 4  

* Genera l ly  several  lines for  this compound indicated the  pres-  
ence of a solid solution of var iable  composition but  wi th  s t ructure  
and lattice pa rame te r  similar  to that  of Ga~Te3. 

** Very small  amount .  

sample are given in Table II. These x - ray  pat terns 
are consistent with the in terpre ta t ion  that the T2 
thermal  effect in  Fig. 5 and 6 is due to the peritectic 
formation of a te rnary  compound if we assume that 
the compound formed decomposes at a t e rnary  peritec- 
tic point  on fur ther  cooling to yield the Ga.,Te3 based 
solid solution. The presence of As in all samples with 
s tar t ing compositions on the GaAs-As2Te3 cut and 
several  samples with higher As star t ing compositions 
may indicate that  there is a second unidentif ied ter-  
nary  peritectic which permits  the l iquidus to reach the 
reported two l iquid region on the Te-As binary.  De- 
tails in this region of the phase diagram cannot  be 
d rawn on the basis of the data presented here. 

Electron beam microprobe studies of several  DTA 
samples along the GaAs-As2Te3 cut are consistent 
with the room tempera ture  powder x - r ay  studies. 
GaAs, As2Te3, and As were observed where expected 
from the powder photographs. The Ga2Te~ phase had 
a var iable  composition and was difficult to s tudy 
because it appeared to react under  the impact of the 
electron beam. 

Conclusion 
A major  par t  of the condensed te rnary  phase dia- 

gram for the ga l l ium-arsen ic - te l lu r ium system has 
been constructed on the basis of data obtained from 
differential thermal  analysis and x - r ay  studies. U n-  
like several  other I I I -V-VI  systems (18-22), no re-  
gions of extensive solid solubil i ty of te l lur ium in  
GaAs were observed. The GaAs-GaTe cut shows es- 
sential ly pseudobinary eutectic characteristics al- 
though it appears that the GaTe phase may be Te 
rich. The GaAs-Ga2Te3 cut is not  a t rue pseudobinary  
and has a considerable region in  which the l iquid is 
in equi l ibr ium with a t e rna ry  solid solution with a 
s tructure based on Ga2Te3. The GaAs-Te cut resem- 
bles, on the basis of the DTA studies, a b inary  eutec- 
tic, but  a considerat ion of the x - r ay  data and the 
DTA data of the GaAs-As2Te3 cut reveals the pos- 
sibili ty that  a peritectic boundary  may intersect  the 

cut at about 62.5 atom % Te. DTA and x - r ay  studies 
of the GaAs-Te cut and the GaAs-As2Te3 cut have 
provided informat ion which suggests the existence of 
a t e rnary  compound which reacts at  one or more ter-  
nary  peritectics to yield a solid solution of GaAs and 
Ga2Te3. The composition of this compound is not  
known. 

It  is interest ing to note that  the shapes of the 
isotherms in the GaAs pr imary  phase field are very 
similar to those in the In -As-Se  system (3). 
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ABSTRACT 

Graphic means for fabricat ing active circuit elements have been examined 
in  an exploratory program. Compatible and complementary semiconductor-,  
dielectric-, and meta l - inks  have been developed and tested. Their  use in 
various juxtaposed and overlayed configurations has produced operational  
insulated-gate  field-effect transistors. The ul t imate goal is to establish proc- 
esses compatible with existing processes for si lk-screened resistors and ca- 
pacitors and produce high-volume,  low-cost active circuits. Four  types of 
graphically produced transistors typically exhibit  two characteristic modes 
of behavior;  high transconductanee (--~2000 ~mhos) coupled with poor fre-  
quency response (<100 eps); and low transeonductance (--~20 #mhos) coupled 
with bet ter  f requency response (>100 cps). These behaviors correlate with 
gate-dielectric parameters.  Various organic and inorganic gate-dielectric 
materials have been tested; best results to date have been obtained with 
nitrocellulose, silicate cement, glyceryl monostearate,  or bar ium t i tanate in 
association with CdS:CdSe. Sinter ing of the semiconductor layer and post- 
processing of the inks after each pr in t ing  deposition have been found neces- 
sary to enhance device performance. The times involved with these opera- 
tions are comparable to conventional  screened conductor, resistor and ca- 
pacitor processing periods. 

P r in t ing  processes as applied to the manufac ture  of 
f i lm-type electronic circui try hitherto have been l im-  
ited to combinations of passive elements, i.e., resistors 
and capacitors connected by conductive paths to which 
active elements,  i.e., diodes and transistors, are an-  
nexed in "chip" or package form. Par t ia l ly  negat ing 
the economic advantages of such pr in t ing  operations 
are processing costs associated with fabricat ing and 
insert ing the active elements. 

The possibility of pr in t ing active elements as well  
as passive ones has received impetus from recent  
achievements with evaporated polycrystal l ine semi- 
conductor films. Inasmuch as diodes and transistors 
can be readily fabricated from such films, it is not 
unreasonable  to expect that active devices should 
be realizable by the deposition and processing of spe- 
cial "inks" either wet or dry in appropriate configura- 
tions on suitable substrates. The envisioned payoff 
for such a successful coalescence of pr in t ing  disciplines 
with semiconductor concepts would be high volume 
production of components and networks at t ract ively 
competit ive costwise with components and networks 
manufac tured  by other means. The accuracy and speed 
wi th  which modern  pr in t ing  presses produce mean ing-  
ful  pat terns and designs are well  exemplified by the 
high-qual i ty  color designs seen in the bet ter  magazines 
and books. Intr icate  overlayed and juxtaposed dot or 
dash configurations produced by mul t ip r in t  operations 
are common practice, and to rapidly generate a mil l ion 
complex designs or pictures indist inguishable from 
each other to the n th dot is general ly taken for 
granted by artisans of the trade. 

The purpose of this paper  is to summarize results 
of an invest igat ion into problems associated with 
pr in t ing  active devices by means compatible with ex- 
isting s i lk-screen processes for depositing resistors 
and capacitors. Effort has been expended in  develop- 
ing and testing various semiconductor-,  dielectric-, 
and metal- inks,  using these to pr in t  operational insu-  
lated-gate field-effect transistors, and evaluat ing their  
performance. Transistor  components have received 
most study to date because they are considered vi tal  
for complete success of the over-al l  concept. Our s tud-  
ies involving pr in ted diodes and wholly pr in ted  cir-  
cuits are incomplete and wil l  not be included in  this 
paper. 

Fabricat ion Considerat ions and Mate r i a ls  
Device types . - -The Graphic Active Devices (GAD's) 

successfully pr inted are fundamenta l ly  similar to the 
evaporated insula ted-gate  field effect transistor de- 

veloped by Wiemer  (1). In  such a device, the major i ty  
carrier  concentrat ion in  the semiconductor film is 
controlled by an electric field applied to a dielectric 
overlay. Four  variat ions of the s tructure are shown 
in Fig. 1: (a) and (b) are coplanar types having all 
layers on the same side of the semiconductor layer, 
and (c) and (d) are staggered types having the gate 
layer and source-drain  layers on opposing sides of 
the semiconductor layer. 

Substrates .--The choice of an appropriate substrate 
to receive the ink layers for GAD types (a) and (d) 
has been dictated by mechanical  considerations and 
by the necessity to minimize undesirable  reactions 
between the semiconductor and the substrate dur ing 
post deposition heat treatments.  For a var ie ty  of ex- 
per imental  inks, h igh-pur i ty  a lumina  has been es- 
pecially useful as a passive substrate for it has good 
film adherence qualities and is nonreact ive under  a 
wide variety of fabricat ion processes. These a lumina  
substrates, for convenience in measur ing device pa-  
rameters,  were shaped to fit a s tandard four- lead 
TO-5 header. Protection against  open-env i ronment  
influences was afforded by polystyrene plastic coat- 
ings or by canning units in dry nitrogen. 

Type (c) GAD's, where in  the gate insulator  serves 
both as the substrate and the pr in t ing surface, re-  
quire strong rigid materials  that have both good in-  

(o) (b) 

(cl (dl 

Fig. 1. Four types of GAD's in cross section: (o) planar structure 
on passive substrote; (b) planar structure on semiconductor sub- 
strote; (r staggered structure on dielectric substrote; (d) stag- 
gered structure on passive substrate. 1, Substrote; 2, semiconduc- 
tor; 3, source and drain electrodes; 4, insulator-dielectric; 5, gate. 
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sulat ing properties and rela t ively high dielectric co- 
efficients. The advantages in pr in t ing  this k ind  of 
device are that  one mater ia l  (an auxi l iary substrate)  
is el iminated and that pr in t ing  operations proceed on 
both broad areas simultaneously,  thereby reducing 
the number  of serial processing steps. 

Type (b) GAD's utilize a pressed and sintered wafer 
of the semiconductor mater ia l  that serves as both the 
substrate and active material .  This approach is at-  
tractive because a separate substrate is not required,  
and it achieves the ul t imate  simplicity envisioned for 
pr in t ing  and processing complete circuits of R's, C's, 
and active devices on the same wa~er. To form these 
substrates, powder (typically CdS:CdSe powder of 
99.999% pur i ty)  is compressed to 1 mm thick in a die 
at 20,000 psi and then fired at 550~ in  air for 1 hr  
to recrystallize and bond the particles. Surface resist-  
ance approximates 108 ohms/sq and the pellet wit'h- 
stands relat ively rough handling.  Source and drain  
contacts, the gate insulator,  and the gate are applied 
directly to the surface by one of several  procedures 
to be described. Insula t ion  of elements is achieved by 
diffusing appropriate dopants to create high-resis t -  
ance boundaries.  

Semiconducting layer.--Deposition and treatment. 
Various satisfactory inks which could be screen-de-  
posited and processed into semiconducting layers were 
empirically developed by first concocting a screenable 
mix, and then adjust ing the semiconducting and dop- 
ing consti tuents for best device performance. A very 
useful  ink and one employed for most GAD develop- 
ment  work has been prepared by the following pro- 
cedure: (A) A mixed compound of CdS:CdSe is made 
by mixing  equal portions (by weight) of 99.999% 
pur i ty  CdS and CdSe and sinter ing at 950~ for 4 hr 
in a H2S ambient  of 1 atm. After  cooling, the con- 
glomeration is ground to 80 mesh with a porcelain 
mortar  and pestle. (B) A sIurry is made by the addi-  
tion of distilled H20 and CdC12 solution so that  the 
CdC12 �9 21/2 H20 to CdS:CdSe weight ratio is 1:10. 
This s lurry  is dried on a hot plate at 100~ (C) The 
final ink is prepared by mixing 10g of the dried CdS: 
CdSe mater ial  with 40 cc of a carrier solution of 5% 
(by weight) ethylcellulose in bu ty l  cellusolve, and 
then ball  mil l ing for 16 hr. Inks stored for more than 
24 hr required only simple s t i r r ing to properly re-  
suspend the semiconducting particles. 

In  use, the CdS:CdSe ink is t ransferred to sub-  
strates in  controlled thicknesses ranging from 2 to 
25~ by screening through a 100 mesh si lk-screen and 
is then predried to remove the carrier  solvent. The 
resul t ing raw film exhibits high electrical resistance 
( >  1 Mohm),  adheres well  to most types of substrates 

and withstands considerable abuse before showing 
physical damage. 

Sinter ing is required to activate the raw film. The 
CdCI~ present  serves as a flux that promotes particle 
fusion and granule  regrowth at temperatures  well  be-  
low the normal  CdS:CdSe subl imat ion point, and it 
also dopes the CdS:CdSe particles with C1 donors, 
br inging the resistance of the film into the desired 
range of 103 to 105 ohm/sq. The s inter ing operation is 
typically carried out at 570~ under  conditions of 
l imited air. Poor bonding strength and film homogen- 
eity would result  with insufficient CdC12 while excess 
CdC12 unfavorably  affected device stabil i ty and fre-  
quency response. In  the la t ter  case, unreacted CdC12 
could be satisfactorily removed by leaching. 

Post treatment.--The application of surface activating 
agents (surfactants) to the sintered semiconductor 
layer  prior to pr in t ing  the gate insulator  dielectric 
has been found to have beneficial effects on device 
performance. The surfactants used most extensively 
have been Lewis- type bases such as t r ie thanol  amine 
lauryl  sulfate (TALS),  glyceryl  monostearate  (GMS), 
sodium lauryl  sulfate (SLS),  d imethyl  glyceryl 
stearate (DGS),  ethanol amine (EA),  and NH3 gas. 
Best results were consistently achieved with NH3 gas 
which was able to penetra te  bet ter  into the inked 
film and envelop the CdS:CdSe granules. The liquid 
surfactants were applied as aqueous coatings over 
the semiconductor films and dried under  a heat lamp. 
Ammonia  was added to the films by passing NH3 gas 
over units  in an ice bath at about 0~ Comparat ive 
performances of surface-treated GAD's are shown in 
Table I. 

Source and drain e~ectrodes.--A necessary condition 
for best GAD performance is unh indered  electron flow 
through the source-semiconductor and dra in-semicon-  
ductor interfaces. In  addit ion to being "ohmic," the 
deposited electrodes need to be highly conducting, 
nonreact ive with the other layers, and stable with t ime 
and temperature.  

The many  conducting silver and carbon preparat ions 
commercially available proved to be nonohmic with 
the CdS:CdSe layer. Several  metals, viz. indium, tin, 
and a luminum,  were empirically found to have sui t -  
able electrical properties, but  simple a i r -dry ing  inks 
based on these gave poor registry and line definition 
and were not par t icular ly  useful. 

One means for obtaining satisfactory source-drain  
electrodes on the CdS:CdSe layer  made use of a 
90% Hg-10% In amalgam. After  p r in t ing  this paste-  
like mix, the Hg content  was lessened by heating in  a 
vacuum at 120~ The resul t ing film made good ohmic 
contact and had solid metall ic characteristics. Another  

Table I. Representative GAD's and their performances. Transconductances are obtained by 
dividing the modulated current by the change in gate voltage -~Vg - -  18v. 

Current  m o d u l a t e d  vs. f r e q u e n c y  
CdS:CdSe  

semiconductor  Dielectr ic  Contact  0.1 cps, 1.6 cps, 10 cps, 100eps ,  1000 cps, 
U n i t  l a y e r  t y p e  l a y e r  m a t e r i a l  S p e c i a l  t r e a t m e n t s  m a  m a  m a  m a  m a  

6323-25~4  I n k  Co l lod ion  I n - H E  N o n e  5.5 3.5 0.72 0.12 0.014 
6323-25~8  Ink  Collodion E v a p o -  N o n e  5.2 3.2 0.64 6.10 0.02 

rated I n  
6433-117#16 I n k  G M S  S n - G a  N o n e  0.26 0.22 0.14 0.028 0.005 
6433-97~14  I n k  G M S  I n - H E  NI-I3 s u r f a c t a n t  2.0 1.4 0.70 0.14 0.02 
6683-95~7  I n k  C e m e n t t  + BaTiO3 S n - G a  N o n e  2.0 1.5 1.4 6.5 0.2 
6 4 3 3 - 6 1 ~ I  I n k  C e m e n t $  I n - H E  NFI8 s u r f a c t a n t  1.7 1.6 1.1 0.16 0.02 
6433-97~16  I n k  M o l t e n  G M S  I n - H E  G M S  s u r f a c t a n t  2.4 1.4 0.74 0.09 0.01 
6433-97~11 I n k  M o l t e n  T A L S  I n - H E  T A I ~  s u r f a c t a n t  1.4 1.2 0.65 0.12 0.015 
6433-117~1 I n k  C e m e n t s  S n - G a  N o n e  0.71 0.58 6.10 0.006 0.001 
6323-137#6  I n k  C e m e n t t  I n - H E  L e a c h e d  C d S : C d S e  f i lm  2.0 1.8 1.6 1.2 0.350 
6683-113~4  I n k  B a T i O . *  S n - G a  N o n e  0.0020 0.0024 0.0025 0.0028 0.0035 
6663-129~8  I n k  BaTiO3* S n - G a  E x c e s s  CdC12 in C d S : C d S e  0.075 0.080 0.060 0.080 0.080 
6683-116#3  I n k  BaTiO3* S n - G a  BaTiO~ @ 1000~ 16 h r  0.045 0.046 0.050 0.052 0.051 
6683-147#4  I n k  BaTiOs*  S n - G a  E x c e s s  CdCI.~ + B a T i O s  

1000~ 16 h r  0.260 0.306 6.345 0.380 0.400 
E x p 6 4 ~ 1 0  P r e s s e d  D u c o  I n  N o n e  7.5 6.0 1.4 0.16 0.008 

pe l l e t  

* A m e r i c a n  L a v a  C o r p o r a t i o n  T y p e  T -183 -A .  
t Sauere i sen  Cements  C o m p a n y  T y p e  78. 
S Sauere / sen  Cement s  C o m p a n y  T y p e  P - 1 .  
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means for pr int ing source-dra in  electrodes uti l ized an 
alloy of Sn-Ga  (5-10% Sn) which remains  fluid and 
has excel lent  wetabil i ty.  Good line definition was 
readi ly  obtained as wel l  as good ohmic contact. The 
composition of this alloy can be var ied  to control  the 
fluidity of contact. Though the resul t ing film remains  
"wet"  it does not tend to flow and can be "locked" 
in place wi th  the gate- insula tor  material .  A third 
means for making source-dra in  electrodes used meta l -  
lic powders of Sn or In, e i ther  sprinkled on or con- 
veyed  f rom transfer  tapes onto the CdS:CdSe  layer,  
then rol led to promote  int imate  contact, and finally 
s intered near  the melt ing point. Fair  to good ohmic 
contact was achieved, but  results  were  often erratic.  

Gold normal ly  makes rect i fying contacts to CdS: 
CdSe, but  i t  was found that  if the CdS:CdSe  ink was 
fired onto predeposi ted Au layers, the resul t ing elec-  
trodes were  electr ical ly and mechanica l ly  very  sat is-  
factory for GAD use. A gold-resinate  solution, Hano-  
via Liquid Bri te  Gold 7621, would first be deposited 
onto the alumina substrates and decomposed ther-  
mal ly  at 750~ in air to give a metal l ic  film. The 
source-drain  electrodes were  formed by diametr ical ly  
scribing a 1-2 mil  wide gap after which the CdS: 
CdSe ink was screened onto the substrate and fired. 
This method of making contacts res t r ic ted devices to 
the s taggered-s t ruc ture  type since the gold ink could 
not be fired satisfactori ly onto a predeposi ted CdS: 
CdSe ink layer.  

Table  I summarizes  performances  of various GAD 
devices prepared  with  the bet ter  source-dra in  ma te -  
rials that  were  applied by different means. No sys- 
tematic  super ior i ty  of any one contact mater ia l  and 
method of application has been evider~t including 
evapora ted  indium electrodes which were  used as a 
control, and it is our conclusion that  major  l imi ta-  
tions to GAD performance  are not a consequence of 
contact phenomena.  While at least two or three of 
the methods described have  been adequate  and useful, 
fu r ther  deve lopment  work  wil l  be requi red  before a 
simple pr intable  contact ink is realized. 

Gate insulator-dielectrics.--The insulat ing mater ia l  
separat ing the semiconductor  layer  and the gate elec-  
trode is ideally requi red  to have stable dielectr ic  
properties,  and its processing must  be compa.tible 
wi th  the remainder  of the device. The number  of car-  
r iers induced into or r emoved  from the source- to-dra in  
electr ical  path is a direct  funct ion of the capacitance 
exist ing be tween  the gate electrode and a pseudo- 
capacitor plate located somewhere  at or near  the 
semiconductor  surface. While  it is des i rable  to have  
large current  changes in response to gate voltage fluc- 
tuations, a compromise becomes necessary since long 
charging- t imes  and low input  impedance are inheren t  
wi th  large capacitances. Fur thermore ,  any noncon-  
stant propert ies  present  in the insulator,  such as t em-  
pera ture  instabil i ty or f requency or voltage dependent  
polarization, can be expected to appear  direct ly as 
variances in GAD transconductanee.  Evidence for this 
dependence wil l  be discussed later. 

Organic d~eZectrics.--Some 25 solvent- ,  po lymer- ,  and 
mol ten- type  organic films were  tested with  various de-  
grees of success. Most successful to date for rout ine ly  
pr int ing operat ional  GAD's  has been ni trocellulose in 
the form of Duco (DuPont)  or flexible collodion, each 
producing layers having large re la t ive  dielectr ic  co- 
efficients ( >  10~). Unfor tunate ly ,  the magni tude of 
this coefficient is h ighly f requency dependent,  and the 
f requency  performance  of typical  GAD's would d imin-  
ish rapidly  at f requencies  above 1 cps. Fur thermore ,  
these films tended ~o "dry  out" if left  unencapsula ted .  
GAD per formance  would correspondingly cease wi th  
this drying but could be restored by exposure to the 
solvent  vapors. 

The low-f requency  dielectr ic  coefficient in ni t ro-  
cellulose is surpr is ingly large.  I t  may  be a conse- 
quence of molecular  polarizat ion ei ther  be tween  the 
many  polar  groups such as - -OH,  --NO2, and - - O - -  or 

be tween  these groups and the surface states on the 
CdS: CdSe layer. Al te rna t ive ly ,  it is possible that  the 
electric potent ial  across the dielectric causes mobile 
ions to migrate.  Movement  of these ions would result  
in a dipole buildup. Evidence for ionic migra t ion  and 
perhaps some electrochemical  action was demonst ra ted  
by electrolysis exper iments  with collodion solutions 
in which ions were  tagged wi th  neut ra l  red indicator. 
Ions were  observed to accumulate  at and around both 
electrodes wi th  H2 gas being re leased at the negat ive  
pla t inum electrode. 

Glyceryl  monosteara te  (GMS),  an animal  fat  der iv-  
ative, was the best mol ten- type  gate dielectric mater ia l  
found for GAD use. It  is an ester formed between 
glycerol  and stearic acid wi th  numerous polar groups, 

O 
II 

- - O H  and - - C - - O ,  present  in each molecule.  GAD 
units made with  the GMS (which is also a surfactant)  
showed less f requency falloff than nitrocellulose di- 
electrics and the o'ther organic mater ia ls  tested. One 
major  disadvantage of GMS is its low mel t ing point 
of 60~ a tempera ture  often reached in a GAD under  
heavy operat ing loads. Other useful  mol ten  films have 
been made using t r ie thanol  amine lauryl  sulfate 
(TALS) and vinyl  polymers  (e.g., Tygon) .  

The major  disadvantage of the more  promising or-  
ganic gate insulators in conjunct ion wi th  the CdS: 
CdSe ink layer  is their  rapidly decreasing dielectric 
coefficient with frequency.  Al though the organic di- 
electrics cited would  u l t imate ly  be unsui table  for 
pr int ing devices meet ing  reasonable  stabili ty and f re-  
quency requirements ,  much knowledge  as to wha t  is 
needed in a good gate insulator  was gained f rom their  
u s e .  

Inorganic dielectrics.--The numerous difficulties wi th  
organic dielectrics prompted  a look at inorganic 
dielectrics which ,could be expected to be more  stable 
wi th  respect to t empera tu re  and frequency.  A prob-  
lem confronted in their  projec ted  use was finding a 
suitable method of application. Inorganic dielectrics 
such as mica, BaTiO3 and glasses are normal ly  formed 
at high tempera tures  which could not be to lera ted di- 
rect ly in GAD fabrication. Thus the search for in-  
organic gate dielectrics was nar rowed  to mater ia ls  
and processes involving low-mel t ing  Cemperatures, 
flame spraying, or chemical  curing. 

Cements were  the most f ru i t fu l  inorganic dielectrics 
to be applied by a pr in t -on  method.  Severa l  types 
were  tested, viz., lime, gypsum, phosphate, and sil- 
icat'e, but only the silicate cements  (Sauereisen Ce- 
ment  Company) produced devices wi th  adequate  
transconductances.  However ,  as wi~h the organic di- 
electrics, the cur ren t  modula ted  decreased rapidly  in 
magni tude  at f requencies  grea ter  than 1-10 cps. The 
Sauereisen cements successfully used were  No. P - l ,  
No. 78, and No. 63 each containing 85-95% SiO2 with  
the remainder  being A1 and Fe oxides and wa te r  of 
hydration. Water  was added r make  the cement  
"spreadable"  and it was deposited in a s t ra ightfor-  
ward  manner  on.to the CdS:CdSe  layer.  The  units 
were  then stored in a sealed container  for 24 to 48 
hr to allow silicate, hydroxide,  and hydra te  reactions 
to proceed. When cured at room tempera ture  these 
cements underwent  continuous change lasting many 
weeks which is a t t r ibuted to ch'emical processes pro-  
ceeding to completion. As a .consequence, GAD's would 
show continuing improvements  in transconductances 
and speeds of response as the cements aged. More 
rapid stabilizati,on could be inst igated by heat ing 
canned units to 200~ for 48 hr. Some improvements  
in t ransconductance and f requency  response in ce- 
ment -d ie lec t r ic  GAD's were  obtained when  BaTiOa 
powder  was added to the cement  in a ratio of 1:3 by 
weight.  

Dielectric substr~te.--The use ,of the substra te  itself 
as the gate insulator  necessi tated that  the s taggered-  
type structure,  Fig. 1 (c), be employed.  The semicon- 
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ductor ink would be first screened over one surface 
of the substrate  and processed, s the source and 
drain  electrodes were applied over the semiconductor 
layer, and finally the gate electrode was pr in ted and 
dried on the opposing face of the substrate. Since ~he 
substrate has to be relat ively thick (in order to wi th-  
stand both handl ing dur ingprocess ing  and flexing that  
could cause component fractures) ,  the dielectric co- 
efficient needs to be very large in order to provide 
sufficient charge-change in  the semiconductor layer. 
Few materials  are known to have the required  dielec- 
tric coefficient, and  those that do are inheren t ly  in -  
constant in their properties. 

BaTiO3 substrates were superior to all  mater ia ls  
tested producing GAD's with stable characteristics to 
over 1000 cps. The a t tendant  problems wi th  BaTiO3 
involved undesired reactions dur ing  s inter ing between 
the CdS:CdSe layer and the BaTiO3. One effect was 
a doping of the CdS:CdSe layer mak ing  it higher in 
resist ivi ty and another was poor adhesion caused 
par t ly  by outgassing. Moderation and /o r  v i r tual  el im- 
inat ion of these effects was affected by pres inter ing 
the BaTiO3 blank at 1000~176 in air for 16 hr and 
increasing the amount  of C.dC12 in the CdS:CdSe ink. 
Either of these two corrective measures al.one im- 
proved device t ransconductance and together the re-  
suits were most impressive as seen in Table I. 

Ga$e electrodes.--The gate electrode mater ial  and 
method of application were determined by the dielec- 
tric to which it was applied. Major requi rements  
were that  the electrode mater ia l  be highly conducting 
and that it not react de t r imenta l ly  with the dielectric. 
For  organic dielectrics, an aqueous ink was deve]oped 
containing by weight 5 parts Ag q- 2 parts Zein -t- 4.1 
parts 2-methyl  2,4 Pentanediol  -ff 4.1 parts H20. The 
Ag (300 mesh powder) was suspended by ball  mil l ing 
and after application was allowed to dry at 25~ For 
cement, ceramic, or inorganic dielectric materials,  
DuPont 's  Ag Paint  No.  5584 was used. This paint  is 
readi ly applied and quickly dries with only modest 
heat ing in air. It  was also used to make conducting 
paths and connections to the header wires. 

Electr ical  Performances and In terpre ta t ion  

Devices fabricated in the manners  described in this 
paper are composed ent i re ly  of disordered materials 
and obviously can give rise to extremely complicated 
behaviors not ent i rely in terpretable  by modern  car- 
rier t ransport  theory as developed with single crys- 
tal l ine materials.  The semiconductor layer, being a 
conglomeration of fused macroscopic particles, is 
highly inhomogeneous and contains a very  high den-  
sity of surface and bu lk  traps which strongly influence 
free carrier  responses to electric fields. The insulator  
dielectric in  contact with the semiconductor layer 
gives rise to fur ther  complications since ionic and 
polarization effects can and do manifes t  themselves. 
In  spite of these serious problems, however, it is en-  
couraging that  with ~easonable contr.ol over the ma-  
terials and their  processing, GAD's can be repro-  
ducibly pr in ted  ~o exhibit  certain basic characteristics 
in their performances. The following section discusses 
results observed wi.th l i teral ly dozens of GAD var ia-  
tions and several  thousand devices. Table I sum- 
marizes typical performances of representat ive uni ts  
at f requency decades ranging  from 0.1 to 1000 eps. 

Transconduetance and drain cur ren t . - -Transcon-  
ductance, gin, in  an active device may be taken  as a 
f igure-of-meri t  of device performance. Two kinds of 
general  t ransconductance-behavior  have been en-  
countered:  one where in  grn diminishes with frequency,  
and the other where in  gm is re la t ively invar ian t  with 
frequency (up to 1000 cps). The former behavior is 
found in  GAD's processed with gate- insulators  of 
deposited layers while  the lat ter  behavior  is shown 
by the BaTiO3 dielectric substrate s.tructure devices. 
Typical t ransconductance data for two units, each 
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Fig. 2. Mutual transconductance vs. frequency of two representa- 
tive GAD's. 

representat ive of the behavior  noted, are ~hown in  
Fig. 2. 

The differences observed in  gm magni tude  and the 
variations of gm with f requency can be in the most 
par t  explained by considerations of capacitance data 
shown in Fig. 3, and s~mple field effect transistor the-  
ory. From Borkan et at. (2) the dra in  current  ex-  
pression is 

I d  ----- - - ~ - 2 L  (Vo + Vo) - -  V~ [1] 

where ~ ---- earrier  mobility, Cg = gate capacitance, 
L = source- to-dra in  separation, Vg ---- gate-to-source 
voltage, Vo ---- threshold voltage, and V~ = souree- 
to-dra in  voItage. 

It  is impor tant  to dist inguish be tween total  gate 
capacitance, Cgm, as it is measured, and that  part  of 
the gate capacitance, Ca, which is effective in  adding 
or subtract ing charge carriers in the semiconductor 
layers. For the two representat ive devices considered, 
Cu ~ C.,./6, where the factor 6 is calculated from 
simple area considerations. It follows that t ranscon- 
ductance 

OId L 

r = i~cgVd/L 2 [2] 
g m  = " ~ g  Vd = constant  

can be expected to vary  directly with Cg, and quali-  
tat ively this is what  is observed. 
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Fig. 3. Measured gate-to-channel capacitance vs. frequency of 
two representative GAD's. The apparent relative dielectric co- 
efficient is obtained by multiplying the ordinate by 10. The ap- 
proximate capacitance, Cg, directly interacting with the source-to- 
drain material can be calculated by dividing the ordinate by 6. 
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Quanti tat ively,  reasonable agreemen,t be tween  cal- 
culated and o,bserved gin's is obtained for BaTiO3-di- 
electric substrate units but not for any of the GAD's 
with film gate-insulators.  In the lat ter  type devices, 
not only does gm not fol low exact ly  the near ly  1/f  
proport ional i ty  measured for gate capacitance, but  the 
effective re la t ive  dielectric coefficient of the dielectrics 
used turns out to be amazingly large, typically 3 x 106 
at 0.1 cps. These data imply the existence of an un-  
usual polarization which is re la t ive ly  slow in re -  
sponsiveness. As ment ioned earlier,  this mechanism 
very  l ikely involves electric field separat ion of some 
type of mobile  ionic species and fu r ther  has associated 
with it a phenomenon which affects the capacitance 
as measured  but not the capacitance which induces 
carr iers  into the semiconductor  layer. Two possibilities 
are: simple bat tery  action, or a combination of elec-  
trolysis and polarization. Both of these processes can 
be expected to absorb electr ical  energy during part  of 
the dielectric charging cycle and then re turn  some of 
it dur ing the discharge cycle in a capaci tor- l ike man-  
ner. The amount  of energy- t rans fe r  involved would be 
strongly dependent  upon the inverse of f requency 
thereby displaying a 1/f capacitance behavior.  Fu r -  
thermore,  the charge displacement caused by these 
processes would  not resul t  in equivalent  semicon- 
ductor carr ier - increases  because some of the induced 
carr iers  would be requ i red  to neutral ize e lec t rochemi-  
cal reactions at the interface. The major  difficulty wi th  
this explanat ion is accepting that the same kind of 
polar izat ion-l ike effect is common to each of the 
chemical ly different dielectric species, viz., nit rocel lu-  
lose, g lyceryl  monostearate,  and silicate cement. 

Str iking differences observed between GAD per for -  
mance and that of normal  insula ted-gate  field-effect 
transistors ( IGFET's)  is shown in Fig. 4. In a typical  
IGFET, Ia has a l inear  or less- than- l inear  propor-  
t ionali ty to Vd, and at some Vd pinchoff (current  satu- 
rat ion with  increasing Va) takes place. In the GAD, 
Ix response is eve rywhere  superl inear  wi th  Va and 
no pinchoff manifests  itself. These differences in de- 
vice behavior  are in te rpre ted  as follows. 

Pinchoff occurs in normal  IGFET's  because, as drain 
voltage increases, an effective voltage is induced across 
the gate capacitance, Cg, that  removes  carr iers  f rom 
the .conduct ing  channel. In Eq. [1], the terms in the 
square bracket  are proport ional  to the conducting 
channel  carr ier  density. The Vo term is proport ional  to 
the free carr ier  densi ty of  the semiconductor  mate r ia l  
itself. The Vg te rm is direct ly proport ional  to the car-  
r ier  density induced or r emoved  from the channel  by  

gate voltage acting through the dielectric capacitance, 
Cg. Similarly,  the Vd/2 t e rm is direct ly proport ional  
to the carr ier  density r emoved  from the channel  by 
drain voltage also acting through the gate capacitance. 
It is the carr ier  r emova l  represented  by the V J 2  
t e rm that causes pinchoff in IGFET's.  Pinchoff is de- 
fined as the point where  the slope of the Id VS. Vd 
curves become ideally zero, i.e., where  

OId uCg 
0 = ~ [ (Vg + Vo) --  Vd] [3] 

aVd L 2 

Pinchoff will  not occur when Vd is prevented  in some 
way from influencing the channel  carr ier  density so 
that the condition of Eq. [3] is not met. The common 
proper ty  suspected to be prevent ing ink-die lec t r ic  
GAD's from approaching this condition is the strong 
f requency  dependence of C~. Equations [1] and [3] 
do not reveal  how this dependency acts to p reven t  
pinchoff because their  der ivat ion tacitly assumes no 
var ia t ion of Cg with frequency.  

A l inear  steady-~tate zero-order  analytical  account- 
ing for the f requency dependence of gate capacitance 
can be incorporated in.to Eq. [1] as follows 

) Id(~g,~) = - - ~ - - a \  1 + jo,~Tc F Vo 
Vd 

- -  i V~ [4] 
2(1 + j~Tc) A 

where  a gate capacitance t ime constant, %. is defined 
as the inverse of the angular  f requency at which the 
Ia (or g.,) response to a sinusoidal ga,te voltage is 
0.707 of its d-c value, and ~g and COd are the angular  
frequencies  of applied gate and drain voltages, re -  
spectively. The per t inent  consequences of Eq. [4] are 
that not only the transconductances of ink-die lect r ic  
GAD's wil l  be f requency  dependent  but that their  
pinchoff, as well, wil l  be just  as s trongly f requency 
dependent.  Pinchoff, of course, wil l  depend on the 
f requency of applied drain vol tage used for measure-  
ment  ra ther  than the gate vol tage frequency.  Equat ion 
[4] indicates the pinchoff can not occur for coa~)1/%. 
But, as ~a is reduced, a pinchoff condition will  ul t i -  
mate ly  manifest  i tself and, fur thermore ,  the pinchoff 
point will  occur at lower and lower  drain voltages and 
currents.  

The val idi ty  of the foregoing sta.tements in GAD's 
having different ink- type  dielectrics was tested by 

Fig. 4. Drain characteristics of ink-dielectric GAD measured at a 
drain voltage frequency of 100 cps. (a) Family of characteristics 
for gate voltages indicated. All curves are somewhat superlinear 
and pinchoff is not in evidence. Vertical scale ~ 2 ma/major div; 
horizontal scale ~ 5 v/major div. (b) Amplified Vg ~ - -  18v curve 
showing drain current superlinearity in more detail. Vertical scale 

10 ~a/major div; horizontal scale ~ 5 v/major div. 

Fig. 5. Drain characteristics of a typical ink-dielectric GAD as a 
function of frequency showing the frequency dependence of pinch- 
off. Traces in the upper-left quadrant are a family of character- 
istics for Vg ~ 18, 9, 4.5, 0, - -4 .5 ,  - -9 ,  and - -18v at a drain 
voltage frequency of 100 cps. The other quadrants display the 
Vg ~ ~-4.5v curve at lower frequencies: upper right at 10 cps; 
lower left at 1 cps; and lower right at 0.1 cps. Vertical scales: 
upper left and right, I = 2 ma/major div; lower left and right, 
I ~ ! ran~major div. HorizontaJ scales ~ 5 v /major  div. Retraces 
have been blanked out for purposes of clarity. 
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varying  dra in  voltage frequency with results from a 
typical un i t  pictured in  Fig. 5. As drain frequency 
is decreased a ra ther  well-defined pinchoff appears, 
thus quali tatively,  at least, substant ia t ing the pre-  
ceding hypothesis. Our normal  BaTiO3 dielectric 
GAD's would not be expected to pinch off for Vd'S 
wi thin  their power dissipation limits because Vo, Eq. 
[1], is too large. However, two specially made units 
having Vo's of approximately 18v that  should have 
been able to satisfy Eq. [3] for Vg --~ 0 were tested 
and found not to pinch off. 

Drain characteristics of one un i t  are shown in Fig. 
6. Lack of pinchoff in convent ional  IGFET's  has been 
at t r ibuted (3) to un- ionized surface donors in the 
semiconductor at the dielectric interface. Whether  this 
explanat ion is per t inen t  to substrate-dielectr ic  GAD's 
that should pinch off but  did not has not been in-  
vestigated further.  

Super l inear  vol t -ampere  characteristics (Le., Id cc 
V~ ~, where a > 1.0) are associated with the polycrys-  
tal l ine semiconductor used as channel  material.  The 
cause of superl inear  characteristics is not completely 
understood, but  it is thought that  voltage sensitive 
intercrystal l ine boundar ies  are pr imar i ly  involved. It  
is unl ikely  that super l inear i ty  is due to one-carr ier  
or two-carr ier  space-charge- l imited currents  (4,5) 
because trap densities are sufficiently high to preclude 
the trap-filled condition necessary (6). All polycrys-  
tal l ine materials  tested ( including CdS pressed pellets, 
CdS vapor deposited films, and CdS:CdSe sin.tered 
inks) exhibited super l inear i ty  with the magni tude  of 
the coefficient ranging  between 1 < a < 3. Higher 
resistivity materials  general ly were found to have 
larger coefficients than lower resist ivity materials  as 
long as mater ia l  deposition and processing remained 
the same. Contact barr ier  effects as possible sources of 
super l inear  V-I characteristics were examined, but  all 
contact mater ial  diffusion and electrical pulse ,treat- 
ments  .that are kn<)wn to reduce super l inear i ty  to 
ohmic behavior in single crystal specimens were of no 
avail in polycrystal ' l ine samples. 

Stability.--Storage tests with BaTiO3-substrate 
GAD's protected from atmospheric envi ronments  have 
shown only min imal  changes in g,~ while those ex- 
posed to ambients  have shown varied but  no more 
than 50% degradat ion over a period of 12 months. 
When longevity- tested at power dissipation levels of 
approximately 150 mw or less, no change in per-  
formance has been noted with canned units. However,  
when operated at higher power levels that caused de- 
vice heating, pe rmanent  reduct ion of g,~ would occur. 

Fig. 6. Drain characteristics of a BaTiO3 dielectric-substrate 
GAD showing the lack of pinchoff in a device that should meet 
pinchaff conditions. Vertical scale ~ 0.S ~a/major div. Horizontal 
scale ~ 2  v/major div. Upper, mid, and lower curves were obtained 
at Vg ~ -{-18, 0, and --18v, respectively. Drain voltage frequency 

100 cps. Area in curves due to capacitance of measuring cir- 
cuit. 

Permanen t  changes invar iably  would be ,accompanied 
by semiconductor conductivity reductions whereas no 
pe rmanen t  deteriorat ion in substrate capacitance was 
ever evidenced. 

The BaTiO8 dielectrics used in dielectr ic-substrate 
GAD's (Alsimag T-183-A and T-176-A) were moder-  
ately temperature  sensitive and units  would exhibit  g,~ 
degradat ion at elevated temperatures  (~.60~ that  
corresponded with the dielectric coefficient change. 
This means that u s e  of even higher permi'ttivi'ty ma-  
terials to achieve greater g~ response has tempera-  
tu re -per formance  implications for, .as far as is known,  
high permit t iv i ty  materials  have the greates.t tem- 
perature  coefficients. High-permi t t iv i ty  dielectrics are 
also voltage sensitive; however,  the tow-voltages em- 
ployed in normal  GAD operation would produce only 
min imal  variations in substrate capacitance. 

The shelf-life behavior  of GAD's with organic and 
inorganic ink-dielectr ic  films are qual i ta t ively similar 
but, in general, exhibit  greater instabili t ies than di- 
electr ic-substrate units. Some units  of each species 
more than .one year  old still operate. Several  that  were 
longevity tested under  load have been rela t ively stable 
at room tempera ture  from one longevity measurement  
to another but  the majori ty  have exhibited varying  
g, /s  that involve the dielectric primari ly.  Semicon- 
ductor mater ial  property changes, except for tempera-  
ture-caused variations, have been found insignificant 
relative to dielectric changes. 

Observed gate-capacitance decreases with .time are 
a t t r ibuted to solven~t evaporat ion or hydrolysis and the 
consequent loss of ions from the polarizat ion process. 
This conclusion is based on observations that canned 
units  invar iab ly  had much longer shelf-l ives than u n -  
canned units, and on the evidence that  replacement  of 
lost solvents would restore C~rn and gm in  defunct de- 
vices. In  some cases these parameters,  after solvent 
additions, were greater than those original ly meas-  
ured. Nonsolvent  ink-dielectr ic  GAD's have shown 
vir tual ly  no capacitance changes with t ime as they 
contain n o  t ime-dependent  consti tuents or l ingering 
chemical reactions. 

As might be expected, GAD's pr in ted with any of 
the successfully deposited dielectrics are sensitive to 
changes in  ambient  temperature.  Typically, a 100 
times increase in gm occurs as device tempera ture  is 
raised from 0 ~ to 50~ This change is a t t r ibuted 
mainly  to increase in density and mobil i ty  of the 
ion species associated with the polarization (gate ca- 
pacitance correspondingly increases) and part ly to 
increases in semiconductor conductance. 

Concluding Remarks 
Producing active devices, having power gain, by 

serial deposition of part iculate "inks" has been demon-  
strated. Four  basic types of insulated-gate  field-effect 
transistors have been processed wi'thout recourse to 
vacuum evaporation, and  these have been examined 
for charaoteris'tic performance. Device behavior  is 
largely determined and l imited by the properties of 
the gate dielectric and the dielectric-semiconductor 
interface. Best stabil i ty has been achieved with 
BaTiO~-substrate GAD's but  lack of d ra in -cu r ren t  
pinchoff remains  an interes.ting anomaly. 

In  this feasibility study, we do not  consider the ma-  
terials and processes that have been developed as 
anyth ing  more than pre l iminary  solutions to a var ie ty  
of problems involving compatibilities of inks and their  
interactions with each other. At  this t ime a more sys- 
tematic evahmtion of bet ter  mater ia ls  and pr in t ing  
processes is in order and needs to be carried out. 
Ideally, i't would be desirable to produce entire cir-  
cuitry at speeds approaching modern  newspr in t  rates 
in order to achieve the ul t imate  in  low cost m a n u -  
facturing. Our ink  processing times present ly  preclude 
achieving this ideal objective. H, owever, the processing 
times and pr in t ing  surfaces employed are comparable 
to those now used in  producing thick-film resistor and 
capacitor combinations. Final ly,  pr in ted  active devices 
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in their present  state of development,  are l imited in  
both performance and stability, but  improvements  are 
likely to evolve wi th  bet ter  unders tand ing  of the 
basic chemical, physical, and electrical processes in-  
volved. 
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Growth Mechanism of Vapor Deposited Germanium Films 
M. S. Seltzer, N. Albon ~, B. Paris, and R. C. Himes 

Battelle Memorial Institute, Columbus Laboratories, Columbus, Ohio 

ABSTRACT 

Direct microscopic observation of the movement  of growth steps dur ing 
chemical vapor deposition of epitaxial  layers of germanium on germanium 
substrates, in an open tube reactor, has been employed to study growth 
mechanisms operative in  this system. The reaction studied was the dispro- 
port ionation of ge rmanium diiodide: 2GeI2(g) ---- Ge(s)  + GeI4(g).  Rate of 
step movement  has been measured as a funct ion of step height, substrate  
temperature,  iodide pressure, gas flow rate, and other growth variables. In  
addition, t ranspirat ion measurements  have been made to determine the actual  
part ial  pressures for gaseous species produced at various sites in the open- 
tube flow system. The predominant  stepped growth features observed on ( i l l )  
planes were t r iangular  pyramids.  They are shown to be quite minor  devia-  
tions from the ( i i i )  plane, the slope of the side for a typical pyramid  being 
at most l in  30. A max imum in rate of step movement  has been found with 
the germanium seed near  360~ and observable step movement  was detected 
in  a nar row tempera ture  range about  this opt imum temperature .  F rom the 
observed influence of step height and iodide pressure on rate of step move-  
ment  it is suggested that growth depends on processes occurring directly, at 
step sites. At high iodide pressure two-dimensional  nucleat ion of ge rmanmm 
on terrace portions may occur, resul t ing in  an increased concentrat ion of 
crystal l ine defects. 

In  recent years the use of epitaxial ly grown, single- 
crystal  films in the fabricat ion of semiconductor de- 
vices has become widespread. Among the more at t rac-  
tive methods for preparat ion of epitaxial  deposits are 
those involving formation of films by chemical re-  
action, either dissociation or reduction. The uti l ization 
of chemical vapor deposition (cvd) techniques for the 
purpose of obtaining epitaxial  semiconductor films has 
been hampered, however,  by a lack of fundamenta l  in-  
formation concerning the influence of the several var i -  
ables involved on the growth and perfection of the 
films formed. In  par t icular  there have been few at-  
tempts to arr ive at a basic unders tand ing  of the mech- 
anisms for epitaxial  growth of these covalently bonded 
materials in a cvd system. For many  cases, growth of 
imperfect  crystals containing spiral dislocations can 
be adequately described in  terms of the mechanism 
proposed by Burton, Cabrera, and F rank  (1), which 
consists of surface diffusion of adsorbed species to 
ledges on low-index terraces, and movement  along the 
ledge to kinks where incorporat ion of the species into 
the deposit occurs. This model, al though very general,  
was derived main ly  for growth by a process of physi-  
cal vapor deposition or condensation of monomers at 
low supersaturation.  It  was the objective of this in -  
vestigation to study the process of growth of semi- 
conductor materials  by chemical vapor deposition and 
to determine the degree of applicabil i ty of cur ren t  
crysta l -growth theory to these ra ther  complex sys- 
tems. The principal  exper imental  method chosen to 
at ta in  this objective was direct microscopic observa-  
t ion of the behavior of growth steps in  a deposition 

i Present address: Unllever Limited, Welwyn, Herts., England. 

cell. In  order to obtain a satisfactory unders tand ing  
of crystal growth it is necessary to establish the man-  
ner  in which growth steps move and the kinetics of 
this process. Thus, rate of step movement  has been 
measured as a function of step height, substrate tem- 
perature,  and other growth variables in  order to 
identify ra te-control l ing processes. Although the 
movement  of growth steps on semiconductor crystals 
had not been measured previously, the sensit ivi ty of 
procedures involved in such measurements  makes 
s tep-movement  de terminat ion  an extremely useful  
tool for study of crystal growth. The weight  of ma-  
terial deposited dur ing  an observation on step move-  
ment  may be many  orders of magni tude  less than  that  
required when studying growth by more convent ional  
means. 

The growth of ge rmanium films on ge rmanium sub- 
strates by dissociation of the diiodide in an open- tube  
flow system was chosen for s tudy in this investigation. 
There are considerable data available on this system, 
and precise control of growth conditions, puri ty,  and 
substrate perfection is possible. Fur thermore ,  the low 
deposition tempera ture  (350~176 facilitates mi-  
croscopic observations and measurement  of step move-  
ment. This low deposition tempera ture  is one of the 
most significant of the possible advantages to be 
gained from the use of cvd methods since higher pu-  
r i ty  deposits may  be achievable, with lower point-  
defect concentrations than are found in mater ia l  pre-  
pared at elevated temperatures.  

The design and operation of the apparatus used to 
study crystal growth in  this invest igat ion have been 
described previously (2). The equipment  consists of a 
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Fig. 1. Various surface features during deposition on the ger- 
manium (111) face. 

system for carrier gas-flow control and purification, a 
mult istage furnace where  formation of gaseous GeI2 
occurs, a deposition cell, and a microscope for observa- 
t ion of growth features. In  the following sections we 
present  the exper imenta l  observations and results, dis- 
cussion of step movement  data, and conclusions. 

The part ial  pressures for gaseous species produced 
at various sites in the open- tube  reactor employed 
in this s tudy could not  generally be calculated on the 
basis of equi l ibr ium conditions; instead, a series of 
t ranspi ra t ion  measurements  was required to deter-  
mine  the conditions under  which equi l ibr ium is 
achieved at these crit ical sites. The results of this 
auxil iary work are discussed in some detail in the 
Appendix. 

Experimental  Observat ions 
Various features found dur ing  deposition on a 

( l l l ) - t y p e  surface are shown in Fig. 1. A typical 
surface before deposition is shown in Fig. la. When 
growth commenced, numerous  features became visible. 
Later, these became more pronounced and most of 
the surface had the appearance shown in Fig. lb. Still 
later, two t r iangular  growth hillocks were formed as 
shown in Fig. lc. These are similar  to features ob- 
served by other investigators (3-7) who have studied 
growth of germanium by  the disproportionation re-  
action. One small  area of the deposit displayed a 
somewhat different appearance as shown in Fig. ld, 
which reveals well-defined growth steps on a p lanar  
area. I t  was the movement  of such growth steps, 

Fig. 2. White light photomicrograph of a growth hill showing 
many small steps. 

Fig. 3. Same growth hill as shown in Fig. 2 observed under inter- 
ference lighting. 

either on growth pyramids or on p lanar  regions, that  
was measured dur ing  crystal growth. Measurements 
on p lanar  surfaces were preferred because steps of 
various heights could be observed better  than on 
hillocks, and their comparative movements  measured. 
In  addition, a part icular  step could be observed for 
a relat ively long period of time. This permit ted meas- 
urements  on the same step under  different growth 
conditions. 

The topography of selected growth hillocks was es- 
tablished by uti l ization of interference microscopy, as 
exemplified in  Fig. 2 and 3. A growth hil l  is shown 
under  white light i n  Fig. 2 and under  interference 
l ighting in  Fig. 3. Many steps can be seen in  Fig. 2. 
As the fringes in  Fig. 3 represent  a vert ical  distance 
of 0.27g, the height of the hills can be determined.  In  
this example the profile obtained indicated a height 
of 6.2g, and the length of each side is 200~. A rate of 
step movement  of 4 g /min  represents a rate of film 
thickening at the hillock of 7.5 ~/hr. Although these 
hills appear prominent ,  they are quite minor  devia- 
tions from the (111) plane, the slope of the side being 
at most 1 in 30. [Seed orientat ion is such that  the ex-  
posed surface is, to good approximation,  a (111) 
plane.] 

The influence of impur i ty  contaminat ion dur ing de- 
position has been observed in  two ways. First,  it has 
been found that steps often appear to become complex 
in form, with oxide patches visible on the gerr~anium 
seed, when undi lu ted  hel ium is used as the carr ier  gas. 
This is probably due to deficiencies in  removal  of 
oxygen and water  vapor from the hel ium and source 
materials.  

Second, the problem of incipient  doping of the gas 
s t ream w~it'h moisture has been observed even with 
hydrogen present,  if the exper imenta l  procedure did 
not include preoutgassing of the iodine source. This 
effect of doping on step movement  was observed 
qual i ta t ively;  after the iodine source tempera ture  was 
increased, the steps moved at a lower rate than ex-  
pected for the corresponding Ie pressure. After suffi- 
cient time, about 20-30 rain, normal  step rate was gen- 
erally resumed. The amount  of H20 in I2 was small,  
for no oxide was visible on the seed. No evidence of 
oxide was observed on the source ge rmanium at 500~ 

Exper imental  Results 
Measurements  of rate of step movement  were made 

as a function of seed temperature,  step height, GeI2 
pressure, carr ier-gas flow rate, and gas composition. 

The influence of step height on the rate of step 
movement  was invest igated under  a var ie ty  of condi- 
tions. It  was determined that at low iodide pressures 
steps of various heights (greater  than  100A) moved 
at the same rate, while  under  higher iodide pressures, 
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above 2 Torr, larger  steps were  measured  to move at 
a rate  as much as 50% faster  than the small  steps. 

F igure  4 shows step position plot ted against  t ime, 
for three steps of different heights measured  during 
one exper iment ,  where  the GeI2 par t ia l  pressure was 
about 1.8 Torr. The differences in height  as de termined  
f rom contouring of the growth  hills wi th  in te r fe rence  
fr inges were  est imated to be at least a factor of ten. 
The rate  of step movemen t  for the three  steps is seen 
to be essentially independent  of step height,  the slopes 
varying f rom 3.0 to 3.1 ~/min,  which is wi th in  the ac- 
ceptable range of accuracy, 10%, for these measure-  
ments. 

An extensive series of measurements  was made of 
the var ia t ion of the rate  of step movemen t  as a func-  
tion of seed temperature .  These measurements  were  
made at selected iodine pressures and with hydrogen 
and a mix tu re  of hydrogen and hel ium as car r ie r  
gases. The results presented in Fig. 5, showing the 
rate  of step movemen t  v s .  germanium seed tempera-  
ture under  the conditions given in the figure, are typi-  
cal for this series of experiments.  Measurable  rates of 
step movemen t  are  seen to occur over  a nar row tem-  
pera ture  range. Changing the iodide pressure or the 
H2/He ratio serves to alter the rate  of step movemen t  
but does not influence the range of seed tempera tures  
over  which measurable  step movemen t  occurs. 

An  a t tempt  was made to correlate  step movemen t  
wi th  the par t ia l  pressure of GeI2, leaving the germa-  
nium source, by calculating the equi l ibr ium pressure 
of GeI~ under  exper imenta l  conditions. However ,  when 
the results of the t ranspirat ion s tudy (Appendix)  
were  obtained, it became apparent  that  the par t ia l  
pressures for the various gaseous species could not 
general ly  be calculated on the basis of equi l ibr ium 
conditions, but ra ther  the exper imenta l  pressures de- 
termined f rom weight- loss  measurements  were  re -  
quired. By selecting values for the exper imenta l ly  
de termined  GeI2 pressure f rom curve  1 of Fig. 7, it 
was possible to replot  step veloci ty (~/min)  v s .  PCe~2 
(Torr) ,  as shown in Fig. 6. The step rates had been 
de termined  with  germanium source at 500~ hydro-  
gen flow rate  of 1 1/min, seed t empera tu re  of 354~ 
and with  germanium and I2 source beds equ iva len t  
to those used in the weight- loss  study. The step veloc-  
ity in Fig. 6 is seen to be a l inear ly  increasing func-  
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Fig. 6. Rote of step movement plotted as a function of experi- 
mentally obtained pressures of Gel2. Germanium source at 500~ 
germanium seed at 354~ and hydrogen flow rate of 1 I/rain. 
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Fig. 7. Vapor pressures of Gel2 obtained from the weight-loss 
experiments. 

tion of the GeI2 pressure  over  the ent i re  range of 
pressures studied, wi th  possible small  deviat ions at 
low pressures. Al though these deviations at low pres-  
sure may be a t t r ibuted to impur i ty  effects, more l ikely  
causes are the variat ions in exper imenta l  conditions 
which occur during the long periods of t ime requ i red  
to obtain s t ep -movement  data under  low supersatu-  
ration. 2 

A cursory invest igat ion of step movemen t  as a func-  
tion of hydrogen gas flow rate  indicated that  the ra te  
of step ,movement increased wi th  gas flow rates  up to 
approximate ly  1 1/min. Above this flow rate, l i t t le 
increase in step ra te  was observed. This behavior  is 
compatible wi th  the t ranspirat ion results  presented  in 
Fig. 8, which showed that  the GeI2 pressure increased 
with increasing flow rate  in the range 250-1000 cmS/ 
min. Possible reasons for this effect are discussed in 
the Appendix.  

Step movement  studies complementary  to the 
weight--]oss work  were  per formed by measur ing step 
velocity under  conditions which assured complete 
conversion to HI  of all iodine enter ing the germanium 
source bed. This was accomplished by placing a quan-  
tity of pla t inum wool  be tween  the iodine and ger -  
manium source beds at a t empera tu re  in excess of 
300~ It  was apparent  f rom init ial  exper iments  in 
which the plat inum catalyst  was uti l ized that  con- 
siderably less GeI2 was produced ~han in s imilar  ex-  
per iments  which did not include use of a catalytic 
agent. Step velocities were  substantial ly depressed as 
compared with rates obtained under  similar  condi-  
tions (germanium source at 500~ iodine source at 

~Another  possibility, sugges ted  by  the  r ev iewer ,  is t ha t  the 
g rowth  ra te  at seed is diffusion and /o r  mass  t ranspor t  controlled 
in the gas phase  which  can be m i n i m i z e d  by increas ing  the  flow 
rate .  



Vol. 114, No. 1 G R O W T H  O F  V A P O R  D E P O S I T E D  G e  F I L M S  105 

o 

J 

1.8 

1.7 

1.6 

1.5 

1.4 

1.3 

9.2 

I.I 

1.0 

0.9 

0.8 

0.7 

0.6 

0.5 

! 

/ 
/ 

r ~  

J 

04 I 
0 tOO 200 300 400 500 600 700 800 900 IOOO I100 

Hydrogen Flow Rate,cm'/min 

Fig. 8. Partial pressure of Gel2 as a function of hydrogen flow 
rate. 

50~ hydrogen flow rate of 1 1/min, and seed at 
354~ but  without  a catalytic agent placed in  the sys-  
tem. This result  would be predicted from the data ob- 
tained in the weight loss-experiments.  Comparison of 
curves 1 and 3 in  Fig. 7 shows that  the presence of 
p la t inum .catalyst reduces the available GeI2 concen- 
trat ion by a factor of four at iodine pressure corre- 
sponding to a source tempera ture  of 50~ 

Discussion of Step-Movement Data 
It was shown above that, under  the conditions of 

these experiments,  step velocity was independent  of 
step height with low gas pressure and increased 
slightly with increasing height at high GeI2 part ial  
pressure. These results  suggest that  surface diffusion 
of adsorbed species to k ink  sites is not the ra te -con-  
troll ing process for growth since they are contrary to 
the behavior expected according to the BCF surface-  
diffusion-l imited theory of crystal growth. It  is sug- 
gested, rather,  that  in this study, the growth of ger- 
manium by dissociation of the diiodide is controlled by 
processes occurring directly at the step. 

Calculation ~f the rate of impingement  of GeI~ 
molecules directly onto the growth step, based on 
typical  conditions of PGeI2 ~ 1.0 Torr  with seed tem- 
pera ture  of 354~ and step velocity of 6.2/z/min shows 
that the rate of step movement  can easily be ac- 
counted for by dissociation of those molecules which 
impinge directly on the step. 

This suggestion is similar to tha t  proposed for cer- 
tain examples of whisker  growth (8), in which case 
reaction is assumed to occur only at ledges on the tip 
where a spiral dislocation emerges. In  the case of 
growth of copper whiskers by hydrogen reduct ion of 
CuI, it was assumed that  reduct ion did not  occur in  
the vapor phase, but  that catalytic reduct ion of ab-  
sorbed iodide occurred at the wh~isker tip. For  the case 
of germanium growth, it may be supposed that  the 
reaction at the growth step involves reduct ion 

H2(g) + GeI2(g) ~ Ge(s)  + 2HI(g) [1] 

or disproport ionation 

2GeI~(g) --> GeI4(g) + Ge(s)  [2] 

The step velocity has been shown to be directly pro- 
port~onal to the GeI2 concentrat ion (Fig. 6) as would 
be expected either from reaction [1] or [2], where, 
for example, the ra te-control l ing step may involve as- 
sociation of a GeI2 molecule with one previously ad-  

sorbed on the step to yield ge rmanium and the te t ra-  
iodide. It  should be possible to dist inguish be tween the 
predominance of reactions [1] or [2] by de terminat ion  
of rate of step movement  a t  fixed GeI2 pressure under  
varying hydrogen flow rates. 

A number  of factors may  have contr ibuted to l imit  
the temperature  range over which appreciable ger- 
man ium deposition occurred. The results of some 
thermodynamic calculations (9) based on an assumed 
model for the exper iment  indicate that  in the dis- 
proport ionat ion reaction the pressure of GeI2 becomes 
equal to its saturat ion pressure be tween BOO ~ and 
350~ resul t ing in the formation of solid GeI2. There-  
fore the inabi l i ty  to produce observable germanium 
growth below 345~ may have been due to a lack of 
available germanium in  the gas phase at the lower 
temperatures.  Fur thermore ,  it was shown that  under  
equi l ibr ium conditions the amount  of germanium (all 
species) in the gas phase for the system Ge-I2-H2 
increases as the temperature  is lowered from 500" to 
323~ This increase would have to be at the expense 
of the seed crystal. Of course, growth has been ob- 
served above 345~ indicating that equi l ibr ium is not 
achieved at the seed under  the exper imental  condi- 
tions, but  a tendency toward l imited or negative 
growth at low temperature  is suggested from the 
thermodynamic  analysis. 

Figure 5 shows that the rate of step movement  ap- 
proaches a pronounced ma x i mum near  360~ leveling 
off to gradual ly decreasing values above 370~ This 
behavior may be explained in terms of the amount  of 
germanium available for deposition, as de termined in  
the thermodynamic  analysis. Under  equi l ibr ium con- 
ditions the Ge/I2 ratio at the seed tempera ture  slowly 
approaches the value obtained at the source tempera-  
ture (500 ~ to 600~ with increasing seed temperature.  
This might lead to the results obtained for seed tem- 
peratures above 370~ 

Although not explicitly discussed in the previous 
sections present ing details of the research, some at-  
tent ion should be given to the changes in appearance 
of growth features with increasing GeI2 pressure. As 
the part ial  pressure of diiodide is raised, the small, 
straight steps are seen to become ragged, with large 
steps overtaking smaller ones. A possible explanat ion 
of this effect is that the steps become unstable  because 
the concentrat ion of unreacted GeI2 on the surfaces is 
high enough for projections to be stable. Thus two- 
dimensional  nucleat ion may be possible between the 
steps, leading to the formation of germanium crystal-  
lites and ragged growth. This observation of funda-  
menta l  change in  the growth mechanism is part icu-  
larly significant in relat ion to the perfection of .de- 
posits. It  is anticipated that films grown under  condi- 
tions where nucleat ion occurs would have increased 
concentrations of crystall ine defects such as stacking 
faults. 

Summary and Conclusions 
The low-tempera ture  vapor deposition of germa-  

n ium was studied by microscopic measurement  of step 
movement  as a funct ion of iodide pressure, gas flow 
rate and  composition, seed temperature,  and growth- 
step height. In  conjunct ion with the informat ion ob- 
tained from a thermodynamic  analysis and the source 
weight-loss study, these results obtained for rate of 
step movement  were considered, and the following 
conclusions were reached. 

1. The predominant  stepped growth features ob- 
served on (111) planes were t r iangular  pyramids. The 
hillocks were shown to be quite minor  deviations 
from the (111) plane, the slope of the side for a typi-  
cal pyramid being at most 1 in 30. 

2. Generally,  rate of step movement  appears to be 
near ly  independent  of step height. Under  high part ial  
pressures of GeI2 step velocity may increase with in -  
creasing step height. It  is suggested that the rate of 
step movement  depends on processes occurring di- 
rectly at step sites ra ther  than  on surface diffusion of 
adsorbed species to the steps. 
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3. Step velocity has been shown to be direct ly pro-  
port ional  to GeI2(g) pressure, as would be expected 
f rom considerat ion of the reactions by which deposi- 
tion might  occur. From measurements  of GeI2 pressure 
vs. rate  of step movemen t  an est imate of the relat ion 
be tween impinging GeI2 and rate of addit ion of ger-  
manium atoms could be made. It was found that the 
rate  of step movement  could be accounted for by 
dissociation of these molecules which are adsorbed di- 
rect ly on the step. 

4. A max imum in rate  of step m o v e m e n t  has been 
found with the germanium seed t empera tu re  near 
360~ and observable step movemen t  was detected in 
a nar row tempera ture  range about this opt imum tem-  
perature.  This behavior  was obtained for several  dif- 
ferent  iodine pressures and carr ier -gas  compositions. 

5. With increasing GeI2(g) pressure, small, s traight  
growth steps were  observed to change in appearance, 
first to dark bands, and then into ragged, nonl inear  
arrays. A possible explanat ion  of this effect is that  
two-dimensional  nucleat ion occurs on the epi taxial  
surface as the concentrat ion of unreacted GeI2 on the 
surfaces is increased. 
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A P P E N D I X  

Transpiration Studies 
In order to de termine  the operat ing conditions under  

which equi l ibr ium is achieved in the open- tube  flow 
system used in this work  a t ranspirat ion study was 
ini t iated whereby  weight- loss  measurements  were  
employed to de termine  the pressures of various gase- 
ous species formed at the iodine and germanium 
sources for the system Ge-I2-H2. A number  of studies 
of systems including Ge-I2-H2-He-HI  have been made 
(10-14), but the results of these studies are not neces-  
sari ly applicable to the physical  system employed in 
the present  investigation. Measurements  were  made as 
a function of iodine and ge rmanium source t empera -  
tures and gas flow rate. 

Experimental Procedure 
A technique for easy disassembly of the react ion 

t ra in  was requ i red  for an extensive program of 

weight- loss  determinations.  At  the same time, it was 
desirable to main ta in  in the germanium and iodine 
source chambers  the physical dimensions of the beds 
used in the s t ep -movement  study. The fol lowing ar-  
rangement  proved satisfactory and was of sufficient 
simplicity to ensure a m a x i m u m  number  of t ranspi ra-  
tion experiments.  

A U-shaped iodine source chamber  was designed 
which could be immersed  in a cons tan t - tempera ture  
water  bath containing a mechanical  st irrer.  Teflon 
stopcocks, placed on ei ther  side of the U-shaped cham-  
ber, could be fixed so that the incoming hydrogen,  pur-  
ified by the pal ladium-diffusion process, flushed the 
germanium source and bypassed the iodine charge 
during heatup. The problem of channeling in the 
iodine was minimized by the ver t ica l  position of the 
source and by vigorous shaking of the ent ire  chamber  
after each run. 

The container for the germanium source was a Vy- 
cor test tube, 2.6 cm in ID and 17.5 cm long. Gas flow 
through the bed was provided for by perforat ions in 
the closed end of the tube. The charge itself consisted 
of a uniform distr ibution of i r regular ly  shaped par-  
ticles whose weight  var ied f rom 0.2 to 2.0g. The 
packed chamber  was placed, open end toward the 
iodine supply, wi th in  a close-fit t ing 30-mm quartz  
tube and pushed against  a tapered section to form 
a seal. For  some runs, to ensure complete conversion 
of I2 to HI, pla t inum wool (fibers 0.001-0.004 in. in 
d iameter)  in the form of a plug 1.8 cm in d iameter  
and 8.7 cm long was posit ioned be tween  the iodine 
and germanium source beds and mainta ined at a t em-  
pera ture  greater  than 300~ 

A run  consisted of br inging the source beds to the 
desired temperatures  and al lowing a known flow of 
purified hydrogen to pass through the system for a 
p rede te rmined  time. At the end of a run  the hydro-  
gen was al lowed to bypass the iodine chamber,  and the 
entire system was brought  to room temperature .  Both 
source beds were  then weighed on a balance accurate 
to 1 mg with a 5-kg capacity. 

Experimental Results and Discussion 
The following assumptions were  made in in te rpre-  

tation of results obtained f rom weight- loss  measure-  
ments. 

1. The format ion of GeI4 may  be neglected for ger-  
manium source tempera tures  above 500~ and there-  
fore all germanium consumed at the source bed is in 
the form of GeI2. 

2. All  iodine not associated wi th  ge rmanium reacts 
wi th  hydrogen gas and leaves the germanium source 
as HI. 

3. Par t ia l  pressures of GeI2 and HI can be de te r -  
mined f rom the ideal gas equation. 

The exper imenta l  var iables  include time, gas flow 
rate, ge rmanium-  and iodine-source temperatures ,  and 
the absence or presence of a p la t inum catalyst. It  was 
found that  in all cases the sum of the P GeI2 and �89 PHI 
was approximate ly  equal  to the equi l ibr ium vapor  
pressure of I2 at various iodine source tempera tures  
employed. This suggests that  the equi l ibr ium iodine 
concentrat ion was removed  from the iodine source bed 
for the various hydrogen flow rates used. 

In Fig. 7, the par t ia l  pressure of the volat i le  halide, 
GeI2, is plot ted as a function of the iodine pressure for 
a series of exper iments  in which other  var iables  were  
mainta ined at the values given in the figure. Curve 1 
is d rawn through points which represent  data ob- 
tained with  a ge rmanium source at 500~ and a hy-  
drogen flow rate  of 1 1/min. The GeI2 pressure is seen 
to be a rapidly increasing funct ion of the iodine pres-  
sure under  these conditions. A similar  pressure de- 
pendence is observed when  the hydrogen flow rate  is 
reduced to �89 1/min as can be seen f rom examinat ion 
of curve  2. It is noted, however ,  that  when  the flow 
rate  is reduced to one-hal f  of the previous value,  
lower  GeI2 pressures are obtained. Comparison of 
curves 1 and 3 reveals  a dramatic  decrease in GeI2 
format ion (especially for high iodine pressures) ,  when  
a p la t inum catalyst  is placed in the reaction system. 
The number  4 represents  data indicated by the 
squares. These were  obtained with  the germanium 
source at 600~ a p la t inum catalyst  in the system, 
and hydrogen flow rates of 1, �89 and V4 1/min. F low 
rate  seems to have l i t t le influence on GeI2 pressure 
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under these conditions. The points (x) designated by 5 
are those resul t ing f rom data obtained with a source 
tempera ture  of 600~ flow rate  of 1 1/min and no 
p la t inum catalyst  in the system. The excel lent  agree-  
ment  obtained for Poe12 from these two runs, and the 
lack of deviat ion of exper imenta l  points f rom curves 
1, 2, and 3 of Fig. 7 are a measure  of the reproduci -  
bili ty of the weight- loss measurements .  

The following observations can be made f rom ex-  
aminat ion of the exper imenta l  data presented in Fig. 7. 

1. It is evident  that H2-I2-HI equi l ibr ium is not 
achieved under  the conditions represented  by curves 
1 and 2 when  compared with curve  3, which rep re -  
sents the case where  an active catalyst  is known to 
conver t  all of the I2 to HI. Thus, for cases 1 and 2, a 
large amount  of free iodine vapor  is al lowed to enter  
the germanium source chamber  and react to form 
GeI2. 

2. F rom comparison of curves 1 and 2 it would ap- 
pear that  ge rmanium is a poor catalyst  for the reac-  
tion H2(g) ~ I2(g) ~ 2HI(g)  at 500 C. Lower ing  the 
flow rate  to increase the residence t ime of the gaseous 
species over  the germanium bed has l i t t le effect on the 
amount  of GeI2 formed. 

3. The format ion of GeI2 is crit ically dependent  on 
iodine pressure for the conditions represented by 
curves 1 and 2. For  an iodine pressure of 2 Tort ,  the 
pressure of GeI~ formed changes by 0.1 Torr  for a 2 ~ 
change in iodine source temperature .  This factor may 
be an impor tant  cause of fluctuations in s t ep -move-  
ment  measurements ,  a l though inconstancy of supply 
of iodine vapor  due to channel ing in the iodine bed 
may also be a significant factor here. 

4. F rom examinat ion of curve  3, it is seen that  for-  
mation of GeI2 is less sensit ive to variat ions in iodine 
pressure when  a p la t inum catalyst  is employed in the 
system. However ,  the t ransport  efficiency, in terms of 
GeI2 formed, is considerably reduced when  complete 
conversion of free iodine to HI is accomplished. Thus, 
for a system using hydrogen as a carr ier  gas, t rans-  
port of ge rmanium is increased with  increasing f ree-  
iodine concentration, but the more rapid step move -  
ment  which results may be obtained at the expense 
of reproducible  crystal  growth rates. 

5. Weight- loss  measurements  f rom runs with the 
germanium source at 600~ and a p la t inum catalyst  
present  show that  a higher  yield of GeIe is obtained 
as compared with that  obtained in similar  exper iments  
in which a lower germanium source tempera ture  was 
employed (compare 3 and 4 in Fig. 7). This result  is 
a t t r ibuted to an increase in reaction rate  wi th  increas-  
ing tempera ture  for 

2HI(g)  -5 Ge(g)  ~ H2(g) -5 GeI2(g) (A) 

It  has a l ready been ment ioned that flow rate  has l i t t le 
effect on GeI2 format ion at 600~ Fur thermore ,  corn- 

parison of 4 and 5 in Fig. 7 indicates that  presence 
of a pla t inum catalyst  has l i t t le  influence on GeI2 
formation at 600~ Thus it may be tenta t ive ly  con- 
cluded that for hydrogen flow rates less than 1 i / m i n  
and iodine pressures below 2.5 Torr, equi l ibr ium is 
achieved at 600~ for the system Ge-I2-H2-HI. 

In Fig. 8, the part ial  pressure of the volat i le  halide, 
GeI2, is plot ted as a funct ion of hydrogen flow rate  
for a series of exper iments  in which the germanium 
source was held at 500~ while  the iodine source was 
mainta ined at 50~ It  is seen that the GeI2 pressure is 
s trongly dependent  on gas flow rate  over  the range 
250-1000 cm3/min and that  the exper imenta l  part ial  
pressure of GeI2 tends to level  off as the flow rate  is 
increased. 

It is bel ieved that  these results may be explained 
in terms of the equi l ibr ium or lack of a t ta inment  of 
equi l ibr ium in the open- tube  flow system employed 
in this study. At  the lowest  carr ier -gas  flow rates 
( lower than those employed in this s tudy) ,  it is pre-  
sumed that  the reaction of hydrogen with  iodine to 
form hydrogen iodide goes near ly  to completion. Then 
the react ion controll ing the format ion of GeI2 at the 
germanium source is given by 

2HI(g)  -5 Ge(s)  ~.~ GeI2(g) -5 H2(g) (B) 

as discussed above. Thus, for some range of low car-  
r ier -gas  velocities it is expected that  the part ial  pres-  
sure of GeI2 formed will  be independent  of flow rate. 

Increasing the hydrogen flow rate decreases the 
residence t ime for the ca r r i e r  gas over  the sources 
with the result  that  the react ion 

H2(g~ -5 I~(g) ~ 2HI(g)  (C) 

does not go to completion. In this case a quant i ty  of 
free iodine is avai lable for direct  react ion wi th  ger-  
manium to form GeI2 according to 

Ge(s)  -5 I2(g) ~ GeI2(g) (D) 

Thus the par t ia l  pressure of GeI2 is found to increase 
with increasing flow rate in some in termedia te  range 
of hydrogen flow rates, which includes those given 
in Fig. 8. 

Finally,  at ve ry  high flow rates (somewhat  above 
i 1/min),  the hydrogen acts simply as an iner t  carr ier  
in the system and the part ial  pressure of GeI2 formed 
might  approach that  of the e lemental  iodine formed 
at the iodine source, 2.18 Tort .  Complications may be 
introduced at high carr ier-gas  flows, however ,  if the 
equi l ibr ium concentrat ion of iodine is not removed 
from the iodine source, or if some germanium leaves 
the germanium source as GeI~. 
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In an earl ier  paper (1), the segregation coefficients 
of the LnNbO4-type rare  earth niobates have been re-  
ported for the SrMoO4 host. Because of the deviat ion 
of the ionic radii  of the smaller  rare  earths f rom that  
of Sr +2, only  a l imited number  of single crystals 
could be grown. Since none of the ra re  ear th  ion radii  
(except Sc +3) deviates more  than 15% from that  of 
Ca +2, all ra re  earths should fit substi tut ionally in the 
calcium site in CaMoO4; therefore  a more complete  
study of their  distr ibution characteris t ics  can be done 
in this host. Nassau (2) has a l ready incorporated the 
rare earths in CaWO4, using both LnNa(WO4)2 as 
wel l  as Ln2(WO4)3 as dopants, and a l imited list of 
segregat ion coefficients for some LnNbO4 compositions 
in CaMoO4 has been repor ted  (3). 

This note reports  the distr ibution coefficients of all 
rare  ear th  niobates in CaMoO4 and points out some 
relationships of these parameters  as a function of the 
ion size deviat ion f rom that of the host. In addition, 
some previously unrepor ted  absorption spectra and 
s tructural  parameters  are presented. 

All  crystals were  grown by the Czochralski tech- 
nique. Par t icular  care was taken to keep the pull ing 
speed ( �89  in . /h r ) ,  the rotat ion rate  (20 rpm) ,  and the 
shape of the crystal  ( �89  in. diameter ,  c-axis)  as ident i -  
cal as possible f rom run  to run. General ly,  50 ~ 5% 
of a 100g charge was grown into single crystal l ine ma-  
terial. The rare  ear th  niobates were  charged in the 
form of their  const i tuent  components according to 

0.99CaMoO4 -'1- 0.005Ln203 -'t- 0.005Nb205-> 

Ca0.99Lno.91Moo.99Nbp.9104 

Since the segregat ion coefficient for all  rare  ear th  
niobates in CaMoO4 is grea ter  than 1, this resul ted in 
an actual rare  ear th  concentrat ion of sl ightly more 
than 1 mole % in the growth crystal. 

Al l  analyt ical  informat ion was obtained by x - r a y  
fluorescence techniques. The analyt ical ly  determined 
ratio of Ln2Os:Nb205 in no case fel l  below 1:0.95 or 
exceeded 1:1.15. No par t icular  t rend or shift  of  this 

Table I. Segregation coefficients for the LnNbO4-type rare earth 
niobates in CaMo04 

% D e v i a t i o n  
I o n i c  r a d i u s  ~rorn Ca+~ C o l o r  o~ 

Ln~ in A (0.99A) crystal k 

S o  0.81 - - 1 8 . 2  
Y 0.92 - -  7.1 C o l o r l e s s  I .~5  
L a  1 .14 + 15.2 C o l o r l e s s  1.01 
C e  1.07 + 8.1 O r a n g e - R e d  1.19 
P r  1.06 + ~/.1 G r e e n  1.24 
N d  1 .04  + 5.1 B l u e  1 .30  
S m  1.00 - -  L 0  L i g h t  T a n  1.38 
E u  0 .98  -- 1.0 C o l o r l e s s  1 .34  
G d  0.97 - -  2 .0  C o l o r l e s s  1 .40  
T b  0 .93  - -  6 . I  C o l o r l e s s  1 .86 
D y  0.92 - -  7.1 L i g h t  Y e l l o w  1.35 
H o  0.91 - -  8.1 T a n  1 .34  
E r  0.89 -- 10.0  P i n k  1.28 
T m  0,87 --  12.1 C o l o r l e s s  1.22 
Y b  0.86 - -  13.1 C o l o r l e s s  1 .18 
L u  0 ,85  - -  14.1  C o l o r l e s s  1 .13  

ratio as a function of growth  rate  could be detected 
(it went  up in 6 cases, down in 8, and stayed the same 
in 1); therefore,  the s toichiometry of the ra re  ear th  
niobates in CaMoO4 fluctuates only slightly around the 
theoret ical  1:1.00 ratio. The computed segregation co- 
efficients, together  wi th  the ion size deviat ion and the 
color of the crystals, are summar ized  in Table I. We 
can see that Sc +s is the only e lement  which deviated 
in size more  than 15% from Ca +~, and repeated 
at tempts to grow a single crystal  wi th  Sc +a invar i -  
ably failed. The only crystal  in this series differing 
in color f rom those of  the SrMo04 group was that  
containing Ce, which bad a much more  intense color. 
Al though it is not reflected in the value of the segre-  
gation coefficient, it is suspected that in the CaMoO4 
host an even higher  concentrat ion of Ce +4 is present  
than in SrMoO4. Due to the fact that the Ce+4/Ca +2 
difference (0.05A) is smaller  than the Ce+a/Ca +2 
(0.08A) difference, i t  could be understood how some 
Ce +4 is stabilized in the Ca +2 site. The best qual i ta t ive  
colorimetric technique (4) failed, however ,  to show 
the presence of Ce +4. In an ESR exper iment ,  the 
crystal  did exhibi t  s t rong paramagnet ic  absorption, in-  
dicating the presence of a predominant  amount  of 
Ce +s. In the europium case, the crystal  again grew 
deep red, but was readi ly  oxidized to the colorless 
t r ivalent  state of Eu +3. This in sharp contras t  to the 
SrMoO4 case where  such an oxidation was impossible. 
The EuNbO4 segregat ion coefficient deviates signifi- 
cantly in the directior~ of larger  ions (because of Eu +2 
content) as can be seen in Fig. 1. All  o ther  rare  ear th  
niobates fail  on the curve  in Fig. 1 wi th in  the ana-  
lyt ical  er ror  of the de te rmina t ion  of k. This er ror  was 
taken as the m ax im um  devia t ion  exper ienced in many  
repeated analyses on the same as well  as on different 
crystals grown under  the same conditions. I t  cor re -  
sponds to ___0.02 points of k or roughly •  Basically, 
the top par t  of the curve  corresponds to the plot p re -  
sented ear l ier  (1) for the SrNIoO4 case. However ,  

Yb Lu 

N s ~ p  r 

i . ~ r . 

�9 

1,4 I ,S L2 LI 1,0 
K 

Fig. 1. Segregation coefficients, k for LnNb04 in CoMa04 as 
a function of differential cation radii. 
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since in the CaMoO4 case we have an almost  equal  
number  of ra re  earths deviat ing on the posit ive side 
of Ca +2, the lower  part  of the curve  is new. Funda-  
mental ly,  this plot  reflects the fact  that  the ra re  earths 
wi th  the best fit (near  0 deviat ion in the curve)  ex-  
hibit  the largest  segregation coefficient, 1 k _t" Cs/Cl, 
since the solubili ty in the  sol~d, Cs, is greatest.  Devia-  
tion to ei ther  side decreases the solubil i ty in the solid 
and results in a smaller  k. Al though this relat ionship 
was by no means ev ident  f rom the few segregat ion 
coefficients repor ted  in (3), the agreement  wi th  those 
ear l ier  data is fair ly good. If one examines Nassau's 
(1.c.) data in v i ew of this relationship, one can also 
detect  the same curve,  a l though on first glance the 
data seem to reflect only scat ter  around a basic n u m -  
ber. The  three key points, Lu, Sm, and La, are in good 
agreement  and show the same spread of k on a differ- 
ent scale (0.23, 0.50, 0.22 as compared to 1.13, 1.38, 
1.01). 

The greatest  difference compared wi th  the SrMoO4 
series is the fact that  all  segregation coefficients in 
CaMoO4 are  greater  than 1. This p rompted  us to study 
some mixed  Ca-Sr  molybdates  as hosts for Nd +~ only. 
Four  crystals w e r e  grown wi th  the host composition 
Ca0.09-xSrxMo0.99Nd0.01Nb0.0104, where  x var ied ~rom 
0.195, 0.09, 0.04 to 0.01. In the first case, the crystal  
mel ted  50~ under  the normal  mel t ing  point of 1490~ 
indicating the format ion of a eutectic. It  also cracked 
repeatedly.  The segregation coefficient for NdNbO4 
was 0.68. The second crystal  also cracked and gave 
a segregation coefficient of 1.31. The third and four th  
grew wi thout  cracking and gave segregat ion coeffi- 
cients of 1.35 and 1.27, respectively.  Since the segre-  
gation of Sr  +2 in these mixed  hosts is opposite to that  

z The segregat ion (or distribution) coefficient k is defined as the 
ratio of  the  concentrat ions of the act ive  (or impuri ty)  e lement  in 
the solid (cs) over  the concentrat ion in the liquid i c0 .  
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Fig. 2. Absorption spectra of Sro.olCao.gsNdo.olMoo.99Hbo.9104 
(top) and Cao.99Ndo.olMoo.99Nbo.olO4 (bottom). 
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Fig. 3. Absorption spectra of Cao.99Hoo.olMoo.99Nbo.olO4 and 
Cao.ogEro.o1Moo.99Nbo.otO4. 
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Fig. 4. Absorption spectra of Cao.o9Pro.olMoo.99Nbo.olO4, 
Cao.99Smo.o~Moo.ooNbo.0104, and Cao.geDyo.olMoo.99Nbo.otO4. 

of both Nd +3 and Nb +5, the only advantage  we can 
see is in a more  perfect  va lence  compensat ion 
throughout  the length of the crystal  as indicated by a 
Nd203:Nl>205 ratio of 1:0.98 on top and 1:1.04 on the 
bot tom of a 3-in. crystal. I t  is also interest ing to note 
that despite the small  concentrat ion of Sr  +~ in 
Ca0.gsSr0.01Nd0.01Mo0.99-Nb0.0iO4 the crystal  had  the 
more reddish-b lue  color typical  of the pure  SrMoO4 
host. This difference can easily be seen in a compari-  
son of the absorption spectra in Fig. 2. All  spectra 
were  de te rmined  at room tempera tu re  on single crys-  
tal slices, 0.25-0.50 mm thick. A CARY Model 14 
spectrograph was used with  a s tandard scanning speed 
of 25 A/sec.  Figures  3 and 4 represent  the absorption 
spectra of the other  colored rare  earths. The  rest  of 
the crystals were  colorless wi th  a u.v. cut-off at 0.33~, 
except  the ce r ium sample which  cut-off at 0.43~. Al l  
spectra were  run  up to 2.1~ in the infrared and the 
no tewor thy  absorption characterist ics are summarized 
in Table  II. 

In a s t ructural  characterization,  we de termined  the 
latt ice parameters  of the top portions o{ an undoped 
CaiVIoO4, a LaNbO4, and a LuNbO4 doped crystal. 
These data  are  summarized in Table III. The  small  
parameter  and cel l  vo lume differences reflect the size 
changes due to the two ra re  earths differing most  
f rom Ca +2 toward each extreme.  

In  summary,  w e  can state that the Ca +2 sLte in 
CaMoO4 afforded a unique opportuni ty  to study the 
substi tut ion characterist ics of all  ra re  earths whose ion 
radii  devia te  just  about up to ___15% to ei ther  side of 
the calcium ion radius. The segregation coefficient for 

Table II. IR-spectral characteristics of the LnNbO4/CaMo04 
crystals 

Ln Transparency  range  or absorpt ion peaks  

La 0.7-2.1/~ 
Ce O.V-2.1/~ 
1:~ 1.528, 1.533, 1.565, 1.581, 1.932, 1.964, 1.967~ 
Nd  0.740. 0.752, 0.80'7, 0.814, 0.870, 0.878.~ 
Sm 1.091, 1.246, 1.261, 1.395, 1.406, 1.442, 1.498, 1.513, 

1.567, 1.584, 1,630/~ 
Eu 0.7-2.1/~ 
Gd  0.7-2.1p~ 
T b  0.7-2.1~ 
Dy  1.265, 1.277, 1.298, 1.300~ 
Ho 0.7-2.1/~ 
Er  1.497, 1.503, 1.511, 1.S24~ 
T m  0.795, 1.183, 1.211, 1.265, 1.691, 1.734, 1.742, 1.752, 

1.793/~ 
Yb 0.930, 0.954, 0.968, 0.976/k 
L u  0.7-2.1/L 
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Table III. Lattice parameters of doped and undoped CaMo04 single 
crystals 
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C o m p o s i t i o n  a t ,  A e t ,  A C e l l  v o l -  
u m e ,  A 3 

L a o . o l C a o . ~ M o o . ~ b o . o z O 4  5 , 2 2 9  ~ 0 . 0 0 1  1 1 . 4 2 6  ~ 0 . 0 0 3  3 1 2 . 4  
C a M o O ~  5 , 2 2 6  ~ 0 . 0 0 1  1 1 . 4 3 0  -~ 0 . 0 0 3  3 1 2 . 1  
L U o . o l C a o . ~ / I o o . ~ N b o . o l O 4  5 . 2 2 4  "~ 0 . 0 0 1  1 1 . 4 2 9  "*- 0 , 0 0 3  3 1 1 . 9  

the LnNbO4 compounds in CaMoO4 does not show a 
direct dependence as a funct ion of the Ln +3 ion size, 
but ra ther  goes to a m a x i m u m  at the point of least 
deviat ion f rom the host ion's size and decreases again 
as the deviat ion proceeds in the opposite direction. 
Knowledge  of this behavior  and the es tabl ishment  of 
the dependence in a graphical  plot will  pe rmi t  p re -  

dicting segregation coefficients of any one Ln+3 ion in 
the Ca +2 site of the CaMoO4 host. In other  hosts, the 
determinat ion  of  k for 2 or 3 key compositions should 
therefore  also permi t  the predict ion of the segregation 
coefficient of all the other  ra re  earths. 

Manuscript  received J u n e  1, 1966; revised manu-  
script received Sept. 27, 1966. 

Any  discussion of this paper  wil l  appear  in a Dis- 
cussion Section to be published in the December  1967 
J O U R N A L .  
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Carrier-Concentration Profiles of N-Type Sn and Te 
Doped Epitaxial GaAs Films 

R. R. Moest  and D. T.  Lassota 

Bell Telepho~ze Laboratories, Incorporated, Murray Hill, New Jersey 

Carr ier  concentrat ion profiles of n - type  doped epi-  
taxial  GaAs films grown by the HC1/H2 t ransfer  tech- 
nique have been studied. The growth system is the 
same as repor ted  ear l ier  for the growth  of undoped 
films (1). Because of the anomalous results  obtained 
on {111} oriented substrates wi th  undoped epi taxia l  
films, the substrates used in this study were  almost 
exclusively  (100) oriented.  The GaAs substrates had 
net carr ier  concentrat ions of 2 x 1018 and 6 x 1018 
as de termined  by Hal l  measurements  and were  Te-  
or Se-doped,  respectively.  Only readi ly  avai lable Te-  
or Sn-doped GaAs source mater ia l  was used wi th  the 
net  car r ie r  concentrat ion ranging f rom 2 x 1016 to 
5 x 1018. The carr ier  concentrat ion profiles in the films 
were  de termined  by the differential  capaci tance-vol t -  
age method  on gold surface bar r ie r  diodes (1, 2). 

Results 
The surfaces of the epi taxial  films were  micro-  

scopically smooth and free of growth  patterns and 
were  obviously not  affected by the high impur i ty  con- 
centrat ion of the films. The net carr ier  concentrat ions 
of the doped films depend on the concentra t ion as wel l  
as on the kind of dopants in the source mater ia l :  tin or 
tel lurium. 
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Fig. 1. Impurity profiles for films grown on (100), (i10), and 
(111) oriented substrates from 5xi016 Sn-doped source. 

Sn-doped GaAs source.--The Sn-doped GaAs source 
materials  used in these exper iments  had net  carr ier  
concentrations of 5 x 1016 , 2 x 1017 , 3 x 10 is, and 
5 x 1018. Ini t ia l ly  some epi taxial  films were  grown on 
n + - t y p e  substrates of (111) and (110) orientat ions 
from 5 x 1016 Sn-doped source material .  Results are 
shown in Fig. 1. The impur i ty  profile for the (100) 
film at approximate ly  5 x 1016 is essentially flat over  
the thickness measured.  The impur i ty  concentrat ion of 
the (111) films is wel l  above the level  of the dopant 
concentrations of the source  mater ia l  and is identical  
wi th  the anomalous profiles obtained f rom undoped 
source material ,  observed in a previous s tudy (1). 
Figures 2B, 3A and 2A show impur i ty  profiles of  (10O) 
films grown ~rom different source materials :  t in doped 
2 x 101T, 3 x 1O is, and 5 x 10 is, respectively.  The data 
scattering on films wi th  impur i ty  concentrat ions above 
2 x 10 is, as indicated in Fig. 2A and 3A, are due to the 
ra ther  poor qual i ty  of the surface barr ie r  diodes on 
such highly doped material .  Figures 3A and 3B show 
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Fig. 2. Impurity profiles for films grown on (100) $e- or Te- 
doped substrates from different sources: A, GaAs, Sn-doped 5x1018; 
B, GaAs, Sn-doped 2x1017; C and D, GaAs, Te-doped 2x1018. C = 
upstream, D ~ downstream sample. 
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Fig. 3. Impurity profiles for films grown on (100) oriented 
substrotes from A, GoAs, Sn-doped 3xlOlS; B, GoAs, $n-doped 
5xlO TM. 
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Fig. 4. Impurity profile for step etched (100) film grown from 
2x10 TM Te-doped source. 

the impur i ty  profiles o f  Sn-doped films after step 
etching. Several  terraces had been etched in the epi- 
taxial  films prior to the evaporat ion of 10 mil  gold 
dots. The results in  Fig. 3A indicate that, wi th in  the 
accuracy of the measurements ,  the doping concentra-  
tion remains  fairly constant  throughout  the thickness 
of the epitaxial  films. For  all t in-doped source mater ia l  
studied wi th  carr ier  concentrat ions from 5 x 1016 to 
5 x 10 TM, the exper imental  results indicate a net  car- 
rier t ransfer  ratio of 1: 1. 

The reverse bias breakdown voltages for 10 mil  
diameter  surface barr ier  diodes varied with the doping 
level of the film; 10v for 5 x 1016, 3-4v for 2 x 10 t~, 
and 0.7-1.5v for 5 x 10 TM were measured on 2-3~ thick 
(I00) filras. 

Te-doped GaAs source.--The Te-doped GaAs source 
materials  had ne t  carrier  concentrat ions of 2 x 10 TM, 
5 x 10 TM, 2 x 1017, 4 x 1017, and 2 x 10 TM. Only (100) 
oriented substrates were used and the results of these 
experiments  are shown in  Fig. 2C, 2D, 4, 5, 6, and 7. 
Figures 4 and 5 depict the doping profiles of films 
grown from 2 x 10 t6 and 5 x 10 t~ Te-doped source 
materials,  respectively. Wi th in  this doping range,  an  
impur i ty  t ransfer  ratio of approximately 1:1 is ob-  
served. However, a downstream impur i ty  depletion in 
the GaAs deposition zone becomes noticeable. This 
effect is also observed with Sn-doped source mater ia l  
al though not  to such an extent. 
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Fig. 5. Impurity profiles for step etched (100) films grown from 
5x10 TM Te-doped source. 

I E 
~.o 1017 

zq 
I Q  

Z 

SU IBSTRATES ( I 0 0 )  

SE - D O P E D  6 x  IO 18 o 
# 

0 

o Lo ~ . . . . . . .  o# 
o ~ - -  --oo~ . . . . .  IF oo II 

0 0 0 0  II I I  g 0 0 

o~ o o . . . .  L . . . .  o 0 o ~  - '~~ 
 #ooOo IF # o 7 r  

iO 16 , i i i t I i I I I i i I i I I I I .l i I J. I I I I I I I 
0 I 2 =3 

D I S T A N C E  FROM THE SURFACE IN M ICRONS 

Fig. 6. Impurity profiles for step etched (100) films grown from 
2xI01~ Te-doped source. 

Figures 5, 6, 2C and 2D show the respective im-  
pur i ty  profiles f6r pairs of substrates positioned less 
than 1 cm apart  from each other and at a uniform 
temperature  of 750 ~ • 3~ The impur i ty  profiles of 
the upstream substrates appear general ly  flat whereas 
the downstream sa~nples seem to have more graded 
doping profiles. The f i lm-substrate  interfaces are 
abrupt  and approach an infinite slope, even on down- 
s t ream samples. The downst ream dopant  depletion 
effect becomes noticeable even on single, large wafers 
exceeding the usual  substrate  size of approximately 1 
cm 2. In  these cases, it  has been  observed that  the film 
doping level was higher on the upstream and lower 
on the downstream port ion of one wafer. This effect 
is again much more pronounced with Te-  than  with 
Sn-doped source material.  

The Te-doped films were step-etched as described 
earlier;  in  Fig. 4, 5, 6, and 7 these terraces are indi-  
cated by double bars intersecting the impur i ty  profiles. 
If the Te-doping concentrat ion of the source mater ia l  
exceeds approximately 1 x 101~, the apparent  impur i ty  
t ransfer  ratio changes and less te l lur ium seems to be 
t ransferred to the substrates. This effect is demon-  
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Fig. 7. Impurity profile for step etched (100) film grown from 
4x10 t7 Te-doped source. 
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s t r a t ed  by the  prof i les  in Fig.  6, 7, 2C and  2D. I t  ap-  
pea r s  tha t  a m a x i m u m  doping  t r ans f e r  of t e l l u r i u m  is 
app roached  at a p p r o x i m a t e l y  2 x 10 z~, e v e n  if the  Te 
concen t r a t i on  of the source  m a t e r i a l  is as h igh  as 
2 x 10 TM. This  r e su l t  is va s t l y  d i f fe ren t  f r o m  the  one 
obse rved  w i t h  S n - d o p e d  source  m a t e r i a l  w h e r e  the  
a p p a r e n t  t r ans fe r  ra t io  of 1:1 is m a i n t a i n e d  up to a 
c a r r i e r  concen t r a t i on  of  a p p r o x i m a t e l y  5 x 10 TM. 

The  m a x i m u m  ne t  ca r r i e r  c o n c e n t r a t i o n  for  Sn- ,  or  
Te -doped ,  pul led,  or  boat  g r o w n  GaAs  is a p p r o x i -  
m a t e l y  5 x l0 TM (3).  This  imposes  an  u p p e r  l imi t  for  
the  i m p u r i t y  concen t r a t i on  of t he  ep i t ax i a l  films 
g r o w n  f r o m  S n - d o p e d  GaAs  source  mate r i a l .  Wi l l i ams  
(3) repor ted ,  h o w e v e r ,  tha t  ne t  ca r r i e r  concen t r a t ions  
of 1 to 2 x 10 TM can be  ob ta ined  in ep i t ax i a l  i l lms by  
us ing e l e m e n t a l  Sn, Te, or  Se as dopants  in a s t r e a m  
of HC1 at e l e v a t e d  t e m p e r a t u r e s .  F o r  films w i t h  carrier 

concen t ra t ions  h i g h e r  t han  those  r e p o r t e d  in th is  pa- 
per, the  use of add i t iona l  dopan ts  is necessary .  
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S C I E N C E  
A Coulogravimetric Study of the Sintered Silver 

Electrode in 1 Molar Potassium Hydroxide 
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ABSTRACT 

Weighing of a sintered silver electrode while immersed in  electrolyte dur -  
ing cathodic and anodic reaction reveals breaks in the weight change-coulomb 
curves. The different slopes can be explained by the volume change dur ing 
phase t ransformation,  affecting the buoyancy of the electrode. These breaks 
coincide with the potent ial  changes of the plate, measured against a reference 
electrode. 

The silver electrode in alkali  electrolyte has gained 
considerable prominence in the construction of batteries 
offering high discharge rates and high energy densities 
per uni t  weight and volume. The outs tanding prop- 
erties of this electrode have long been recognized 
(1-4), but  a complete unders tanding  of its behavior 
is still lacking (5,.6). Moreover, since efficient elec- 
trodes are usual ly of the porous type, an exhaustive 
in terpre ta t ion of their  behavior requires an under -  
s tanding of the many  factors affecting this type of 
electrode. Among these are the expansion and con- 
t ract ion of the active mass. 

This volume change affecting the buoyancy is 
studied by weighing con t inuous ly  the porous silver 
electrode in 1.0M potassium hydroxide as electrolyte 
dur ing the complete cathodic and anodic cycle. Si- 
multaneously,  the corresponding number  of coulombs 
involved is determined, and the potential  of the elec- 
trode is recorded against a suitable reference electrode 
and correlated with the change in  weight. A similar 
procedure was used by Schoop (7) at the tu rn  of the 
century,  bu t  it  has not  been practiced f requent ly  since 
(8, 9). 

Theory 

If a silver plate suspended in  the electrolyte is oxi- 
dized a~aodically to silver oxide, the change in the 
weight of the immersed electrode is the algebraic 
sum of several related effects, pr incipal ly (i) a weight 
increase due to the added mass of reacted oxygen, and 
(ii) an altered buoyancy lift due to the volume change 
of the electrode by the newly formed compound. 
There is still another  factor affect ing the buoyancy of 
the sample considered to be minor.  The density of the 
electrolyte around the electrode is changing, due to the 
consumption of ions at the interface and the heat that  
is generated by the passage of the current .  

In  the following discussion we assume that  minor  
effects can be neglected, provided low current  den-  
sities are used, so that  concentrat ion differences in the 
electrolyte are small  since equalized by diffusion. 
Addit ionally,  for these conditions, the density gradi-  
ents are not large enough to produce convection of 
the electrolyte which may  still fur ther  influence the 
weight of the sample. The reaction must  be carried out 
at potentials  where no gas evolution will occur since 
s m a l l  bubbles formed in or adhering to the electrode 
will  alter its t rue weight. We also assume that the re- 
action products are only sparingly soluble in the elec- 
trolyte. 

Under  these conditions we can derive an equation 
for the weight  change of the electrode in  the electro- 
lyte. Let a mass of si lver mAg and densi ty dAg be im-  
mersed in  a l iquid electrolyte of density ds. The 
weight of the silver in  the solution mAg s wil l  be 

mAgs_- ~nAg( I-- ds ) [1] 
dAg 

If the silver is converted to an oxide, for example 
AgO, the weight of the oxide in the electrolyte will be 

7}%AGO s ~ 9T6AgO I dAgO 

If the metal were oxidized and weighed in air, the 
weight increase would be 

'?//'AgO ~ I'l%Ag ~ ' /nO [ 3 ]  

or simply the mass of oxygen reacted with the speci- 
men. In  the electrolyte we will  register a change m s 
due to both mass increase and volume change, given 
by the equation 

ms ~ '?rbAgO dAgo -- mAg I -- dAg 

In an electrochemical process without any side re- 
action, the mass of the reaction products produced by 
a current I in a time t is given by Faraday's law 

It M 
m = ----- E q .  Q [5] 

nF 

Here Q = It  is the n u m b e r  of coulombs passed, 
Eq = (M/nF)  is the electrochemical equivalent  of the 
species of molecular  weight M, F is the Faraday,  and 
n is the number  of electrons per molecule tak ing  par t  
in the reaction. A l ine should result  if the weight 
change m s of the electrode in  the electrolyte is plotted 
against the number  of coulombs used. The slope of this 
l ine can be expressed by subst i tut ing [5] into [4] 

= EqAgo 1 -- dAg-----~ dAg 

If a constant reaction rate is maintained by charging 
(or discharging) the electrode with a constant current, 
then Q is calculated by measuring the elapsed time. 

In cases where the density of the electrolyte is not 
altered, a change in the slope of m s vs. Q represents a 
variation in the density of the active mass formed. In- 
formation can be obtained concerning the density of 
the products by utilizing Eq. [6] and the experimen- 
tally determined value of the slope. 

Electrode Reactions 
Ever since the earliest investigations on the si lver 

electrode, it  has been apparent  that  charging and dis- 
charging processes in  an a lkal ine  solution proceed in  
steps that  have been associated with the formation of 
the oxides Ag20 and AgO. 

The formation of these oxides seems to be well  es- 
tablished and verified by  x - r a y  diffraction (10-13) 
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Fig. 1. Ideal weight change-coulomb relations, silver electrode of 
103 coulomb total capacity. 

Weighing in electrolyte 
ds  ~ -  1,0S0 Weighing in air 

Reaction line slope mg/kQ line slope mg/kQ 

2Ag ~ 1/z O~ --> Ag20 a 18.4 e 82.9 
Ag20 -f- Vz 02 "-> 2AgO b 78.2 e 82.9 
Ag ~ Y~ 0 2 - >  AgO d 48.0 e 82,9 
2AgO ~ Vz O~,--> Ag203 c ~ e 82.9 

al though the true nature  of the AgO is still disputed 
(14). It  has been shown that  AgO can take up addi- 
t ional oxygen electrochemical ly  (15). However ,  in the 
charging process, oxygen gas is l iberated on the elec- 
trode af ter  the AgO level  has been reached. Other  
reactions of the s i lver  electrode have  been advanced 
(16, 17), especially the direct  conversion of si lver to 
AgO, but their  importance is not wel l  established. The 
main reactions are accompanied by definite potential  
plateaus. 

Using the density of the involved species, dad -~ 10.5, 
dAg2O ~ 7.14, and dAgo ~ 7.44 g / c m  3 (18), in Eq. [6], 
and assuming that  s i lver  will  conver t  first completely  
to the Ag20 oxide of bulk density and then completely  
again to AgO, we can calculate the weight  change 
curves. F igure  1 represents  the idealized theoret ical  
behavior  of a si lver plate of 103 coulombs (1 kQ) total  
capacity up to the AgO level. The plate is immersed  
in approximate ly  1.0M KOH electrolyte  of density 
ds ~ 1.050 at room temperature .  

Line a represents  the weight  increase of the elec- 
trode for formation of Ag20. Because of the large 
difference in density be tween  si lver  and this oxide, 
there  is a considerable buoyancy correction, causing 
the slope mS/Q to be 18.4 mg/kQ,  ra ther  than the 82.9 
m g / k Q  slope that  would  be obtained if the weighing 
were  per formed  in air. The weight  change curve  in 
air is represented by line e. As the oxidat ion pro-  
ceeds from Ag20 to AgO, the change in density should 
be re la t ive ly  small, resul t ing in only a minor  buoyancy 
influence. The calculated slope of 78.2 mg/kQ,  as rep-  
resented by line b, is therefore  almost  paral le l  to the 
l ine represent ing the weighing in air. The possible 
weight  change curve for formation of Ag203 cannot be 
predicted with  any cer ta inty since the density of the 
compound is unknown.  In case si lver is direct ly con- 
ver ted  to the AgO, the weight  increase should fol low 
l ine d with a slope of 48 mg/kQ.  

The potent ia l -coulomb curve  should fol low lines 
El-E3, represent ing the standard potentials of the re-  
actions. In actual charging Ec and discharging Ed, the 
effect of overvol tage  for the par t icular  current  density 
must  be considered. 

How an actual sintered electrode follows this pre-  
dicted scheme was tested on the fol lowing exper i -  
menta l  a r rangement .  

Exper imenta l  
The apparatus used is shown schematical ly in Fig. 2. 

It  consists of an analyt ical  balance, wi th  small  mer -  

Fig. 2. Continuous coMogravimetric arrangement 

cury-fi l led cups attached to the balance support  and 
to one of the pans. P la t inum wires, fastened to the 
middle  and end of the balance beam, were  bent  to dip 
very  slightly into the mercury.  In this way, electrical  
connection could be maintained through the balance 
arm without  impair ing  its free movement .  The auto-  
matic weighing was done wi th  a pe rmanen t  magnet  
and solenoid restor ing element,  balanced by a dual 
photocell  (19). The weight  change was recorded on a 
pen recorder.  The speed of the recording paper  (1 in. 
in 10 min) gave the t ime base for the reactions 
studied. The sensi t ivi ty was adjusted so that  1 mg 
gave ~/z in. on the chart. Weight  fluctuations due to 
amplifier noise were  about 0.2 rag. 

The electrodes were  enclosed in a plastic box with  
a small opening for the wire  suspending the working 
electrode. The wire was also passed through an at-  
tached perforated tube surrounded by solid KOH. I t  
was hoped to minimize in this way the influence of 
atmospheric CO2 on the electrolyte,  as carbon dioxide 
seems to affect adversely the extended operat ion of 
si lver electrodes. As the negat ive  electrodes, two com- 
mercial  sintered cadmium plates were  used; each was 
about 5 times the physical  size of the si lver electrode. 
The cadmium electrodes were  wrapped in two layers 
of wet table  cel lophane of the type used to wrap  si lver 
electrodes. This was done to re tard  the possible dep-  
osition of si lver on these plates. An ex terna l  1.0M 
KOH m e r c u r y - m e r c u r y  oxide electrode was used as 
reference.  The capi l lary was made of polyethylene  
tubing filled wi th  a purified asbestos string. The  poten-  
tial was recorded by a high impedance chart  recorder  
dr iven synchronously with the weight  recorder.  

The current  passed through the cell was regis tered 
on a cal ibrated mul t i range  ampere  meter.  An ampere-  
hour meter  (Danubia-Wien,  Aust r ia) ,  accurate to 0.001 
amp-hr ,  was used as a check, to record the total  num-  
ber of coulombs. Revers ing switches were  used to 
operate these ins t ruments  dur ing charge and dis- 
charge cycles. 

The electronical ly regulated,  cons tan t -cur ren t  power  
supply al lowed charging currents  up to 400 ma. The 
constant current  discharges were  made by manual ly  
regula t ing the current  wi th  a decade resistance box. 
To obtain very  deep discharge, or to help stabilize the 
discharge current,  a 12v storage ba t te ry  was some- 
times used in series wi th  the test cell. 

The working  electrode consisted of a piece of sin- 
tered si lver plate,  cut to about 3.1 x 3.1 cm and 0.05 cm 
thick, and at tached to the balance by a s i lver  wire. 
As an electrolyte,  a 1M solution was prepared  f rom 
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Fig. 3. Weight loss-time relation, porous silver electrode of 16 
cm 2 area; electrolyte 1.0M KOH ds = 1.05 g/cm a. Discharge at 
the Ag20 level at different current densities. 
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Fig. 4, Efficiency test of silver electrode reactions, Weight 
change-coulomb relations. 

chemically pure  KOH and boiled water  that  had been 
cooled under  N2. Although the solution was handled 
as little as possible in air, it could have absorbed un -  
known amounts  of CO2. All  experiments  were per-  
formed at about 25~ with some shielding against  
light. 

Results 
Before proceeding with the experiments,  the val idi ty 

of Eq. [1] was tested by electroplating copper from a 
copper sulfate solution onto a copper strip. The cor- 
rected weight in the electrolyte, the weight  in air after 
washing and drying, and the weight  calculated from 
the n u m b e r  of coulombs all agreed wi th in  2%. 

The assumption that the electrolyte in the pores and 
around the electrode interchanges rapidly with the 
bulk of the solution was tested in the following way. 
An approximately 4 x 4 cm, 0.05 cm thick, sintered 
and previously cycled silver plate was first fully 
charged and then drained at the Ag20 voltage plateau, 
using discharge rates ranging from 20 to 200 ma for 
the whole plate. Figure 3 shows straight sections of 
different slopes in  the weight loss-time coordinate 
system. For the same number  o~ coulombs passed, the 
weight loss was equal for all o~ the current  densities 
used. This result  indicates that  no appreciable con- 
centrat ion polarization could occur at these current  
densities, and that  there was no deficiency in  t ranspor t  
of the proper ions to sustain the reaction. This con- 
clusion was also substant ia ted by the observation that 
the different rates were established without  any no- 
ticeable t ime delay on the graphs. 

To verify that  the Faradic efficiency of the reac- 
tions was close to 100% under  the prevai l ing condi-  
tions, direct weighings of the electrode were per-  
formed in air at different stages in the charge and 
discharge cycle ( i1) .  The electrode was removeu 1rum 
the electrolyte and soaked in fresh water  four times 
for a period of at least 1 hr  each. After  r ins ing with 
alcohol, the electrode was dried to a constant  weight  
in a desiccator. The-weighings were made in the re-  
gion where the potential  plateaus changed. The results 
are shown in Fig. 4. These points coincide quite well  
with the calculated values for too. We conclude, in 
addition, that  the compounds formed in the reaction 
are stable enough to wi ths tand this analyt ical  pro- 
cedure. 

The actual weJghings of the electrode dur ing the 
charge-and-discharge cycle has indicated that the 
silver electrode behaves similarly to predictions from 
the theoretical equation. Typical exper imental  results 
are plotted on Fig. 5. 

When an unused, sintered silver electrode is charged 
at constant  current ,  the measured potential  settles 
down to an almost constant  value E1 after an ini t ial  
potential  rise in  the first few seconds. This steady 
potential  is designated as the Ag-Ag20 level. With the 
10 cm 2, 0.05 cm thick electrode charged at a 100 ma 
total cur rent  rate, the measured weight -change/  
coulomb slope was 36 mg/kQ as shown in dashed line 

I I I I I I I I i I I '1 1 i ~ I 

1~ Weight ~n k i t  / 

I00 / ~ 0 2  EvolulO 2 E v o l u t i o n  g 
8o / / E c  ~...d~v .8: ~ 

~" E 2 q r  

,o ~1 J .~ ...,>-'g--~ 4- 

~ . . ~ - ; - ,  t] ,  , L L, i i L i ~ i ~ I so 
0 2 4 6 8 10 12 14 i6 18 Charge 

L,-]. ~ L ~ ~ L ] ~ t �9 r ~ ~ ~ ~ iDischarge 
16 14 12 10 8 6 4 2 O 

102 Coulombs 

Fig. 5. Weight change-coulomb relations, first cycle; porous 
silver electrode 3.1 x 3.1 cm, 0.5 mm thick, in KOH electrolyte of 
ds ~--- 1.050 g/cm 3 at 25~ charge and discharge current 100 ma; 
slope of segments in mg/kQ. Charging I ~ 36, II ~ 56, dis- 
charge I I I  ~ 83, IV ---~ 29. 

segment I. This slope is almost twice as large as the 
predicted 18.4 mg/kQ (dotted l ine) ,  bu t  it  is much 
lower than would be expected if no volume change 
had taken place. One can conclude that  the density of 
the compound formed in the exper iment  must  be 
around 8 g/cm 3. 

At a later stage, the potent ia l -coulomb curve starts 
to rise, slowly at first and then suddenly,  unt i l  a new 
higher level E~ is reached. This level is assigned to the 
formation of AgO. Figure  5 shows that  more silver is 
oxidized on this level than  on the previous one. I t  is 
interest ing to observe that  the point  of sudden in-  
crease in  potent ial  coincided with a change in the 
slope of the weight-change/coulomb curve, the new 
slope being close to 56 mg/kQ as shown by dashed 
l ine segment II. This value is not as high as the pre-  
dicted 78.2 mg/kQ for the conversion of Ag20 to AgO 
and indicates that the active mass is expanding more 
than expected, so that  a larger buoyancy correction is 
still in play. Actually, the slope of 56 mg / kQ  is closer 
to the value of 48 mg/kQ that  w o u l d  indicate the di- 
rect conversion of silver to AgO. 

Whether  these data represent  a gradual  e x p a n s i o n  
of the existing lattice, or the formation of new dis- 
t inct crystals as revealed by some x - ray  diffraction 
studies (19) cannot be decided. 

After a lengthy plateau region, dur ing  which the 
potential  rises only slightly, there is a sudden increase 
with a corresponding change in the weight-change 
curve. The curve becomes erratic, levels for a short 
period, and then decreases quite rapidly. An  inspection 
of the electrode at this point  reveals that  the gassing 
stage has been reached and the decrease in weight is 
caused by gas bubbles clinging to the surface of the 
electrode. 

Several minutes  are allowed for the gas to be 
dispelled before start ing the discharge process. At the 
same current  density of 100 ma/plate ,  one finds that 
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Fig. 6. Weight change-coulomb relations, secon d cycle; slope of 
segments in mg/kQ. Charging ! ~ 23, II ~ 68, discharge Ill 
83, IV : 29. 
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Fig. 7. Weight change-cou]omb relations, fourth cycle; slope of 
segments in mg/kQ. C h a r g i n g  I ~ -  20, 11 = 74, discharge ]11 = 
82, IV = 22. 

the discharge proceeds at a potential  EE. This potential  
decreases slowly at first, then gradual ly  faster, but  
never  is the change as rapid as dur ing  the charging 
process. The weight decreases ra ther  fast at a rate of 
83 mg/kQ,  as shown by shortly dashed l ine III. (The 
discharge curves on all the graphs are plotted back- 
wards from the charge curves. The new origin for the 
weight-change and number  of coulombs is the maxi -  
m u m  value reached dur ing  charging as indicated by 
the double scale in Fig. 5 but  omitted in  succeeding 
graphs.) This rapid change in weight is near ly  what  
the plate would suffer if the weighings were made in 
air. This may mean that the volume of the electrode 
remains  unchanged dur ing  the higher potential  plateau 
of the discharge cycle. The slight contraction that  
should occur in this region should give a slope of 
78.2 mg/kQ. 

After  the potential  reaches the second discharge 
plateau, El', the potential  remains  almost constant  
unt i l  the silver oxide is close to exhaustion. In a self- 
sustained discharge, the potent ial  begins to rise with 
the rapidly fal l ing cur ren t  output. In  most cases tested, 
the current  sank so low, even with the resistance box 
shorted, that  a complete exhaustive discharge was not 
achieved. Short ing of the cell for many  hours was not 
attempted. In  this region, the weight curve followed 
the l ine IV with a slope of 29 mg/kQ, as compared 
to a slope of 36 mg /kQ in the charging portion, but  
not as low as the expected slope of 18.4 mg/kQ. 

The data clearly show the large "hysteresis loop" 
created by the weight-change,  coulomb charge and 
discharge curves. The ra ther  short charging branch 
on the Ag20 level represents only 18% of the total 
charge taken up, while the corresponding branch on 
discharge amounts  to about  60% of the total charge 
released. 

As early as the second cycle, Fig. 6, the Ag20 charg- 
ing branch becomes Considerably extended. The slope 
was now 23 mg/kQ. Assuming a start from the silver 
level, this slope would represent  the formation of an  
oxide of 7.3 g /cm s density. This density is very close 
to 7.25, the x - r ay  density of Ag20.1 The weight change 
for the AgO plateau was 78 mg/kQ on charging, and 
again 83 mg/kQ dur ing discharge. Figure  6 also shows 
that a slope of 29 mg/kQ was obtained dur ing  dis- 
charge at the Ag20 level. The difference between the 
charge and discharge behavior  became less pro- 
nounced. 

A potential  overshoot is usual ly  noticed on charging 
dur ing  the t ransi t ion from the Ag20 to the AgO level. 
This overshoot has been  the subject of several in -  
vestigations, and different causes have been assigned 
for its appearance (16, 21). It  can be seen in Fig. 6 
that  an addit ional  small  peak preceded the main  one. 
In  other runs,  such peaks sometimes followed the main  
one. 

Figures 7 and 8 represent the response of the same 

1 D a t a  of x - r a y  d e n s i t y  w e r e  k i n d l y  i n d i c a t e d  b y  one  of  t h e  
r e v i e w e r s .  
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Fig. 8. Weight change-coulomb re{ations, sixth cyc]e; s]ope of 
segments in mg/kQ. Charging I ~ 16, H = 72, discharge III 
80, IV = 17. 

electrode in the fourth and sixth cycle. The cathodic 
and anodic behavior  become even more similar, with 
weight  change per coulomb values approaching the 
predicted values, and both plateaus in the charging 
and discharging cycle of almost the same length. But  
another factor became more apparent,  namely,  the 
total capacity of the plate decreased progressively 
dur ing cycling. The first cycle gave 1650 coulombs, and 
the sixth only about 1050 coulombs. Ta k i ng . i n to  ac- 
count the weight of the active silver in the electrode, 
by subtract ing the weight of the reinforcing grid, the 
electrode was about  50% efficient in the first cycle, 
considering the conversion to AgO. The depar ture  
from higher efficiencies obtained in actual  batteries 
might be a t t r ibuted to the difference in  electrolyte 
concentration. The decrease in capacity represents a 
calculated loss of 335 mg of active silver. 

These experiments  were repeated with new elec- 
trodes and electrolyte several times. The behavior 
was not completely identical  although the general  
features were the same. One factor became dis turbing 
dur ing cycling. The electrolyte acquired a dark brown 
color, and some sediment  appeared at the bottom of 
the cell, indicat ing considerable solubili ty of the 
active compounds in the electrolyte. Taking the solu- 
bi l i ty of the silver oxides in 1M KOH as 2.10-4M Ag 
(22, 23), the silver in the 200 ml of electrolyte amounts  
to only 4.3 rag. The residue formed in cycling which 
settled at the bottom of the cell was less than 50 rag. 
The combined weight loss and solubil i ty alone cannot 
account for the large loss in capacity of the silver 
electrode. 

Conclusions 
The coulogravimetric experiments  confirm the prop- 

osition that  the silver electrode undergoes a large 
volume change, main ly  dur ing  the t r ans i t i on  from 
Ag to Ag20 phase. This change occurs in  both the 
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cathodic and anodic reaction. Changes in the weight-  
coulomb relat ion coincide with the changes in po- 
tent ia l -coulomb curves. Differences in coulombic ef- 
ficiencies of the two potent ial-coulomb plateaus 
were found main ly  dur ing the first few charging and 
discharging cycles. More silver was being oxidized 
on the second AgO plateau than the amount  converted 
in the ini t ial  step. On the contrary more oxide was 
reduced on the Ag20 level than at the higher oxide 
one. These differences became less pronounced dur ing 
repeated cycling. 

The loss of electrode capacity dur ing  cycling cannot 
be explained solely by the dissolution of the silver 
oxides in the electrolyte or shedding of the active 
mass. The loss in capacity might be due to sealing up 
of capillary passages in the sintered electrode, reduc-  
ing the available active area in the next  cycle or the 
influence of increasing carbonate concentration. 

Manuscript  received March 30, 1966; revised manu-  
script received Nov. 10, 1966. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1967 
JOURNAL. 
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A Kinetic Study of the Heterogeneous Reactions of Metallic 
Sodium with Chlorine and Bromine 

M. J. Dignam and D. A. Huggins 1 
Department 05 Chemistry, University of Toronto, To~'onto, Ontario, Canada 

ABSTRACT 

Data on the chlorination and brominat ion  of sodium in  the temperature  
range of 238~176 have beeen obtained for evaporated sodium films by 
following the change in optical density of the metal  films. The chlorination 
data corresponding to the first few minutes  of reaction have been found to be 
in accord with an equation of the form of that  predicted by Mott and Cabrera 
for the growth of very thin oxide films on metals, while the brominat ion  data 
for 273~ and below are in accord with a direct logarithmic law. Following 
longer reaction periods for chlorination, and above 273~ for brominat ion,  the 
behavior is complex, being influenced in the case of brominat ion,  for example, 
by i l luminat ion  with light. 

St imulated by the practical problems of corrosion, 
fundamenta l  research in the field of anodic and air 
oxidation of metals has gained increasing at tent ion in 
recent years. Whereas early studies were concerned 
pr imar i ly  with the formation of thick films (>1000A) 
recent studies have examined more closely the kinetics 
and morphology of thin film formation. The material  
reported herein falls into this lat ter  category. 

Many metals, perhaps all which oxidize readily, 
show very similar behavior when  exposed to oxygen 
at sufficiently low temperatures.  The oxidation rate is 
ini t ia l ly very rapid, but  drops off to a low or negli-  
gible value, a stable film of the order of 20-200A being 
formed (1). Theories which have been applied to these 
low-temperature ,  thin film conditions have been based 
on a model involving a continuous adherent  and 
homogeneous film. The ra te-control l ing process has 
been assumed variously to be electron t ransport  (1-5); 
ion t ransport  under  the influence of the high electro- 
static field produced by equil ibrat ion of electrons be- 
tween the metal  and surface levels at the f i lm-oxidant  
interface (6, 7); chemisorption or incorporat ion of the 
oxidant  at the film oxidant  interface (8) ; combinations 
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P a r k ,  Clarkson ,  Ontar io ,  Canada .  

of some of the above allowing for space charge in the 
film; and finally film recrystall ization and related phe-  
nomena  (9, 10). 

Differentiation between some of these theoretical 
approaches from exper imental  data is difficult, since 
many  of them lead to the same or a similar  form for 
the rate law. It  is for this reason that we chose to in-  
vestigate the halogenation of the alkali  metals, which 
apart  from providing a unique  series of reactions, 
involves reactants and products which are sufficiently 
simple to make possible calculations of the rate con- 
stants from other data. In this manner ,  an unequivocal  
choice between al ternate theories should be possible. 
At present  one cannot say what  information,  if any, 
gained in the s tudy of these systems may  be readi ly  
related to more convent ional  metal  oxidation reac- 
tions. It appears almost certain, however,  that  a 
thorough exper imental  and theoretical invest igat ion 
of these systems wil l  provide considerable insight into 
conventional  oxidation studies. In  addition, the in-  
vestigation has intr insic interest. 

The present  paper presents  data on the reactions of 
metallic sodium with chlorine and bromine  in the tem- 
perature range 230~176 The chlorinat ion reaction 
appears to be in  accord with the Mott -Cabrera  (7) 
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mechanism for film growth in the ve ry  thin film re-  
gion. Good agreement  be tween the data and the theo- 
retical  equat ion has been obtained over  five decades 
of t ime and for  up to a sevenfold  increase in the film 
thickness. 

The brominat ion data show some very  interest ing 
effects. The rate  law is not that obeyed for the chlori-  
nat ion reaction, but instead takes the form 

X = K log t + K '2 

where  for the lower temperatures ,  K is independent  
of temperature .  Limitat ions of the data p revented  the 
tempera ture  coefficient of K'  f rom being ascertained. 
It  appears, however ,  to be fair ly small  or zero. At 
higher  tempera tures  the va lue  of K is smaller, the 
change in K'  being once again uncertain.  I r radia t ion 
with  l ight of wave length  5461A has no effect on the 
rate  at low temperatures ,  but  at the higher  t empera -  
tures it increases K to the value  observed at low 
temperatures .  

Experimental 
As the apparatus employed for the present  invest i -  

gation is now being replaced, the description of it 
wil l  be kept  to a minimum. An outl ine of the exper i -  
menta l  procedure follows, with fur ther  details given 
in subsequent  sections. 

Distil led sodium metal  was evapora ted  in a stainless 
steel system at a rate of about 4 A/sec ,  to form a film 
approximate ly  1000A thick on a quartz slide cooled to 
near  l iquid ni t rogen temperatures .  The evaporat ion 
process was stopped by introducing purified argon to a 
pressure of about 1 atm. 

The quartz slide was mounted on the end of a 
stainless steel tube which could be manipula ted  
through a double "o" ring vacuum seal. Fol lowing 
film deposition the sample was t ransfer red  into the 
react ion chamber,  which was then isolated f rom the 
evaporat ion unit. 

The film was annealed at 60~ the argon pumped 
out of the reaction chamber,  and a p rede te rmined  
pressure of halogen introduced through a pneumat ic -  
al ly operated valve.  The rate  of the reaction was 
then fol lowed by measur ing the change in the in ten-  
sity of the beam of monochromat ic  l ight (Hg 5461A 
line) t ransmit ted through the film. This change arises 
f rom the decrease in optical density of the film, since 
the meta l  with a high ext inct ion coefficient reacts to 
give an essentially t ransparent  halide layer.  The  out-  
put  f rom the photocell  unit, to be described later,  
was connected to an oscilloscope with  camera and to 
a recording potent iometer .  

The switch that  controlled the pneumatic  valve  also 
t r iggered the oscilloscope, and thus the course of the 
react ion could be fol lowed from t imes as short  as a 
few milliseconds up to many  hours or even days. It  
is pr imar i ly  the speed of measurement  which recom- 
mends this optical method for the study of thin film 
formation. 

Evaporat ion  un i t  and react ion vesse l . - -F igure  1 is a 
scale drawing, somewhat  simplified, of the apparatus 
labelled to indicate the function of the various com- 
ponents. It  was constructed ent i re ly  f rom stainless 
steel, the vacuum seals being formed with "o" rings of 
compound number  17507, Precision Rubber  Products  
(a fluorocarbon polymer  of high chemical  inertness 
and stable to tempera tures  in excess of 150~ As the 
d iagram is la rge ly  se l f -explanatory,  l i t t le wil l  be 
added except  to point out the various functions of the 
sample support  tube which supports at one e n d t h e  
quar tz  slide on which the metal l ic  sodium was de-  
posited. Its pr incipal  function .was to t ransport  the 
slide f rom the sodium evaporat ion chamber  to the re -  
action chamber  while  mainta in ing  high vacuum or 
control led a tmosphere  conditions. At  the same time, 
however ,  a flange on this tube sealed the evaporat ion 
chamber  f rom the react ion chamber  when  the slide 

B y  log y sha l l  be m e a n t  loglo y. 
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Fig. 2. Photometer circuit diagram and related circuit 

was positioned in the latter, thus prevent ing contami-  
nation of the sodium in the evaporat ion chamber  dur-  
ing the reaction. Within the main sample support  tube 
were  smaller  tubes through which thermosta ted  fluids 
or l iquid ni trogen could be circulated to control  the 
tempera ture  of the quartz  slide. The window in the 
evaporat ion chamber  was used to observe the sodium 
film dur ing deposition. 

Fol lowing bakeout  at about  150~ the apparatus 
could be evacuated to a pressure of bet ter  than 3 x 
10 -7 Torr. 

P h o t o m e t r i c  m e a s u r e m e n t s . - - A  mercury  arc lamp 
(General  Electric AH100A) in conjunct ion with  filters 
to isolate the 5461A line (Kodak in ter ference  filter 540 
and gelat in filter number  77), col l imating lenses, first 
surface mirrors,  and prisms made up the optical par t  
of the photometr ic  equipment.  A beam spli t ter  was 
used, and the intensi ty of the beam t ransmit ted  
through the metal  film was compared to that  of the 
reference beam using circuits (Fig. 2) s imilar  to those 
described by Dignam, Forbes, and Le Roy (11). F igure  
2a consists of a Wheatstone bridge in which two ad- 
jacent  resistance elements  are replaced by 1 P37 vac-  
uum photocells (P and P')  whereas  Fig. 2b is a simple 
Wheatstone bridge used to obtain the value of ~he 
resistance ratio r / r '  in terms of the precision resistors 
R and R'. The e lec t rometer  amplifier was a Kei th ley  
Model 603 ins t rument  (input impedance 1015 ohms) ,  
the output  for which was connected to a recording po- 
tent iometer  and to an oscilloscope with  camera. 

In addition to the circuits i l lustrated in Fig. 2, two 
other circuits could be selected which  enabled the 
voltages across the resistors r' and r to be measured 
independently.  Under  exper imenta l  conditions the 
photocell  dark currents  were  about 2 x 10 -11 amp, 
with the lowest value for the l ight current  being about 
5 x 10 -20 amp. In some runs, therefore,  correction for 
the dark current  was required.  

Changes in the optical density of the meta l  film were  
measured as follows. The exper imenta l ly  de termined  
quanti t ies  are the voltages across the resistors r and 
r '  and the ratio R/R"  when circuit  b is in balance. 
Associating P '  wi th  the reference  beam, and P with 
the t ransmit ted beam, the fol lowing symbols are de- 
fined in connection with  the t ransmi t ted  beam: V, 
voltage across r; i, total  photocurrent ;  id, dark cur- 
rent;  iL, i - -  id; I, l ight intensi ty incident  on photo- 
cell P. An  identical  set of p r imed symbols are defined 
in connection with the re fe rence  beam. 
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From Fig. 2a, i = V / r  and i' = V ' / r ' ,  and from Fig. 
2b, at balance, r / r '  = R / R '  so that  

i / i"  = ( R ' / R )  ( V / V ' )  
o r  

i "7 = R i ~L [I] 

where  A V  = V - -  V ' .  

The dark  current  could always be neglected in con- 
nection with  the reference beam, but  not always in 
connection wi th  the t ransmit ted  beam. Therefore  
i = iL -~ ie and i' ~- i'L + i'~ ~ i 'g SO that  [1] becomes 

iL 
= p - -  p,~ [2] i ' r  

where  

P=--R-- 1+--~--  [3] 

and pe is the value of p when  i = id (i .e. ,  the value  of 
p measured with  I ~- 0). Since I c c i L  and I' cc i'L ~ we 
may  wri te  

I / I '  oc (p- Pd) 

The change in optical density f rom t ime zero to t ime t 

1 (t = 0) 
Aa = log I ( t )  [4] 

is therefore  given by 
( p(t) -- pd ) [5] 

_ A ~  = l o g  ~ ( ~ - -  0~ - p~ 

During any given run, the value  of r was held con- 
stant, as was the intensi ty of the lamp, so that  I' re -  
mained constant. Thus V '  oc I ' r '  -~ I ' r ( R ' / R )  so that  
we may set V '  = v ( R ' / R )  where  v is a constant for 
any given run. 

The equat ion for p now becomes 

R' AV 
P = --R--- + v [6] 

Prior  to beginning a run, r and r '  were  adjusted to 
make ~V close to zero, and v was determined,  hV was 
then recorded continuously during the run, wi th  r'  
(and hence the rat io  R ' / R )  adjusted f rom time to t ime 
to keep AV wi th in  the recorder  scale. In Eq. [6], the 
second term, ~ V / v ,  arises f rom the off-balance of the 
bridge circuit  (Fig. 2a). By mainta in ing A V / v  small  
compared with  R ' / R ,  fluctuations in the lamp intensi ty 
have  only a small  effect on the values of p determined.  
With this circuit  it was possible to detect  changes in 
the t ransmit ted  l ight intensity as small  as 1 par t  in 
3000, a l though such sensit ivity was rare ly  required.  

The thickness of the halide film may now be related 
to the change in optical density, An, in the fol lowing 
way. If we let  Io be the l ight intensi ty incident on an 
e lement  of area, d A ,  of the meta l  film system, then on 
neglect ing mul t ip le  reflections wi th in  the films the ele-  
ment  of t ransmited  light, dI ,  is given by 

d I  = d A  lo 10-~Xm [7] 

where  e and Xm are the decadic extinction coefficient 
and thickness of the meta l  film. We shall assume that  
Io and Xm are in general  dependent  on the position 
on the surface, but  that  e and the halide film thickness, 
or thickness of meta l  consumed, aXm, are independent  
of position. Subst i tut ing Xm ~ X ~  AXm in the above 
equation, where  X~ is the meta l  film thickness before  
reaction, and in tegra t ing over  the ent ire  i l luminated 
surface, we obtain the fol lowing expression 

I = f  d A  Io 10-'(X~ ) [8] 
~A rea 

3 In  the  i n t e n s i t y  r a n g e  emp loyed ,  1P37 v a c u u m  pho toce l l s  h a v e  
a l i n e a r  r e sponse  a c c o r d i n g  to t ube  speci f ica t ions .  

H E T E R O G E N E O U S  R E A C T I O N S  OF S O D I U M  119 

Since AXm is constant at any given time, and is zero 
at t ime zero, it follows immedia te ly  f rom [8] that  

1(O 
= lO~SXm [9] 

1 ( t  = 0)  

and hence from [4], [5], and [9] 

i p (t) -- Pd 
AXm ~- - -  log [1O] 

e p ( t =  O) --pd 

The thickness of the halide film, X, can be calculated 
from [10] and the relation 

x = ( a / ~ m )  AXm [11] 

where  ~ and FAro are the volumes per  metal  atom in 
the halide and metal,  respectively.  

The ext inct ion coefficient, e, was calculated f rom the 
optical constants 4 for evapora ted  sodium films meas-  
ured by Ives and Briggs (12), the value  for 5461A 
radiat ion being given by e = 2.32 x 10 -8 A -i. 

The effect of neglect ing mult iple  in ternal  reflections 
wi thin  the meta l  and halide films wil l  now be ex-  
amined. Multiple reflections wi thin  the metal  film can, 
of course, be ent i re ly  neglected because of the ex-  
t r emely  high rate of at tenuat ion of ampli tude in this 
medium. In ter ference  effects arising f rom mul t ip le  re-  
flections wi thin  the halide film are, however ,  signifi- 
cant. Thus, a NaBr film (refract ive  index 1.62) 500A 
thick, wil l  cause a reduct ion in the t ransmit ted  in- 
tensity of about 6 %, which in turn corresponds to an er-  
ror in the halide film thickness determinat ion  of about 
10A. For th inner  films, the er ror  is less, going to zero 
at zero film thickness. The errors for NaC1 films are 
somewhat  less for the same thickness owing to the 
smaller  va lue  for the ref rac t ive  index (1.50). In both 
cases, the errors introduced by neglect ing mult iple  
reflections, a l though not insignificant, are of the same 
order or smaller  than random errors arising f rom 
other sources, pr incipal ly l ight scattering, a phenome-  
non which is discussed later. 

As the propert ies  of th in  meta l  film are known to 
depend appreciably on film thickness for sufficiently 
thin films, care was taken to make  sure that  the meta l  
film thickness never  fell  be low about 300A during the 
r u n .  

M a t e r i a l s . - - A n a l a r  grade sodium was mel ted  in a 
Py rex  vessel under  vacuum, filtered, then outgassed, 
and finally t ransferred in an argon atmosphere  to a 
stainless steel still connected to the sodium evapora-  
tion chamber.  It  was fur ther  outgassed here  under  
high vacuum conditions and finally dist i l led at about 
375~ into the evaporat ion chamber,  the background 
pressure being never  higher  than 10 -5 Torr. Accord- 
ing to Horsley (13) this should produce sodium of 
99.9995% purity,  apar t  f rom gas content. 

Argon was purified as required by bubbling it 
through a column of l iquid sodium. 

Commercia l  tank chlorine was condensed into a 
Py rex  trap and subjected to ten t r ap - to - t r ap  dist i l la-  
tions while  pumping. On the final distillation, the 
background pressure did not rise above 2 x 10 -6 Torr. 

Bromine  was t reated in a similar  manner.  

R e s u l t s  

C h l o r i n a t i o n . - - C h l o r i n a t i o n  results obtained for 
meta l  films deposited under  conditions where  the 
background pressure during deposition was much in 
excess of 10 -6 Torr  were  irreproducible.  Only results 
obtained for films deposited at background pressures 
of 7 x 10 -7 Torr  or less are repor ted  herein.  The ap- 
paratus is being replaced by an ul t rahigh vacuum sys- 
tem, capable of sustaining vacuums of the order of 
10 -~0 Torr, in order  to overcome the above difficulty. 

For  a number  of runs, the expected behavior  of the 
t ransmit ted  l ight intensi ty with t ime was not ob- 

The  f a m i l i a r  c h e m i c a l  e x t i n c t i o n  coeff ic ient  is r e l a t ed  to t he  
f u n d a m e n t a l  op t i c a l  e x t i n c t i o n  coeff ic ient  k '  ( w h i c h  is t he  imagin~  
a ry  p a r t  of the  c o m p l e x  r e f r a c t i v e  i n d e x )  b y  the  e q u a t i o n  e = 
4~rk'/2~o 2.303, w h e r e  ho is  t he  w a v e l e n g t h  of the  l i g h t  in vacuo. 
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served. Instead, the t ransmit ted light first appeared to 
decrease in intensity,  followed ul t imately  by the ex- 
pected increase w}th time. The anomalous behavior 
arose almost certainly as a result  of the scattering of 
the light beam at the sodium-hal ide-halogen interfaces, 
brought  about  presumably  by the roughening of the 
surface dur ing the ini t ial  period of reaction. This ex- 
t remely undesirable  effect was reduced very substan-  
t ial ly by having the light beam incident  on the bare 
surface of the quartz slide rather  than on the halide 
surface. The effect appeared to be ent i rely absent  for 
several runs,  suggesting that  the ini t ial  roughening 
of the surface probably took place as a result  of sur-  
face contaminat ion prior to in t roducing the halogen 
gas. However, no reaction could be detected prior to 
introducing the halogen, despite the fact that  reaction 
of about 1/10 of the sodium atoms on the surface 
should produce a detectable change in optical t rans-  
mission. 

The above problem constitutes the major  l imi ta t ion 
of the data and the principal  incent ive to abandon 
the apparatus in favor of one which overcomes this 
difficulty. Nevertheless, the present  data, despite this 
l imitation, provide some interest ing informat ion con- 
cerning the kinetics of halogenation of sodium. 

The chlorination data, plotted as chloride film thick- 
ness vs. the logarithm of the reaction period, are 
presented in Fig. 3 to 6, the circles represent ing the 
exper imenta l  values. The runs  at 237 ~ and 255~ (Fig. 
3) were the only ones which showed no evidence of 
the l ight scattering effect ment ioned above. The points 
for these two runs  were calculated using Eq. [10] and 
[11], no correction for scattering being applied. Five 
fur ther  runs,  (Fig. 4-6) although they showed a light 
scattering effect, were otherwise acceptable in that the 
background pressure dur ing  film deposition was less 
than 7 x 10 -7 Torr. Of these five, all but  one (curve a, 
Fig. 5) gave results reasonably consistent with the 
above two for reaction periods greater  than 10 sec on 
applying an additive correction, Xo, to the film thick- 
ness calculated from [10] and [11]. If the fraction of 
l ight scattered remained constant after about 10 sec 
of reaction, such an additive correction should indeed 
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274~ 

apply. The method of choosing the values for the cor- 
rection thickness, Xo, will be dealt  with shortly. 

An exper iment  to determine the pressure depend-  
ence of the reaction rate, al though not  ent i re ly  con- 
clusive, indicated that the rate  was proport ional  to the 
chlorine pressure to the power  of approximately 0.3 
(see Fig. 7). 

Bromination.--As the data for the brominat ion  of 
sodium were found under  cer ta in  conditions to be af- 
fected by the 54.61A radiat ion used in the optical t rans-  
mission measurements ,  the major i ty  of these runs  were 
carried out under  conditions of in te rmi t ten t  i l lumina-  
tion, the sample being i l luminated  only long enough 
to make the individual  measurements  (about 1 sec). 

As was the case for the chlorination, only results 
for metal  films deposited at background pressures of 
? x 10 -7 Torr or less are reported. Fur thermore ,  all 
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Fig. 7. Dependence of chlorination rate on pressure 
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Fig. 8. Bromination results 

the runs showed the l ight scat ter ing effect, making it 
impossible to de termine  the absolute thicknesses of 
the bromide films. The change in thickness fol lowing 
the first few seconds of reaction could be de te rmined  
as before, however ,  provided the fract ion of scattered 
l ight remained  independent  of film thickness and t ime 
(i.e., provided the degree of roughness of the hal ide-  
halogen interface  remained  essentially constant) .  

The data are presented in Fig. 8, t h e  posit ioning of 
the curves wi th  respect  to t ranslat ion along the "Fi lm 
Thickness" axis being arbi trary.  As far  as could be 
determined,  however ,  there  appeared to be no sys- 
tematic  change in in tercept  wi th  t empera tu re  for the 
tempera ture  range 238~176 indicat ing only a small  
or zero tempera ture  coefficient for the reaction rate  in 
this t empera tu re  range. It  is clear f rom Fig. 8 that  
above 273~ the behavior  is somewhat  different. 

I l luminat ion  with  5461A radiat ion was found to have  
an effect on the rate  only for runs at the higher  tem-  
peratures  (i .e,  above 273~ The influence of con- 
tinuous i r radia t ion on the rate  is i l lus t ra ted in Fig. 9. 

Co~nbined bromination, chlorination runs . - -A  few 
runs were  carr ied ou~ under  conditions of in te rmi t ten t  
i l luminat ion in which the sodium film was first reacted 
with bromine, then the bromine  removed  and chlorine 

I I O ~  I 30 K I 

F- 

h 

I , I , I /  
2"5 ~ 3'5 4'0 4,5 5"0 

Log=o t , t i n  sec.  

Fig. 9. Effect of illumination with 5461,~ radiation on bromina- 
tion rate. 
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Fig. 10. Effect on rate of metal consumption of replacing 
bromine with chlorine following bromination. 

introduced. The results for one such run  are presented 
in Fig. 10. 

Discussion 
Chlorination resu~ts.--The data for the chlorinat ion 

of sodium were  fitted to a sl ightly modified form of 
the Mot t -Cabrera  theory  (10) for the growth of thin 
and very  thin films. The equation, which is discussed 
in some detail  by Dignam, Fawcett ,  and BShni (14), 
is given below 

d X / d t  ~ 2A sinh ( B / X )  [ 12] 

A ~ ~ ,  an exp ( - - U / k T )  ~ Ao exp ( - - Q / k T )  [13] 

B ~- ~ * V / k T  [14] 

where  the symbols are defined as follows: n, volume 
concentrat ion of mobile species, in general  a function 
of tempera ture ;  U, zero field act ivation energy as- 
sociated with movement  of the species; v, usual f re-  
quency te rm associated with the movemen t  of the 
species; a, distance t rave l led  per  activation, or the 
jump distance; 12, vo lume of product  per  cation or 
anion (depending on whe ther  t ransport  is cationic or 
anionic) ;  ~*, charge-act ivat ion distance produced (ac- 
t ivat ion dipole), associated with movemen t  of the 
species; V, potent ial  drop across the product  film 
arising from equi l ibrat ion of electrons in the meta l  
wi th  those in surface states at the film-gas interface. 
Equat ion [12] may  be r e -wr i t t en  in the fol lowing 
integrated form 

f ~ (1/2) csch u A 
du t [15] 

B/X ~2 B 

where  the boundary  condition X ~ 0 at t = 0 has been 
used. The data in Fig. 3 where  fitted to Eq. [15] using 
a 7094 IBM computer  and a procedure outl ined pre-  
viously. The solid curves shown were  calculated for 
values of B and A which minimized the var iance in 
each case. From the values of B, ~*V was calculated 
to be 7.22 • 0.3~ and 7.77 • 0.2~ eAv  for the runs at 
231 ~ and 255~ respectively.  Since the two values 
agree wi thin  their  combined s tandard deviations, r 
was taken to be t empera tu re  independent,  the 
weighted mean value and the standard deviation of  
the mean being given by: r ~ 7.57 • 0.21. 

As the remaining data (Fig. 4-6) involve  light scat- 
ter ing effects, as ment ioned previously,  they were  
analyzed in a sl ightly different manner.  In Eq. [15], X 
was replaced by X'  + Xo where  X" is the apparent  
film thickness calculated f rom [10] and [11], and Xo 
the correct ion t e rm to allow for the at tenuat ion of 
l ight arising f rom scattering. If the fract ion of l ight 
scattered remains constant after a short period of 
time, then Xo will  be constant fol lowing this transit ion 
period. For  these runs, therefore,  B was assumed to 
be given by [14], using the above value for r and 



122 J. ElecSrochem. Sac.: E L E C T R O C H E M I C A L  S C I E N C E  F e b r u a r y  1967 

A and Xo chosen to minimize the variance. The com- 
puted curves for these runs are also shown as solid 
lines in Fig. 4-6. 

It  is clear from the data that following chlorination 
for a period in  the neighborhood of 100-1000 sec, a 
more or less abrupt  break occurs in the plot of film 
thickness ve. log ( t ime),  the direction of the break 
suggesting a fairly sudden decrease in  the reaction 
rate. Apart  from this effect, however, which will be 
discussed later, fair ly good agreement  between the 
data and calculated curves is obtained. 

Thus, the only two ful ly reliable chlorinat ion runs 
(Fig. 3) fit Eq. [12] or [15] over about 4 decades in 
the chlorinat ion period, and in the case of the r un  at 
255~ over a factor of 7 in the chloride film thickness. 
Fur thermore ,  the fit is obtained for essentially the 
same value  of ~*V. Of the remain ing  five runs  which 
may be considered, alI of which involve light scatter- 
ing, two (Fig. 4 and 5b) are brought  into excellent  
accord, and two (Fig. 6) into fair accord with [12] or 
[15] after correcting for scattering on the assumption 
of a constant  fraction of light scattered. Fur thermore ,  
the accord is achieved for the same value of ~*V as 
above. Again, the values of A determined for the seven 
runs  show the expected temperature  dependence (Fig. 
11) wi thin  exper imental  scatter. It  therefore appears 
that  the chlorinat ion of sodium in the tempera ture  
range 231~176 takes place ini t ia l ly in accord with 
[12] (i.e., essentially the Mott-Cabrera  theory) ,  a 
'~break-away" occurring to lower rates after a certain 
period. 

Before the Mott-Cabrera  theory or any minor  modi-  
fication of it can be accepted even tentat ively,  how- 
ever, other common rate laws must  be examined. To 
this end, the data of Fig. 3 (255~ which do not in-  
volve light scattering, and fur thermore  are the most 
extensive, were fitted to the most general  form of the 
parabolic and direct logarithmic equations (i.e., X -~ 
K p ( t J r t o )  1/2 and X ~ K log (t Jr to) -k K', respec- 
t ively) .  The results are summarized in Table I, in which 
the s tandard deviation of X, ax, f rom the most prob- 
able curve is given for the three rate laws. In  order 
that  the statistical significance of differences in  =x can 
be ascertained, the s tandard  deviat ion of ax, az, is 
also given. 5 From these values one can conclude that 
the chances against the improved fit for the Mott- 

~ w a s  c a l c u l a t e d  f r o m  the relat ionship u ~  = c r x / [ 2 ( n  - -  i ) ] l / ~  
w h e r e  n is the n u m b e r  of  e x p e r i m e n t a l  points  a n d  i t h e  n u m b e r  o f  
dis!oosable constants  in the  equat ion  be ing  fitted. 
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Fig. 11. Temperature dependence of the factor k for chlorination 
of sodium. The vertical lines represent 95% confidence limits, the 
diagonal line being the weighted least squares regression line for 
A. The solid circles represent the results far the runs which did 
not involve light scattering. 

Table I. Comparison af the fit of the data of Fig. 3 (255~ to the 
Mott-Cabrera, direct logarithmic and parabolic rate laws 

N i o t t - C a b r e r a  L o g a r i t h m i c  P a r a b o l i c  

~x ,  A 6 .0  10 .6  13 .4  
~ ,  A 0 .9  1.6 2 .0  

Cabrera law being accidental  are about 20 to 1 on 
comparison with the logarithmic law and 100 to 1 for 
the parabolic law. An even more pronounced decision 
in favor of the Mott -Cabrera  law is obtained for r un  
b, Fig. 5. As this run  involved light scattering, how- 
ever, the result  is perhaps less convincing than  the 
above. For the remain ing  runs,  the total per cent 
change in film thickness is insufficient to provide a 
basis for dist inguishing between the three rate laws. 
On the present  evidence we conclude, therefore, that  
the chlorination data for the ini t ial  reaction period are 
in accord with the Mott -Cabrera  law, ra ther  than 
either the direct logarithmic or parabolic law. 

From Fig. 11, the tempera ture  dependence of A is 
given by [13] with log (Ao in  A/sec)  ~ 7.9 • 2.4, Q = 
0.48 • 0.12 ev where the limits represent  one s tandard 
deviation. We note that  Q is smaller than the activa- 
tion energy for migrat ion of a cation vacancy in so- 
dium chloride (about 0.8 ev) suggesting that  the con- 
centrat ion of .cation vacancies in the present  case has 
a negat ive tempera ture  coefficient. Although a de- 
tailed mechanism can support  such a proposition, the 
difference in the activation energies is not sufficiently 
large compared with the s tandard deviation in Q, to 
rule out chance disagreement.  

Any explanat ion of the "break-away"  phenomena 
offered at this stage must  be regarded as highly specu- 
lative. Bearing this in mind, the accumulation, as the 
film thickens, of the space charge due to the mobile 
ionic species would have the effect of reducing the rate 
below that  predicted by [12]. Although this postulate 
has been tested quant i ta t ive ly  and successfully, fur-  
ther  development  of the thesis will  be delayed unti l  
more extensive data are available. 

Brominat ion resu l t s . - -From Fig. 8 it is clear that  for 
runs  at temperatures  of 273~ and below, the data are 
in accord with a direct logari thmic law (i.e., film 
thickness l inear  in log t ime) .  This is in contrast  with 
the chlorinat ion results which appear to fit the Mott- 
Cabrera theory of metal  oxidation, an approximate 
integrated form of which is sometimes referred to as 
the inverse logarithmic law. That  reactions which are 
so very similar in na ture  should follow different 
kinetic rate laws is somewhat  surprising. We note, 
however, that  the chlorination data fit the Mott-Cab-  
rera  theory only for sufficiently short t ime periods. I t  
is possible that the brominat ion  data for sufficiently 
short t ime periods would also fit this law. The light 
scattering effect ment ioned previously thwar ted  at-  
tempts to obtain such data. 

A fur ther  interest ing result  is that  the decadic rate 
constant  is t empera tu re - independen t  below 273~ (al- 
though it cannot be said with any degree of certainty 
that the intercept on a thickness vs. log t graph is 
likewise t empera ture - independent )  and decreases as 
one proceeds to higher temperatures  (see Fig. 8). 
Fur thermore ,  i l luminat ion  with 5461A radiation, while 
having no measurable  effect on the decadic rate below 
273~ above this tempera ture  it  causes the decadic 
rate to increase to the value found  below 273~ (see 
Fig. 9). A tentat ive explanat ion for these observations 
follows. 

It  is possible that  for sufficiently thin films the rate 
is controlled by ion t ransport  through the film. In  the 
absence of space charge effects this wil l  lead to data in 
accord with the Mott-Cabrera  theory (i.e., inverse 
logarithmic law).  If space charge effects are important ,  
however, then a kinetic law approximat ing to a direct 
logarithmic law might  perhaps be expected (15). As 
the film thickens, the rate might  become controlled by 
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electron t ranspor t  through the film ra ther  than ion 
transport.  Assuming the mechanism of electron t rans-  
port to involve Schottky emission, this mechanism will  
also lead to a kinetic rate law approximat ing to a di- 
rect logarithmic law (16). I l luminat ion  of the bromi-  
na t ing  sample with light would be expected to have 
little if any effect on the rate of ion t ransport  through 
the film, but  would alter very substant ia l ly  the rate of 
emission of electrons. Thus, at the higher temperatures  
where the electron t ransport  mechanism is presumably  
operative, i l luminat ion  with 5461A radiat ion could 
st imulate electron transport  through the film to such 
an extent  that  the ra te-control l ing process becomes 
ion t ransport  once more. No such effect is expected at 
the lower temperatures  where the ra te-control l ing 
process is presumably already ion transport.  These 
considerations must  be regarded at present  as highly 
speculative. 

Results for combined bromination chlorinatio~ runs. 
- - T h e  significance of these results (Fig. 10) concerns 
the fact that  most of the reaction conditions remain  
unal tered as one proceeds from a point  just  before that  
at which the bromine was removed to a point immedi-  
ately after the reaction was recommenced with chlo- 
r ine present. In particular,  the temperature,  metal, and 
film materials  are the same in both cases as well as the 
film thickness. The only change in the system, there-  
fore, concerns the na ture  of the film-gas interface. We 
note that the rate of reaction on replacing the bromine 
with chlorine is reduced very substant ia l ly  despite the 
fact that  the free energy decrease for the reaction of 
sodium with chlorine is greater than that  with an 
equivalent  pressure of bromine at the same tempera-  
ture. We must  conclude, therefore, that  the detailed 
s tructure of the film-gas interface is extremely im-  
por tant  in the over-al l  kinetic process. Presumably  the 
reduction in rate arises from the fact that chlorine 
atoms can be less readily chemisorbed on sodium 
bromide than can bromine  atoms. Fu r the r  invest iga-  
t ion along these lines should provide interest ing re-  
sults. 

Summary and Conclusions 
Pre l iminary  data on the chlorination and bromina-  

tion of sodium have been obtained in  the temperature  
range 238~176 The results may be summarized as 
follows. 

The ini t ia l  chlorination data are in accord with an 
equation of the form 

dX/d t  -~ pm,y sinh (B /X)  
where 

m ~-~ 0.3, ,y ~__ 2 x l0 s exp (O.5/kT (ev))  

B = ~*V/kT, ~*V ~ 7.6 e a r  
After  a few minutes  reaction time, however, the rates 
fall  below those predicted by this equation. At 255~ 
the results adhered to this equation over a range 
corresponding to more than 4 decades in the t ime and 
to an increase in the film thickness of more than a 
factor of 7. The film thicknesses achieved after about 
1 hr reaction time range from about 150 to 420A over 
the tempera ture  range 231 ~ ~ 

For temperatures  of 273~ and below, the data 
which correspond to brominat ion periods of 10 sec or 
more are in  accord with an equation of the form 

X = K log t + K" 

where K, the decadic rate  constant, is independent  of 
temperature  in this region and has a value of 180A per 
decade of time: The tempera ture  dependence of the 
intercept, K' is uncertain,  but  appears to be small. 
Above 273~ the decadic rate constant  decreases with 
increasing temperature,  however on i l luminat ion  with 
5461A radiation, the decadic rate is increased to match 
that  found below 273 ~ 

On in te r rup t ing  a brominat ion run  by replacing the 
bromine with chlorine at the same pressure, the rate 
is found to decrease very substantial ly,  indicat ing that 
the processes occurring at the film oxidant  interface 
play an impor tant  role in the over-al l  kinetic be-  
havior. 

The present  data, though pre l iminary  in nature ,  al- 
ready show promise in providing informat ion for the 
critical evaluat ion of mechanisms of growth of th in  
continuous films on metals. Fur the r  calculations will  
be postponed, however, un t i l  more extensive and more 
precise data are available. 

Acknowledgments 
The authors are grateful  to the National  Research 

Council of Canada for support ing this research and 
for a scholarship (D.A.H.). They also wish to express 
their thanks  to Miss W. Y. Shiu and Mr. D. Goad for 
assistance in carrying out the calculations. 

Manuscript  received Ju ly  18, 1966; revised manu-  
script received Nov. 10, 1966. This paper was pre-  
sented at the Phi ladelphia  Meeting, Oct. 9-13, 1966. 

Any  discussion of this paper wil l  appear in a Dis- 
cussion Section to be published in the December 1967 
JOURNAL. 

REFERENCES 
1. N. F. Mott, Trans. Faraday Soc., 35, 1175 (1939). 
2. N. F. Mott, ibid., 36, 472 (1940). 
3. H. H. Uhlig, Acta Met., 4, 541 (1956). 
4. A. T. Fromhold, Jr., Nature, 2{}9, 1309 (1963). 
5. A. T. Fromhold, Jr., J. Phys. Chem. Solids, 24, 

1309 (1963). 
6. T. B: Grimley, Discussions Faraday Soc., 28, 223 

(1959). 
7. N. Cabrera and N. F. Mott, Rep. Prog. Phys., 12, 

163 (1948). 
8. D. D. Eley and P. R. Wilkinson, Proc. Roy. Soc. 

(London), Ser. A, 254, 326 (1960). 
9. R. W. Bartlett ,  This Journal, 111, 903 (1964). 

10. M. J. Dignam and W. R. Fawcett,  This Journal, 
113, 663 (1966). 

11. M. J. Dignam, W. G. Forbes, and D. J. Le Roy, 
Can. J. Chem., 35, 1341 (1957). 

12. H. E. Ives and H. B. Briggs, J. Opt. Soc. Amer., 27, 
181 (1936). 

13. G. W. Horsley, A.E.R.E. Report M/R 1152 (1953). 
14. M. J. Dignam, W. R. Fawcett ,  and H. B/Shni, This 

Journal, 113, 656 (1966). 
15. M. J. Dignam, ibid., 109, 192 (1962). 
16. E. L. Cook and A. T. Fromhold ,  Jr., Paper  pre-  

sented at Southeastern Sectional Meeting of the 
American Physical Society, November,  1965. 



Oxide Growth and Capacitance on Preirradiated Zircaloy-2 
and Zirconium 

R. J. Davis 

Reactor Chemistry Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 

ABSTRACT 

Previous work has demonst ra ted  a large enhancement  of corrosion of 
Zircaloy-2 by oxygena ted  aqueous solution during bombardment  by fast neu-  
trons. Measurements  of oxide growth and of film impedance were  made on 
specimens pre i r radia ted  with fast neutrons in order to de termine  whe ther  
the i rradiat ion damage impor tant  to corrosion occurs in the oxide film or in 
the meta l  substrate. A small  enhancement  of corrosion was observed with 
some specimen pretreatments .  The results indicate that  some corrosion en-  
hancement  results f rom irradiat ion of the substrate meta l  and that  dissolved 
oxygen is required for the effect. 

It  has been demonst ra ted  that  corrosion of Zirca- 
loy-2 in oxygenated  aqueous media under  heavy  par -  
t icle i r radiat ion occurs at constant rates. If  the heavy 
part icles are fission fragments,  the corrosion rate  R 
(mils per year)  depends on the fission power density 
in solution, P (watts per ml) .  At high power densities 
(greater  than several  w / m l )  the rates also depend on 
t empera tu re  according to (1-3) 

1/R = 2.3/P -b 2.25 • 10 -12 explZ,~00/r [1] 

If  the heavy part icles are fast neutrons and the flux, 
is 101~ (n /cmf / sec  > 1 Mev) or less, the ra te  in-  

creases wi th  fast neutron flux according to (4) 

R = 4.3 X 10 -18 r [2] 

It was hypothesized that the radiation damage which 
affected corrosion, with both types of heavy particles, 
was the production of interstitials and vacancies (4). 
The rate equations were roughly correlated (i.e., as 
well as the uncertainty of the estimation of the num- 
ber of defects per fission would allow). This indicated 
that in terms of the rates of atom displacement D 
(no/cm3/sec) 

R ~ 10 -1~  D 

These efforts did not establish the mechanism of 
the radiat ion effect. It  is the purpose of this study to 
de termine  one feature  of the mechanism, namely,  
where  the impor tant  damage occurs. 

Experimental 
In outl ine the exper imenta l  proposal was to prepare  

pairs of specimens with  and wi thout  oxide film, to i r -  
radiate  one specimen of each pair  and retain the other  
for a control  and to corrode both specimens in an 
oxygen-s team env i ronment  and compare  rates of 
weight  gain and film impedance. The weight  gain data 
were  to provide a measure  of corrosion rates and the 
film impedances an empir ical  indication (5) of the 

Table I, Preirradiation treatments 

P r e f i l m e d :  

F i l m  f ree :  

F i l m - f r e e ,  f luo- 
r i d e - f r e e :  

L o w  o x y g e n  con-  
t e n t :  

P i e k l e  i n  HF-HNO~; ox id i zed  in  300~ HeO-O,_, 
(50-50 v o l u m e  % m i x t u r e  a t  1 a rm) ;  seal  in  
He- f i l l ed  Z r -2  au toc lave ,  

P i ck le  in  HF-HNC~;  seal  in  He- f i l l ed  Zr -2  au to -  
clave;Z h e a t  a t  500~ 16 hr .  

P i c k l e  i n  HF-HNOa,  v a c u u m  a n n e a l  a t  700~ 4 
h r ;  ox id ize  i n  300~ HeO-O~ (50-50 v o l u m e  
% m i x t u r e  a t  1 arm) for  1 h r ;  sea l  in  He-  
f i l led Zr -2  a u t o c l a v e ;  h e a t  a t  500~ 16 hr .  

P i c k l e  in  HF-HNOa;  seal  in  He- f i l l ed  Zr -2  au to -  
c lave ;  h e a t  a t  800~ 16 hr .  

x I n  one  e x p e r i m e n t  the  i n t e r i o r  of the  a u t o c l a v e  wa s  p i ck l ed .  
( In  a l l  o the r  e x p e r i m e n t s  the  a u t o c l a v e  sur faces  we re  as mach ined . )  

protect ive qual i ty  of the film. It  can be shown that  
such data would in principle distinguish be tween three  
conceivable  situations: (i) the p r imary  radiat ion dam-  
age is in the oxide; (ii) the pr imary  damage is in the 
metal  which results in infer ior  oxide; or, (iii) the 
damage is in the metal,  but  the oxide is not  changed. 

Two sets of prefi lmed specimens were  prepared as 
indicated in Table  I; one set was preoxidized for 1 hr  
and the other  set for four days. Two sets of f i lm-free 
Zr-2 specimens were  also prepared (Table I ) ;  the 
500~ heat ing in hel ium was employed to dissolve into 
the meta l  (6) the small  amount  of oxide lef t  by pick- 
ling. (In the f i lm-free specimen exper iment ,  number  2, 
the inter ior  of the autoclave was pickled; in all other  
exper iments  the autoclave interiors were  as ma-  
chined.) 

The results  of the first exper iments  led to other  
specimen preparat ions as indicated below. There  was 
some indication of an effect due to fluoride left  in 
pickling; also the possibili ty was raised that  the effect 
found was due to the addi t ive  elements  in Zircaloy-2. 
For these reasons a set of c rys ta l -bar  zirconium speci- 
mens was prepared to be f i lm-free and f luoride-free 
but in a manner  to provide  some dissolved oxygen in 
the substrate metal.  This is the fi lm-free,  fluoride- 
f ree  preparat ion in Table I. The 700~ vacuum an-  
neal  was done in a large, zirconium foil- l ined,  quar tz  
furnace. Any fluoride was expected to be volat i l ized 
as ZrF4 by the t reatment .  

A set of specimens was prepared,  as indicated in 
Table I, in a way to provide not only a f i lm-free 
surface but a surface with  a low dissolved oxygen 
content  in the substrate metal.  The low oxygen  con- 
tent  was achieved by heat ing in hel ium at 800~ which 
is expected to dissolve into the meta l  the small  amount  
of oxide left  by pickling and disperse it almost un i -  
formly  through the meta l  (6). 

The irradiat ions were  made with  the specimens still  
in the autoclaves which were  canned as shown in Fig. 
1, wi th  a layer  of boron-10 around them to reduce the 
the rmal  neut ron  flux and hence the activation of the 
zirconium. The irradiat ions were  done at 100~ at a 
fast flux (>1 Mev) of l0 ss for ten days. The control  
specimens were  held at 100~ in an oven for a s imilar  
period. 

The post i rradiat ion oxidations were  made in a 
furnace which provides a s t ream of a 50-50 mix ture  
of oxygen and steam at 300~ and 1 arm. This en-  
v i ronment  was chosen for two reasons: (i) it contains 
water  and oxygen, the chemical  consti tuents of the 
media  in which i rradiat ion enhancement  of corrosion 
has been seen (1,2),  and (ii) it is a convenient  sys- 
tem. The notable fea ture  of this furnace is the rapid 
hea t -up  device. By appropriate  manual  interchanges 
of the two portable  furnaces shown on the lef t  (Fig. 
2), specimens were  heated to 300~ in 30 sec and 
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Fig. 1. Specimen autoclaves 

Fig. 2. Steam-oxygen furnace 

meaningfu l  exposures of as short as 5 rain were made. 
Periodic rapid heat -ups  were shown not  to affect sub-  
sequent  corrosion. 

The impedance measur ing  devices are shown in Fig. 
3. All bu t  the cell are convent ional  equipment .  The 
electrolyte was 1M NH4NOs. NH4NOs was chosen be-  
cause it decomposes at 210~ to volatile products; 
therefore traces of the electrolyte should not affect 
subsequent  corrosion. 

The measured impedances include the impedance of 
the platinized p l a t inum surface, the electrolyte, and 
the ZrO2 film. The impedance of the p la t inum surface 
is negligible, the electrolyte resistance is small  and 
is known  both by observation and calculation and  can 
therefore be subtracted out. The impedance of the 
ZrO2 film can therefore be measured (9). 

The novel  feature of this cell is the use of Teflon 
sleeves to demark  the area over which the impedance 
is observed. Previous workers have used various seal- 
ing waxes (10). The impor tant  advantage of Teflon is 
that  the impedance measurements  do not affect the 
specimen weight  or subsequent  corrosion. 

Several  measurements  were made to demonstra te  
the rel iabi l i ty  of the impedance measurements .  Re- 
ported film capacities on anodized films (10) have 
been reproduced. I t  was demonstrated that  the same 
impedance is measured using Teflon as us ing Apiezon 

Fig. 3. Capacitance cell 

W sealing wax. I t  was also shown that  a 7-field of in -  
tensi ty s imilar  to that from induced radioactivi ty in  an 
i r radiated specimen does not  affect the measured im-  
pedance. The impedances reported were all measured 
at 1 kc. Weight  gains were measured on a microbal-  
ance with a precision of about 0.3 ~g/cm~. 

Results 
The weight -gain  v s .  t ime data for the film-free 

specimens (Fig. 4) show that  a small  increase 
(x 1.5-2 in corrosion rates occurred due to the i r-  
radiation. (The film-free specimen which was pre-  
treated and i rradiated in the autoclave which had been 
pickled showed a smaller radiat ion effect.) The cor- 
rosion of the i rradiated specimen was cont inuously 
faster than  the controls from essentially the start  to 
the end of the postirradiat ion exposures. The crystal-  
bar  specimen with the minimized surface fluoride 
showed the same behavior  as the others. 

The weight-gain  data for the prefilmed specimens 
(Fig. 5) show no acceleration of corrosion due to 
i rradiat ion;  in fact the data suggest a small  and tem- 
porary re tardat ion of corrosion. [The prefilmed con- 
trol specimens corroded more rapidly than  the film- 
free controls. This is a t t r ibuted to the 100~ t rea tment  
in He for 10 days. Others (7, 8) have found that  heat-  
ing a corrosion film in  an iner t  env i ronment  at as 
low as 150~ (8) enhances subsequent  corrosion.] 

The low-oxygen specimen (Fig. 6) showed no effect 
as a result  of irradiation.  

The impedance data are given in Fig. 7-9. The data 
taken from the impedance bridge were equivalent  
series capacitance and loss tangent  ( tan  8) across the 
cell for about 0.5 cm 2 areas. The observed values were 
corrected for the solution resistance (-~1 ohm-cm) and 

Fig. 4. Weight gains of film-free specimens 
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the capacitances were  converted to equivalent  parallel  
capacitances per unit area. Both corrections are small.  
The data are plotted as reciprocal of capacitance per 
unit area and tan 6, both as a function of weight  gain. 
For uniform growth of a homogeneous  oxide film, 
reciprocal capacitance vs. weight  gain should plot as 
a straight l ine through the origin. The slope of the l ine 
is inverse ly  proportional to the dielectric constant of 
the oxide.  Tan 6, for a homogeneous  insulating mate -  
rial, is a property of the material,  independent of 
thickness.  

The impedance data (Fig. 7-9) general ly  show two 
deviations from the s imple  behavior expected  for uni-  
form growth of homogeneous  material.  In some cases 
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the reciprocal capacitance (Fig. 7) remained very  low 
up to weight  gains as high as 20 ~g/cm% In most  cases 
(Fig. 7, B, and 9), tan 6 was  lower  (in one case 
higher) during the first 20 /~g /cm 2 of weight  gain than 
the approximately  constant value observed thereafter. 
Neither  of these effects were  peculiar to irradiated 
specimens.  

The impedance data for film grown on film=free 
specimens (Fig. 7) show no significant effect due to 
irradiation on either tan 6 or reciprocal capacitance. 
(A possible exception is the reciprocal capacitance of 
the crystal-bar specimen,  however  neglect ing the first 
20 /~g/cm 2 weight  gain) the slopes of these two plots 
on Fig. 7, are similar.)  

The impedances of the prefi lmed specimen,  after 
postirradiation oxidation are given in Fig. 8. Here 
w e  find no significant effect on tan 6 but the reciprocal 
capacitances were  less (or the dielectric constant 
greater) for the irradiated specimens.  The differences 
were  about 15% for the four day prefi lmed specimens 
and almost 30% for the 1-hr prefi lmed specimen.  
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The low oxygen specimen (Fig. 9) showed no effects 
due to irradiation.  

Discussion 
A small and cont inuing enhancement  of post i rradi-  

ation corrosion due to i r radiat ion was found with cer- 
ta in  pret reatments  and not with others. Corrosion en-  
hancement  due to i r radiat ion was observed with speci- 
mens pretreated to be free of oxide film, showing 
that  the i r radiat ion damage was in  the metal.  The 
pret reatments  which would provide an oxygen-r ich 
layer of metal  at the surface resulted in i rradiat ion 
enhancement  of corrosion. These pre t rea tments  in-  
cluded: (i) the Zr-2 pickled then heated in hel ium at 
500~ and (ii) the X-ba r  Zr pickled, annealed,  briefly 
prefilmed, then heated in hel ium at 500~ The pre-  
t reatments  which would lead to a near ly  oxygen-free  
metal  layer  at the surface resul ted in  no enhancement  
of corrosion by irradiation.  These include the pickle 
followed by heat ing in hel ium at 800~ and prefi lming 
at 300~ These results indicate that  the i r radiat ion 
damage in the metal, which affects corrosion, is as- 
sociated with dissolved oxygen although other in te r -  
pretations, related to effects in  the meta l  as a result  
of the various heat t reatments ,  may be possible. The 
small  i r radiat ion enhancement  was observed wi th  the 
fluoride-free X-bar  Zr, which is taken to indicate that  
nei ther  fluoride nor  the additive elements in  Zr-2 are 
required for the i r radiat ion effect. 

The film impedances were measured to provide an 
empirical indication of protective quality. It  was pre-  
sumed that  oxide of lower apparent  dielectric con- 
s tant  would be more protective. ( In terms of the 
weight gain, w, and reciprocal capacitances, l /c ,  and 
where K is an appropriate constant, the apparent  di- 

d (w)  
electric constant  is given by: e = K ~ .  In  the 

d ( l / c )  

case of an i r radiat ion effect in the metal, it was antici-  
ated that  film impedances would distinguish between 
two possibilities: first, that the damaged metal  was 
more chemically reactive, and second, the metal  dam- 
age resulted in poor qual i ty  oxide. 

The apparent  dielectric constants of film grown on 
those specimens which show the small  corrosion en-  
hancement ,  was not  significantly different from the 
controls. However, it is not clear how the apparent  
dielectric constant  relates to protective quality.  In  the 
case of the prefilmed specimens, the slight re tarda-  
t ion of corrosion was accompanied by a significant 
increase in  apparent  dielectric constant, which is op- 
posite to the relat ion expected (5). The film im-  
pedances therefore do not  dist inguish between the 
possibility that  poor oxide grows on i rradiated metal  
from the possibility that  the damaged metal  is more 
chemically reactive. 

As indicated in  the introduction,  s imultaneous ex- 
posure of Zircaloy-2 to oxygenated aqueous media  at 
300~ with i r radiat ion to a fast neu t ron  flux of 1013 
n/cm2/sec results in l inear  corrosion at a rate of 4.3 
mi l s /year  (metal  consumption) or about 3 ~g/cm2/hr 
(weight gain).  The question of whether  this phenome-  
non  and the enhancement  of postirradiat ion corrosion 
reported in  this paper are indeed ramifications of the 
same k ind  of i r radiat ion damage cannot  be completely 
resolved. 

Although not  related to i r radiat ion effects, it is of 
incidental  interest  to take note of the two phenomena 
regarding the impedances of thin films. Up to 20 ~g/ 
cm 2 weight  gain, very low reciprocal capacitances 
were observed for several specimens, perhaps due to 
short circuits through the film. Also low (and in  one 
case high) tan 6 values were observed for th in  films 
on Zr-2 specimens; this indicates a change in the 
na tu re  of the mater ia l  at about  20 ~g/cm 2 weight  
gain. 

It is concluded that a small  enhancement  of corro- 
sion of Zircaloy-2 results from prior i r radiat ion of 
film-free surfaces prepared in cer ta in  ways. The data 
indicate that  the damage occurs in the metal  and is 
probably related to dissolved oxygen. 

Cox (11) has found that  Zircaloy-2 corrosion in 
steam is accelerated by inhomogeneously distr ibuted 
oxygen in  the metal  surface, and par t icular ly  in  the 
l imit ing case where oxygen is present  as particles of 
ZrO2 in the metal.  Fast  neu t ron  i r radia t ion has been 
found to precipitate carbon (12) and ni t rogen (13) i n  
iron as the carbide and nitride,  respectively. A pos- 
sible mechanism of the i r radia t ion effect on corrosion 
is therefore suggested: dur ing  the process of corro- 
sion the outermost layers of metal  are supersaturated 
with dissolved oxygen. Fast neutrons  cause the pre-  
cipitat ion of this dissolved oxygen as z irconium oxide 
particles, and these precipitated particles enhance cor- 
rosion. 

Manuscript  received July  1, 1966; revised manu-  
script received Oct. 17, 1966. This research was spon- 
sored by the United States Atomic Energy Commis- 
sion under  contract with the Union Carbide Corpora- 
tion. 

Any  discussion of this paper will  appear in  a Dis- 
cussion Section to be published in  the December 1967 
~OURNAL. 
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Electrodeposition of Tc ~ from Aqueous Solution 

Roger E. Voltz 1 and M. L. Holt 
Chemistry Department, University of Wisconsin, Madison, Wisconsin 

ABSTRACT 

A study has been made to determine the opt imum conditions necessary for 
the electrodeposition of macro amounts  of technet ium (Tc 99) from an aqueous 
bath containing about 0.018 mole of NH4TcO4 and 1 mole of (NH4)2SO4 per 
l i ter of solution with H2SO4 added to pH about 1: Electrolysis of this solu- 
t ion at 1 to 2 amp/din 2 and room tempera ture  gives a bright, metall ic appear-  
ing deposit of Tc with a cathode cur ren t  efficiency of up to 30%. Included in 
this s tudy are the effects on CCE of such factors as current  density, bath pH, 
concentrat ions of the various reagents, temperature,  and the colored cathode 
reduction product. Tests made to determine the na tu re  of the deposit showed 
it to be essentially metallic; however, anneal ing  is necessary to produce 
metall ic crystals. During electrolysis a light pink reduction product forms in 
the bath; as electrolysis continues this reduction product becomes darker  and 
appears to poison the bath. Addit ion of small  amounts  of H202 to the bath 
dur ing  electrolysis can prevent  the colored reduction products from forming. 

Technetium, the first artificial e lement  to be syn-  
thesized (1), can be purchased from Oak Ridge Na- 
tional Laboratory as the salt NH4TcO4 for about  $90 
per  gram of activity. This avai labi l i ty suggested to the 
authors that  a study of the electrodeposition of tech- 
ne t ium on a macro scale from aqueous solution would 
be a worthwhile  addition to the already extensive 
l i terature dealing with the electrochemistry of the 
e lement  and its compounds. An excellent  review art i -  
cle by Boyd (2) and a book by Colton (3) gives in -  
formation about  the production and properties of Tc so 
detailed informat ion will not  be repeated here. 

Tc 9~ has a half  life of about 2.12 x 105 years and 
emits weak beta rays with a max imum energy of 
0.32 Mev (4);  thus the walls of ordinary  laboratory 
glassware give sufficient radiat ion protection when  Tc 
and its compounds are being used. Since information 
about the physiological effects of Tc is still incom- 
plete, great care should be taken to protect the worker  
as well  as the laboratory from contamination.  Several  
sources of informat ion describing the handl ing  of Tc 
and its salts (3, 5) are available. Use of rubbe r  gloves, 
protective clothing, a "film badge," a wel l -vent i la ted  
hood [HTcO4 is fair ly volatile (6)],  and a covered 
plat ing cell are mandatory  protections for the lab-  
oratory worker.  

A number  of reports of the electrodeposition of 
technet ium from aqueous solutions have appeared in 
the l i terature,  but  most of them necessari ly deal with 
dilute baths in the order of 10 -1~ to 10-5 m/1 (mole 
per l i ter) .  The discoverers of Tc, Per r ie r  and Segr~, 
reported the deposition of a thin layer  on a p la t inum 
wire  from a very dilute acid solution (7). Other in -  
vestigators (8) obtained br ight  cathode deposits from 
solutions of NH4TcO4 in  2N H2SO4 and NH~HF2. Black 
or brown cathode deposits were obtained when var i -  
ous pertechnetate  salts in  H 2 8 0 4  w e r e  electrolyzed 
(9,10). Lietzke and Stoughton (11) obtained semi- 
quant i ta t ive  data on the electrodeposition of Tc on Pt  
and Hg cathodes indicat ing that  up to 97% of the Tc 
could be removed from an acid bath but  not  neces-  
sari ly as the pure metal. An alkal ine bath containing 
a Tc salt in 2N NaOH produced dark deposits (12). 
Polarographic studies have indicated the reduct ion of 
TcO4- to the metal  or even to the hydride (13-15). 

A survey of the l i terature  suggested that  two plat -  
ing baths producing macro electrodeposits of Tc should 
be tried before fur ther  work was under taken.  The 
first was the bath reported by Eakins and Humphries  
(16) which contained NH~TcO~ in 2N H2SO4 with 
HzO2 added to prevent  format ion of a colored reduc-  
t ion product. We found that  electrolysis of this bath 

x C h e m i s t r y  t eache r ,  Eas t  H i g h  School,  W a u w a t o s a ,  Wisconsin.  
National  Science F o u n d a t i o n  Fel low.  

at the conditions recommended by the authors gave a 
metallic appearing plate with a CCE of about 10%. 
The second macro bath developed by Box (17) uses 
various m i n i m u m  amounts  of H2SO4 (depending on 
the metal  used as a cathode) with ammonium pertech- 
netate in 0.7M ammonium oxalate and a specially de- 
signed electrolysis cell. Plates up to 18 mg/cm 2 were 
reportedly obtained from this bath at a cur ren t  den-  
sity of 130 amp/d in  2, and no H202 was needed. We 
were not able to duplicate exactly these results in  our 
electrolysis se t -up which consisted of small  (1 cm 2) 
cathodes and anodes in 50-100 ml  of plat ing solution 
contained in a 150 ml  beaker. We found that  a light 
green reduction product  formed when the NH4TcO4 
concentrat ion was about 1 g/1 although the bath con- 
t inued to plate at a low efficiency (about 2%). The 
extremely high C.D. makes it necessary to take special 
precautions, and apparent ly  it is necessary to use the 
plat ing cell described in  the article in order to operate 
this bath effectively. 

Both of these reports indicate that  v i r tua l ly  100% 
of the Tc can be removed from the plat ing solutions a s  

what appears to be metall ic Tc. Neither of these baths 
was studied in detail. The first seemed unsui table  for 
our purpose because of the var ia t ion in CCE with each 
addit ion of H202 and the rapidi ty  with which the bath 
darkened if H20~ was not added. The second was u n -  
suitable for our purpose because of the low CCE and 
because we were unable  to obtain consistent results 
in our electrolysis set-up. For example, five different 
baths containing 1-2 g/1 of NH4TcO4, made according 
to directions (17), were electrolyzed using both gold 
and copper cathodes. The deposits on the gold were 
very loose but metall ic gray in appearance whereas 
those on copper were dark and obviously heavily 
oxided. All of these baths containing 1-2 g/1 of 
NH4TcO4 turned light green after 15 rain of electrol- 
ysis. 

Experimental Methods 
The source of Te in all p la t ing solutions w a s  

NH4TcO4. Boiled, distilled water  was used for making  
the solutions. One hundred  ml  of bath was used for 
each plat ing run.  The electrolysis cell, a 150 ml  
beaker, was fitted with two 3 x 3 cm Pt  anodes and 
either a gold, copper, or stainless steel cathode of the 
same size. Direct cur rent  was supplied by a variable 
voltage rectifier. Cells were covered dur ing  electrol- 
ysis by specially fitted hard  plastic plates, and all runs  
were made in  a well  vent i la ted hood. All  pH deter-  
minat ions were made with a Beckman, bat tery  oper-  
ated pH meter. When semi-quant i ta t ive  results were 
required a copper coulometer was used in series with 
the plat ing cell. The bus bars we re  arranged so that 
the coulometer electrodes and the plat ing cell elec- 
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trodes could be removed s imultaneously from their 
respective cells. In  cathode current  efficiency calcula- 
tions, the equivalent  weight of Tc was assumed to be 
14.4g (99/7). Shielding and possible spillage or spat- 
ter ing were monitored with a model 107C Professional 
Geiger Counter. 

Preliminary observations.--A number  of different 
plat ing solutions each containing 0.006 mole of 
NH4TcO4 per l i ter of solution were electrolyzed at 
room temperature  for about 15 rain with a cathode 
current  density (CCD) of about 4 amp/d in  e, and the 
results are given in Table I. 

The results given in Table I indicated that  the 
sulfuric acid bath containing (NH4)aSO4 was quite 
promising. Hull  cell tests showed a plat ing range of 
approximately 0.6 to 15 a m p / d m  2 for a pH 1.0 solution 
of this bath compared to about 0.1 to 4.0 amp/d in  ~ for 
the acid solutions without  (NH4)~SO~. Also, this bath 
had a higher CCE (about 18%) than a comparable 
bath containing NH4HF2 (about 12%). Both the K2SO~ 
and Na2SO4 baths gave CCE's (16 and 17%, respec- 
t ively) comparable to the ammonium sulfate bath, but  
the solubilities of these salts l imited a study of their 
concentrat ion effects. Thus all addit ional  exper imental  
results were obtained using the NH~TcO~-(NH~)~SO~- 
sulfuric acid bath. 

Experimental Results 
The bath used to obtain the following exper imental  

results contained (unless otherwise stated) 1 mole of 
(NH~)sSO4 and 0.006 mole of NH~TcO4 per l i ter of 
solution with HsSO~ added to give the desired pH. 
Electrolysis resul ted in a p ink or brown solution; this 
was shown to be a cathode reduction product when  
the cathode was placed in a porous cup during elec- 
trolysis runs.  The solution in the cup became black 
and heavy with precipitate while the solution outside 
the cup remained clear and colorless. The effect of 
this precipitate on the electrolysis is indicated by the 
low CCE of these runs  (about ~%). Addit ion of small  
amounts  of H202 removed the color and dissolved the 
precipitate. If the bath was to be restored to its former  
plat ing efficiency, it was necessary to decompose the 
excess H202 by heat ing with Pt  black. Fa i lure  to do so 
resulted in a plat ing solution that gave a lower CCE. 

Cathode current density and CCE.--The results of 
this study are given in Table II and show that  CCE 

Table I. Electrolysis of O.O06M NH4Tc04 solutions; room 
temperature; 15-min runs at 4 amp/din 2 

E L E C T R O D E P O S I T I O N  O F  Tc  99 129 

decreased as CCD increased and that  a CCD of about 
1-2 amp/d in  2 was satisfactory. 

Bath pH and CCE.--HsS04 was used to vary the pH. 
The results given in  Table III  indicate that  a pH range 
of 0.5-1.5 is satisfactory for producing metall ic ap- 
pearing plates, and thus a bath pH of 1.0 was used 
for addit ional  work. 

Bath temperature and CCE.--Although most elec- 
trolyses were made at room temperature,  the results 
given in Table IV show that a higher  CCE is obtained 
at elevated temperatures.  

It  was noted that  the plate taken from the bath at 
gO~ was much dul ler  and darker  than those from 
lower temperature  baths, probably indicat ing deposit 
of some oxide and accounting for the apparent ly  much 
higher CCE. It was also noted that  the baths darkened 
much faster at elevated temperatures  than they did 
at room temperature.  

NH4TcO4 concentration and CCE.--A series of runs  
were made with baths containing larger amounts  of 
NH4TcO4. Table V shows that  at about  0.018M 
NH4TcO~ the CCE begins to level off. 

All plates were br ight  and metall ic in  appearance. 
Two fur ther  runs were later made on fresh baths at 
0.030 and 0.036M NH4TcO4 concentration.  They pro-  
duced CCE's of 32 and 33%, respectively, again show- 
ing the tendency for the CCE to level off at a maxi-  
mum near  30%. 

(NH4)2SO4 concentration and CCE.--The results, 
shown in Table VI, indicate that  any concentrat ion of 
(NH4)2SO4 above 1 m/1 produces a darker  plate. For 
all subsequent  studies, the concentrat ion of (NH4)2SO4 
was 1 m/1. 

Table III. Bath pH and CCE; room temperature; 2 amp/dins; 
fresh bath for each 1S-min run 

W t  of  D e p o s i t  
B a t h  p H  depos i t ,  g CCE,  % a p p e a r a n c e  

0.5 0.0080 13 B r i g h t  
1.0 0.0075 18 B r i g h t  
1.5 0.0096 21 B r i g h t  
2.0 - -  - -  D a r k ,  loose  

Table IV. Bath temperature and CCE; pH 1.0; 2 amp/dm~; 
fresh both for each lS-min run 

B a t h  t e m p e r -  W t  of  D e p o s i t  
a t u r e ,  ~ depos i t ,  g CCE,  % a p p e a r a n c e  

A p p e a r a n c e  of  
S o l u t i o n  ~oH c a t h o d e  d e p o s i t  R e m a r k s  

NH~TcO4 a q u e o u s  6.0 S h i n y ,  m e t a l l i c  P o o r  c o n d u c t i v i t y  
NI-I4TcO4 + H2SO4 2.0 D a r k ,  loose  B a t h  d a r k e n e d  
NH4TeO4 + H2SO4 1.0 S h i n y ,  m e t a l l i c  B a t h  d a r k e n e d  
NH4TeO~ + 1M HsSO~ - -  S h i n y ,  m e t a l l i c  B a t h  d a r k e n e d  
NH4TeO~ + 2M H~SO~ - -  S h i n y ,  m e t a l l i c  B a t h  d a r k e n e d  
NH4TeO~ + H~SO~ 1.0 S h i n y ,  m e t a l l i c  B a t h  d a r k e n e d  

+ NH4HF~ 
NH4TeO4 + c i t r i c  2 to 9 Al l  b l a c k  B a t h  d a r k e n e d  

a c i d  + H~SO~ o r  
N H 4 O H  

NH~TeO~ + (NH4)2SO4 0.5 to 1.5 S h i n y ,  m e t a l l i c  B a t h  t u r n e d  l i g h t  
+ H,~SO~ p i n k  

NH~TcO~ + Na~SO4 1.0 S h i n y ,  m e t a l l i c  L i g h t  p i n k  
+ H~SO~ 

NH~TcO~ + Ir~SO~ 1.0 S h i n y ,  m e t a l l i c  L i g h t  p i n k  
+ H'~S04 

NH4TeO~ + NaOI-I  12.0 B l a c k  B a t h  d a r k  

25 0.0075 I g  B r i g h t  
40 0.0039 19 B r i g h t  
55 0.0101 24 B r i g h t  
70 0.0145 26 B r i g h t  
g0 0.0106 37 D u l l  

Table V. Effect of NH4Tc04 concentration on CCE: room 
temperature; pH 1.0; 2 amp/almS; fresh bath far each 15-rain run 

NH~TeO~, W t  o f  CCE,  
m o l e / l i t e r  depos i t ,  g % 

0.006 0.0075 l g  
0.0t2 0.0126 27 
0.018 0.0153 30 
0.024 0.0163 32 

Table II. Effect of CCD on CCE; pH 1.0; room temperature; 
fresh bath for each 15-min run 

Table VI. Effect of (NH4)2S04 concentration on CCE; room 
temperature; pH 1.0; 2 amp/dmS; fresh bath for each 1S-rain run 

CCD,  W t o f  CCE,  
~ m p / d m ~  depos i t ,*  g % 

1 0.0050 27 
2 0.0075 18 
3 0.0103 14 
4 0.0101 11 

* Al l  d e p o s i t s  w e r e  s h i n y  a n d  m e t a U i c  i n  a p p e a r a n c e .  

C o n c e n t r a t i o n  
of  (NH~) 2SO~, D e p o s i t  

m / l  W t  depos i t ,  g CCE,  % a p p e a r a n c e  

0.0 0.0062 14 B r i g h t  
0.5 0.0065 14 B r i g h t  
1.0 0.0077 I8  B r i g h t  
2.0 0.0096 20 D a r k  on  e d g e s  
3.0 0.0076 17 D a r k  on  e d g e s  
4.0 0.0080 17 D a r k  a n d  d u l l  
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Table VII. Effect of consecutive runs on CCE; 0.012 m/I NH4Tc04 
in first 15-rain run; room temperature; pH 1 

Consecutive run Wt deposit, g CCE, % 

1 0.0126 37 
2 0.0095 21 
3 0.0078 17 
4 0.0063 12 
5 0.0055 11 

Continued electrolysis and CCE.--A plat ing solu- 
t ion original ly containing 0.012 m/1 of NH4TcO4 was 
used in a series of 15-min runs  with no t rea tment  be-  
tween consecutive runs. A dark precipitate gradual ly  
formed in  the bath and, as shown in  Table VII, the 
CCE decreased. All  plates, however, remained  shiny 
and metall ic in appearance. 

After  this series of runs,  a small amount  of H202 
was added to the solution to oxidize the black reduc-  
t ion product  back to the colorless TcO4-. The solution 
was then warmed with P t  black to decompose the ex-  
cess H20~. The resul t ing solution, made up to 100 ml  
and pH 1.0, on electrolysis gave a CCE only slightly 
(2%) less than the original solution. A bath original ly 
containing 0.03 m/1 of NH4TcO4 gave similar results 
with 12 consecutive 15-rain runs, and H20~ t rea tment  
also restored this bath so that on electrolysis it gave 
almost its original CCE (29 instead of 32%). 

Nature of the Cathode Deposit 
The cathode deposit obtained from the ammonium 

per techne ta te -ammonium sulfate-sulfuric  acid bath 
at pH 0.5-1.5 appeared very metallic. It  was not  at-  
tacked by HC1 and only slowly by concentrated H2SO4. 
It was attacked readily by HNO3 of various concen- 
trations and also by H202 in ei ther  sulfuric acid or 
ammonium hydroxide,  as others have reported (18). 
When the bath pH was 2.0 or higher, the deposit be- 
came dark and quite loose. Accordingly, the possibility 
that the deposit was an oxide of technet ium existed. 
Three series of tests were developed to explore this 
possibility. These were hydrogen reduct ion studies, 
precipitat ion studies, and x - r ay  diffraction studies. 
Other methods for quant i ta t ive  determinat ion of Tc 
are summarized by Colton (3). 

Cathode deposits for these studies were obtained 
from 100 ml  of the (NH4)2SO4-H~SO4 bath containing 
0.012 mole of NH4TcO4 per l i ter (pH 1.0, C.D. 2 amp/  
dm 2) on gold, plat inum, and stainless steel cathodes. 
Before electrolysis, cathodes were r insed with distilled 
water  and then alcohol and dried to constant weight 
in an evacuated dessicator and after the plat ing r u n  
was completed, the plated cathodes were treated in 
the same manner .  

Hydrogen reduction.--Ten plated cathodes, along 
with the control plates (unused stainless steel cath- 
odes), were heated in a hydrogen atmosphere at 350 ~ 
400~ (10, 15) for 2 hr. They were then allowed to 
cool to room temperature,  with the hydrogen still 
passing over them, before reweighing. Calculations, 
based on the stoichiometry: Tc -b TeO2 �9 2H20 -}- 2H2 
--> 2Tc ~ 4H~O, showed the deposit to be 92 __+ 5% 
metall ic Tc. Allowance was made for s tandard weigh-  
ing deviations and control plate weight  loss (average 
0.0001g), but  there was no way to measure the weight 
loss involved in the mere  handl ing  of this deposit 
that was not very adherent.  Hence the evidence from 
this s tudy can only be interpreted as indicat ing that  
the plate is essentially Tc metal. 

Precipitation s~udies.--Three cathode deposits, 
whose weights had been previously determined,  were 
dissolved in  HNO~ to remove the deposit f rom the gold 
cathodes and the solution adjusted to pH 8.0 with 
NH4OH. Tet raphenylarsonium chloride was then used 
as the precipi tat ing agent using the procedure de- 
scribed in the l i terature (19). P re l imina ry  tests on this 
procedure had indicated a recovery of Tc was 98- 

100% which was in  accord with the results of other 
investigators (20) and well  within our s tandard 
weighing deviations. After  drying the t e t raphenyla r -  
sonium pertechnetate  to constant  weight, calculations 
were made based on the stoichiometry: Tc -b TcO2 �9 
2H~O -{- 10 HNOa -{- 2NI-~OH -t- 2(C6Hs)4AsC1 --> 
2(C6Hs)4AsTcO4 ~r 2NH4C1 ~ 10 NO~ -~ 8H20. The 
results obtained showed the deposit to be 100 _+ 2% 
Tc metal. 

X-ray dif]raction s~udies.--It was felt that three 
comparison values were needed in order to pursue this 
investigation: (i) A diffraction study of pure  Tc metal. 
The Tc metal  was prepared by electrodepositing Tc on 
stainless steel cathodes and subjecting these deposits to 
hydrogen reduct ion at 400~ unt i l  no fur ther  weight 
loss was noted. The deposits were then scraped (with 
great difficulty) from the stainless steel. (ii) A dif- 
fraction study of technet ium dioxide. The oxide was 
deposited from a high pH (9.0) bath and dried to con- 
s tant  weight at 100~ (iii) A diffraction study of the 
cathode deposit taken f rom the bath being studied. 
The cathode deposit taken from the bath described 
above was dried and easily scraped from the stainless 
steel cathode. Each of these prepared samples was 
then submit ted for an x - r ay  diffraction study. The 
pure Tc metal  prepared as above, showed only the 
lines of Tc, as reported in the l i terature  (21), and no  
other lines; but  nei ther  the oxide nor  the cathode de- 
posit scrapings showed any  lines capable of evaluation. 
Both were judged as being amorphous. A search of 
the l i terature revealed that  others had experienced the 
same difficulty in  evaluat ing a plate taken from a 
slightly acid ammonium su l fa te -ammonium pertech- 
netate bath (22) and found that  fur ther  anneal ing  was 
necessary to develop the crystal l ine na tu re  of the 
plate. Their  study showed that from their higher pH 
bath, both Tc and Tc in an oxidation state of 4 were 
present. 

We obtained several more cathode plates and col- 
lected more oxide and annealed both in  an argon at-  
mosphere for 2 hr. It  was found that  a tempera ture  in 
excess of 200~ was needed to br ing out the lines in  
the oxide while a tempera ture  of 350~176 was re-  
quired to anneal  the plate material .  

Seven fresh cathode plates were then prepared from 
the bath and the weights determined as described pre-  
viously. The plates, along with control plates, were 
then annealed in an argon atmosphere for 2 hr at 
400~ and the weight loss noted. In all cases, the 
weight losses were well  wi th in  the s tandard weighing 
deviation. Annea l ing  made the deposit ext remely  ad- 
herent  and difficult to remove from the basis metal. 

The scrapings from the plates were submit ted to 
x - r ay  and in all cases showed only the lines of Tc and 
no other lines. At the anneal ing  temperature  we would 
e•  any hydrated technet ium oxide to have re-  
leased its water  of hydrat ion with the stoichiometry: 

400~ 
Tc -~ TcO2 �9 2H20 > Tc -b TcO~ -{- 2H~O (23). 
Since the weight losses were well  wi thin  the s tandard 
weighing deviations and since no lines other than pure 
Tc metal  were discernible in the x - r ay  diffraction pat-  
tern, it appears that  the amorphous plates, produced 
under  the bath conditions described, were metall ic 
wi th in  the limits of our investigation. Thus, all  three 
studies tend to support  the conclusion that the plate is 
cer tainly not  oxide and is probably  about 100% me-  
tallic. 

Alloys 
Attempts  to electrodeposit a Ni-Tc (TcO4- added 

to a Watts bath) and a W-Tc alloy (TcO4- -~ Na2WO4 
solution) were not successful. There was some evi- 
dence, however, that  it might be possible to codeposit 
Re and Tc from a solution containing ReO4- and 
TcO4-. 

Conclusions 
The results presented show that  Tc can be deposited 

in macro amounts  as the br ight  metal  from various 
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aqueous solutions. The  (NH4)2SO,-NI-I4TcO4-H2SO4 
ba th  descr ibed here  gives good CCE, is r easonab ly  
stable,  can be read i ly  r e juvena ted  by H202, and wi th  
reasonable  precaut ions  can be used safely in ordi -  
na ry  l abo ra to ry  equipment .  A ba th  conta ining 1M 
(NH4)zSO4 and f rom 0.006 to 0.024M NH4TcO4 wi th  
H2SO4 added  to give a pH of about  1.0, can be elec-  
t ro lyzed  at  1-2 a m p / d i n  2 to produce  a meta l l ic  cathodic 
deposi t  of Tc wi th  a CCE range  of 18-30%. 

Elec t rodeposi ted  Tc meta l  has few uses at  the  pres-  
ent  t ime outside of medic ine  (24). However ,  its super -  
conduct iv i ty  at  low t empera tu re s  as a me ta l  (25) and 
as an a l loy m a y  find va lue  in the  rocke t  guidance  
systems and computer  systems at a fu tu re  t ime (26). 
Certainly,  the  poss ibi l i ty  of p la t ing  an al loy of Tc de-  
serves considerat ion.  
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Determination of the Composition of Complexes and Their 
Instability Constant by Calorimetry 

II. The Complex in Fused Potassium Chloride and Cadmium Chloride 

William H. Metzger, Jr., Abner Brenner, and Harry h Salmon 
National Bureau o~ Standards, Washington, D. C. 

ABSTRACT 

A new method  of de te rmin ing  the composit ion of complexes  in solut ion 
and the i r  equ i l ib r ium constant  has been  deve loped  which  is based on the 
de te rmina t ion  of the pa r t i a l  mola l  hea t  effect developed when a smal l  in-  
c rement  of each salt  is added  in tu rn  to a series of mix tures  cover ing the  
range  of composi t ion f rom {} to 100%. The method  was appl ied  to the  mol ten  
KC1-CdC12 system. The da ta  show tha t  the  sys tem contains  the  1:1 complex  
wi th  an ins tab i l i ty  constant  of 0.32 at  t empera tu res  of 600 ~ and  780~ A 
ca lor imete r  is descr ibed which  permi t s  the  addi t ion  of the  increments  of sa l t  
to the  mol ten  mix tu r e  whi le  the  l a t t e r  is s t i r red  cont inual ly .  

In  a previous  publ ica t ion  (1) a genera l  method  was 
descr ibed  for  de t e rmin ing  the  composi t ion of com- 
plexes  and thei r  ins tabi l i ty  constant  by  ca lor imetr ic  
measurements .  The expe r imen ta l  p rocedure  consisted 
in adding  a smal l  amount  of one reac tan t  to a mix tu re  
of the reac tants  and  de te rmin ing  the hea t  effect. F rom 
the la t te r  the  pa r t i a l  mola l  hea t  effect was obtained.  
The purpose  of adding  only a smal l  amount  of  re -  
ac tant  was  to de te rmine  the resu l t an t  hea t  effect 
wi thou t  changing the  composi t ion of the  mix tu re  by  
more  than a pe r  cent. Thus, the  hea t  effect is a func-  
t ion of the  composi t ion of the  mix ture .  This  p ro -  
cedure  was r epea ted  wi th  one or  p re fe rab ly  wi th  both 
reac tan ts  over  the  range  of composi t ion of mix tu res  

f rom 0 to 100%. In the  a forement ioned  paper  the  
method  was aDplied to the  de te rmina t ion  of the com- 
posit ion and ins tabi l i ty  constant  of two of the  copper  
cyanide  complexes.  These measurements  involved  the  
addi t ion of about  lg  of sodium cyanide  to solut ions of 
cuprocyanide  cover ing a range  of composition. 

The pa r t i a l  mola l  hea t  effect can be  considered as 
the  hea t  effect resu l t ing  f rom the addi t ion  of one mole  
of reac tan t  to an infinite amount  of mix ture .  I t  can be 
seen qua l i t a t ive ly  tha t  the hea t  effect is a funct ion of 
the  composit ion of the  mix tu r e  by  the fol lowing ex -  
ample:  Le t  the  complex  formed ~rom the two reac -  
tants  A and  B be AB2. I f  smal l  increments  of A are  
added  to a ser ies  of mixtures ,  s ta r t ing  wi th  pu re  B 



132 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  S C I E N C E  

and then proceeding through in termedia te  steps to the 
composition AB2 and beyond to pure A, it would be 
found that  the max imum heat effect would occur when  
the addit ion of A is made to pure  B. If the ins tabi l i ty  
constant is small  (less than 10-2), the molal heat 
effect would be approximately equal to the heat of 
formation of the compound AB2. The heat  effect would 
diminish only slightly with succeeding mixtures  un t i l  
the composition AB2 is approached. At the stoichio- 
metric point  the par t ia l  molal  heat  effect would 
rapidly decrease and beyond this point  would have a 
small  value, The part ial  molal heat  effect of adding 
pure B to an infinite amount  of pure  A would be only 
half of that obtained by adding A to an infinite amount  
of B because only x/z mole of complex is formed per 
mole of B. 

Assume that almost complete reaction occurs when  
a small  amount  of A is added to an infinite amount  
of B, and  let this max imum heat effect (which is ap- 
proximately  the heat of reaction) be designated by 
eA per mole of A. Then the ratio of the part ial  molal  
heat effect I,~ (obtained by adding a mole of A to an 
infinite amount  of a mix ture  of A and B) to oA repre-  
sents the fraction of a mole of AB2 formed. For ex- 
ample, if eA is 10 kcal and  AH for a mixture  just  be-  
yond the stoichiometric point  is 0.5 kcal, this would 
mean  that the addit ion of one-mole  of A to an infinite 
amount  of mixture  of that  composition results in the 
formation of only 1/20 mole of complex. This ratio, 
which is the fraction of a mole formed in  the reac-  
tion, wil l  be called the "fraction of reaction." 

The fraction of reaction is the quant i ty  which is ex-  
per imenta l ly  determined.  I t  can vary  from zero to 
unity.  This fraction is a part ial  derivat ive and is 
related to the mass action expression. If dy is the in -  
crement  of A added to a mix ture  of any composition 
and dff is the amount  of the product AB~ formed, then  
the fraction of reaction is Off~By. Similarly,  if d:c de- 
notes the increment  of B that  is added to a mixture ,  
then  ~S/Ox also is the fract ion of reaction, and it can-  
not  be larger than �89 

The two part ial  derivatives wil l  be denoted by h'~ 
and ~u or s imply ~' when  only one independent  var i -  
able is used throughout  the discussion. They are de- 
r ived mathematical ly  from the expression for the mass 
action law by differentiation. If the reaction is rA + 
s B ~  ArBs, the general  expression for the mass action 
law for fused salts wr i t t en  in  terms of mole frac-  
t ion is 

--T--J 
- -  k [1] 

f 

where y and x represent  the ini t ial  moles of A and  B, 
respectively, used in mak ing  up the mixture,  ff repre-  
sents the moles of ArB~ formed at equil ibrium, r and s 
are the coefficients of A and B in the chemical reac- 
tion, and f is the total number  of moles present,  
I ---- x -I-- Y -'F i f ( I - - r - - s ) .  

The formulas and the methods of de termining  the 
composition and the instabi l i ty  constant  of a complex 
were derived in  a former publicat ion (1). 

The cadmium chloride-potassium chloride system 
was chosen for s tudy main ly  to explore the applica- 
bi l i ty of the part ial  molal heat method to a fused salt 
system. This system had received extensive investiga- 
tion (3-17) but  the compIexes present  in  the molten 
mix ture  had not been determined with certainty. We 
studied the system at a temperature  of about  780~ 
so that it would be above the mel t ing point  of the 
highest mel t ing component, potassium chloride (mp 
772~ This permits  the introduct ion of increments  of 
either salt in the molten form, hence there is no com- 
plication owing to heat  of fusion of a solid. This tem-  
perature  was higher than that  used by most of the 
previous workers. 

February 1967 

Apparatus 
The determinat ion  of the heats of reaction in the 

fused salt bath requires the construction of a calor im- 
eter which is operable at  temperatures  up to 900~ 
The l i terature contains descriptions of several high 
temperature  calorimeters, bu t  experience with them 
has been so l imited that  no one design has emerged as 
the best. A description of the various high tempera ture  
calorimeters which have been constructed would be 
too m u c h  of a digression here. However, none of them 
have the two features which we consider essential for 
the success of the measurements .  The two features are 
(i) continuous s t i r r ing of the reaction mix tu re  while 
an increment  of a reactant  is added, and (ii) the com- 
plete submersion of the ampoule containing the incre-  
men t  below the surface of the fused salts, so that  it is 
exactly at the tempera ture  of the reaction mixture  at 
the t ime that the ampoule is broken. Otherwise the 
construction of the furnace and  calorimeter is con- 
ventional.  

The construction of the calorimeter is shown in Fig. 
1. It  consists of a stainless steel jacket about 40 cm in  
diameter  and 75 cm high, surrounded by a 5 cm thick 
layer of thermal  insulation.  Internal ly ,  the loss of heat 
is diminished by seven radiat ion shields made of 
stainless steel. The heat ing system consists of two 
wire wound concentric heaters and a third flat heater 
placed horizontally on the bottom below the other two. 
The outer and the bottom heaters are operated at a con- 

Fig. 1. Diagram of furnace and calorimeter. A, Tungsten rod for 
breaking ampoule; B, graphite-Teflon sleeve bearing; C, bearing 
holder; D, silicone adhesive; E, furnace jacket, stainless steel; F, 
zirconia wool-filled space; G, radiation barrier shieMs, stainless 
steel; H, outer circumferential heater; I, heat sink, silver; J, inner 
circumferential heater; K, heat sink, silwer; L, perforated dispenser 
device, Pt-lr alloy; M, bar against which ampoule is crushed; N, 
bottom heater; O, split-ring clamp; P, middle bearing; Q, dispenser- 
stirrer shaft, nickel tube; R, shaft coupling, nickel; S, bottom bear- 
ing, Vycor; T, calorimeter cap, machined of fused silica; U, calorim- 
eter, Pt-Rh alloy; V, loaded ampoule of fused silica; W, Vycor tube 
containing the platinum heater used for calibrations; X, retainer 
cup, Pt-lr alloy; Y, heat sink, silver. * Thermocouple locations. 
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stant  current ,  such that  a tempera ture  slightly below 
the desired tempera ture  is main ta ined  in  the center of 
the furnace. The inner  heater  is controlled by an auto- 
matic device which obtains its input  .signal from two 
chromel a lumel  thermocouples connected in series 
and located in  the heart  of the furnace  near  the reac- 
tion vessel. Most of the emf of these thermocouples is 
annul led  by a potent iometer  as the controller can 
handle  a max imum inpu t  of only 7 inv. This method of 
obtaining the emf-change only as a difference in -  
creases the sensit ivi ty of the control system. Over a 
period of 10 rain the tempera ture  of the inner  vessel 
holds constant  to about 0.01~ but  over a period of a 
day the tempera ture  varies about 0.5~ However,  
since the reaction is complete in  about 15 to 30 sec, 
constancy for only a short t ime is adequate. The 
heaters have a total max imum power capacity of 5 
kva. 

To improve the un i formi ty  of temperature,  the fu r -  
nace is provided with two concentric cylinders of 
silver about  I cm thick, having  a total weight of about  
30 kg. 

The inner  vessel consists of a mull i te  tube, 8 cm in 
diameter  and 60 em long which is closed at the lower 
end. The upper  end carries a brass flange which is ce- 
mented to the tube by an air cured silicone plastic 
material.  The end projects sufficiently above the fur -  
nace so as not  to be heated higher than  200 ~ Another  
reason for having the open end of the tube project  
above the level of the furnace is to prevent  corrosive 
halide vapors from damaging the heat ing elements. 

The fused salt is contained in a p l a t inum-rhod ium 
vessel measur ing  6.5 cm in  diameter  and 14 cm high. 
About  600 to 800g of salt are used for an exper iment  
and the l iquid level general ly  comes to wi th in  5 cm 
of the top of the vessel. I t  is essential to construct  the 
vessel of a p la t inum alloy as ceramic vessels fre-  
quent ly  break  when  the fused salts solidify in  them. 

Fig. 3. Shaft coupling of the dispenser-stirrer; open view. 
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Fig. 2. Dispenser-stirrer unit, fully assembled with bearings and 
removable radiation shields. 

Fig. 4. Dispenser-stirrer: exploded view of the dispenser wlth 
|oaded ampoule. 

The most t ime-consuming part  of the invest igat ion 
was the development  Of a satisfactory device here-  
after referred to as "dispenser-st i rrer"  for s t i rr ing the 
mol ten salt and for adding the increment.  This par t  of 
the apparatus is shown in  Fig. 2-4 in  both an as- 
sembled and exploded photographic view. The dis- 
penser -s t i r rer  body is const ructed of a p l a t inum-  
i r id ium alloy, as ceramic vessels which were  ~ried 
were not rugged enough and caused the loss of many  
experiments  through breakage. The p la t inum alloy 
basket holds the ampoule, retains the broken frag-  
ments  of the ampoule, and prevents  them from catch- 
ing in  the thermocouples or the heater  used for cali-  
bration. The notched p la t inum alloy bar  with tabs 
holds the basket  and ampoule in place and in addit ion 
acts as an anvi l  for breaking the ampoule. The pointed 
tungs ten  rod located inside of the shaft is used for 
breaking the ampoule containing the increment  of salt. 
The s t i r r ing shaft  is a n ickel  tube  connected to the 
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Fig. 5. Typical curves of temperature vs. time obtained with the 
recording potentiometer. 

upper tubu la r  par t  of the dispenser-s t i r rer  by the 
coupling shown in Fig. 3. This construct ion allows for 
in terchange of parts and permits the tungs ten  rod to 
move freely up and down in the shaft while the as- 
sembly is rotating. 

The ampoules are made of fused silica. They are 
th in-wal led  and about 2 cm in diameter.  They are 
easily broken by punching  with the tungs ten  rod 
while s t i rr ing is in progress. The end of the neck of 
the ampoule is either bent  or enlarged with a piece 
of fused silica to prevent  the neck from protruding 
through the holes in  the dispenser and snagging a 
thermocouple. 

The tempera ture  rise in  the reaction vessel is meas-  
ured by three commercial chromel a lumel  thermo-  
couples connected in series. These are only 1.5 m m  in 
diameter  and require very little space. Fur thermore ,  
because of their small  size they react to the tempera-  
ture  changes in  a second. A temperature  change of 
0.01~ gives an indication slightly more than  1 #v. 
The average tempera ture  rise in the experiments  is 
about I~ and the largest tempera ture  rise is about 
3~ 

The tempera ture  increase dur ing an exper iment  is 
measured by a microvol tmeter  in series with an output  
voltage from a microvolt  potentiometer.  This a r range-  
ment  made it posible to balance the thermocouple emf 
with the potent iometer  immediate ly  prior to the 
breaking of the ampoule and thus read the emf change 
on the microvoltmeter.  The temperature  rise is meas-  
ured on the microvoltmeter,  usual ly  on the 100 ~v 
scale. The voltage vs. t ime trace is recorded on a re-  
cording potent iometer  connected to the microvol tmeter  
shown in Fig. 5. Readings are made to 1 ~v. 

For purposes of accurate tempera ture  measurement  
and stability, the thermocouples used in the body of 
the furnace consist of plat inum, plat inum-10% rho- 
dium alloy. These thermocouples are placed in tubes 
of pure  a luminum oxide. At a tempera ture  of 800~ 
the resistance be tween a thermocouple and ground is 
about 20 megohms. The proper insula t ion of the 
thermocouples is a mat te r  of considerable importance. 

In  our first experiments  the thermocouples were 
placed in  mul l i te  tubes, and they operated satis- 
factorily up to a tempera ture  of about 600~ But  at 
800~ the mul l i te  tubes became too conductive and 
the thermocouples picked up stray voltages which pre-  
vented  accurate readings being taken with the micro- 
voltmeter.  The block diagram for the thermocouples 
and associated measur ing ins t ruments  is shown in  
Fig. 6. 

Procedure 
The furnace is allowed to come almost to tempera-  

ture  by being left on at a steady cur ren t  over night. 

I~ECOROI~G 
POTENTIOMEEE 

PROPORTIONAL COMTI+OLLER 
FOR FURPIAC[ 
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CALIBRATION UNIT 

MICRO PRECISION DUAL OUTPUT FURNACE & CALORINETER 
VOLTMETER POTENTIOM[TER THB?MOCOUPLE 

SWtTCH 

Fig. 6. Block diagram of opporotas 

The furnace is put  on automatic tempera ture  control 
in the morn ing .  The salt mix ture  is placed in the 
p l a t inum-rhod ium reaction vessel and melted in  a pot 
furnace. It  is then quickly t ransferred to the calo- 
r imeter  furnace. The pre l iminary  heat ing of the mix-  
ture reduces the t ime required for the setup to come 
to thermal  equi l ibr ium, and  in  so doing also reduces 
the loss of cadmium chloride by  volatilization. 

Next, the dispenser-s t i r r ing device is loaded with an 
ampoule of salt, the lat ter  weighing usual ly  from 1 
to 3g (usually about  0.02 mole of salt is added to 
about 4 moles of salt mix ture) .  The entire un i t  shown 
in Fig. 2 is locked into place with a split r ing-c lamp 
at the top of the ceramic tube. St i rr ing is s tarted and 
after about �89 hr thermal  equi l ibr ium attained. This 
is considered to be the case when  the tempera ture  does 
not change more than  0.01~ On breaking the 
ampoule, the reaction is completed in about 15 sec, as 
indicated by the ma x i mum in the tempera ture  rise. 

The cal ibrat ion of the calorimeter is performed at 
least twice for each determinat ion,  usual ly  before and 
after the introduction of the increment  of salt. An 
electric current  of about 4 amp at 14v is passed through 
the p la t inum alloy heater  coil (the lat ter  being en-  
closed in a fused silica tube) for 10 to 20 sec. The 
high current  and short period of heat ing is necessi- 
tated by the need to duplicate the heating rate  of the 
chemical reaction. This is not achieved exactly, as the 
time of heating would have to be too short and the 
current  too large for convenience in  measuring.  Al-  
though the in terval  of cal ibrat ion may vary  from 10 
to 20 sec, it is accurately read on an electric t imer  ac- 
curate to 0.01 sec. The current  is delivered by a con- 
s tant  cur ren t  device, consequently,  only one reading 
of current  needs to be made dur ing  the calibration. 
The voltage, however, varies from about 13 to 14v 
during the calibration. Readings are therefore taken 
at intervals  of about 2 or 3 sec on a vol tmeter  accurate 
to 0.5% and averaged. The heat capacity of the calo- 
rimeter,  including the fused salt, is about 1 cal /#v or 
about 120 cal/degree. 

In  calculating the heats of reaction, no correction is 
made for the heat leak. The tempera ture  rise is taken 
as the peak of the curve. This probably  does not  rep-  
resent  the true equi l ibr ium temperature,  but  since the 
calibration is made in  the same manner ,  most of the 
error is annulled.  Since the heat  leak is mostly a 
result  of radiation, a simple correction cannot  be 
made, as in calorimetry which is done at room tem- 
perature.  This is because the ra te  of heat leak is not 
directly proport ional  to the tempera ture  head. A 
graphical method of correcting for heat leak, which 
is based on the cooling curve, is given in the appendix. 
This correction for heat leak was not  considered to be 
practicable in  our work, because the calorimeter did 
not main ta in  a sufficiently constant  tempera ture  over 
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the period of 10-30 rain that  would be required  to es- 
tablish the cooling curve. 

The filling of the ampoule presented a special prob-  
lem, because the presence of a trace of moisture in  the 
salt caused some of them to explode in  the furnace. 
The following procedure is successful. After the re-  
quired amount  of salt is placed in  the ampoule, it is 
placed in  a furnace at 650~ for an  hour  to remove 
moisture. Then  after cooling in  a desiccator the am-  
poule is evacuated and sealed. 

To expedite the measurements ,  two complete dis- 
penser -s t i r r ing  units  are used. This permits  another  
r u n  to be made  as soon as one un i t  is removed from 
the calorimeter. Four  complete runs  can be made in 
one day, including the necessary n u m b e r  of cal ibra-  
tions. The largest amount  of t ime is spent in  wai t ing 
for the system to come to thermal  equil ibrium. 

Results 

Although the precision of measur ing  the ~empera- 
ture rise in  most of the exper iments  was about 1%, 
t h e  precision of the measurements  of the heat ca- 
pacity of the system was about 3%. The over-al l  pre-  
cision of the measurement  of the par t ia l  molal  heat 
effects was about 5% or 200 cal, whichever  was the 
larger. 

As an over-a l l  check on the accuracy of the meas-  
urements ,  the heat of fusion of potassium chloride was 
measured. This was done by adding about 3g of po- 
tassium chloride to 450g of a melt  consisting of about 
95 mole % potassium chloride and 5 mole % cadmium 
chloride. Additions of solid potassium chloride were 
made at about 8 ~ below its mel t ing  point. We found 
that  the heat  of solution (cooling) of the solid potas- 
s ium chloride was 6380 cal /mole  (I  cal = 4.18 Joules) .  
The heat  of mix ing  of the mol ten potassium chloride, 
determined at 780~ in  the same melt,  was small  and 
positive, about  180 cal/mole. The heat  of fusion of 
potassium chloride was 6560 • 1,60 cal/mole. This re-  
sul t  is about  5% higher  than  the value of 6274 cal /  
mole obtained by the drop method of calorimetry (2). 

The exper imental  results for the CdCIa-KC1 sys- 
tem were obtained in the form of a heat  effect for the 
increment  of potassium chloride or cadmium chloride 
added to the melt. From this effect was computed the 
heat effect per mole of added salt, that  is, the part ial  
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Fig. 7. Partial racial heat effects obtained at 780~ by adding 
either potassium chloride (curve 1) or cadmium chloride (curve 1') 
in the molten state to molten mixtures of potassium and cadmium 
chloride. Curves 2 and 3 represent theoretical curves far the addi- 
tion of potassium chloride and curves 2' and 3' represent the cor- 
responding curves for cadmium chloride. 
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Fig. 8. Partial molal heat effects obtained by adding either 
potassium chloride (curves 1 and 4) or cadmium chloride (curves 1' 
and 4') to molten mixtures of potassium chloride and cadmium 
chloride. Curves 1 and 1' are the same as the like-numbered curves 
in Fig. 7 and refer to a temperature of  780~ Curves 4 and 4' 
represent the data obtained at 600~ with cadmium chloride and 
potassium chloride. 

molal heat effect, AH. These data are graphed in  Fig. 
7 and 8 against  mole per cent of potassium chloride 
in the melt. 

Even without  any mathemat ical  analysis, the data 
show that  the complex consists of equal moles of CdCI~ 
and KC1. This follows from the approximately equal 
heat of reaction for an increment  of KC1 added to 
pure CdCI2 and an increment  of CdCl~ added to pure  
KC1. Fur the r  evidence is that  the curves cross at  55 
mole % which is close to the stoichiometric 50 mole 
% point. No other complex appears to exist at the 
tempera ture  of 780 ~ 

The mass action expression, in terms of the mole 
fraction, is 

(x--~) (y--~) = ~kCx + y--~) [2] 

where x and y are the ini t ia l  n u m b e r  of moles of re-  
actants, ~ is the moles of complex formed, and 
(x + y - -  ~) is the total  n u m b e r  of moles present  at 
equi l ibr ium. 

The instabi l i ty  constant  may be calculated either 
from the fraction of reaction ~', or f rom the slope 
of the curves at their  intersection. The former 
method is less satisfactory than  the lat ter  if the 
instabi l i ty  constant  is small, bu t  in  the present  case it 
is equal ly  satisfactory. The value of ~' is obtained for 
the point  of intersection of the two curves, where  
AH ~- 3400 cal/mole.  Hence, ~' = 3400/12,600 = 0.27. 
(The value of 12,600 cal /mole  is the heat of reaction 
derived from our exper iment  of adding an increment  
of mol ten cadmium chloride to mol ten  potassium 
chloride, as shown in  Fig. 7 for the abscissa: KC1, 
100%.) This value is subst i tuted into the following 
equat ion [see Eq. 83 of ref. (1)] 

( 1  - -  2a')~ (1 - -  0.54) s 
k = = = 0.27 [3] 

4~" (1 - -  ~ )  4(0.27) (0.73) 

To use the second method, ~" is found at the point  
of the intersection of the curves, from the slope of the 
curves. Since the intersect ion should have occurred at 
the stoichiometric point, consider x ~ y = 1 at the 
point  of intersection. 
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Oa' 1 OAH 
-~" ----- . . . . . . . . .  [4] 

Ox o Ox 

Since the abscissa represent  the mole per cent, 
x 

x 100, of the components weighed out, that  is 
x + y  
the ini t ia l  composition of the melt, the slope of the 
curve at the stoichiometric point  is with respect to 
the mole per  cent (or mole fraction) and mus t  be 
converted to a funct ion of x as follows 

�9 (Slope) [5] 
2 

(--18,500) =- -0 .367  [6] 

OaH y 

Ox (x + y) 

1 y 
~"------"  �9 (Slope) 

e (x  + y)2  
1 1 

12,600 4 
i f x ~ y = l  

The instabi l i ty  constant  is calculated from the fol- 
lowing equat ion [see Eq. 37 and 38 in Ref. (1) ] 

. ] 
I ~  ~ �9 

L 2a"y u 

[ 0.27 12 (1- -0 .27)  0.137 • 2 .7=0 .37  [7] 
L 2 (--0.367) J 0.27 

This result  of 0.37 calculated from the slope of the 
curves agrees fair ly well with va lue  of 0.27 calculated 
from the ordinate of the curve. The average value 
of 0.32 will be used in following discussions. 

Another  possibility for the composition of the com- 
plex presents itself for consideration on the basis that 
the curves cross at 55 mole per cent potassium chlo- 
ride. This composition represents a compound having 
the formula 6KC1 �9 5CdCI~ which has a mole percent-  
age of KCI of 6/11 x 100 -~ 54.5% or a mole ratio of 
cadmium chloride to potassium chloride of 0.83. This 
possibility seems to derive support  from the differing 
values of the par t ia l  molal  heat effects for the addi-  
t ion of CdC12 to pure KC1 (~H = 12,600 cal) and KC1 
to pure CdC12 (~H ~ 10,300 cal) which give a ratio of 
0.82, a result  very  close to the ratio obtained from the 
point  of intersection of the curves. However, this 
possibility has been discounted because the calcu- 
lation of the instabi l i ty  constants from the ordinate, a', 
of the curve [see formula 33 of reference (1)] gives a 
value of k = 1.0 x 10 -3, whereas the calculation from 
the slope of the curve, via ~", [see formula 37 of ref-  
erence (1)] gives the great ly different value of 
1.0 x 10 +3. 

Re turn ing  now to a consideration of the simple com- 
plex, KCI �9 CdC12, since it has a re la t ively large in-  
stabil i ty constant, this means that the complex is 
moderately  dissociated. At the stoichiometric point  the 
melt  contains about 50% of the consti tuents in  the 
form of complex. (This follows from the re la t ion that  
the amount  of complex formed by adding 1 mole of 
A and then 1 mole of B to an infinite amount  of 1:1 
mix ture  is (1 x-a'x) ~ (1 x-a'y) ~ 0.27 -t- 0.27 ~ 0.54.) 
I t  is ra ther  surpris ing that  the complex is dissociated 
even in the presence of a large excess of ei ther one 
of its components�9 This follows from the mass action 
law which shows that  on adding an increment  of salt 
to an infinite amount  of the other constituent,  the 
whole increment  is not  converted into complex, that  is 
to say, the fraction of reaction, a', is appreciably less 
than  uni ty  

~(1 + k) - y  
a'x = [8] 

(1 -kk)  ( 2 a ~ x - - y )  

As the content  of y in  the melt  becomes infinite 
with respect to both the increment  x and the complex 
E, the value ol ~'x approaches the l imit  

1 1 
-a'~ = ~ ----- = 0.76 

1 - k k  1 §  

On this basis the true heat  of reaction of potassium 
chloride and cadmium chloride to form a mole of 
complex must  be larger than the observed value of 
12,600 cal and have the value of 12,600/0.7.6 ~ 16,600 
cal. With this derived value for the heat  of reaction 
and with the value of k ~- 0.32 two curves were 
drawn, 3 and 3" (see Fig. 7) for comparison with the 
two exper imenta l ly  de termined curves. The agreement  
is fair. It will  be noted, however, that  the derived 
curves cross at a va lue  of ~ = 4300 cal instead of the 
exper imenta l ly  determined value of 3400 cal, because 
of the higher value of the heat of reaction used in the 
computation. 

Probably  the best fit of derived curves with the ex-  
per imenta l  data is obtained if the curves are chosen 
so as to intersect at 3400 cal and to have the value 
of 12,600 cal at the r ight  and left sides of the graph. 
Calculation yielded the result  that  the value of k 
would be 2.7 and the value of the true heat of reaction 
would be 46,620 cal. These derived curves are shown 
in Fig. 7 as dotted lines 2 and  2'. These fit the experi-  
menta l  data better,  but  it  is doubtful  that  such a 
large extrapolat ion is meaningfu l  in  view of the prob- 
able exper imental  error of the data, hence, we  reject  
this interpretat ion.  A value of k ~ 2.7 leads to the 
result  that  the reaction mix ture  contains only about 
15% of complex at the stoichiometric point  and that 
only about 27% of an increment  is converted into 
complex when added to the pure  salts. 

The feature of the exper imental  data for which we 
have no explanat ion at present  is the intersection of 
the curves at a mole fraction of about 55 mole per cent 
instead of the stoichiometric va lue  of 50%. With a 
melt  of stoichiometric composition, an increment  of 
either salt should yield the same par t ia l  molal  heat 
effect. A difference in activity coefficients is not an ac- 
ceptable explanation,  since the same reaction mix ture  
(hence, the same activities) is used for both incre-  
ments. Perhaps the discrepancy can be explained on 
the basis of the format ion of another complex which 
is too dissociated to yield a definite inflection in the 
curves. 

The heat of reaction (12,600 cad resul t ing from the 
addition of CdCI~ to KCI is larger  than that (10,300 
cal) obtained by adding KC1 to molten CdC12, whereas 
on the basis of simple considerations they are ex- 
pected to be equal. The difference might be due either 
to a lower activity of cadmium chloride in  the mix-  
ture in comparison with potassium chloride, or to the 
formation of a small  amount  of a higher complex, for 

x ~  ~ ~ p 
j ~ ~ 

T I M E  

Fig. 9. Method of using the cooling curve, sou, for correcting the 
heat lost during the period of temperature rise, rws. 
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example, 2KC1 �9 CdC12, when  CdC12 is added to mol ten 
KC1. 

The cadmium chloride-potassium chloride system 
was also investigated at a temperature  of 600~ At 
this temperature  potassium chloride is solid, and con- 
sequent ly  all the exper iments  with increments  of KC1 
had to be corrected by the heat of fusion of KC1, for 
which purpose we took the round number  of 6500 
kcal. The melt  becomes solid at  about  75 mole % 
potassium chloride, hence, our data was extended only 
to a melt  of 73 mole % KC1. In  Fig. 8 the curves 4 and 
4' for the 600~ determinat ion are compared with the 
curves 1 and 1' obtained at 780~ The data for the 
600~ determinat ions yielded about  the same in-  
stabil i ty constant  as the data for 780~ This follows 
because the curves 4 and 4' cross at about the same 
point  as curves 1 and  1" and the slopes are not  very  
different for these two pairs of curves at the points 
of intersection. 

Discussion of the Literature 

There are a n u m b e r  of publications in the l i tera-  
ture dealing with the na tu re  of the mol ten cadmium 
chloride-potassium chloride system. The consti tut ional  
diagram of the system, first invest igated by Brandt  (3) 
shows the existence of the congruent ly  mel t ing  com- 
pound KC1 �9 CdC12 and the incongruent ly  mel t ing 
compound, 4KC1 �9 CdCle. However, the existence of a 
solid compound does not prove its existence in  a melt. 

Attempts have been made to determine the composi- 
t ion of the complex in the mol ten system by means 
of various physical measurements .  The rat ionale be-  
h ind these studies is that the deviat ion of a physical 
property from an additive or ideal value based on the 
properties of the paren t  compounds would be greatest 
at the stoichiometric point. However, since both posi- 
t ive and negat ive deviations from ideal behavior  occur 
for mixtures  of fused salts that are known  not  to form 
complexes, these measurements  do not  general ly  lead 
to an unequivocal  conclusion. 

The physical proper ty  of the system that has been 
investigated most is electrical conductivity. This was 
first measured  by Sandonnin i  (4) whose data on 
specific conductivi ty showed a slight m i n i m u m  at 40 
mole % potassium chloride. Mulcahy and Heymann  
(5) computed the equivalent  conductivities from 
Sandonnini ' s  data. F ind ing  the greatest depar ture  
from addit ivi ty  at 65 mole % potassium chloride, they 
suggested the formula, 2KC1 �9 CdC12. Bloom and Hey- 
m a n n  (6) found that the equivalent  conductivi ty of 
the mix ture  was at a m i n i m u m  between 55 and 60 
mole % potassium chloride (their specific conductivi-  
ties did not  show a definite m in imum)  and that  the 
temperature  coefficient of the conductivi ty was a 
m in imum at 50 mole %. The electrical conductivi ty of 
the system was also invest igated by Sakai (7). 

Several  other physical properties of the system 
have been investigated. Harrap and Heymann  (8) 
found that the viscosity of the system at 650~ was 
at a m i n i m u m  between 50 and 60 mole % potassium 
chloride. Measurement  of the densities and molar  
volumes of the system by Boardman,  Dorman, and 
Heymann  (9) showed that the system had large posi- 
tive deviations from additivity. The measurement  of 
surface tension by Boardman,  Palmer,  and Heyma nn  
(10) showed a negat ive deviat ion from ideal behavior,  
but  no well  defined m i n i m u m  that  would unambigu -  
ously define a compound. Bar ton and Bloom (11) 
measured the vapor pressure of the system and cal- 
culated activity coefficients for 900~ Their  discus- 
sions of the composition of the complex were specu- 
lative. Bloom, Davis, and James (12) invest igated the 
surface tension and surface heat  of the system and 
had this to say: "This method, in  common with results 
of electrical conductivity, viscosity, molar  volume, etc., 
do not  lead unequivocal ly  to the stoichiometric com- 
position of such complex ions, al though there is gen- 
eral  acceptance of their  presence in certain systems." 

The Raman  spectra of the system have also been 
investigated. Bues (13) favored the CdC13- complex 
ion on the basis of his measurements ,  but  Bredig and 
Van Artsdalen (14) claim that  Bues'  data could better  
be interpreted to prove the existence of the CdC142- 
complex. Bredig (15) backed up his assertion in a 
subsequent  publicat ion dealing wi th  Raman  spectra 
and electr ical  conductivity, and in  a paper published 
the following year (16) claimed that  the measurement  
of activity coefficients that  had been published by 
Russian investigators supported his view. 

Bockris and co-workers also entered the discussion. 
On the basis of the measurement  of the self-diffusion 
of Cd + + ion in  the molten mixture,  Bockris and An-  
gell (17) found the ma x i mum rate to occur at the 
composition corresponding to KC1 �9 CdC12, Tanaka, 
Batasubramanyam,  and Bockris (18) also measured 
the Raman spectra of the system and considered that 
the data  indicated that  the complex ion was CdC13 -1 
and thus supported Bues instead of Bredig. However; 
they differed from the former in  finding t h a t  the com- 
plex was pyramidal ,  whereas Bues had found it to be 
a p lanar  triangle. The arguments  of Tanaka,  Balasu-  
bramanyam,  and Bockris were somewhat tenuous as 
they were not based ent i re ly  on exper imental  find- 
ings, and some of the Raman  lines were very  weak. 

Summary 
The foregoing discussion indicates that  measure-  

ments  of the physical properties of the system did not  
lead to a decisive de terminat ion  of the composition of 
the complex ion in the melt  and none  of the methods 
led to a value for the instabi l i ty  constant. The method 
of part ial  molal heat effect, in  contrast, has led to an 
unambiguous  determinat ion of the composition of the 
complex, as well as to an approximate value of the 
instabi l i ty  constant. The fundamenta l  reason that  the 
calorimetric method has been more successful is that  
it involves measurements  on the chemical reaction 
itself, and in this way it is unique. It  leads to a deter-  
mina t ion  of the "fraction of reaction." It  requires no 
prior  knowledge of the physical constants of the com- 
ponents  or of the complex, whereas the other methods 
depend on deducing the existence or the concentrat ion 
of a complex by comparing physical properties of 
static systems. 
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APPENDIX 
Graphical Method of Correcting ]or Heat Leakage 

in Calorimetry 

In Fig. 9, rws is the t empera tu re - t ime  curve resul t -  
ing from the reaction and st is the cooling c u r v e . -  
The graphical correction involves no assumption other 
than that the rate of heat leakage is a funct ion of tem- 
perature  head. Thus, for any given tempera ture  head 
while the tempera ture  of the reaction vessel is r is ing 
(point  p', for example) the rate of loss of heat  is the 
same as that  noted at the same tempera ture  (point  p, 
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for example) while the reaction vessel is cooling. Thus 
p and p' (and O and O') are characterized by the 
same tempera ture  head and, therefore, by the same 
rate of heat loss. The heating effect of s t i r r ing is ne -  
glected. 

Divide the curve rs into a n u m b e r  of segments, such 
as wo' and o'p'. The correction is applied to each seg- 
ment, then summed. The segments need not  be of the 
same length. 

Example of graphical method: Draw tangent  xy at 
p and with t r iangle and straight edge reproduce same 
slope x'y' at p'. Draw line nmo'. The length of m n  is 
the correction. Repeat performance for each segment, 
such as wo'. The correction is the sum of the lines such 
as mn  and m'n'. These can be summed up by mark ing  
off the lengths on the edge of a sheet of paper. 

The reason that mn is the tempera ture  correction, 
AT, for the segment between o' and p' is that  the slope 
of xy gives the rate  of tempera ture  change, dT/d t  for 
that  tempera ture  head. rap' represents the time, dr, 
that  the system was at that  approximate tempera ture  
head dur ing  the heat ing period. 
ran = d T / d t  x dt  = AT. 

Phenomena at an Electrode Covered with an 

Electrolyte Film 
F. G. Will 

General Electric Research and Development Center, Schenectady, New York  

ABSTRACT 

The anodic oxidation of hydrogen is studied on a large horizontal  elec- 
trode covered with an electrolyte film of mil l imeter  thickness. Polarizat ion 
curves and the potential  dis t r ibut ion in the film are obtained for various film 
thicknesses and electrolyte concentrations. Concentrat ion gradients in the film 
electrolyte are measured and found to be very  small. Convection in  the 
film and water  t ranspor t  above the film are shown to exist. Both phenomena 
appear to be significant factors in  keeping the concentrat ion gradients small. 
Theoretical considerations suggest that the convection is induced by surface 
tension gradients. The convection is formally taken into account in an anal -  
ysis of the ra te-control l ing t ranspor t  of the react ing gas through the film. This 
involves the in t roduct ion of a diffusion layer thickness as parameter.  Ex- 
cellent agreement  is found between exper imental  and calculated polarization 
curves and potential  distribution. The phenomena  occurring at the model elec- 
trode are believed to represent  similar phenomena  occurring at actual gas 
diffusion electrodes. Certain ramifications also exist with regard to wet  c o r -  
rosion. 

The t ransport  of reacting gases through thin films 
of electrolyte covering a metal  surface plays an im-  
por tant  role in many  fuel cell and bat tery  electrodes 
and in metal  corrosion. In  the case of fuel cell elec- 
trodes operat ing on gases like hydrogen, hydrocarbons, 
and oxygen, it is very l ikely (1-9) that the react ing 
gas passes through a th in  electrolyte film covering the 
pore walls or the catalyst  particles prior to reacting 
at the electrode surface. Likewise, in hermetical ly 
sealed batteries, oxygen and hydrogen that  are evolved 
especially dur ing  overcharge are expected to diffuse 
through thin electrolyte films before reacting on one 
of the bat tery plates or an auxi l iary  electrode (10-12). 
"Wet" metal  corrosion often involves the s imultaneous 
anodic dissolution of the metal  and cathodic reduct ion 
of oxygen from the air. The rate at which oxygen 
diffuses through the l iquid layer covering the metal  
surface (13) often controls the rate of corrosion. 

A previous exper imenta l  s tudy (2) of the oxidation 
of hydrogen on a p la t inum electrode part ial ly im-  
mersed in sulfuric acid had strongly suggested gas 
t ransport  through a th in  electrolyte film as ra te -con-  
t rol l ing reaction step. This mechanism was fur ther  
supported by  the good agreement  between experi -  
menta l  polarization curves and curves resul t ing  from 
a mathemat ical  analysis (3). The analysis was made 
under  the assumptions of diffusion control without  
convection in the film and of constant  electrolyte con- 
centrat ion throughout  the length of the film. Fur the r -  
more, the analysis contained the film thickness as an 
adjustable  parameter .  

However, we might  expect a substant ial  increase of 
the electrolyte concentrat ion in the film due to the 
formation of hydrogen ions and the migrat ion of 
anions in the film (14, 15). If, on the other hand, con- 
centrat ion gradients exist, we expect convection in the 
film electrolyte, caused either by evaporation and con- 
densation of water  vapor, or by gradients in  surface 
tension (13, 16-19). 

It  is the aim of this paper  to test the assumptions of 
the previous analysis exper imenta l ly  and to ver i fy  the 
predicted potent ial  and cur ren t  distr ibution in  the 
film. This informat ion cannot  be obtained by direct 
measurements  on porous electrodes or par t ia l ly  im-  
mersed electrodes, owing to the small  thickness of the 
electrolyte film (20) and the short length of the re-  
action zone. Hence, measurements  were carr ied out 
on a scale-up model of an electrode covered with a 
thin film of electrolyte. 

The results obtained on such an exper imenta l  model 
have impor tant  ramifications regarding a bet ter  unde r -  
s tanding of the gas t ransport  phenomena  occurring in  
many  porous electrodes and in  corrosion. To which 
extent  informat ion obtained on the model can be 
t ransferred to actual  systems depends on the extent  of 
hydrodynamic s imilar i ty  (19) between model and sys- 
tem and has to be decided from case to case. 

Experimental 
The scale-up model used in the following study con- 

sists of a horizontal  p la t inum foil, 40 cm long, 2.42 cm 
wide, and 50/~ thick that has been cemented to a plane-  
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parallel  glass bar  of equal length and width�9 Acid-re-  
sistant, h igh- tempera ture  cure epoxy resin was used 
for cementing. The cemented foil proved to be flat 
within __+10~. The glass bar with foil is t ightly fitted 
on three sides into the rectangular  depression of a 
Teflon bar. A small  rectangular  reservoir for the elec- 
trolyte borders on the fourth side of the glass bar. The 
top edges of the Teflon vessel rise 1 mm above the 
top of the p la t inum foil. The Teflon vessel with glass 
bar  and foil is contained in a glass cell. A p la t inum foil 
counter  electrode and a p la t inum screen reference 
electrode are introduced into the reservoir  through a 
glass joint. This part  also has provisions for introduc-  
ing gas and electrolyte. The gas leaves the cell through 
a water  trap. P l a t inum wire  probes of 0.5 mm diameter  
are introduced through glass joints in the top of the 
glass cell. The probes are located in  the center  l ine of 
the foil and spaced 2 cm apart  from each other. Their  
flat ends are spaced at an accurate height of 0.25 mm 
above the foil. Counter  electrode, reference elec- 
trode, and the tips of all probes are platinized. The 
electrolyte, contained in the reservoir, spreads over 
the p la t inum foil, forming a film of uni form thickness�9 
A steady stream of hydrogen was b lown over the 
electrolyte film at a rate of about  10 cm~/min. To 
minimize evaporat ion of the film, the hydrogen, before 
enter ing the cell, was blown through two gas wash 
bottles containing sulfuric acid of the same con- 
centrat ion as used in the experiment.  These concen- 
trations were 8N, 1N, 0.4N, 0.1N, and 0.02N. All ex- 
per iments  were carried out at a controlled room tem- 
pera ture  of 25 ~ +_ 1~ 

Electrolyte films of thicknesses 2, 1, and 0.5 m m  
were applied. The film thicknesses were measured 
mechanical ly to a precision of • A p la t inum tube 
with a flat end, r igidly mounted  on a precision cathe- 
tometer, was lowered through a glass joint  after 
removing the respective probe. An ohm-meter  was 
connected between the p la t inum tube and the plat i -  
num foil. The moments  that  the p la t inum rod first 
touched the electrolyte surface and then the p la t inum 
foil could be precisely determined by the changes in 
the deflection on the ohm-meter . l  

A block diagram of the electrical setup is shown 
in  Fig. 1. The lower part  of the diagram contains a 
schematic of the electrolytic cell with the grounded 
test electrode (p la t inum foil) T, counter  electrode C, 
reference electrode R, and probes P1 to P20. Potentials  
Er between 0 and 0.8v are applied between R and T 
by means of a potentiostat, and the cell cur rent  I 
through C and T is measured as a funct ion of Ea'. In  

The sugges t ion  of th i s  s imple  a n d  prec ise  m e t h o d  b y  J. D. Liv-  
ings ton  of ou r  l a b o r a t o r y  is g r a t e fu l l y  a cknowledged .  

[ 

v~//.FIL~///////~r] 
/ 1 1  ~ T ? 

Fig. 1. Block. diagram of the e|ectricai setup and electrolytic 
cell: 1", test electrode; C, counter electrode; R, reference electrode; 
P1 to P20, probes. 
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all plots and equations, the corrected applied potent ial  
E~ occurs instead of Ea'. Ea is identical  to the poten-  
tial measured between probe 1 and test electrode T 
and is related to Ea" by 

E a ---~ Era' -- ~IR [ 1 ]  

where E1R is the ohmic voltage drop between probe 1 
and reference electrode R. The local electrode poten-  
tials E (x ) ,  i.e., the potent ial  distr ibution,  are measured 
as the potentials between the various probes P1 to 
P20 and T. The impedances between the various 
probes and T were measured at frequencies of 1 and 
10 kHz using an impedance bridge. A 1 ~F capacitor 
effectively prevented the bridge circuit from in ter fer -  
ing with the d-c measurements .  Thus, the impedances 
could be measured while different d-c potentials Ea' 
were being applied. At 10 kHz, the ohmic component  
of the measured impedance is essentially identical  to 
the electrolyte resistance between the part icular  probe 
and the test electrode. After  cal ibrat ion with known 
electrolyte concentrations, the magni tude  of this re-  
sistance is an accurate measure for the concentrat ion 
of the electrolyte in  the vicini ty of that par t icular  
probe. 

Results 
Current-potential  curves.--Polarization curves for 

different concentrat ions of sulfuric acid and different 
film thicknesses are shown in Fig. 2. The cell cur-  
rent  p e r  cent imeter  width of the electrode, I /W,  is 
plotted against a square root expression containing 
the applied potential  Ea and an exponent ia l  of Ea. The 
reasons for plott ing the polarization curves in this par= 
t icular way wil l  become apparent  in the Discussion 
section�9 

The following features of the polarization curves 
are noted: (i) The effect of the film thickness on the 
slope of the polarization curves is re la t ively small. 
(ii) Decreasing the concentrat ion of the sulfuric acid 
decreases the slope of the curves drastically, i.e., in-  
creases the polarization for fixed current  drastically. 
(iii) A limit ing cur ren t  is obtained for 8N H2SO4. The 
l imit ing current  is considerably larger for 1 mm than 
for 2 mm film thickness. 

Potential dis tr ibut ion.--Figure 3 shows a l inear  plot 
of the local electrode potentials against the distance 

8N,0.5 mm 
\ / .  

I .......... ',7// / 
�9 / / 

/ 8N, ~mm 

XlN,O.Smm 
" ' ,  ,~ 

/ 

8N, 2ram 

0,1hi 0,5ram 

2Aw 

0 ~ ~ -  ~ "O02N,2mm 

0 :30 ~ 0  50 I O0 200 400 

J[. : ~I,-."*~i [..] 

Fig. 2. Polarization curves for various acid concentrations and 
film thicknesses: I /W,  cell current per unit width of electrode; 
Ea, applied potential; ,I,, F/RT. 
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Fig. 3. Potential decoy far 8N H2SO4 and 2 mm film thickness 
with applied potential l:a as parameter. 

tO:8 BN, 2ram IN, Imm 

..~0. O.IN, 2ram 

Fig. 4. Potential decay for fixed applied potential Ea ~ 100 my 
with the concentration and film thickness as parameters. 

x for 8N H2SO4 and 2 mm film thickness wi th  the 
applied potent ial  Ea as a parameter .  E(x) is plot ted 
in dimensionless units as rat io E(x)/Ea. The distance 
x along the film is counted from the beginning of the 
film at probe 1. We find that the potent ial  decay is 
quite  small  for the larger  applied potent ia l  and that  
the rate  of decay is substant ial ly increased as the ap- 
plied potent ial  is decreased. This finding applies to 
all acid concentrat ions and film thicknesses. 

The effect of the acid concentrat ion and the film 
thickness on the potent ial  decay for  a fixed applied 
potent ial  of 0.1v is shown in Fig. 4. As expected, the 
potential  decays much more  rapidly as the acid con- 
centrat ion or the film thickness are decreased. In 
0.02N H2SO4, and for ~ = 2 mm the potent ial  decays 
to 2% of the applied va lue  between probe 1 and 2 
and to less than 1% for ~ = 1 ram. 

Concentration changes.--The impedances between 
the various probes and the test e lectrode were  meas-  
ured  in 0.4N H2SO4 at a film thickness of 1 ram. The 
flow rate  of hydrogen was decreased to about 1 cm3/ 
min  to minimize evaporat ion of the film. For  a fixed 
applied potent ial  of 100 -+ 0.5 my, the current,  the 
potent ia l  distribution, and the impedances were  
measured  as a function of t ime over  a period of 240 hr. 

During this period, the film thickness decreased f rom 
1.0 to 0.9 mm and the current  f rom 0.84 to 0.82 ma. 
Concurrently,  the potent ial  decay became slightly 
larger,  as shown in Fig. 5. The max imum change 
amounted to less than 5%. 

The e lec t ro lyte  resistances at t = 0 be tween  the 
various probes and the test e lectrode fell  in the range 
18.7-24.4 ohms. The spread in resistance values is 
caused by the nonuni formi ty  of the vert ical  spacing 
of the probes above the test electrode. Af te r  240 hr, 
the resistances var ied  f rom 18.4 to 25.4 ohms. The 
changes of the resistances, aR, at the var ious probes, 
in per cent deviat ion f rom their  original  values, are 
plot ted in Fig. 5. We note that  the resistances have be- 
come slightly larger  near  the reservoir ,  at probe 1 
and 2, and near  the film end. Be tween  probes 3 and 
13, on the other  hand, the resistances have  become 

I o.~- -  

T ~E{x)/Ea ~00 aR/R--~ ~ 

' - - 0  / - /  
~' o / o  o 

0 I /  

-4 ; ~  )2 
;2401~ o ~0 
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4 8 12 ~6 20 24 28 32 36 H~ 
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Fig. 5. Resistance changes in per cent deviation from original 
values after 240-hr polarization at 100 my in 0.4N H2S04. Also 
potential distribution at t = 0 and t = 240 hr. 
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sl ightly smaller. This reflects a tendency of the acid 
concentrat ion to become slightly smaller  in the reser-  
voir  and near the film end and sl ightly larger  in the 
regions of the film where  the oxidation of the hydro-  
gen occurs. However ,  the effect is quite  small, the 
changes of the acid concentrat ion amount ing to less 
than --+5% along the whole length of the film. 

Water vapor transport.--Water vapor  may be t rans-  
ported above the film from areas of the film wi th  low 
electrolyte  concentrat ion to those with higher  con- 
centration. The ra te  of vapor  t ransport  would  then be 
expected to have an effect on the magni tude  of the 
concentrat ion changes and, hence, the electrolyte  re-  
sistance. 

The possible effect of vapor  t ransport  was studied 
by decreasing the rate  of vapor  t ransport  perpen-  
dicular to the film re la t ive  to the rate of hydrogen 
transport.  This was effectively done by floating a 
Teflon membrane  of 3~ thickness on the 1 mm thick 
film of 0.4N H2SO4. Hydrogen permeates  through 
Teflon membranes  roughly 30 t imes faster  than water  
vapor. 2 The probes were  inser ted through small  holes 
in the Teflon membrane.  The current  for Ea ~- 100 
my was 15% smaller  (0.71 ma) than wi thout  the 
Teflon membrane  (0.84 ma) due to the l imited rate  
of permeat ion of hydrogen through the membrane.  
The electrolyte resistances be tween  x ~ 0 and 20 cm 
changed in a manner  s imilar  to that  shown in Fig. 5 
which applies to the case wi thout  membrane.  How-  
ever, the re la t ive  changes were  approximate ly  double 
as large as wi thout  the membrane.  Hence, the concen- 
t rat ion gradients be tween x = 2 and 20 cm were  about 
double as large as without  membrane.  For  x > 20 cm, 
the concentrat ion changes amounted to less than 1%. 

Convection o] film electrotyte.--Possihle convec-  
tion of the film electrolyte  was tested for by adding 
a small  amount  of red p igment  to the electrolyte.  The 
electrode was covered with  a 1 mm film of 1N H2SO~. 
A potential  of 800 my was applied. The current  of 
4.6 ma did not change on addit ion of the p igment  
through the glass joints in the top of the cell. The 
pigment  quickly conglomerated to form part icles of a 
few tenths of a mi l l imeter  d iameter  which floated in 
the film electrolyte.  Within a few minutes,  these par-  
ticles moved from near  the center  of the film to the 
vicini ty of the film edges. This motion proved to be 
independent  of any applied potential.  The cell was 
then left  standing for 12 hr  wi thout  a potent ia l  ap- 
plied. The particles remained  essentially motionless 
during this time. A potential  of 800 my was now ap- 
plied and the motion of several  particles moni tored 
with  markers.  The part icles in the film be tween  probe 
No. 1 (x = 0) and probe No. 6 (x -~ 10 cm) showed 
a distinct motion in the direction of the reservoir  
whi le  the particles closer to the film end (x > 20 cm) 

Private communication by W. L. Robb of the General Electric 
Research and Development Center. 
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remained essentially motionless. As soon as the ap- 
plied potential  was turned off (Ea = 0), the part icles 
stopped moving. With a potential  applied again, the 
particles s tar ted moving  again. The velocity of the 
part icles near  probe No. 4 (x = 6 cm) was determined 
in repeated runs as 1.3 �9 10 -8 cm/sec  ~ 10%. 

Discussion 
Concentration changes and convec~ion.--If  there 

were  no convect ion in the film electrolyte,  we would  
expect  an exponent ia l  increase of the electrolyte  con- 
centrat ion in the film over  that  in the reservoir  (14, 
15). In this case, the s teady-sta te  current  would  be 
due to migra t ion  and diffusion of hydrogen ions. 

The finding that  the electrolyte  concentrat ion 
changes very  l i t t le indicates the presence of convec- 
tion in the film electrolyte.  Indeed, convection was 
proved to exist  by observing the motion of part icles 
added to the film electrolyte.  

We suggest two effects that  are  l ikely  to cause the 
observed convection: (i) motion induced by gradi-  
ents of the surface tension in the electrolyte  and (ii) 
motion induced by wate r  vapor  t ransport  above the 
electrolyte.  

Motion induced by surface tens ion . - -The  format ion 
of hydrogen ions at the electrode surface is expected 
to give rise to concentrat ion gradients in the film 
paral le l  to the surface and also perpendicular  to the 
surface. The concentrat ion gradients,  in turn, cause 
gradients of the surface tension in the electrolyte  
which are  known to set the l iquid in motion if cer-  
ta in instabil i ty cr i ter ia  are fulfilled. 

A number  of papers have  dealt  wi th  convection 
cells or B~nard cells (21) dr iven by surface tension 
gradients (18) and established the cri ter ia  for con- 
vec t ive  instabil i ty in l iquid films (22-26). Pearson (22) 
der ived a characterist ic dimensionless constant B, 
whose value  determines  the onset of convect ive in-  
stability. If  the dr iving forces are concentrat ion gradi-  
ents in the film ra ther  than tempera ture  gradients, one 
obtains 

B-----(52//~D+) (O~/Oc + ) (Oc+/Oy) [2] 

5 = film thickness, ~ = viscosity, c + ---- concentration, 
D+ = diffusivity of electrolyte,  ~ = surface tension, 
y = coordinate perpendicular  to the film. For the case 
of constant flux at the bot tom of the film (y -= 0), 
Pearson calculates a critical value Bcrit -~ 48. B 
Bcrit characterizes the onset of convect ive instability. 
Using Eq. [2] we find that  for a 1 m m  thick film of 
1N H2SO4 a concentrat ion gradient  of only 10 -3 
mole /1 /cm is requi red  to cause convect ive  instability. 

It  is impor tant  to note that  convect ive instabil i ty 
caused by density gradients is governed by a d imen-  
sionless constant, called Rayleigh number  (27), which 
is proport ional  to 54 and that  the critical Rayleigh 
number  is more than an order of magni tude  larger  
than Bcrit. Thus, in films of 1 mm thickness and th in-  
ner, convect ive  instabil i ty can confidently be a t t r ib-  
uted to the surface tension ra ther  than the buoyancy 
mechanism (22). 

In contrast  to cel lular  motion, Levich  (19) t reated 
gross motion of the film elect rolyte  paral le l  to the 
surface induced by surface tension gradients which 
are caused by t empera tu re  or concentrat ion gradients 
in the x-direct ion.  He der ived a parabolic veloci ty  dis- 
t r ibut ion 

v~ = (3/45~) [ (y - -8 /3 )  2 - -  (8/3) 2] O#/Ox [3] 

where  v~ = x -componen t  of the veloci ty  of the l iq-  
uid. Equat ion [3] predicts a motion of the e lect rolyte  
in the direct ion of the surface tension gradient  near  
the electrode surface ( lower 2/3 of film thickness) and 
in the opposite direction near  the film surface (upper  
1/3 of film thickness).  The surface tension of sulfuric 
acid increases wi th  increasing concentrat ion in the 
range of 0-50% by weight  (28). The change amounts 
to about 1 dyn /cm/mole /1 .  The observed change of 

the electrolyte  resistance in 0.2M H2SO4 for 0 ~ x 
8 cm (see Fig. 5) corresponds to a concentrat ion gra-  
dient of 2.5 �9 10 -3 mole/1/cm. Using this value, we 
calculate f rom Eq. [3] an average veloci ty in the 
lower 2/3 of the film of 0.7 �9 10 -3 cm/sec.  This is 
about one half  the observed velocity of the suspended 
particles (1.3 �9 10 -3 cm/sec)  and suggests that  sur-  
face tension gradients are l ikely to be a significant 
factor in causing convection in the film electrolyte  
and thereby reducing concentrat ion gradients.  

Water  vapor t ranspor t . - -A  rough calculat ion of con- 
vect ive t ransport  of wa te r  vapor  above the film shows 
that  a flow veloci ty of only 2 �9 10 -2 cm/sec  is suffi- 
cient to keep the concentrat ion gradient  of the elec- 
t rolyte  near  the film surface at the low observed 
value. The fact that  the concentrat ion gradient  is 
roughly doubled when a Teflon membrane  is used also 
suggests that  wa te r  vapor  t ransport  is significant in 
reducing concentrat ion gradients. The evaporat ion 
and condensation of water  vapor  are expected  to 
cause convection in the film electrolyte  due to capil- 
lary  and gravi ty  forces. 3 

Diffusion layer th ickness . - -S ince  the film elect rolyte  
is in motion, the react ing gas (hydrogen)  is carr ied to 
the electrode surface by convect ive diffusion. The gas 
flux and, hence, the current  density is la rger  than 
for pure diffusion through the e lect rolyte  film. Mathe-  
matically,  the t r ea tment  of this problem is ve ry  com- 
plicated because it involves the introduct ion of the 
veloci ty  of the e lect rolyte  as a function of x and y 
into the convect ive  diffusion equation. A specific case 
of this general  problem was t rea ted  by Levich (19), 
but is not applicable to the present  problem. In gen-  
eral, the flux in a convect ive diffusion regime can be 
expressed in terms of Fick's law of diffusion by in-  
troducing a diffusion layer  which is a function of the 
coordinate x and contains var ious mater ia l  constants 
(19). 

Lacking a theory that  would  allow us to express 
the diffusion layer  thickness in this way, we introduce 
a diffusion layer  thickness b' fo rmal ly  as an adjus table  
parameter .  

The previous analysis (3) of e lectrochemical  reac-  
tions involving the slow diffusion of a react ing gas 
through the electrolyte  film was made under  the as- 
sumption of no convection and constant concentra-  
tion in the film electrolyte.  The analysis wil l  now be 
modified in terms of a diffusion layer  thickness 5', 
which, due to convection, is only some fraction of 
the actual film thickness 6. 

Current-potent ial  curves . - -For  penetrat ions  of the 
electric field small  compared to the length of the film, 
i.e., if the potent ial  at the film end, EH, is essential ly 
zero, the expression 

I / W  = 2~/~/5 --~'k/FDCoK" ~ / ~ a - -  (1--e-2r  [4] 

results for the cur ren t -poten t ia l  curve. W is the width  
of the electrolyte  film, D and Co the diffusion coefficient 
and the solubil i ty of hydrogen  in sulfuric acid, re -  
spectively;  ~ is the conduct ivi ty  of the electrolyte,  and 
r = F/RT.  It is in teres t ing to note that  the current  
in the original  expression (3) is independent  of b. 

For Ea > >  R T / F  and penetrat ions of the electric 
field large compared to the length of the film, i.e., for 
EH < 50 mv, the concentrat ion of molecular  hydrogen 

at the surface of the test electrode approaches zero 
along the whole  length of the film. Under  these con- 
ditions, a m a x i m u m  diffusion current  

Im /W = 2 (5/50 FDco/5 [5] 

should be obtained. 

The value  of the applied potential,  E,~, for  which 
the m ax im um  diffusion current  at any given value of 
(H/5)m is obtained, can be calculated f rom 

s The  poss ib le  s ign i f i cance  of  v a p o r  t r a n s p o r t  w a s  also s u g g e s t e d  
by hennion and Tobias (29). 
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Table II. Values of 8/8'  
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Fig. 6. Values of the ratio film length H to film thickness 8 far 
which the applied potentials Em produce the maximum diffusion 
current in 8N and 1N H2S04. 

Era- -  EH = (FDco 8 / 8 ' g )  ( H / 8 )  2m [ 6 ]  

where EH -~- 0.05v. All increase of H/8 beyond (H/8)m 
produces essentially no increase of the current.  Figure  
6 correlates values of (H/8)m and E,~ over a wide 
range of potentials for 8N and 1N H2SO4. 

According to Eq. [4], s t raight  l ines should resul t  in  
a plot of I / W  against %/Ea - -  [1 - -  exp (--2r Ea)]/2r 
Equation [5] predicts a max imum diffusion current  for 
8N H2SO4 whose magni tude  is inversely  proport ional  
to 8. According to Eq. [6] and Fig. 6, the max i mum 
diffusion current  should s tar t  at lower potentials for 
the larger film thicknesses. I t  is seen from Fig. 2 that  
the exper imental  curves follow the predicted behavior. 
A good quant i ta t ive  fit between exper imental  and 
theoretical curves is obtained for the values of 8/8' 
shown in Table I. Also tabulated are the exper imenta l  
values for the slopes of the curves in  Fig. 2, the m a x -  
imum diffusion currents  and the values for E,n. For  all 
acid concentrations, the values of 8/8' lie between 1.8 
and 2.9, i.e., the diffusion layer  thickness is only about 
1/2 to 1/3 of the film thickness. 

Potential distribution.~For small values of the ap- 
plied potential,  i.e., Ea ~ RT/F,  the local electrode 
potent ial  can be wr i t ten  as 

E(x) /Ea  ---- exp (--2 X/F~DCoI~RT\/8-~x/8)  [7] 

Figure 7 shows a plot of the logar i thm of E(x ) /Ea  
against  x/8 for Ea ~ 10 mv  and different acid con- 
centrations and film thicknesses. As predicted by 
Eq, [7], the exper imental  points lie on straight lines. 
Their  slopes can be matched with the theoretical  
slopes 

2~/F2Dco/~ RT .X/81~" 

for the values of 5/5' given in  Table  II. While two of 
these values (2.30 and 1.90) agree well  with the values 

8N 1N 

2 r a m  1 m m  2 m m  1 m m  

O,IN 

2 lni~ 

6/8'  2.30 1.50 2.20 1.40 1.90 

given in Table I, the other three values are by some 
25 to 35% smaller  than those in  Table I. 

For large values of the applied potential,  Le., E~ 
> >  RT/F,  and large penetrat ions of the electric field, 
i.e., EH > ,50 m v ,  one obtains 

(x) = E a - - E ( x )  
-~ (FDcoS/8' K) {(H/8)2--[ (H--x)/8] 2} [8] 

The potential  decays less rapidly than the exponential 
decay given by  Eq. [7]. We expect straight lines in  a 
plot of the ohmic potential  drop ~(x)  in the electro- 
lyte film against  (H/8) ~ - -  [(H--x) /8]  2. Their  slopes 
are given by FDco 8/8'~ and should depend on the 
film thickness 8 only insofar as 8 enters through the 
correction factor 8/8' with  values be tween 2 and 3. 
F igure  8 shows that  these predictions are fulfilled very 
well  for 8N H2SO4 and 8 -- 2 and 1 ram. The four top 
curves, shown in Fig. 3 for Ea ~ 200, 400, 600, and  
800 my, all fall on one straight line when  plotted as 
in Fig. 8. The same is t rue  for all potentials between 
E~ ~ 400 and  800 mv in  the case of 8 ---- 1 ram. For 
the other concentrat ions and film thicknesses, the 
condition E~ > 50 mv  is not fulfilled. Hence, Eq. [8] 

cannot be a~plied. A quant i ta t ive  fit be tween the 

1 
bf 

\ 
I 

) 140 

Fig. 7. Semi-logarithmic plot of the potential decoy for Ea 
10 my at various normalities, and 5 = 1 and 2 mm, 

Table I. Values of 8/8" 

8N 1N 

2 m m  I m m  0.5 r a m  2 m m  1 m m  0,5 m m  

0 . I N  0 .0aN 

2mm lmm 0.5mm 2mm lmm 

Sexp, m a / c m  - ~  2.56 2.44 2.36 
~thi ma/c r t l  ~/V 1,71 1.71 1.71 
~/6' • (Sexp/Sth) 2 2,~4 2.04 1.91 
I,,~ exp/W, m a / c m  0.79 1.41 
I~ th/W, m a / c m  0.35 0.69 
816' 2.20 2.04 
E . ,  exp. m y  130 350 
E,,~ th, m v  85 200 
6/~' g.28 2.00 

2.30 1,96 2.14 0.67 0.77 0.79 0.39 0.34 
1.34 1.34 1.34 0.50 0.50 0.50 0.25 0.25 
2.94 2.14 2,55 1.80 2.37 2.50 2.50 1,92 
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Fig. 8. Ohmic potential drop in the electrolyte as a function of 
the distance in a square plat for large Ea in 8N H2$O4 for 8 ----- 1 
and 2 mm. 

slopes of the straight lines in Fig. 8 and the slopes 
calculated from Eq. [8] is obtained wi th  8/8' = 2.63 
for 5 = 2 m m  and 8/8" ~ 2.18 for ~ = 1 ram. These 
values agree moderately well  with those given in 
Table I. 

Hydrodynamic similarity be tween  ~odeI  and gas 
electrodes.--The degree of hydrodynamic  s imilar i ty  
between the model electrode and actual  gas electrodes 
can strictly be obtained only by a rigorous analysis 
with dimensionless quantities.  Such an analysis leads 
to a system of second order part ial  differential equa-  
tions. These can be solved only in special cases and 
with approximations which are often so s t r ingent  that  
the case t reated no longer represents the original  prob-  
lem. Levich (19) treated a special case of convective 
diffusion of a gas through a l iquid film with surface 
tens ion- induced motion. However, he did not  concern 
himself with concentrat ion gradients in  the liquid and 
ionic motion due to migration,  diffusion and convec- 
tion. He derived a Reynolds n u m b e r  for the film 
which is 

Re = (62p/4~ ~) (0a/0c+) (Oc+/~x) [9] 

when wr i t ten  in terms of a concentrat ion gradient  as 
driving force. The dependence of Re on 8 ~ and on the 
concentrat ion gradient  is the same as that  of Pearson's  
dimensionless constant  B in Eq. [2]. Own unpubl ished 
calculations show that  Oc+/Ox is, to a first approxima-  
tion, inversely  proport ional  to 82 . This means that  the 
film Reynolds n u m b e r  and Pearson's  constant  B are 
independent  of the film thickness and would indicate 
hydrodynamic  similari ty between model and actual  
gas electrode. We stress that  this conclusion is based 
on an approximate solution of the problem and not  
the resul t  of a rigorous analysis. 

Before we can establish similar arguments  with re-  
gard to the significance of water  vapor t ranspor t  in  
gas electrodes we have to obtain knowledge about the 
thickness of films as a funct ion of the pore radius. A 
rough calculation shows, however, that vapor t rans-  
port in  pores of 4~ diameter  wi th  0.1~ thick films 
is a feasible mechanism. 

Exper imenta l  results show that good hydrodynamic  
similari ty must  exist between the mil l imeter  thick 
films on the model electrode and the micron thick 
films (2, 3, 20) on par t ia l ly  immersed  electrodes u n -  
der diffusion control. The cur ren t -po ten t ia l  curves in 
both cases are essentially identical  and follow the 
behavior  predicted for electrodes under  diffusion con- 
trol in  the absence of concentrat ion gradients in the 
film electrolyte. For the case of the large concen- 
trat ion gradients expected (14, 15) in  the absence of 
convection and vapor transport,  the predicted cur ren t -  
potential  curves are quite different (30) from the ex-  
per imenta l  curves. 

Several  exper imenta l  facts also suggest that  fair  hy-  
drodynamic similari ty exists between the model elec- 
trode and actual  gas electrodes under  diffusion con- 

trol. Polarizat ion curves obtained on actual hydrogen 
(4) and oxygen diffusion electrodes (4, 5), the lat ter  
at higher current  densities, show the same typical be-  
havior as those obtained on the model electrode and 
as predicted by Eq. [4]. 

Conclusions 

Polarizat ion curves obtained on the model electrode, 
which is completely covered wi th  an electrolyte film 
of precisely known thickness, display a dependence of 
the current  on the square root of the potent ial  and an 
exponent ial  of the potential.  This dependence is pre-  
dicted by an analysis of ra te-control l ing diffusion of 
the reacting gas through the film under  the assump- 
t ion of constant  concentrat ion of the film e!ectrolyte. 
Exper imenta l  evidence for convection in  the film and 
transport  of water  vapor above the film is presented, 
and both phenomena  are made responsible for the ob- 
served lack of substant ia l  concentrat ion gradients in 
the film electrolyte. Theoretical considerations sug- 
gest that  the motion of the film electrolyte is induced 
by surface tension gradients. A diffusion layer  thick- 
ness 8' is formal ly  introduced in  the analysis which, 
due to the convection, is only a fraction of the film 
thickness 8. For values of ~'/~ between 1/3 and 1/2 a 
quant i ta t ive  fit be tween observed and calculated po- 
larization curves is obtained. The measured potent ia l  
dis t r ibut ion also follows closely the predicted be-  
havior, namely,  the potent ial  decays exponent ia l ly  for 
small polarizations and less steeply, as the square of 
the distance x, for large polarizations. 

Polarizat ion curves obtained on par t ia l ly  immersed 
electrodes and on actual gas electrodes often display 
the same typical behavior  as the curves obtained on 
the model electrode. We conclude from this fact that  
a good degree of hydrodynamic  similari ty exists be- 
tween these different systems. This conclusion is also 
borne out by theoretical considerations. Hence, we 
expect the phenomena  observed on the model electrode 
to be fairly representat ive  for similar  phenomena  oc- 
curr ing on actual  gas electrodes. 
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Technical 

Fuel Cell Performance as a Function 
of Catalyst Surface Area 

Harold I. Zeliged 
Union College, Schenectady, New York  

In o rder  to s tudy the re la t ionship  be tween specific 
p l a t i num surface area  and fuel  cell  performance,  i t  
is necessary  to have  electrodes which  are  p r epa red  
s imi la r ly  and which contain catalysts  tha t  a re  s imi lar  
but  wi th  va ry ing  p l a t inum content  and  specific p l a t -  
inum surface area.  In  the  w o r k  descr ibed be low the 
dependence  of fuel  cell  pe r fo rmance  on the surface 
area  of the  ca ta lys t  was demonst ra ted .  

P la t in ized  asbestos samples  wi th  va ry ing  p l a t inum 
content  were  p repa red  by  repea ted  (6 cycle) p l a t -  
inizat ion (1) of a single s ta r t ing  batch of asbestos as 
follows. 

Asbestos (5g) was impregna ted  wi th  a 3% solution 
of chloroplat inic  acid and the excess solut ion was fil- 
te red  off. The moist  impregna t ed  asbestos was dr ied  
and reduct ion was car r ied  out  wi th  hydrogen  at  100~ 
The p la t in iza t ion  was repea ted  5 more  times, wi th  
samples  t aken  at  the end of each cycle. P la t in ized  
asbestos samples  wi th  1, 2, 3, 4, 5, and 6% p la t inum 
were  p repa red  in this m a n n e r  f rom a single s ta r t ing  
batch of asbestos. A 3% solution was used because 
i t  was found empi r i ca l ly  tha t  this added  1% of p l a t -  
inum per  cycle. 

The electrodes used in this s tudy were  modif ied 
Ne id rach -Al fo rd  (2) electrodes.  They consisted of a 
mix tu re  of catalyst ,  Teflon binder ,  and conduct ing 
graph i te  d i luent  (which was requ i red  in these elec-  
t rodes because of the  smal l  quant i t ies  of p l a t inum 
present )  pressed  into a suppor t ing  p la t inum screen 
which also se rved  as a cur ren t  collector.  A porous 
Teflon film on the gas side of the e lec t rode  prov ided  
for p roper  e lect rode wet t ing  so tha t  both  the  elec-  
t ro ly te  and reac t ing  gas had  sa t i s fac tory  access to the  
ca ta lys t  incorpora ted  into the s t ructure .  This e lec-  
t rode  s t ruc ture  p rov ided  for  high electronic conduc-  
t iv i ty  and r ap id  input  and remova l  of reac tan ts  and 
products .  

Al l  the e lectrodes p r e p a r e d  were  eva lua ted  as oxy -  
gen cathodes in s tandard  test  fuel  cells. The  test  cells 
conta ined the test  electrode,  a Tef lon-bonded (2) 
hydrogen  counter  e lec t rode  wi th  34 mg p l a t i num per  
cm 2, and 5N sulfur ic  acid e lectrolyte .  

Fue l  cell  pe r fo rmance  da ta  were  obta ined  under  the  
condit ion of s teady  d-c  drain.  The cells tes ted were  

1 P r e s e n t  a d d r e s s :  A v c o  S p a c e  S y s t e m s  D i v i s i o n ,  Lowe l l ,  M a s s a -  
c h u s e t t s .  

Table I. Properties of catalysts prepared through stepwise 
platinization 

Speci f ic  P t  s u r f a c e  
C a t a l y s t  % P t  a r e a  in  m S / g  

A 1.0 46 
B 2.0 42 
C 3.0 37 
D 4.0 32 
E 5.0 28 
F S.0 23 

discharged th rough  a res is t ive  load. IR free  potent ia ls  
were  obta ined by  in t e r rup t ing  the flow of cur ren t  
(sweep speeds of 100 ~sec/divis ion werd  adequate)  
and moni tor ing  the  vol tage  change on an oscilloscope. 

Specific p la t inum surface areas  were  de te rmined  by  
measur ing  the dissociat ive chemisorpt ion  of hydrogen  
on p l a t inum (3),  us ing the appara tus  of McKee (4). 

P l a t inum contents and specific p la t inum surface 
areas  of the six samples  of p la t in ized asbestos p re -  
pared  are  given in Table  L 

o.6  

0 .1  

Fig. 1. IR free performance curves for electrodes 1, 2, 3, and 4 
on oxygen at ambient temperature, obtained via direct d-c dis- 
charge method. Anodes, standard electrodes with 34 mg Pt/cm2; 
cathodes, test electrodes with varying Pt content; electrolyte, - -5N 
H2SO4, ~ in. electrolyte gap. �9 Electrode 1 (0.17 mg Pt/cm2); 
V ,  electrode 2 (0.33 mg Pt/cm2);/-/,  electrode 3 (0.66 mg Pt/cm2); 
A ,  electrode 4 (1.0 mg Pt/cm2). 
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Table IL Data for comparison of current density obtained per unit 
area of platinum 

Current C u r r e n t  den- 
Specif ic  d e n s i t y  a t  s i ty  pe r  u n i t  

E l ec t rode  P t  su r face  To ta l  0.Tv I R  area  a t  0.7v 
No. and  M g  P t  pe r  a rea  i n  m ~ P t  a rea  f ree  in  IR  free,  in  
ca t a lys t  e l ec t rode  pe r  g in  m ~ rna/ern  ~ rna/cm'~/m ~ 

1-A 3.0 46 0,139 7.9 57.0 
2 -B 6.0 42 0.252 14.9 59.0 
3-D 12.0 32 0.392 22.8 58,0 
~*-F 18.0 23 0.414 25.0 61.0 

Electrodes 1, 2, 3, and 4 were prepared incorporat-  
ing catalysts A, B, D, and F, respectively, and con- 
ta ining 0.17, 0.33, 0.66, and 1.0 mg P t / cm  2. The elec- 
trodes were evaluated as cathodes in  fuel  cells. Ox- 
ygen ra ther  than hydrogen was used for the evalu-  
ation, because hydrogen is such a good fuel that  it  
gives excellent performance with very small  amounts  
of p la t inum catalyst. IR-free polarization curves for 
the four electrodes are given in Fig. 1. 

Comparison of fuel cell performance with specific 
p la t inum surface area was made by measur ing the 
current  density produced per un i t  area of p la t inum 
at a 0.Tv potent ial  for each of the test electrodes. 
Table II  summarizes the data. As can be seen from 
the data in  Table II, there is an excellent  correlation 
between surface area and performance. All four elec- 
trodes, each with a different p la t inum content, gave 
between 0.057 and 0.061 ma/cm2/m e of p la t inum area 
at  0.7v. 

It is believed that the interior  of a metal  catalyst 
does not contr ibute to the catalytic process. The above 
described work supports the conclusion that  this is 
indeed the case for the electrocatalytic reduct ion of 
oxygen in fuel cells. 
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The Anodic Oxidation of Alloys 
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Surpr is ingly  li t t le previous work on anodic fiIm 
growth on alloys, either of a fundamenta l  or practical 
nature,  has appeared in the open li terature.  This is 
t rue even for dilute alloys but  is par t icular ly  so for 
compositions far removed from those of the pure 
"valve" metals. Investigations are in progress to elab- 
orate the theory of film growth on b ina ry  alloys be-  
tween valve metals, and between valve metals and 
metals which do not themselves form this type of film, 
and to pursue possible applications of such films in 
the fields of corrosion-resistant  materials,  capacitors, 
and catalysts. The present  communicat ion presents re-  
sults and theories pr incipal ly  for n iobium-base  alloys, 
but certain concepts introduced are considered of 
much more general  significance. 

Experimental 
Specimens cut f rom sheet or spark-machined as 

slices from rod were prepared from zone-refined n i -  
obium, e lec t ron-beam-mel ted  niobium, and from 
b inary  alloys of n iob ium containing, respectively, 
nomina l ly  5, 20 and 50 a/o (atomic per cent) zirco- 
nium, t i tanium, tungsten,  vanadium,  or molybdenum.  
Addit ional  experiments  were conducted on Nb-V, 
Ti-V, Nb-Mo, and Ti-Mo alloys containing 70, 85, or 
95 a/o of vanad ium or molybdenum.  The alloys were 
general ly made from e lec t ron-beam-mel ted  or com- 
parable pur i ty  metals. After  chemical polishing, fol- 
lowed by a 10-sec etch in 40% HF, the samples con- 
ta ining up to 50 a/o al loying element  were anodized 
at 10 m a / c m  2 or at 100 /~a/cm 2 to an appropriate cell 
voltage, followed by current  decay, in  3% W / V  am- 
monium tar t ra te  solution (pH adjusted to 7) at 25~ 
The alloys richer in vanad ium or molybdenum were 
prepared only at I0 m a / c m  2 with current  decay in  

this electrolyte or a l ternat ively  in  the nonaqueous  
electrolyte of 20% W / V  ammonium pentaborate  in  
e thylene glycol. 

After  visual examinat ion for adhesion, compactness, 
and color, the f requency dispersions of balancing se- 
ries capacitance and dissipation factor of films were 
measured in 1M sodium chromate solution (pH ad- 
justed to 7.2) a t  25~ using a General  Radio capaci- 
tance measur ing assembly type 1610-B with a 50-my 
p-p signal. These data also permit ted the calculation 
of average a-c resistivities, on the assumption of the 
val idi ty  of a simple electrical analogue for the film 
of a resistor in parallel  with a capacitor at any one 
frequency.  It  was also assumed that  the A/V ratio of 
23 and dielectric constant  of 41.4, which refer to Nb20~ 
films on pure niobium, held. Although this is not  
strictly true, any  errors involved in the assumption 
do not greatly affect the subsequent  argument .  I t  
should be noted that  resistivities measured in chromate 
solution cannot be compared directly with those 
measured for films on pure  metals in tar t ra te  solution 
(1). This is because of the influence of the double 
layer impedance on the measured film impedance, for 
reasons (2) that  will  be explained elsewhere. 

Results 
Thick, relat ively good qual i ty  films were readi ly 

produced on n iobium and the alloys containing up 
to 50 a/o additions, with approximate cur ren t  efficien- 
cies of 100% at 10 ma / c m 2 and 64-72% at 100 ~a/cm~. 
Current  decay performed at the end of the main  
anodizing r un  had little effect on the film properties, 
but  enabled reproducible film thicknesses to be ob- 
tained. These were 230, 1150, and 2300A, respectively, 
for pure niobium, but  films on the alloys were ap- 
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paten t ly  a little thicker except for tungsten  alloys 
where they were a little thinner.  Deviat ions from the 
above thicknesses for 50 a/o alloys were never  greater 
than  20-30% from capacitance measurements  and 
were general ly less than this when compared with an 
optical step gauge constructed with Nb205 films on 
niobium, and from considerations of the charge re -  
quired to form films to a given cell voltage. Thus, 
although there Was undoubtedly  some error in  defin- 
ing the film thicknesses and consequently in calcu- 
lat ing resistivities, this was not sufficient to inval idate  
the comparisons of alloy behavior seriously. It  is very 
impor tant  to note that  all these films appeared of 
comparable quality, although it is l ikely that there 
were minor  differences in compactness, solubility, etc. 
This contrasts s trongly with exper iments  on pure  
metals in  tar t ra te  electrolyte where  it  was found (1, 2) 
that only niobium and zirconium gave good films. Fi tm 
formation on t i t an ium was l imited by extensive oxy- 
gen evolution and on tungsten  by film solubility, and 
it was impossible to anodize vanad ium or molybde-  
num. It is the authors '  experience that  even films 
formed on vanadium or molybdenum in nonaqueous 
electrolytes are nonadheren t  and  of poor quali ty.  All 
the present  films were insoluble in tar t ra te  or chro- 
mate solutions, even after several days. Clearly their 
solubilities in more severe electrolytes will  vary  and 
fur ther  work is progressing to pursue this aspect. 

Figures la  and lb, giving the frequency dispersions 
of dissipation factor for films formed to 10 and 100v, 
respectively, on n iobium and its alloys, show that in 
general  alloying increased the dielectric loss of the 
films. Additionally,  it tended to increase the slopes of 
plots of series capacitance against f requency (which 
have been omitted in the interests of brevi ty) .  

Figures 2a and 2b i l lustrate the f requency disper-  
sions of average a-c resist ivity for films approxi-  
mately 230 and 2300A thick on n iobium and the 50 
a/o alloys, derived from Fig. la  and lb  as ment ioned 
earlier. The values were largely independent  of 
whether  the init ial  cur rent  density of formation was 
10 ma/cm 2 or 100 ~a/cm 2. The results were  identical,  
wi thin  exper imental  error, for films on the two puri t ies  
of niobium. The average resistivities and f requency 
dispersions of resist ivity were greater for the oxide on 
niobium than on any  of the alloys. The various curves 
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almost converge at 100 kc/s  with the exception of 
those for Nb-50 a/o W, probably because the la t ter  
were somewhat thinner .  At lower frequencies the 
resistivity was always lower with alloy addition, the 
effect general ly increasing in  the order zirconium, 
t i tanium, molybdenum,  vanadium,  and tungsten.  This 
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u 

/- 
O 

v 

am 
101 
ttl 
n, 
t# cTt 

\ 

s I I0  I , 04 I I0 I O0 
Frequency (Kc/s )  

Fig. 2a. Approximately 230A films; average resistivity (ohm cm) 
vs. frequency (kc/s) for films on niobium and Nb-50 a/o alloys. 



Vol. 114, No. 2 THE ANODIC OXIDATION OF ALLOYS 147 

I0 
I0 

U 

E 
0 

U~ 

n- 

< 

�9 \ 

\ 

\ 

,o5/ 
0"1 i ,o ,60 

Frequenc y (Kc/s) 
Fig, 2b. Approximately 2300A films 

result  appears to be a general  one wi th  all the alloy 
systems that the authors have studied. Curves for 
films on the more dilute alloys lay in the anticipated 
order be tween those for the pure metal  and the 50 
a/o alloys. 

Thus, with the apparent  exception of tungsten,  the 
addition of a valve metal  to n iobium led to higher 
resistance fi lms than did the addit ion of vanad ium or 
molybdenum,  which do not  themselves normal ly  de- 
velop typical thick anodic films. An impor tant  obser- 
vation was that the effect of the alloying additions 
studied in reducing the resist ivity of films on n iobium 
was most pronounced for the th inner  films. The film 
capacitances were also relat ively larger and showed a 
greater f requency dispersion. Par t icular ly  with Nb-50 
a/o V and Nb-50 a/o Mo the thicker films appeared of 
much bet ter  quali ty;  indeed for 2300A films it  is re-  
markable  to observe that  the curve for the film on 
Nb-50 a/o Mo alloy is l i t t le lower than that for the 
film on pure niobium. The reason for this consistent 
result will  be evident  later. By analogy with previous 
results for films on the niobium and zirconium (1), it 
might have been expected that  the curve for Nb-50 a/o 
Zr would lie above that  for pure  niobium. Presumably  
this is not  so because the alloy is two-phase and 
oxide above the n iob ium-r ich  regions, which predomi-  
nates, will produce the dominant  dielectric loss. It 
should also be noted that  for all alloys the t rend of 
the thicker the film the higher its average resist ivity 
held at all frequencies. The spaces between curves in-  
creased as al loying element  was added in  the order 
zirconium, t i tanium, molybdenum,  and vanad ium be- 
cause the improvement  of film qual i ty  with increased 
thickness increased in this order. 

Electron probe microanalysis  at low kilovoltages of 
stripped and attached films examined in plan proved 

that  tungsten and t i t an ium were incorporated into 
2300A films on 50 a/o alloys in their  alloy proportions, 
and the slight apparent  enr ichment  of vanad ium and 
depletion of mo lybdenum in the appropriate films were 
probably insignificant. Similar conclusions were re-  
cently reached for copper and zinc ent ry  into films on 
a luminum alloys (3). 

With progressive al loying additions greater than 50 
a/o vanad ium or molybdenum to niobium or t i tan ium 
there was a gradual  t ransi t ion from films with good 
properties to insignificant film formation. On Nb-70 
a/o V and Nb-70 a/o Mo films were formed, at ra ther  
lower current  efficiencies than those given earlier, to 
voltages of 10, 50, or 100v (corresponding to 230, 1150, 
and 2300A films, respectively, on pure n iobium) .  They 
may in fact have been somewhat thicker than these 
figures indicate, with a porous outer layer  and most of 
the voltage concentrated across an inner  barr ier  layer, 
but  this remains  to be determined.  The films were of 
the usual  visual appearance, displaying interference 
colors and were insoluble or dissolved only very  
slowly in tartrate,  chromate, or distilled water. Fi lms 
of 10v (nominal ly  230A) gave very  high capacitances, 
close to values expected for the double layer capaci- 
tance, probably indicat ing a high degree of micro- 
porosity. As the film thickness was increased the im- 
pedance characteristics progressively improved unt i l  
at 100v (nominal ly  2300A) the capacitances were rela-  
t ively low and the frequency dispersion of capacitance 
was only slightly greater than  that  expected for a top 
qual i ty anodic film. The resistivities of these films 
were sufficiently high to suggest that they may be 
useful  practically, bu t  were several times lower than 
for the 50 a /o  alloys or pure niobium. On Nb-85 a /o  
V and Nb-85 a/o Mo films could also be formed to 
high voltages at an even lower current  efficiency, but  
viscous dissolution products could be seen s t reaming 
away from the anode, reminiscent  of electropolishing. 
These films, especially when  only formed at 10 or 50v, 
continued to dissolve in the forming electrolyte, in  
chromate solution, or in distilled water. Fi lms formed 
at 100v tended to persist in an adherent  form for long 
periods, but  showed low impedances which fell with 
time, indicative of cont inued dissolution. Nb-95 a/o V 
and Nb-95 a/o Mo could not be anodized in  the aqueous 
tar t ra te  but  films could be formed on the former alloy 
in the almost "nonaqueous" borate electrolyte (as 
indeed they could on the other alloys). However, these 
were soluble in water  or in aqueous solutions. The 
same general  pa t te rn  was true of Ti-V and Ti-Mo 
alloys except there was a greater tendency to poorer 
and more soluble films, as would be expected from the 
poorer f i lm-forming properties of t i t an ium itself. 

Discussion 
In a t tempting to explain the above results it is 

worthwhile  ini t ia l ly  demonst ra t ing  briefly that ana-  
logous concepts developed for the thermal  oxidation 
of alloys appear inapplicable. 

1. There  is little, if any, preferent ia l  oxidation effect, 
as in thermal  film growth, dur ing  which one alloying 
const i tuent  is preferent ia l ly  incorporated into the 
film. Thus, a mixed oxide must  be considered, al-  
though it is not yet  known how alloying elements are 
distr ibuted through the film. From the abil i ty to form 
films on alloys containing only small  concentrat ions of 
niobium, it might  have been postulated that  this ele- 
ment  would be expected toward the exterior of the 
film. Work on the analogous case of InSb, using a 
sensitive chemical analysis method (4) however, in -  
dicated that this is perhaps unl ike ly  because the film 
contained a uniform distr ibution of both elements 
through its thickness, except for the outer 100A where  
the concentrat ion of the soluble component,  ant imony,  
fell almost to zero. 

2. Since all the added ions, whether  of higher or 
lower valency than five, reduce the a-c resist ivity of 
the film, it is apparent  that  Hauffe's valency rules are 
of little application to anodic films, whether  the a-c 
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conduction process occurring during impedance meas- 
urements  be related to d-c electronic conductivity, 
electronic relaxat ion processes due to anion vacancies 
and their associated electrons, or to ionic relaxat ion 
processes associated with anion vacancies or in ter -  
sti t ial  cations. It  is possible that  all additions to the 
cation lattice make a more disordered structure, pro-  
mote ionic relaxat ion effects, and thus reduce the low 
frequency resistivity. 

3. Consideration of the effect of the addition ele- 
ment  on the Pi l l ing-Bedworth  ratio in al ter ing the 
degree of compactness of the oxide has proved useful 
in thermal  oxidation, but  the criterion does not apply 
here, if ionic sizes are considered. 

The most useful approach is to compare the prop- 
erties of these mixed anodic alloy oxide films, such as 
their solubilities, with those of metallic alloys in ter -  
acting with electrolytes. Thus the "theory of part ing 
limits" indicates that a noble metal  will tend to pre-  
vent  the selective dissolution of a base metal  with 
which it is alloyed, even when present  in only rela-  
t ively low concentrations. The precise par t ing  limit, 
often in the range 50-70 a/o of the soluble element,  may 
be sharp or diffuse depending on the alloy and the 
solution. In certain alloys the base metal  is leached 
out leaving a skeleton rich in the more noble metal. 
This concept is of course much related to electro- 
chemical processes and does not specifically refer to 
oxides. In  the analogous si tuation with anodic films, 
ions of the valve metal, such as Nb 5+, effectively play 
the part  of the noble metal  and tend to suppress the 
dissolution of V 5+, W 6+, or Mo 6+ ions and their  as- 
sociated oxygen ions from the film. 

The experiments  described earlier suggest that  there 
is a diffuse t ransi t ion between solubili ty and in-  
solubili ty of anodic films. The "useful" par t ing  l imit  
will  depend on the alloy, the electrolyte, and the 
application. Thus, for the V-Nb system it would be in 
the range 70-80 a/o V for exposure to certain neut ra l  
electrolytes, but  less vanad ium in the alloy would be 
permissible in certain severe envi ronments  and more 
if forming were conducted in a nonaqueous electro- 
lyte and the film kept dry subsequently.  Similar  con- 
siderations apply to the other alloy systems. 

A film model may be envisaged in  which there is 
an outer porous layer  and an inner  more compact 
layer. The precise na ture  of the "pores" cannot yet 
be stated, al though pre l iminary  electron microscopial 
examinat ion  confirms their  existence; they will prob- 
ably be extremely fine for the more dilute alloys and 
coarser in alloys rich in soluble component.  The de- 
gree of this porosity wil l  fall progressively from the 
oxide/electrolyte interface to the al loy/oxide in ter -  
face. In certain cases, e.g., in the 50 a/o alloy, it ap- 

pears that it terminates after only a short distance 
into the film (perhaps about 100A), when there is 
no longer a feasible continuous path of soluble ma-  
terial connecting with the electrolyte. This penetra t ion 
would be approximately constant  for all greater film 
thicknesses. In  other alloys, such as the Nb-85 a/o V 
and Nb-85 a/o Mo alloys it is more extensive, as wit-  
nessed by the cont inuous stream of soluble mater ial  
leaving the anode. Such a model is in agreement  with 
the observation that thicker films have general ly better  
properties and superior impedance characteristics.  This 
would be expected because the thicker films would 
possess much thicker compact regions adjacent  to the 
alloy protected from dissolution. 

In view of the above considerations, it is tempting 
to suggest that the dielectric properties, par t icular ly  at 
low frequencies, of even good quali ty films on cer- 
tain valve metals may be modified by hydrated or 
electrolyte an ion-r ich  regions between the film crys- 
tallites. There are instances where impedances of 
films, e.g., on a luminum,  are modified by the anion 
type and pH of the electrolyte, and the authors will 
re turn  to these matters  elsewhere. 

The general  conclusion is therefore that metals such 
as molybdenum and vanadium, which cannot  them- 
selves normal ly  be anodized, can be made to produce 
films by alloying with relat ively low proportions of 
valve metals such as n iobium and t i tanium. Zirconium, 
a luminum,  and possibly tungsten  would probably 
afford similar protection. Also the properties of films 
on metals such as t i tan ium and  tungsten,  which are 
re la t ively poor, can be improved by alloying with 
metals giving superior films. 
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Analysis of N-Type GaAs with Electron-Beam-Excited 
Radiative Recombination 
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ABSTRACT 

The study of spontaneous emission for n - type  GaAs has shown that  the 
spectral shape and peak position may be uti l ized to determine the free elec- 
tron concentrat ion within ___15% near  concentrat ions of 5 x 1017 cm -8 and 
•  at 5 x 10 ls cm -3. Excitat ion of the sample with a 1~ diameter  electron 
beam gives such sensit ivity with a 3-6~ spatial resolution. This sensit ivity 
and spatial resolution are sufficient for invest igat ing sample inhomogeneities 
that  are related to the spatial variat ions in the quan tum efficiency. 

Several  investigations (1,2) of radiat ive recom- 
binat ion in heavi ly  doped GaAs have shown that  the 
photoluminescent  peak shifts to higher energy as the 
donor concentrat ion is increased above 5 x 1017 cm -~. 
Cusano (3) has reported data demonstrat ing the de- 
pendence of the cathodoluminescent  (e lectron-beam 
excitation) peak energy and the spectral ha l f -width  on 
the donor concentration. For n - type  GaAs, the average 
distance between impur i ty  atoms is close to the diam- 
eter of the Bohr orbit of a donor electron in the crys- 
tal for concentrations in excess of 5 x 1017 cm -8, and 
the densi ty of states becomes a funct ion of the sub- 
st i tut ional  impur i ty  concentrat ion (4). Since the 
spontaneous emission is given by an integral  con- 
ta ining the conduction and valence band density of 
states and their corresponding occupation probabili t ies 
(5), the spectral shape will  depend on the impur i ty  
concentration. Therefore, the observed dependence of 
the spectral shape on free electron concentrat ion is 
also suggested by fundamenta l  theoretical arguments.  
This paper explains how the dependence of the spec- 
tral shape on the free electron concentrat ion may be 
used to determine the donor concentrat ion in micron-  
sized regions. No at tempt  will be made to calculate the 
density of states and then the spectral shape to dem- 
onstrate explicitly the dependence of spectral shape 
on impur i ty  concentration. However, the spectral 
shapes presented here may permit  comparison of the 
various models for the density of states and indicate 
which approach best describes n - type  GaAs in the 0.5 
to 5 x 1018 cm -8 impur i ty  range. 

There are many  nondestruct ive  techn}ques for de- 
te rmining  the electrically active impur i ty  concentra-  
tion; however, only e lec t ron-beam excitation offers 
micron-sized resolution. Hall measurements  are the 
most sensitive and accurate, but  give an  average 
value for the entire sample and cannot be used on 
layered structures of the same conductivity type. Op- 
tical methods [photoluminescence or Reststrahlen- 
band m i n i m u m  (6)] normal ly  require excitation of a 
thin layer of a large cross section, and therefore spa- 
tial variations will  not be resolved. Schottky barr ier  
diodes (7) can be used for th in  layers with 50-100~ 
diameter  spots, but  at donor concentrat ions in excess 
of 5 x 1017 cm-3  the high conductance makes the ca- 
pacitance measurements  difficult. Most applications for 
electroluminescent  GaA~s devices require  free electron 
concentrations in the decade of 5 x 101T to 5 x 1018 
cm-a,  and it is in this concentrat ion range where  the 

Spectral shape may be utilized to determine the sub-  
st i tut ional  donor concentration. This concentrat ion de- 
te rminat ion  is confined to a hemispherical  volume 
whose radius can be approximated by the sum of the 
e lectron-beam radius, the depth of electron penet ra-  
tion, and the diffusion length for holes. A total radius 
on the order of 4-6~ would be expected for a 40-key 
beam voltage in n - type  GaAs. At lower beam en-  
ergies, features as small  as 3~ have been resolved in  
the cathodoluminescence. 

The quan tum efficiency nq of n - type  GaAs for elec- 
t ron-beam excitation has a strong dependence on free 
electron concentrat ion no (3,8). The quan tum effi- 
ciency ini t ia l ly increases as no increases, and then nq 
decreases rapidly when no exceeds about 5 x 10 ls cm -~. 
Also, the quan tum efficiency for a given wafer can 
vary  greatly over a distance of only a few microns 
(9, i0) .  Therefore, it is ext remely  useful to have an 
analytical  tool with a spatial resolution of the same 
order of magni tude  as the macroscopic crystal  var i -  
ations. By procedures discussed in this paper, it is pos- 
sible to investigate the variat ions in quan tum effi- 
ciency and consider the possibility that  these var ia-  
tions correspond to free electron variat ions or com- 
pensation. 

Experimental Procedure 
The samples used in this study were single-crystal ,  

<100> oriented, Te-doped, floating-zone wafers pre-  
pared at Bell Telephone Laboratories. The electron 
concentrations, 0.2 to 8 x 10 ls cm -~, were measured 
on each wafer  investigated. The wafers were polished 
to provide a damage-free  surface with a bromine-  
methanol  etch described by Sul l ivan and Kolb (11). 
In  fact, the usual  preparat ion of a wafer for device 
fabrication, one which gives a p lanar  damage-free 
surface, satisfies all the requirements  of sample prep-  
arat ion for cathodoluminescence. 

The e lect ron-beam-exci ta t ion system is an electron 
probe microanalyzer,  the Cambridge Microscan, in  
which a l ight pipe has been inserted to t ransmit  the 
recombinat ion radiat ion through the specimen cham- 
ber exit port. This excitation system is shown 
schematically in Fig. 1. The finely focused electron 
beam at A is deflected synchronously with the dis- 
play cathode-ray tube. The electron beam strikes the 
GaAs wafer  at B and creates one hole-electron pair  
for each 4.5 ev of beam energy (12). A small fraction 
of these generated carriers produces infrared radia-  
t ion by recombining radiatively.  This radiat ion is 
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Fig. 1. Schematic representation of the electron-beam excita- 
tion system and the infrared detection systems. 

t ransmit ted  outside the specimen chamber  by the l ight 
pipe that  views the sample at 70 ~ from the surface 
normal  with a solid angle of approximately 3 x 10 -2 
steradians. For display of spatial variat ions in the ra -  
d ia t ive-recombinat ion intensity,  a dry-ice cooled 
Amperex 150 CVP (S-1 response) photomult ipl ier  de-  
tects the radiat ion t ransmit ted  through the light pipe 
as shown at C; after amplification this photomult ipl ier  
signal serves to in tens i ty-modula te  the cathode-ray 
tube D. In  this m a n n e r  recombinat ion radiat ion in -  
tensi ty variat ions over approximately 3 0 0 x  300~ areas 
may be observed at magnifications of  several hundred  
times in the te levis ion-type picture that  appears on 
the cathode-ray tube. Wit t ry  and Kyser  (9,10) have 
described some features of the spatial variat ions;  fur-  
ther  elaboration on the features in the scanning-  
inf rared  images, especially precipi tat ion and disloca- 
tions, is given in the next  paper (13). 

In  the place of the photomultiplier ,  a fiber optics 
light pipe may be used to t ransmi t  the radiat ion to a 
Leiss double-pr ism monochromator  (resolution = 4 
mev) in order to resolve the spectral shape. The in-  
frared radiation, chopped at 37.5 Hz, is detected at 
the exit of the monochromator  by the cooled photo- 
multiplier ,  and the resul t ing signal amplified by a 
Pr inceton Applied Research lock-in amplifier which 
drives a recorder. The e lec t ron-beam accelerating 
voltage was general ly 40 key, and  the beam cur ren t  
could be varied from 2.0 to as low as 0.07 ~a wi th  a 
beam diameter  of 2~ or less and obtain resolvable 
spectra. During measurements  of spectral shape the 
beam current  was held constant  at 0.5 #a or less, and 
the beam was general ly  s tat ionary ra ther  than scan- 

n ing  a l ine or area. The tempera ture  of the excited 
region (14) was approximately (30-F  80I~)~ where  
Is is the beam current  in microamperes. 

Exper imenta l  Spectra 
A typical cathodoluminescent  spectrum is shown in 

Fig. 2 for a sample containing 1.75 x 10 TM electrons/  
cm 3. The e lec t ron-beam voltage was 40 key and the 
beam current  was 0.3 ~a. The low-energy side of the 
spectrum appears exponent ial  and can be represented 
by ~ - :  % exp(~hv),  where  ~ is the intensi ty,  ~ the 
low-energy tail slope, and hv the emission energy. At  
lower intensit ies the emission is dominated by a deep 
level as shown. In  more l ightly doped mater ia l  and at 
temperatures below room temperature,  this deep level 
becomes more dominant  and  can prevent  an accurate 
de terminat ion  of the low-energy  tail slope. The width 
of the spectrum at one-hal f  the ma x i mum intensi ty  
and the energy of the m a x i m u m  intensi ty  hv~ are also 
shown. 

The spectral shapes for a series of samples con-  
ta in ing 0.2 to 5 x 10 TM electrons/cm~ have been sum-  
mariz.ed in  Fig. 3, 4, and 5 by plott ing the ]ow-en-  
ergy tail  slope, the energy of the m a x i m u m  intensi ty  
hvp, and the ha l f -width  as a funct ion of the free elec- 
t ron concentration. (The technique described here still 
applies above 5 x 10 TM cm -~, but  the drastic decrease in 
quan tum efficiency made it difficult to resolve the 
spectral shape.) The thermal  equi l ibr ium free elec- 
t ron concentrat ion is used ra ther  than the donor con- 
centrat ion because no is the quant i ty  determined by 
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Fig. 3. Low-energy tail slope as a function of the free electron 
concentrofion. 
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Fig. 2. Typical cathodoluminescent spectrum for n-type GaAs 
containing 1.75N101s electrons~era 3. The electron beam voltage 
was 40 kv and the beam current was 0.3 #a. 
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tion. 

Hall  measurements  [see Discussion, ref. (13)]. In 
Fig. 3 the slope of the low-energy  tail  appears to be 
constant  un t i l  a concent ra t ion  of about 5 x 10 iv cm -3 
is reached, then a discont inui ty  occurs which is fol- 
lowed by a smooth decrease in slope as the electron 
concentrat ion becomes larger. The slopes at the lower 
concentrat ions are influenced by emission from the 
deep level and  are subject  to increasing uncertainties.  
Therefore, wi thout  addit ional  study no significance 
should be placed in the discontinui ty shown near  a 
concentrat ion of 5 x 102v cm -a. The peak energy is 
shown by Fig. 4 to shift to higher energies as the 
electron concentrat ion exceeds 5 x 10 iv cm -3. The 
half-widths  summarized in  Fig. 5 show a change of 2.5 
times over the decade of concentrat ion from 5 x 101~ 
to 5 x I0 TM cm -3, and the exper imental  data show 
very l i t t le scatter. From these three figures it should 
now be obvious that  from the spontaneous emission 
spectral shape it is possible to de te rmine  if a sample 
contains more or less than  5 x 10 iv electrons/cm 3, and 
if more, the concentrat ion value. 

Since the emission in tens i ty  was observed to vary  
across the sample (9, 10), it  was necessary to resolve 
the spectra in regions that  differ in total emission in-  
tensity. No variat ions in spectral shape be tween re-  
gions of differing quan tum efficiency were observed 
for any floating-zone sample. This lack of var ia t ion in 
spectral shape between regions of vary ing  emission 
in tensi ty  suggests two possibilities: either the free 
electron concentrat ion does not va ry  between regions, 
or the sensit ivi ty of spectral shape to variat ions in  no 
is insufficient to resolve possible differences in no. To 
separate these possibilities it is necessary to determine 
the sensit ivi ty of this technique, the dependence of 
quan tum efficiency on no, and the variat ions in  Te 
concentrat ion between regions differing in  emission 
intensity.  The sensi t ivi ty of this technique is con- 
sidered in the next  section, while  the dependence of 
quan tum efficiency on no and the magni tude  of the Te 
concentrat ion variat ions that  could lead to variat ions 
in no are considered in the following paper  (13) on 
inhomogeneit ies in GaAs. 

D i s c u s s i o n  

Figures 3, 4, and 5 show that  the spectral shape de- 
pends on no only above about  5 x 102~ cm -s .  Of the 
three spectral shape properties, the low-energy  tail 
slope is the least reliable. This difficulty results from 
the distort ion of the low-energy  tail  that can occur 
because of the deep level shown in  Fig. 2, as p re -  
viously discussed. Also, for the l ightly doped samples 
the slopes are qui te  steep, and any  slow responses in 
the detection and recording system can introduce siz- 
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able errors. The bu i ld -up  of a carbon contaminat ion 
spot I on the sample due to the electron beam was 
found to reduce the emission intensity.  This effect 
was minimized by using only as large a beam current  
as necessary to detect the spectral shape and by using 
a cold finger cooled by l iquid nitrogen. At heavier  
doping levels the emission peak tends to flatten out, 
and the exact value of hvp can be difficult to deter-  
mine. Even though the exact energy of the peak in-  
tensity is difficult to measure, the value of the peak 
intensi ty  is ra ther  obvious. Therefore, the spectral 
width at half  the ma x i mum intensi ty  is an accurate 
and easy quant i ty  to determine. The lack of data scat- 
ter in Fig. 5 as compared wi th  Fig. 3 and 4 demon-  
strates the greater  inherent  ease in  de te rmin ing  the 
half-width.  For these reasons, the ha l f -width  wil l  be 
used as the p r imary  means of de termining  no, and the 
low-energy  tail slope and peak energy will  be con- 
sidered as supplementary  data. Taking _--+-0.005 ev as 
the resolvable difference in  ha l f -width  results in a 
sensit ivi ty of +--0.3 x 10 TM cm -8 for the concentrat ion 
range covered in Fig. 5. 

The sensit ivi ty of +-0.005 ev is a very conservative 
quanti ty.  For  example, the +-0.3 x 10 TM cm - s  sensi- 
t ivi ty would suggest that  at 7 x 1017 cm - s  it would 
not  be possible to tell  the difference be tween 5 and 
7 x 1027 cm -3, while Fig. 5 shows that this dist inction 
is readi ly made. Therefore, a sensit ivi ty of +-15% at 
the lower concentrat ions and +-7% at the higher con- 
centrat ions might  be more reasonable. As ment ioned 
in the introduction,  the spatial resolution for this 
sensi t ivi ty depends on the beam voltage and is typi-  
cally 3-6~. 

Several  exper imental  factors can influence the 
spectral shape. If the s teady-state  minor i ty  carrier  
densi ty  becomes large enough, a super l inear  peak will  
emerge on the low-energy  side of the peak (15). For  
excitat ion densities below this level, the spontaneous 
emission at these impur i ty  concentrat ions has a l inear  
dependence on the beam current .  Also, the effect of 
self-absorption on the spectral shape must  be con- 
sidered. A detailed analyt ical  t rea tment  of self-absorp- 
tion cannot be made for the case of a finely focused 
beam for two basic reasons: (a) present ly  available 
mode l s  for the energy loss of energetic electrons 
are not adequate for properly describing the carrier 
generat ion rate in two independent  spatial  coordi- 
nates, and (b) the exper imenta l  absorption coeffi- 
cients for heavily doped GaAs have not been meas- 
ured for absorption coefficients above 10 8 cm -2, the 
range where self-absorption might  be significant. By 
making  certain reasonable approximations it is pos- 
sible to consider qual i ta t ively what  quanti t ies  con- 
t r ibute  to self-absorption and their  effect on spectral 
shape. 

For description of the var ia t ion of electron pene-  
t rat ion with beam voltage, the carrier generat ion rate 
may be approximated by neglect ing the lateral  scat- 
ter ing and represent ing the energy loss by Lenard 's  
law (16) 

I/Io -~ exp (--'~eX) [1] 

where I/Io is the fraction of the electron flux t rans-  
mitted, de the electron l inear  absorption coefficient, 
and x the distance measured from the sample surface. 
The advantage of using Lenard 's  law is that  it is sim- 
ple mathemat ical ly  and analogous to the more famil iar  
expression for optical absorption. The disadvantage is 
that  it  does not completely fit the exper imenta l  results. 
The absorption coefficient in Lenard 's  law depends on 
beam voltage and can be represented by (17) 

~e ----- 1.9 X 1011 pZ 1/2 Eo -~ [2] 

where  p is the sample density, Z the atomic number ,  
and Eo the beam voltage. For a density of 5.32 g-cm -a  

1 A r e p r e s e n t a t i v e  p r e s e n t a t i o n  o f  c a r b o n  c o n t a m i n a t i o n  w h i c h  
a l s o  o c c u r s  i n  e l e c t r o n  m i c r o s c o p e s :  H a n s  G u n t h e r  H e i d e ,  " E l e c -  
tron M~croscopy," V o l .  1 ,  p .  A - 4 ,  S y d n e y  S .  B r e e s e ,  J r . ,  E d i t o r ,  
A c a d e m i c  P r e s s ,  N e w  Y o r k  ( 1 9 6 2 ) .  



152 J. FAectrochem. Soc.: S O L I D  S T A T E  S C I E N C E  F e b r u a r y  1967 

and Z of 32, ~e decreases from 1.4 x 104 cm -1 at 20 kv 
to 3.6 x 10~ cm -z at 40 kv. Therefore, the carrier  gen- 
erat ion rate will  vary  exponent ial ly  in depth as given 
in Eq. [1], and generat ion of carriers deeper in the 
sample will  occur as the beam voltage increases. 

The distr ibution in  depth of the steady-state mi-  
nori ty  carrier density depends not  only on the gen-  
erat ion rate, but  also on the diffusion length for holes 
Lp. This dependence is shown by solution of the con- 
t inui ty  equation (neglecting lateral  scattering) with 
suitable boundary  conditions. For surface recombina-  
t ion velocities equal  to the thermal  velocity, an ap-  
proximate expression for the minor i ty  carrier density 
may be wr i t ten  as 

p ( x )  = KEo[=e~nr/ (ae2Lp ~ -  1) ] 
[exp (,--x/L~) ~ exp ( - - ~ x )  ] [3] 

where K is a spatial ly independent  factor and x,~ the 
over-al l  l ifetime which is dominated by the non-  
radiat ive lifetime. The generated spectral shape wil l  
be uni form in depth and have an in tensi ty  propor-  
tional to p ( x ) .  [Wit try recently presented a more 
complex analysis for the steady-state minor i ty  car- 
rier density. The dis tr ibut ion in depth depends on L~j 
and the penetra t ion of the beam into the sample, but  
not as simple exponentials  (18)]. At 40 kv and for an 
Lp of 1.25#, about 50% of the emission occurs wi th in  
3# of the surface and  95% wi th in  10~. Emission from 
a given depth x will be observed after being at-  
tenuated by a factor of exp [ ~ a ( h v ) x l ]  where  a(h~) 
is the optical absorption coefficient at the energy h~, 
and xl the distance t raversed in the solid (xl = x/cos 
70~ When the =(h~)x~ product is the order of uni ty  
or larger, significant self-absorption will  occur. 

The effect of self-absorption on spectral shape really 
becomes the question of what  effect changes in  Lp 
for samples of the same free electron concentrat ion 
will  have on the spectral shape. Reference to the 
available absorption coefficient data reveals that  sig- 
nificant self-absorption is to be expected only above 
the peak energy. Studies of absorption and photo- 
luminescence by Lucovsky e$ al. (19) have shown 
that  the spontaneous emission peak occurs where the 
logarithmic slope of the absorption coefficient is 
(kT) - I ,  where  k is Bol tzmann's  constant  and T the 
temperature.  From Fig. 4 and Hill 's absorption data 
(2) the emission peak is found to occur at an ab-  
sorption coefficient of approximately 10 ~ cm-~. Above 
the peak energy the absorption coefficient will  ap- 
proach a value slightly greater than 104 c m - L  For 
the nomina l  values of =~ and Lp previously considered 
in Eq. [3], the emission wil l  occur within less than 
10# of the surface so that the self-absorption, as rep-  
resented by the a ( h v ) x l  product approaching or ex- 
ceeding unity,  will  occur only for emission on the 
high-energy side of the peak. It  is cer tainly not 
readily possible to demonstrate  exper imenta l ly  at a 
given no the var ia t ion of spectral shape with Lp, but  a 
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Fig. 6. Demonstration of the effects of self-absorption in o 
sample of no = 3 .2X10  TM electrons/cm 3. The deeper penetra- 
tion of electrons at 40 kv may be seen to result in greater self- 
absorption only at energies above the peak energy. 
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Fig. 7, Comparison of the spectrum for compensated (upper 
curve) and uncompensated (lower curve) samples with the same 
no of 2,6 X 10 TM electrans/cm ~. The relative quantum efficiencies of 
the uncompensated and compensated samples do not significantly 
differ. They are displaced in intensity only to clearly illustrate 
their spectral shapes. 

change in electron penetra t ion can have a similar 
effect to variations in  L~. Therefore, the dependence of 
spectral shape on the steady-state  hole distr ibution in 
depth may be i l lustrated by varying  the beam voltage. 

Figure 6 shows the spectra at 40 and 20 kv  for a 
sample containing 3.2 x 10 TM electrons/cm 3. The spec- 
t rum at 20 kv was normalized to the 40 kv  spectrum 
by setting the intensit ies equal at 1.400 ev. The two 
spectral shapes diverge only well above the peak in-  
tensity. The difference in penetration,  as represented 
by a change in ae by a factor of 4, leads to no change 
of the low-energy tail  slope or peak position, but  
changes the ha l f -width  by 0.005 ev. Because changes 
in the electron penetrat ion and Lp have a similar 
effect on the steady-state minor i ty  carrier density, 
Fig. 6 suggests that  variat ions in  L~ by a factor of 2 
or more at a given no would be necessary to change 
the half -width  an observable amount. For tunate ly ,  
significant optical absorption coefficients occur at 
emission energies greater than  the peak energy, and 
the effect of self-absorption is minimized. 

By use of the calibration curves, it is possible to 
identify compensated samples. The spectrum for a 
compensated sample with a net  free electron concen- 
t rat ion of 2.6 x 10 is cm -3 is shown in Fig. 7 along 
with the spectrum of an uncompensated sample of 
the same no (see figure caption).  Reference to Fig. 3, 
4, and 5 shows that  the ha l f -wid th  of the compen- 
sated sample corresponds to an no larger than  2.6 x 
10 is cm -3, while the peak position corresponds to a 
smaller  concentration. In addition, the low-energy 
tail  slope corresponds to a larger no by an order of 
magnitude.  Thus, a compensated sample is char-  
acterized by a peak position that  is too low for the 
no indicated by the half-width,  and also a low-energy 
tail  slope much less than  expected for its half-width.  
B y  considering the effect of compensation on the edge 
absorption coefficient and the resul t ing spontaneous 
emission in the m a n n e r  described by Lucovsky e t a l .  
(19), it can be seen that  the decreased slope and 
peak energy are consistent wi th  compensation effects. 
Comparison of Fig. 6 and 7 i l lustrates the m a n n e r  in 
which self-absorption and compensation influence the 
spectral shape and shows the var iat ion in  L~ at a 
given no cannot lead to spectra representat ive of com- 
pensation. 

Conclus ions  

The spontaneous emission spectral shape, charac- 
terized by half-width,  peak energy, and logarithmic 
slope of the low-energy tail, depends un ique ly  on the 
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free electron concentra t ion above concentrat ions  of 
about  5 x 1017 cm -3. A sensi t iv i ty  of •  m a y  be 
expected  near  5 x 1017 cm -~ and ___7% at 5 x 1018 cm -3 
wi th  a spat ia l  resolut ion of 3-6~. The spect ra l  shape 
also read i ly  identifies compensated  samples.  This tech-  
nique of measur ing  the f ree  e lec t ron  concentra t ion 
f rom the spect ra l  shape may  also be appl ied  to photo-  
luminescence which is genera l ly  s impler  exper i -  
menta l ly ;  however ,  most  bu lk  or l aye red  samples  are 
often inhomogeneous,  and the smal l  spat ia l  resolut ion  
of e l ec t ron-beam exci ta t ion is necessary  for  inves t iga-  
t ion of these features.  The technique presented  here  
should be appl icable  to p - t y p e  GaAs,  bu t  the con- 
cent ra t ion  at  which  the spect ra l  shape begins to de-  
pend on the acceptor  concentra t ion wil l  p robab ly  be 
about  a factor  of 10 h igher  because of the la rger  
effective mass of holes. 
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Investigation of Inhomogeneities in GaAs by 
Electron-Beam Excitation 

H. C. Casey, Jr. 
Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 

ABSTRACT 

Str ia t ions  concentr ic  wi th  the growth  axis, which a re  usua l ly  considered 
as impur i t y  fluctuations, r ep resen t  the inhomogenei ty  most  f r equen t ly  en-  
countered  in GaAs. Images of such s t r ia t ions were  obta ined  by scanning-e lec-  
t r o n - b e a m - e x c i t e d  recombinat ion  rad ia t ion  (SEBERR) and d isp layed  on a 
ca thode - r ay  tube. The samples  inves t iga ted  were  Te-doped,  f loat ing-zone 
GaAs conta ining 2 x 1017 to 8 x 1018 free  e lec t rons-cm -s .  The spect ra l  shape 
of recombinat ion  rad ia t ion  demons t ra ted  tha t  any va r ia t ion  in free e lect ron 
concentra t ion  wi th in  a cross section normal  to the  growth  axis must  be less 
than about  10%. In  addit ion,  the spect ra l  shape showed that  compensat ion is 
not  the reason for  the  difference in the  Te concentra t ion  and the f ree  e lec t ron 
concentrat ion.  Prec ip i ta t ion  of a To-r ich  t e r n a r y  solid solution wi th  a c rys ta l  
s t ruc ture  other  than  GaAs m a y  be the most consistent  exp lana t ion  for the  
s t r ia t ion  inhomogenei ty  and also may  account for  the  ca thodoluminescent  
fea tures  associated wi th  dislocations.  

In GaAs many  techniques have shown the presence 
of concentr ic  s t r ia t ions  normal  to the crys ta l  g rowth  
axis. These s tr ia t ions represen t  fluctuations or in-  
homogenei t ies  in severa l  p roper t ies  of the  semicon-  
ductor  crystal .  Since the s t r ia t ions are  r ead i ly  re-  
vealed by  etching (1),  they  obviously  affect the ra te  
of many  etches. They also have  been repor ted  to 
cause var ia t ions  in the  in f ra red  t ransmiss ion (2). 
Schl ieren  imaging  (3, 4) shows tha t  the  s t r ia t ions 
give fluctuations in the  index of ref rac t ion  and tha t  
no significant s t ra ins  a re  associated wi th  the s t r ia t ions 
(4).  In  the  images  p roduced  by  scanning-e lec t ron-  
beam-exc i t ed  recombina t ion  rad ia t ion  (SEBERR) and 
d isp layed  on a ca thode - ray  tube,  bands of decreased 
in tens i ty  were  observed (5, 6); these bands  wi l l  be 
shown to be the  s t r ia t ions which  can be revea led  by  
etching. This var ia t ion  in emission in tens i ty  indicates  
tha t  the  s t r ia t ions affect the r ad ia t ive  recombinat ion .  
St r ia t ions  have  been observed also by  x - r a y  diffrac- 

t ion microseopy in silicon (7) and  by res is t iv i ty  p rob-  
ing in ge rman ium (8). Light  emission f rom rever se -  
b iased GaP p - n  junct ions  c lear ly  reveals  s t r ia t ions and 
the i r  effect on reverse  b reakdown  (9).  Because of 
str iat ions,  i t  is necessary,  when  p repa r ing  wafers  for 
ep i tax ia l  growth,  to use etching techniques  that  a re  
not  sensit ive to these inhomogenei t ies  (10); it  is also 
necessary  to consider the effect of these inhomoge-  
neit ies on diffusion and p - n  junc t ion  lasers (2, 3, 
11,12). 

Such an effect which causes var ia t ions  in so many  
semiconductor  proper t ies  has  s t imula ted  numerous  
invest igat ions  of both the  origin and the  na tu r e  of 
striations.  Recent  s tudies of InSb single crysta ls  have  
shown tha t  the  fo rmat ion  of s t r ia t ions  is the  resu l t  
of t empe ra tu r e  fluctuations at  the  so l id- l iquid  in t e r -  
face due to sharp  t empera tu re  gradients  in the g row-  
ing crys ta l  near  the  in ter face  (13). Fo r  Te in GaAs,  
s t r ia t ions were  shown by  au torad iograms (14) and 
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electron probe microanalysis  (15) to be Te concen- 
tration variations. These measurements  of Te concen- 
t rat ion also revealed that the average Te concentrat ion 
exceeds the free carrier  concentrat ion as determined 
by Hall  measurements.  A transmission electron mi-  
croscope study showed the striations in the par t icular  
crystals studied to contain bands of very  fine pre-  
cipitates (16). The result  of using the Schlieren tech- 
n ique  suggests the striations are variat ions in the in-  
dex of refraction due to free electron concentrat ion 
variat ions or band-gap  changes (4). A number  of 
reasons for the variat ions in the crystal properties and 
the difference in the total Te and free electron con- 
centrat ion have been proposed: (a) un- ionized Te, (b) 
fluctuations in free electron concentration, (c) com- 
pensation, (d) band-gap  changes, and (e) precipita-  
tion. 

Of the many  techniques just  described for observing 
the striations, none discriminates ent i rely between the 
proposed reasons for the variations. For example, the 
t ransmission electron microscope shows precipitation, 
but  does not rule out other possibilities such as var ia-  
tions in free electron concentration. This paper ex- 
plains how electron-beam excitation may be util ized 
to observe and investigate the striations and also to 
discriminate between the proposed reasons for the 
variations. Another  benefit of SEBERR is that  the 
range of magnification and resolution permits  ob- 
servation of such interest ing features as dislocations 
and the discrete na ture  of some striations. The other 
techniques, al though very useful, are general ly  l imited 
to low magnifications where  the fine features are not 
resolved or to such extremely high magnifications 
that  the large-scale variations are lost and do not  
directly demonstrate  the effect of the inhomogeneit ies 
on radiat ive recombination.  

As previously reported (17), the spontaneous emis- 
sion spectral shape and peak position may be used 
to determine the free electron concentrat ion wi th in  
•  near  concentrat ions of 5 x 1017 cm -3 and --+7% 
at 5 x 10 TM cm-a,  or to determine if a sample is com- 
pensated. These concentrat ions cover the range where  
the striations are most pronounced and also the range 
most useful for electroluminescent  devices. In  addi- 
tion, the characteristic x- rays  generated by the elec- 
t ron beam permit  quant i ta t ive  measurement  of the im-  
pur i ty  concentrat ion if the spectrometer system has 
sufficient sensitivity. A Cambridge Microscan can de- 
tect Te concentrat ions only above about 1020 cm -3, 
but  by using a ful ly  focusing spectrometer Wit t ry  (15) 
was able to achieve a sensit ivi ty in the low 10 TM cm -~ 
concentrat ion range. The spatial resolut ion for ca- 
thodoluminescence (CL) is 3-6~ and  2-3~ for x-rays.  
This paper is concerned only with CL, but  Wittry 's  
x - ray  results (15) for Te variat ions will  be discussed 
in order to describe the striations properly. 

Relationship between Cathodoluminescent and Etching 
Features 

It is beneficial first to consider the factors that con- 
t r ibute  to the observed contrast  in SEBERR images. 
For a sample scanned by a cons tan t -cur ren t  beam 
at a f ixed-beam voltage, the measured in tens i ty  of the 
recombinat ion radiat ion is proport ional  to the quan-  
tum efficiency *lq in a mater ia l  of uniform generat ion 
rate times a factor which accounts for nonradia t ive  
surface recombination.  This factor Fs will  depend on 
surface-recombinat ion velocity, minor i ty  carrier dif-  
fusion length, and beam voltage. At  a f ixed-beam 
voltage and a constant  surface-recombinat ion velocity, 
the principal  effect of Fs on the observed in tens i ty  wil l  
be due to the diffusion length L~ or the over-a l l  life- 
t ime T, since Lp ---- ~/D-~ where  D is the diffusion con- 
s tant  for holes. Wit try 's  results (18) indicate that  x be-  
comes smaller  at the higher impur i ty  concentrations, 
and thus the factor due to nonradia t ive  surface recom- 
binat ion Fs has a funct ional  dependence on the free 
electron concentrat ion no, Fs oc f(no).  The q u a n t u m  

efficiency is simply the ratio of the hole-electron pairs 
that recombine radiat ively to the total that  recom- 
bine. This relationship is expressed as (19) 

c j.~ 
'lq-~ "-~T.2 ~nrno ~(hv) exp (--h~/kT)d(h~) [1] 

n~ 0 

where C is a collective constant, n~ 2 the thermal  equi-  
l ib r ium electron-hole density product, ~nr the over-al l  
l ifetime which is dominated by the nonradia t ive  l ife- 
time, and a(hv) the absorption coefficient at the en-  
ergy h~. The absorption coefficient has a strong de- 
pendence on no at the concentrat ions being considered 
(20) and will  cause the integral  in Eq. [1] to de- 
crease above concentrat ions of 10 is cm -3. No data are 
now available to describe the concentrat ion depend- 
ence of n~ 2, but  some pre l iminary  calculations based 
on a model by Halper in  and Lax (21) suggest that the 
dependence wil l  be small. The dependence of Tnr on no 
has not been established, but  ~nr can depend on both 
the concentrat ion of other impuri t ies  serving as traps 
and also on the lattice imperfections. For  the present  
argument ,  the surface recombinat ion factor Fs will be 
neglected and the observed intensi ty  taken as ~q. 
Therefore, contrast in CL shows variat ions in the 
minor i ty  carrier generat ion rate, or for a uniform 
generat ion rate it measures variat ions in free electron 
concentration, u n k n o w n  impurit ies,  and /or  lattice de- 
fects. 

For comparison of the CL and the preferent ia l ly  
etched surface features over a reasonable port ion of 
a wafer, an area was defined on a ~ I l l )  oriented 
wafer containing 2.2 x 10 ~s cm - s  electrically active Te 
atoms. A smooth surface was obtained by chemically 
polishing by a procedure using a b romine-methanol  
etch and intensive st i rr ing (22). Then a "home-plate" 
shaped mesa with a 0.060 in. base was produced by 
masking and etching the sur rounding  mater ia l  to a 
depth of 10p. Areas on this mesa of approximately 
300 x 300~ were scanned by a 40-kv, 0.05~a electron 
beam, and the SEBERR pictures were obtained from 
the cathode-ray tube as previously reported (17). The 
only optically observable surface irregulari t ies  were 
scratches that occurred dur ing  processing. The ca- 
thodoluminescent  picture of the mesa, made by joining 
the many  pictures of the scanned areas, is shown in 
the left half of Fig. 1. The sample was then etched 
with a solution known  to reveal  dislocations (23); 
the resul t ing optical photomicrograph is shown in the 
right half  of Fig. 1. The cathodoluminescent  and  op- 
tical pictures are shown as mirror  images so that 
features found at a certain distance to the r ight  of the 
center  line may be compared with the features at  the 
same distance to the left. 

There are a n u m b e r  of features with a unique  cor- 
respondence between the etched and cathodolumi-  
nescent pictures. The irregular,  roadlike lines are sur-  
face scratches obtained in processing the sample and 
are actually necessary to al ign and join the many  
pictures properly in the composite picture. The dark 
spots in the cathodoluminescence surrounded by 
bright  regions about 100~ in size correspond un ique ly  
to pits surrounded by smooth regions in  the etch 
portion of the figure. Increased magnification readi ly 
identifies the pits as dislocation etch pits. The slightly 
curved vertical  bands of decreased infrared emission 
spots appear as striations or bands of irregular,  over-  
lapping pits. A careful comparison of the left and 
rights sides of Fig. 1 conclusively demonstrates  that  
the features of dislocations and striations seen by 
.etching are completely reproduced in cathodolumines-  
cence. 

General Cathodoluminescent Characteristics of 
Striations and Dislocations 

Examinat ion  of SEBERR pictures of samples taken  
from several Te-doped, floating-zone GaAs ingots re-  
veals typical properties of striations and dislocations 
which are described in  this section. This information 
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Fig. 1. Comparison of the cath- 
odoluminescent and preferential 
etch features in GaAs. The free 
electron concentration is 2.2 • 10 TM 

cm-S. 

will be utilized in the next  section to infer the na tu re  
of the inhomogeneities. 

The wafers in Fig. 2 cover a decade in free electron 
concentration, and for this figure as well  as Fig. 3 
the wafers were cut normal  to the growth axis resul t -  
ing in <100> orientation. In  parts (a) and (b) of 
Fig. 2, the concentric, circular na ture  of the striations 
may be seen. The sample in Fig. 2 (c) has a very large 
dislocation density, and the concentric na ture  of the 
striations is not  recognizable in a picture of an area 
this small. The free electron concentrat ions of the 
samples in Fig. 1 and Fig. 2(c) a r e a b o u t  the same; 
however, the str iat ion regions of decreased recom- 
binat ion radiat ion in Fig. 1 are discrete, small, over-  
lapping spots, while in the other wafer  these regions 
appear continuous. Three samples from the same in-  
got are shown in  Fig. 3 to fur ther  i l lustrate  this prop-  
erty. Figure 2(b) is representat ive of most  samples 
up to free electron concentrat ions of 6 x I0 is cm-a.  
At higher concentrat ions the quan tum efficiency rap-  
idly decreases, and variations, if present, would be 
lost in the detector and amplifier system noise. 

The dark spots at dislocations have the un ique  fea- 
ture of usual ly  being surrounded by a radial ly  sym- 
metrical  region of increased emission in tensi ty  even 
in the dark band  of the striations. In  Fig. 1, 2, and 3 
these regions have a radius of approximately 10-50~. 
Often, as in Fig. 1, this h igh- in tens i ty  region sur-  
rounding  a dislocation has the same quan tum efficiency 
as the bright  bands between the dark striations. The 
size of the dark spot at the dislocation is usual ly  at 
least twice as large as the resolution of this technique 
(about 3-6~), and therefore the contrast  must  be 
caused by more than just  the l ine associated with the 
extra  plane of atoms. 

The three pictures in  Fig. 3 show that an interes t ing 
and consistent relationship exists between the occur- 
rence and size of discrete spots in  striations, and the 
size of the dislocation spot and its su r rounding  bright  
region. Samples shown in Fig. 3 are from the same 
ingot and have free electron concentrat ions of 1.7, 
2.5, and 3.2 x 10 TM cm -~, respectively. The approx- 

imate diameters of a dislocation and a br ight  region, 
and the size of the str iat ion spot in  Fig. 3 are sum-  
marized in Table L This table shows that  the larger 
striation spots occur with the larger dislocation spots 
and bright  regions. 

Fig. 2. Typical properties of the inhemogeneities in GaAs as 
illustrated by SEBERR pictures. The relative quantum efficiency xlq 
is given for the bright region surrounding the dislocation (dark 
spots) and the dark bands in the striations. 



156 J. Electrochem. Sac.: S O L I D  S T A T E  S C I E N C E  

I,O i i i i i i i i  I 

Fig. 3. SEBERR pictures demonstrating the size relationships of 
the dark spots at the dislocation, the radially symmetric bright 
region surrounding the dislocation, and the discrete nature of 
striations. 

Since the contrast  displayed on a ca thode-ray  tube 
can be deceptive, it is necessary to obtain the mag-  
ni tude of the re la t ive  quan tum efficiency variat ions by 
measur ing the re la t ive  output  vol tage of the photo-  
mult ipl ier .  The resul t ing efficiencies for br ight  regions 
near  dislocations and the dark str iat ion bands are 
plotted as open and closed circles respect ively  in Fig. 
4. The efficiency limits for these wafers  show the same 
general  dependence on free electron concentrat ion as 
the average  values given by Cusano (24) and Kyser  
and Wit t ry  (6). The rapid decrease in quan tum effi- 
ciency above about 5 x 10 TM elec t rons-cm -s  may be 
a t t r ibuted par t ly  to movemen t  of the absorption edge 
to higher  energies as described by the Burste in  (25) 
shift  which reduces the integral  in Eq. [1] (19). 

The spontaneous emission spectral  shapes were  r e -  
solved for the samples summar ized  in Fig. 4. Both the 
br ight  areas near  dislocations and the dark striations 
were  considered, but no differences in spectral  shape 
were  found on any wafer.  This resul t  means that  the 
f ree  electron concentrat ion fluctuations must  be Iess 
than --+15% near  5 x 10 ,1~ cm -3 and -+7% near  5 x l0 TM 

cm -z  (17). These l imits of uncer ta in ty  are ra ther  con- 
servative,  and with  ex t reme care the uncer ta in ty  wil l  
be half  the above values. Also, spectral  shapes which 
are characteris t ic  of compensat ion (17) were  not ob- 
served in the striations. 

Discussion of Results 
Initially, it is necessary to examine  the relat ionship 

be tween the f ree  electron concentrat ion and the donor 
concentration. At  Te concentrations above 1017 cm -3, 

Table I. Size relationships of cathodoluminescent features 

D i a m e t e r  of D i a m e t e r  of S t r ia t ion  
dislocation b r igh t  region,  spot size, 

Figu re  spot , / ,  /~ /~ 

3(a) 12 60 4-6 
3(b) 20 100 10-12 
3(c) 6 25 Cont inuous  

F e b r u a r y  1967 
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Fig. 4. Relative quantum efficiency as a function of free electron 
concentration. The open circles represent the efficiency in the 
bright regions near dislocations and the solid circles represent the 
efficiency in the dark bands of tile striations. 

the average distance between impur i ty  atoms is close 
to the diameter  of the Bohr orbit  of a donor  electron 
in a crystal, and Hall  measurements  revea l  conduc- 
tion by carriers in impur i ty  bands or band tails (26). 
Under  these conditions the free electron concentrat ion 
no longer has any t empera tu re  dependence.  This re-  
sult indicates that  for concentrations above 1017 cm -~ 
each donor atom located subst i tut ionally in an As site 
contr ibutes one free electron, and substi tut ional  donors 
do not exist in a neut ra l  or un- ionized state which 
would demand a tempera ture  dependence of the free 
electron concentration. The possibility of the compen-  
sation as an explanat ion for the differences be tween 
no and the Te concentrat ion or for the CL contrast  can 
readi ly  be e l iminated since none of the spectral  prop-  
erties re la ted to compensation (17) was observed. 

The striations have  been shown to be Te fluctuations 
by Wit t ry 's  (15) electron probe microanalysis  and 
autoradiograms by Cronin et al. (14). Bands of in- 
creased Te concentrat ion showed a decrease in CL 
intensity (15), which means t h e  dark bands (and pre-  
sumably the dark spots at the dislocations) in Fig. 
1, 2, and 3 are the regions of greater  Te concentration. 
Not only are Te fluctuations present,  but  the average  
Te concentrat ion was significantly greater  than no 
(14, 15). For  example,  in a sample containing 5.2 x 
10 TM elect rons-cm -3, the average Te concentrat ion was 
approximate ly  7 x 10 TM cm-~  (15), and chemical  anal-  
ysis of one of our samples wi th  no ~ 8 x 10 is cm -~ 
showed it contained 1.5 x 10 TM Te a toms-cm-3.  This 
discrepancy between the impur i ty  concentrat ion and 
the free electron concentrat ion was also observed for 
Se (27) (results of numerous  other  papers suggest 
this is a general  effect),  but the differences are la rger  
at a given Se concentrat ion than observed for Te. 
Clearly, Te must be present  in a fo rm other than as a 
substi tutional donor on an As site. 

A var ia t ion of the f ree  electron concentrat ion would  
be expected because the striations are Te concen- 
trat ion fluctuations. However ,  the lack of any observ-  
able variat ions in spectral  shape be tween  br ight  and 
dark bands in the striations l imits the possible range 
of var ia t ion to approximate ly  10%. With 30% Te fluc- 
tuations, Wi t t ry  (15) was also unable to find any 
spectral  shape variations. In general,  at  high con- 
centrat ions no does not fol low the Te concentrat ion;  
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in fact, Vieland and Kudman  (27) found that no varied 
as (Se) 1/3 above concentrat ions of 4 x 10 TM cm -3. This 
dependence of no on the Te concentrat ion suggests that  
the bands of greater  Te concentrat ion would not  be 
accompanied by a comparable no change. The spectral 
shape technique does l imit  the possible var iat ion in  no, 
but  cannot  demonstrate  a complete absence of no var i -  
ation. 

Equat ion [1] can be used for showing that  differ- 
ences in quan tum efficiency between the bright  re-  
gions and the dark bands of the striations, if a t t r ib-  
uted to differences in free electron concentrat ion 
alone, wil l  lead to an inconsistent  result. Since the 
SEBERR pictures show dislocations as dark spots 
surrounded by bright  regions of the same intensi ty  as 
the bright  s tr iat ion bands throughout  the no concen- 
t rat ion range studied, it will  be assumed that the dark 
bands in  low concentrat ion samples are bands of 
greater Te concentrat ion as found for the more 
heavi ly  doped samples. Below concentrations of 10 is 
cm -a, the absorption coefficient is constant  at a given 
by, and with a constant  xn~ and n~ e Eq. [1] becomes 

n~ = Clno [2] 

where C1 is a constant  containing the various constant  
factors. From the data in Fig. 4, the dark striations 
would be predicted to contain a smaller  concentra-  
t ion than  the bright  regions: no(dark)  < no(br ight) .  
At higher concentrations, a at a given hv decreases 
rapidly, and small changes in no cause a larger change 
in the integral  in Eq. [1] than the l inear  dependence 
on no. In  this case Eq. [1] becomes 

~r = C2 fo ~ a(hy) exp (--h~/kT)d(hv) [3] 

with the various constants represented by C2. At 
concentrations above 10 TM cm -3 the dark  regions in 
Fig. 4 would be due to a smaller ~ at a given energy, 
and hence no(dark)  ~ no(bright) ,  which is inconsist-  
e n t w i t h  the previous inequality.  Inclusion of the non-  
radiat ive surface recombinat ion wil l  lead to more 
complex expressions than Eq. [2] and [3], but  will not 
change the above inequali t ies between concentrat ions 
in the bright  and dark regions. Thus, any possible 
variat ion in the free electron concentration, which 
has been l imited to about 10%, will not  be the pr in-  
cipal source of contrast  or inhomogeneity seen in 
cathodoluminescence. 

From the above discussion, the most probable source 
of contrast  seen in the SEBERR pictures is the non-  
uniform distr ibution of the precipitated Te-rich phase 
or complex associated with the difference between Te 
concentrat ion and no. Whether  the inhomogeneit ies  
are band-gap  variat ions wil l  depend ent i rely on the 
na tu re  of the precipitation. The contrast  would be 
interpreted in terms of Eq. [1] as z~  variations. The 
spatial characteristics are more ful ly  described in 
Table I by comparing the diameter  of the dark spots 
at dislocations and the surrounding br ight  regions 
along with the size of the spots in the striations for 
the samples shown in Fig. 3. In general, this difference 
in Te concentrat ion and no can be described as a Te-  
rich te rnary  solid solution with a crystal s tructure 
other than GaAs, but  a more explicit description 
would only be speculation. For example, a solid solu- 
tion of GaAs-Ga2Te3 can form as the crystal cools 
below 827~ (28). However, to explain the size of the 
bright  regions around the dislocations requires dif- 
fusion of Te (at 827~ or lower) from the dark bands 
to the "dislocation" at very much larger diffusion 
rates than observed for donors in GaAs (29). There-  
fore, the Te-r ich phase or complex must  ei ther be 
grown into the crystal or be formed by a species 
which is capable of ext remely  rapid diffusion. 

Vacancies diffuse rapidly, and Vieland and Kudman  
(27) have suggested a complex involving a Ga va-  
cancy and three Se atoms to describe the cube root de- 
pendence of no on the Se concentration. Mass action 
relations were wr i t ten  to describe the cube root de- 

pendence; however, mass action relations only mathe-  
matical ly describe equi l ibr ium reactions and  do not  
necessarily prove the existence of the assumed re-  
actants. Acceptors also diffuse rapidly,  but  there is 
no evidence of any significant amount  of compensation 
in these highly doped crystals. 

The exper imental  observation that the free elec- 
tron concentrat ion is consistently less than the chemi- 
cal donor concentrat ion seems to be a general  rela-  
tionship for GaP (30) as well  as GaAs. A funda-  
mental  unders tanding  of this phenomenon is lacking at 
the present  time.~ ~Electron-beam excitation may be 
useful as a quant i ta t ive  measurement  technique in 
experiments  intended to study this effect. This tech- 
nique of s tudying inhomogeneities in bulk  crystals 
should be applicable to many  other compounds, espe- 
cially the I I I -V mixed crystals. The only requirements  
are that the energy of the radiat ive recombinat ion 
must  exceed about 1.2 ev to permit  detection with 
photomultipliers,  and the quan tum efficiency be not 
less than about 10-~. 

Conclusions 
The features in SEBERR pictures were found to 

have a complete correspondence to those seen in 
photomicrographs of preferent ia l ly  etched surfaces. 
These features included both dislocations and stria- 
tions. Dislocations are characterized by 6-12~ dark 
spots that  are usual ly surrounded by 25-100~ bright 
regions. The striations appear as either continuous 
bands or bands of discrete spots of decreased radiat ive 
recombination. In  previously published results, the 
striations were found to contain Te concentrat ions in 
excess of the free electron concentration. Hall meas- 
urements  and theoretical considerations show that 
Te atoms located subst i tut ional ly  in the lattice cannot 
exist at these concentrat ions in  an un- ionized form. 
Other techniques readi ly demonstrate  the presence of 
inhomogeneities, bu t  do not discriminate between the 
various reasons suggested for the variat ions in crystal 
properties. The infrared emission spectral shape dem- 
onstrates that compensation is not present  in the 
striations, nor can very large free carrier variations 
be present. The contrast  in cathodoluminescence and 
the difference between the total Te concentrat ion and 
the free electron concentrat ion are therefore ac- 
counted for by precipitat ion of a Te-r ich solid solution 
or complex. 

Acknowledgments 
The author is indebted to several people for con- 

t r ibut ions to this paper. The floating-zone crystals 
were grown by R. G. Sobers, and the Hall  measure-  
ments  were made by F. Ermanis.  R. H. Kaiser  assisted 
in the spectral shape measurements ,  K. L. Lawley 
aided in the etching studies, and M. B. Panish pro-  
vided informat ion on the Ga-As-Te phase diagram. 

Manuscr ipt  received Ju ly  18, 1966. This paper was 
presented at the Cleveland Meeting, May 1-6, 1966. 

Any  discussion of this paper will  appear in a Dis- 
cussion Section to be published in the December 1967 
J O U R N A L .  

REFERENCES 
1. T. S. Plasket t  and A. H. Parsons, This Journal, 

112, 954 (1965). 
2. G. Ziegler and H.-J. Henkel,  Z. Angew. Phys., 19, 

401 (1965). 
3. H. Salow and K.-W. Benz, ibid., 19, 157 (1965). 
4. M. E. Drougard, J. Appl. Phys., 37, 1858 (1966). 
5. D. B. Wit t ry  and D. F. Kyser, ibid., 35, 2439 (1964). 
6. D. F. Kyser and D. B. Wittry,  "The Electron Micro- 

probe," p. 691, T. D. McKinley, K. F. J. Heinrich, 
and D. B. Wittry,  Editors, John Wiley & Sons, 
Inc., New York (1'966). 

7. G. H. Schwuttke,  J. Appl. Phys., 34, 1662 (1963). 
8. J. A. M. Dikhoff, Solid-State Elec., I, 202 (1960). 
9. M. Gershenzon and A. Ashkin, J. Appl. Phys., 37, 

246 (1966). 
10. R. R. Moest, This Journal, 113, 141 (1966). 

1 Note  a d d e d  in  p r o o f :  A r e c e n t  p a p e r ,  G.  S c h o t t k y ,  J .  Phys.  
Chem. Solids, 27, 1721 (1966), considers t h e  Ga  v a c a n c y - d o n o r  
a t o m  c o m p l e x  in  c o n s i d e r a b l e  de ta i l .  



158 J. Etectrochern. Soc.: S O L I D  S T A T E  S C I E N C E  F e b r u a r y  1967 

11. J. C. Marinace, ibid., l l0 ,  1153 (1963). 
12. M. H. P i lkuhn  and H. Rupprecht,  Trans. Met. Soc., 

230, 296 (1964). 
13. K. Morizane, A. F. Witt, and H. C. Gatos, This 

Journal, 113, 51 (1966). 
14. G. R. Cronin, G. B. Larrabee,  and J. F. Osborne, 

ibid., 113, 292 (1966). 
15. D. B. Wittry, Appl. Phys. Letters, 8, 142 (1966). 
16. E. S. Meieran, J. Appl. Phys., 36, 2544 (1965). 
17. H. C. Casey, Jr., and R. H. Kaiser, This Journal, 

114, 149 (1967). 
18. D. B. Wittry,  Electron Probe Microanalysis Con- 

ference, May 6, 1966, College Park,  Md. 
19. H. C. Casey, Jr., Bull. Am. Phys. Soc., 10, 1199 

(1965). 
20. D. E. Hill, Phys. Rev., 133, A866 (1964). 
21. B. I. Halperin and Melvin Lax, ibid., 148, 722 

(1966). 

22. M. V. Sul l ivan and G. A. Kolb, This Journal, llO, 
585 (1963). 

23. M. S. Abrahams and C. J. Buiocchi, J. Appl. Phys., 
36, 2855 (1965). 

24. D. A. Cusano, Solid State Comm., 2, 353 (1964). 
25. E. Burstein,  Phys. Rev., 93, 632 (1954); see also 

T. S. Moss, Proc. Phys., Soc. (London), B67, 775 
(1954). 

26. D. N. Nasledov, J. Appl. Phys., 32, 2140 (1961). 
27. L. J. Vieland and I. Kudman,  J. Phys. Chem, 

SoLids, 24, 437 (1963). 
28. M. B. Panish,  This Journal, 114, 91 (1967). 
29. R. W. Fane and A. J. Goss, Solid-State Elec., 6, 

383 (1963). 
30. F. A. Trumbore,  H. G. White, M. Kowalchik. R. A. 

Logan, and C. L. Luke, This Journal, 1i2, 782 
(1985). 

Textural and Electrical Properties 
of Vacuum-Deposited Germanium Films 

J. D. Williams and L. E. Terry I 
So//d State and Thin Film Device~ D~v~sion, Sandia Corporation, Albuquerque, New Mexico 

ABSTRACT 

An investigation has been conducted to determine the efffect of condensa- 
t ion ra te  and substrate temperature  on the textural  and electrical properties 
of germanium films vacuum-deposi ted on amorphous substrates. All  films 
deposited were either amorphous or polycrystall ine.  Regions in  the condensa- 
t ion ra te-subst ra te  tempera ture  plane exist which exhibit  very high degrees 
of preferred orientat ion of the polycrystal l ine films. It was confirmed that  
substrate temperature  influences the tex tura l  properties of the films. Also, for 
large variat ions in condensation rate, different preferred orientations were 
obtained for a constant substrate temperature.  This demonstrates that  film 
structure  is a funct ion of both the substrate tempera ture  and the deposition 
rate. 

Thin-f i lm semiconductor research activity has been 
greatly s t imulated by the need for improvement  in 
one or more of the aspects of lower cost, smaller  size, 
greater  rel iabi l i ty  and radiat ion resistance in elec- 
tronic components and circuits. The electrical prop- 
erties of semiconducting films are in t imately  related 
to their textura l  properties; therefore, this invest iga-  
tion of germanium films has been conducted to deter-  
mine  the effect of condensation rate  and substrate 
tempera ture  on the textural  and electrical properties 
of the films. Two papers report ing textura l  properties 
of vacuum-deposi ted ge rmanium films on heated 
amorphous substrates produced seemingly contradic-  
tory results. Davey (1) working with condensation 
rates on the order of I A/sec, reported [110] texture  
for substrate temperatures  in the 175~176 range. He 
found that  a competit ion for growth occurs in the 
350~176 range and  that  the texture  varies pr inci-  
pally between being powder, [110] and [111]. Above 
575~ he found that the [111] texture  became domi-  
nant .  Via and Thun  (2), working at 80 A/sec, re-  
ported practically amorphous films at substrate tem- 
peratures up to 400~ In  the 400~176 range, they 
found mixed orientation of [110] and [100]. At ap- 
proximately  500~ the [100] orientat ion disappears 
and a mix ture  of [110] and [111] is found. At tem- 
peratures  above 600~ they found that  the preferred 
[110] is by far predominant .  

Sloope and Til ler  (3), invest igat ing vacuum-de-  
posited ge rman ium films on heated single-crystal  sub-  
strates, found that  the tendency of a film to exhibit  
epitaxy increases with increasing substrate tempera-  
ture. Kr ikor ian  and Sneed (4) reported a similar ob- 
servation in their  invest igat ion of sputtered germa-  
n ium films deposited on heated single-crystal  sub-  
strafes. These observations, plus our own pre l iminary  

Present  address:  Motorola Inc., Phoenix, Arizona. 

findings, led us to expect that  a given preferred orien- 
tation obtained on heated amorphous substrates at low 
condensation rates and low temperatures  could also 
be obtained at higher substrate temperatures  and con- 
densation rates. 

During the course of our work, Davey et al. (5), 
published another paper which stated that, for thick- 
nesses of germanium films greater  than 500A, the 
[110] texture was independent  of all the other dep- 
osition parameters.  A careful examinat ion of Davey's 
data revealed that, for a constant substrate tempera-  
ture, 240~ the deposition rate  was varied between 1 
and 100 A/sec. Likewise, for a constant  deposition 
rate of 8.25 A/sec, the substrate tempera ture  was 
varied between 225 ~ and 600~ Therefore, we have 
chosen to investigate the textura l  properties of ger- 
man ium films formed in an extended port ion of the 
ra te - tempera ture  range. 

Experimental Procedure and Equipment 
Two hundred  germanium films were vacuum-evapo-  

rated onto glazed a lumina  ceramic and Coming  No. 
7059 glass substrates with the following range of dep- 
osition parameters:  (a) substrate  tempera ture  25 ~ to 
700~ (b) condensation rate 0.5 to 380 A/sec, (c) 
deposition pressure 10 - s  to 5 x 10 - s  Tort,  and  (d) 
thickness 800 to 50,000A. The vacuum evaporations 
were performed with the fixtures and bakeable  ion- 
pumped system shown in Fig. 1. The molybdenum and 
304 stainless steel fixture permit ted seven samples to 
be prepared in one pumpdown cycle. Magnetic rotary 
motion feedthroughs allowed a selection of groups of 
2-3-2 substrates for a choice of temperature  and con- 
densat ion rates. The 0.1-ohm centimeter  n - type  ger- 
man ium source mater ia l  was heated to evaporat ion 
temperatures  with a Var ian electron gun. Open cy- 
l indrical  a lumina  and quartz crucibles, resistance- 



VoL 114, No. 2 P R O P E R T I E S  O F  V A C U U M - D E P O S I T E D  G e  F I L M S  159 

Fig. 1. Substrate holder and heater 

heated by helical tungsten baskets and heavy tung-  
sten coils with no inserts, were used as evaporation 
sources to obtain condensation rates above 100 A/sec. 
Substrate heat ing was accomplished by two methods:~ 
(i) A molybdenum or stainless steel block, with heater  
wire imbedded in it, was placed in in t imate  contact 
with the substrate;  (it) The substrates were placed in 
a cylindrical  oven. The contact heater was capable 
of raising the substrate tempera ture  to approximately 
600~ and the oven was capable of producing sub- 
strate temperatures  up to at least 800~ Construction 
details of the contact heater are shown in Fig. 2. 2 Sub-  
strate temperatures  were monitored by chromel-  
alumel thermocouples in  contact with the back of the 
substrates. A considerable temperature  differential 
is created between the front  and back surfaces of the 
substrates when  they were heated by the contact 
heater. In  some cases this tempera ture  difference is as 
much as 250~ These differences were carefully cor- 
related with the back surface temperatures  by attach- 
ing thermocouples to both front and back surfaces and 
s imulat ing the evaporat ing conditions. All tempera-  
tures in this report  refer to the f ront  surface of the 
substrate. 

The imbedded  hea te r  wi re  was  T h e r m o c o a x  m a n u f a c t u r e d  by  
the Araperex  Corporation,  HicksviUe,  New York.  

Fig. 2. Contact heater 

The substrates were cleaned by the following pro- 
cedure3: (i) 15-rain ultrasonic bath in Alconox (3 g/  
liter distilled H20),  (ii) 15-rain ultrasonic r inse in 
room tempera ture  distilled water, (iii) 10-rain im-  
mersion in a boil ing 10% solution of H~O~, (iv) boiling 
in ultrasonic r inse in  distilled water, (v) dry ing  in  
ethanol vapor, and (vi) storing in jars with ground 
glass seals. 

The deposition parameters  were varied by control-  
ling the e lect ron-gun beam current ,  the power de- 
l ivered to the tungsten  coil, and /or  the deposition time. 
The source dimple of the electron gun was always 
filled with approximately 2g of germanium. The 
source mater ial  was slowly outgassed and the evapora-  
t ion conditions allowed to reach equi l ibr ium before 
the shutter  was opened. Since the source mater ia l  was 
never  depleted by more than a few per cent dur ing 
any evaporation, the effective source area and volume 
remained near ly  constant, resul t ing in un i form con- 
densation rates. Films were measured for thickness 
on a Zeiss interference microscope with the exception 
of a few of the very high substrate  tempera ture  films 
which exhibited ra ther  rough surfaces. A be ta - ray  
backscattering ins t rument  was used to measure the 
average thickness of these films. 

All  samples were analyzed by x - r ay  diffraction on a 
General  Electric XRD-,6 diffractometer unit .  The 
Bragg reflection peaks from the (111), (220), (311), 
and (400) planes were scanned at 4 ~ and 0.4~ 
The method of de termining the degree of preferred 
orientat ion of the films and a description of the crys- 
tallographic notat ion is given in Appendix  A. 

Results and Discussion 
Crystallite orientation.--All films deposited on 

amorphous substrates were either amorphous or poly- 
crystalline. Films deposited in  the 1-100 A/sec con- 
densation rate and 25~176 substrate tempera ture  
range were all amorphous. Polycrysta l l in i ty  was ob- 
served between 150 ~ to 200~ but  consistent, repeat-  
able results were not  obtained unt i l  the substrates 
were heated to above 200~ A composite plot show- 
ing regions of preferred orientat ion in  the substrate  
tempera ture-condensa t ion  rate plane is given in  Fig. 
3. Addit ional  informat ion per t inent  to the data pro- 

s This  is c l ean ing-procedure  No, 1 repor ted  in  " A  Compar i son  of 
Subs t ra te  Cleaning P rocedures , "  J .  D. Wil l iams and  J.  N. Sharer ,  
p resen ted  at the  San Francisco Meeting Of the Elec t rochemical  So- 
ciety, May 1965, Abs t rac t  No. 115, 
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Table I. Additional data relative to Figure 3 Table I (Continued) 

T h i c k -  
h e s s  

F i l m  (Ang- 
number stroms) 

S u b -  T h i c k -  S u b -  
s t r a t e  h e s s  s t r a f e  

R a t e  t e m p  R ~  Ra~ R~0o F i l m  ( A n g -  R a t e  t e m p  1%~ R~11 R~oo 
( A / s e e )  ( ' C )  O r i e n t a t i o n  (R1~1 a l w a y s  : 1) n u m b e r  s t r o m s )  ( A / s e e )  (~  O r i e n t a t i o n  (Rzn a l w a y s  = 1) 

2-3-2  800 
2 -12 - I  900 
3-4-1 1,1O0 
2-12-3 900 
4 -11-2b  1,400 
2-13-2 2,200 
2 - 2 4 - I  2,430 
3-2-1 2,160 
3-4-2 1,620 
3-4-3 1,900 

3-14-2c  2,160 

4-9-3 2,430 
2-10-I 2,700 
2-13-I 2,700 
2-18-1 2,530 
2-26-1 2,600 
2-26-2 2,600 
2-26-3 2,600 

3-14-Ia 2,700 
3-14-2a  2,700 

3-14-3a  2,700 
3-14-3b 2,700 
3~ 3,240 

3-7-2 2,700 
3-7-1 3,590 
2-24-2 3,510 
3-11-1b 5,400 
3-16-1a  4,600 
3 - 1 6 - I b  4,730 
3-16-2a  3,920 

3-16-2b 3,780 

3-16-3a 5,000 
3-16-3b 5,000 
3-17-1a 5,570 

3-17-2b 5,130 
3-17-3a 4,590 
3-17-3b 4,050 
3-20-2a  5,120 
3-23-2a  5,400 
3-23-2b 4,860 
3-23-2e 4,460 
3-23-3a 5,400 
3-25-1a 5,400 

4 - I - 2  4,600 
4-9-I 4,050 
4- i i - Ia  3,920 
4-11-Ib 3,650 
4-I0-3a 4,580 
4-i0-3b 4,330 
G e - x - 1 3  4,100 

3-20-3a  5,670 
3-25-3b 5,800 
4-13-3a 5,800 
4-13-3b 5,800 
3-II-Ia  6,075 
3-25-36 6,350 
3-25-2e  6,900 
3-II-2e 7,020 
3-25-2b ?,030 
3-11-2b 7,840 
3-11-26 8,100 
3-13-16 8,640 
3-13-2c 9,450 
3-20-1a 8,900 
3-20-Ib 8,630 
3-23-1a 7,830 
3-23-1b 7,830 
4-2-i 8,100 
4-10-1a  8,240 
4-10-1b 8,100 
4-I0-2a 8,240 
4-10-2b 8,100 
4-I0-2e 7,840 
3-6-2 74,900 
3-11-3a  10,120 
3-11-3b 9,720 

3-13-26 10,800 
3-13-36 12,150 
3-13-3b 12,150 
3-26-1a 11,080 
3-26-1b 10,800 
3-26-2a 11,200 
3-26-2b 10,800 
3-36-2c 10,100 
3-26-3a 13,500 
3-26-3b 12,550 
3-31-1 16,000 
3-31-2 11,000 
3-31-3 12,600 

4-2-2  12,150 

4-2-3  10,800 
G e - x - 3  19,000 

1.65 350 P [ I I I [  0.505 0.1 0.02 
1.25 475 P [ l l l l  0.58 0.8 0.94 
0.8 640 P[1O0] 0,74 0.71 1.36 
1.25 410 [1OO] 1.25 0.01 2,7 
0.5 245 [110] 97 O.1 0.7 
1.83 485 [100] 0.95 0.1 3.2 
2.7 600 PCll0] 1.32 0.47 1.2 
3.6 640 P[1O0] 0.88 0.9 1.76 
1.08 620 [I001 0.8 0.5 3.1 
1.25 600 [1O0] 1,02 0.76 3,9 

r 1100 
36 410 M L l l 0  j 2.0 O.1 2.8 

FZOOl 
8.1 670 M L l l 0 J  0.4 0.01 1.64 
5,6 485 [1101 5.6 0.13 0.01 
2,2 525 P [ I 1 0 ]  1.69 0.94 1.5 
1.7 560 P[100] 1.13 0.65 1.3 
1,73 560 P[100]  1.22 1.16 1.28 
2.06 545 [1001 1.3 0.92 2.4 
1.88 505 P[IIO] 1.24 0,425 0.465 

r lOOl 
46 430 M L l l o l  4.28 0.7 4.6 
45 410 [llO] 3.99 0.35 2.52 

r lOO~ 
45 370 M L llOJ 2.33 0.26 3,18 
45 390 [II0] 3.58 1.51 2.13 
54 410 [1O0] 1.98 0.3 3.44 

r 1100 
1.5 380 M L l 1 0  j 1.9 0.5 2.1 
2 410 [I00) 1,5 0.2 3.6 
3.9 535 [100] 2.1 0.47 3,12 

22.5 430 [ l lO]  7.62 0.69 3.4 
76.8 440 [100] 2.1 0.6 3.97 
79 440 [1O0] 1.4 0.65 4.1 
65 410 [100] 3.1 0.72 5.9 

F I00 
63 410 M Ll lO  J 3.2 0.6 3.77 

F l 1 0 3  
83.5 375 M L 10oJ  3.74 0.5 3.17 
83.5 375 I I10]  5.0 0.6 3.97 
44 445 [II0] 5.1 1 2.3 

r1103 
42.8 420 M [ l o o J  5.03 0.64 4.78 
38 305 [ l l O ]  6.5 0.3 4.55 
33.7 330 [110] 13.7 0.8 4 
21.3 430 [110] 6.49 0.7 2.3 
18 560 [II0] 5 0.78 1,78 
16.2 660 [110] 2.7 0.43 1,1 
14.7 560 [ I I 0 ]  4.3 0.45 0.7 
22.5 480 [110] 7 0.4 3.5 

9 460 [110] 5.2 0.42 1.91 
r l l O 1  

6,4 685 M L IooJ  2.02 0.615 1.45 
3.4 700 P [ l l l ]  0,8 0.43 0.7 
1,2 245 I l l 0 /  25 0.7 1.84 
1.1 245 [ l lO]  55 0,8 1.95 
1.7 280 [II0[ 40 0.6 2.1 
1,6 280 [II0] 45 0.7 1.9 

65 675 [110] 2.9 0.3 0.45 
F l l 0 1  

23.6 375 M L100J  3.6 0.43 3.4 
16 435 [1101 10.2 0.4 0.48 

6.5 215 [1101 117 1.4 2.5 
6.5 215 [110] 146 1.14 1,7 

25.3 430 [110] 7.31 0.69 3.4 
17.6 405 [ I I 0 ]  9.3 0.46 0.55 
7.7 435 [110] 2,1 0.43 0.71 

29.2 400 [110] 5 0.576 3.15 
7.8 500 [1103 3.78 0.38 0.2 

32.6 400 [ii03 14 0.'18 5.2 
83.8 400 [110] 15 0.574 3.27 
48 530 [110] 6.1 0.52 1.76 
39 475 [110] 7 0.265 2.2 
33 480 [1101 7 0.24 2.1 
32 560 [110] 3.4 0.42 2.1 
10.8 590 [110[ 5.5 0.425 2.0 
10.8 690 [ 110] 2.7 0.52 1.5 

9 690 P[100] 1.1 0.87 1.5 
2.3 285 [ I I 0 ]  146 0.94 0.16 
2.25 285 [II0] 53 0.37 0.35 
3.05 280 [II0] 146 0.93 0.01 
3.0 280 [ U 0 ]  135 1.2 0.17 
2.9 280 [110] 250 1 0.38 

20 640 [110] 2,9 0,74 1.74 
28.2 350 [110] 10.2 0.915 5.3 
27 350 [110] 11.1 0,8 5.5 

r l 0 0 1  
45 455 M L l l 0  j 7.62 0.35 5.08 
50 430 [1101 3.7 0.3 2.1 
50 430 [110] 3.67 0.27 2.2 

6,15 340 [110] 250 0.7 4.2 
6 375 [110] 241 0.7 5.6 
6.2 275 [110] 53 0.8 0.4 
0 305 [1101 40 0.82 0.3 
5.6 305 [110] 23.8 0.65 0.2 
7.5 225 [110] 159 0.9 0.3 
7.0 240 [110] 121 0.33 0.35 

53 050 [110] 6.5 0.55 3.56 
61 640 [II0] 7,31 0.44 4,2 

8.3 640 [110] 6.7 0.58 1.01 
r l l O 1  

6.75 685 M L l o o J  2.4 0.52 1.82 
r l l 0 ~  

4.5 685 M LIOOJ 1,75 0.535 1.48 
61 315 P[111] 0.45 0.4 0.31 

Ge-x-2 17,000 58 276 P[ I I I ]  0.05 0.6 1 
Ge-x-4 22,000 46 395 P[ I I I ]  0.5 0.2 0.22 
Ge-x-6  43,000 240 550 P [ l l l ]  0.8 0.66 0.68 
Ge-x -7  23,000 147 580 P [ l l O ]  1.04 0.723 0.832 
Gr 39,000 390 450 P[ I I I ]  0.94 0.6 0.511 
Ge-x -9  40,000 330 490 P[1O0] 0.11 0.66 1.92 
G e - x - 1 1  50,000 280 630 P [ l l l )  0.9 0.74 0.045 

sented there is given in Table I. In  Fig. 4 the three re-  
gions of the substrate tempera ture  condensation rate 
plane previously investigated by Davey and Via and 
Thun are outlined. Three broader regions designated 
A, B, and C are also labeled to aid in  the discussion 
of the figure. 

Davey's first results are shown in the lower por-  
tion of Fig. 4. He found [110] texture  4 for low sub-  
strate temperatures  (175~176 and [111] texture  
for high substrate temperatures  (525~176 with the 
indicated mixed orientations in between. Via and 
Thun 's  results are shown near  the top of the figure. 
Their  films were all deposited at a condensation rate 
of 80 A/see. Polycrystal l ini ty  was first observed at 
350~ Mixed orientat ion was found up to 600~ and 
the [110] texture  was by far p redominant  above 
600~ The results of the present  work extend into 
both regions and clearly indicate that  a continuous 
range exists which connects the two regions of [110] 
texture. This is shown as region B in Fig. 4. In  these 
polycrystal l ine films, a certain crystallographic plane 
of each crystall i te is ar ranged parallel  to the substrate 
surface, but  we expect that the orientat ion is random 
in the other two directions. Two possible factors which 
influence the texture  are: (i) that  a larger b inding 
energy exists between the condensing atoms than  be-  
tween the film atoms and the substrate surface, and 
(ii) the surface mobil i ty of the atoms is an increasing 
funct ion of the substrate temperature.  According to a 
generalization of Bravais, the bound ing  planes which 
develop in  growth are l ikely to be those which are 
parallel  to the crystallographic planes of densest pack- 
ing. There are m a n y  exceptions to this, but  in the 
diamond structure the [110] is the most dense plane. 
In  order to ma in ta in  similar conditions on the sub-  

T h e  w o r d  t e x t u r e  i s  u s e d  to  d e n o t e  p r e f e r r e d  o r i e n t a t i o n  of  
crystallite f a c e s  p a r a l l e l  to  t h e  p l a n e  d e s i g n a t e d  b y  t h e  s m a l l e s t  i n -  
t e g e r  M i l l e r  i nd i ce s ,  F o r  g e r m a n i u m  t h e  x - r a y  p e a k s  a r e  a c t u a l l y  
f r o m  t h e  (111), (220),  (311),  a n d  (400) re f lec t ions .  
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Fig, 4. Regions of special interest of the composite plot 
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strate surface, the surface mobil i ty of atoms must  be 
increased as the deposition rates increase, to keep 
successively arr iving atoms from bury ing  the pre-  
ceding atoms which have not  had time to form an 
appropriate lattice. 

In general, the textures other than [110] reported 
by Davey, Via, and Thun  are also confirmed by our 
investigation. The differences found probably result  
from different definitions of preferred orientation. For 
example, we actually classed as [100] the region 
designated by Davey as [111]. But  if only the first 
three reflection planes were used for comparison, then 
we also would have obtained the [111] texture  there. 
All condensation rates in the range 100-380 A / s e c  in 
the substrate tempera ture  range 250~176 caused the 
random powder orientat ion which probably results 
from the bury ing  effect ment ioned earlier. For sub-  
strate temperatures  greater  than 650~ and conden-  
sation rates of 10 A/sec or less, the films are very 
granular.  All of these films exhibit  either the r an -  
dom powder orientat ion or a mixed orientation, prob- 
ably because the evaporant  atoms are not arr iving fast 
enough to permit  any  orderly bonding arrangement .  

Table I also contains values of R m ,  •220, ~:~311, and 
R400 calculated by the method outl ined in Appendix  
A. In  the left center portion of region B, values of 
R22o as high as 250 were obtained, indicating very 
strong [110] texture.  For  some specially selected rates 
and temperatures  outside region B, [110] texture can 
also be obtained; but, in general, in  regions near  the 
indicated borders, the competit ion for growth results 
in a mixed texture. 

The theory of nucleat ion on amorphous substrates is 
not  well  understood. Many and widely different 
theories and models have been proposed even when 
the experiments  performed have been conducted on 
cleaved or ul t raclean single-crystal  substrates. For  
example, lattice constants of the parent  crystal and the 
growth film were once expected to be wi th in  15% for 
epitaxy to occur (6). A new concept, pseudomorphism, 
has been developed to explain the fact that  oriented 
overgrowth has been observed for even greater  differ- 
ences in lattice constants. Such variables as substrate 
tempera ture  and condensation rate  are often of 
greater significance than the amount  of lattice misfit 
(7, 8). The glass substrates used in our experiments,  
even though ultraclean, do not exhibit  the ordered 
surface of a s ingle-crystal  substrate. Therefore, they 
do not lend themselves readi ly to conventional  epi- 
taxial  theories. 

The diamond structures of germanium can be con- 
sidered as two in te rpenet ra t ing  face-centered cubic 
lattices. Because of the complicated covalent bond-  
ing of the d iamond- type  semiconductor structure, a 
rigorous t rea tment  of the dependence of crystallo- 
graphic formation on the substrate tempera ture  is not 
given. However, a heuristic argument ,  following a de- 
velopment  of Rhodin and Walton (9), is presented to 
offer a quali tat ive unders tanding  of the changes in 
orientat ion with tempera ture  and rate. 

Rhodin and Walton considered the formation of a 
deposit of a face-centered cubic metal  as a funct ion 
of substrate tempera ture  at a constant  incident  rate. 
At the low-tempera ture  limit, the critical nucleus  is 
a single atom, and the nucleat ion rate, I, can be ex- 
pressed as 

I1 = R ~ exp k T  

which is obtained from a general  expression 

G = R ~ exp [2] 
k T  

where n = number  of atoms in  the critical nucleus,  
En = dissociation energy of the critical nucleus 
(El = 0), R = rate of incidence of vapor atoms, No --- 
densi ty of adsorption sites, v = a f requency term of 

the order of 10m/see, Qa4 -- heat  of adsorption of ad- 
sorbed atom, QD = activation energy for surface dif- 
fusion, k = Bol tzmann constant, and T = absolute 
temperature.  

At the low-tempera ture  limit, the critical nucleus 
should be a single atom. Therefore, each time that  a 
pair  is formed it will usual ly  grow, ra ther  than de- 
cay into two single atoms. As the supersaturat ion is 
decreased, either by increasing substrate temperature  
or by decreasing incidence rate, a supersaturat ion 
point  is reached where the probabil i ty  of a pair  de- 
caying is equal to the probabi l i ty  of its growing. Be- 
low this point of supersaturat ion,  a pair  wil l  be a 
critical nucleus unt i l  supersaturat ion is reached where 
the stable configuration formed by adding a single 
atom to the pair becomes unstable.  Then the three- 
atom cluster becomes the stable nucleus. 

As the substrate temperature  is increased, a tem- 
pera ture  is reached at which the pair  is no longer 
stable (Eq. [2]). The next  smallest cluster ( three- 
atom) is one that  has a m i n i mum of t w o  bonds per 
atom. One way of achieving a m i n i m u m  of two bonds 
per atom is to have three atoms ar ranged in a t r i -  
angle. The critical nucleus is the pair  and the nuclea-  
tion rate is 

I2 ~----R ( 
R 2 

\ 

where E2 is the dissociation energy of the pair. 
Another  way of achieving a m i n i m u m  of two bonds 

per atom is to have four atoms arranged in a square. 
The critical nucleus for this a r rangement  can be taken 
as three atoms in a capital L arrangement ,  and the 
nucleat ion rate is 

R 

where E3 is the dissociation energy of the three atoms 
in the critical nucleus. 

The three-a tom smallest stable cluster leads to an 
or ientat ion in which the [111] plane is paral lel  to the 
substrate. The four-a tom configuration leads to the 
[100] orientation. Therefore, Eq. [4] applies where 
the [100] is the first or ientat ion to be observed, and 
Eq. [3] when the [111] orientat ion is first observed. 
Similarly,  other orientations can also be observed. To 
obtain the temperature,  T1, at which the smallest 
stable cluster of one bond per atom changes to the 
two bond per  atom (a t r iangular  a r rangement ) ,  one 
need only to equate Eq. [1] and  [3] to obtain 

--(Qad + E2) 
T~ = [5]  

R 

Likewise, the temperature,  7'2, at which the smallest 
stable cluster of one bond per atom changes to the two 
bond per atom (a square a r rangement ) ,  is obtained by 
equat ing Eq. [1] and [4]. This yields the following 
expression for T~ 

--(Qad + Ea/2) 
T~ = [6] 

The preceding discussion, for the simple faced- 
center  cubic metal, illustrates, at least for the ini t ial  
stages of growth, that  the type of or ientat ion obtained 
for a given deposit is a funct ion of substrate tempera-  
ture. Since the nucleat ion rate is also dependent  on the 
incidence rate of vapor atoms, the number  of atoms in 
a critical nucleus is dependent  on the condensation 
rate as well as the substrate temperature.  

The preceding development  would be more plausible 
if the complete films were formed as successive com- 
plete monolayers.  The exper imental ly  observed orien- 
tat ion r a t e  and tempera ture  dependence could then be 
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described by heterogeneous nucleat ion rate  theory. 
However ,  monolayer  format ion does not  seem to be 
the normal  mode of growth for alkali  halides and 
various metals  previously studied (10). Since it is 
more l ikely that  the germanium nuclei  are exper i -  
encing three-d imens iona l  growth, it therefore  appears 
that  a combination of heterogeneous and homogeneous 
nucleat ion is occurring. 

Crystallite s i zes .~When the size of the individual  
crystal  is approximate ly  2000A or less, one may u s e  

information obtained f rom diffractometer  line broad-  
ening in est imating crystal l i te  sizes. The extent  of 
line broadening is given by the Scher re r  fo rmula  

KL 
t = [10] 

(aM 2 ~ B s  2) 1/~ COS 8 

where  BM ~ width  of diffraction line measured at 
half its m a x i m u m  intensity, Bs ---- wid th  f rom stand- 
ard of crystal l i te  size larger  than about 2000A, t ----- 
d iameter  of the crystal  particle,  K is a constant taken 
to be equal  to 0.9, e the Bragg angle, and X is the wave -  
length of characterist ic x - r a y  target  material .  Al l  dif-  
fract ion lines have a measurable  breadth  because of 
d ivergence of the incident  beam and width  of the 
x - r ay  source in diffractometers.  The  expression 
B M  2 - -  RS2 assumes a Gaussian distr ibution of the 
counts and is essential ly zero w h e n e v e r  the part icle 
size exceeds approximate ly  2000A. A standard hal f -  
width Bs was obtained for the XRD-6 unit  by scan- 
ning the peaks f rom 40~ germanium powder  samples. 
Six calibration samples of 40~ powder  yielded an 8.8- 
rain resolut ion width  for the (111) peak and l l . 6 -min  
for the (220) peak. 

Half  widths for the (111) and (220) peaks were  
measured and are presented in Fig. 5 as a funct ion of 
the substrate temperature .  The data  represented here 
covers deposition rates f rom 0.2 to 80 i / s e c  and 
thicknesses f rom 2500 to 15,000A. The data were  
grouped in t empera tu re  increments  of 25~ and the 
peak widths averaged within this t empera tu re  in-  
crement.  Thus, each point  represents  approximate ly  
eight samples whose peak widths normal ly  var ied  less 
than 2 rain. The (111) and (220) crystal l i te  size in-  
creases wi th  t empera tu re  and, in agreement  wi th  
Davey (5), the (220) crystal l i te  sizes are larger  than 
the (111) crystall i tes over  the whole t empera tu re  
range. Crystal l i te  sizes calculated f rom the peak half-  
width  data are also presented in Fig. 5. Some indi-  
vidual  films f rom region B over  the complete  t empera -  
ture range were  also checked for crystal l i te  size. It  
was found that  the crystal l i te  sizes of individual  films 
fol lowed the average data of Fig. 5 ve ry  closely. Thus, 
even though R220 peaks in the 250~176 range, the 
crystal l i te  sizes are increasing functions of t empera -  
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Fig. 5. Average half widths for the ( l i d  and (220) peaks and 
crystallite size vs. substrate temperature. 

ture. The [110] crystal l i te  films in the 275~176 
tempera ture  range were  also invest igated for changes 
in crystal l i te  size as a funct ion of deposition rate. It 
was found that  at a substrate t empera tu re  of 280~ 
when the condensation rate  was increased f rom 1-8 
A/sec  the [110] crystal l i tes increased f rom 800 to 
1200A in average size. 

Electrica~ properties.--In s ingle-crysta l  semiconduc- 
tor technology the most impor tan t  parameters  are re-  
sistivity, conduct ivi ty  type, carr ier  mobili ty,  carr ier  
concentration, and l i fe t ime of in jec ted  carriers.  Be-  
cause most s ingle-crysta l  devices are minor i ty  carr ier  
devices, the quanti t ies  ment ioned above are those 
most per t inent  to minor i ty  carr ier  devices. Vacuum-  
deposited semiconductor  films present ly  produced on 
amorphous substrates are no more  than polycrysta l -  
l ine films with large (>1000A) diameter  crystall i tes 
which may or may  not exhibi t  a prefer red  crystal lo-  
graphic orientation. The most  successful use of these 
semiconductor films has been in major i ty  carr ier  de- 
vices. In polycrystal l ine films, the parameters  men-  
tioned are not always as meaningful  as they are in 
s ingle-crysta l  materials ;  however ,  they do form a 
basis of comparison and are widely  used in thin-f i lm 
research. The electr ical  parameters  measured for these 
films are the conduct ivi ty  type, the resist ivity,  and 
the Hall  coefficient. All  measurements  were  made at 
room temperature .  

Latt ice defects, grain boundaries,  and other  film 
imperfections found in polycrystal l ine films exhibi t  
accepter - type  characteristics.  Therefore,  in these films 
the apparent  doping level  is shifted, in general,  f rom 
source to film in the direct ion of higher  p-values.  All  
of the films deposited exhibi ted p - type  conductivity,  
al though the source mater ia l  was n-type.~ 

Figure  6 shows the resis t ivi ty of the films vs. sub- 
strate t empera ture  as measured  with  a four-point  
probe. 6 The data was also grouped in t empera tu re  in-  
crements  and averaged. A few values of mobi l i ty  are 
shown at key points in Fig. 6. Al though the resis t ivi ty 
again increases sl ightly at t empera tures  above 400~ 
the mobil i ty  of crystal l i te  sizes continue to increase. 
Rect i fying grain boundaries in polycrystal l ine ma-  
terial  will  cause fluctuation in the electric field in-  
tensity. Therefore,  the resis t ivi ty wil l  regis ter  h igher  
values than in s imilar ly  doped s ingle-crysta l  material .  

The film conductivity type was checked by a thermoelectric 
probe and by observing the sign of the Hail voltage. The film con- 
ductivity type was checked immediately after the films were re- 
moved from the vacuum chamber. 

For films less than 10~A thick p = 4.532 • 10 -s V/I W, where 
V is in volts. I in amperes, and W in angstroms. 
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Conclusions 
For large variations in condensation rate, different 

preferred orientations can be obtained for a constant  
substrate temperature.  This fact, combined with the 
we l l -known variat ions in textural  properties with 
changes of substrate temperature,  suggests that film 
structure is a function of both the substrate tempera-  
ture  and the deposition rate. The [110] tex tura l  
characteristics produced at low-substrate  tempera-  
tures and low-condensat ion rates can be extended 
through higher substrate temperatures  if the conden- 
sation rate is increased. Thus, since the results of 
Davey and Via and Thun  fall at opposite ends of a 
continuous substrate tempera ture  condensation rate 
region they are basically in agreement  rather  than 
contradictory�9 

From x- ray  diffraction l ine broadening,  the crystal-  
lite sizes increase with substrate temperature.  The 
crystalli tes of [110] texture  are always larger than the 
[111] oriented crystallites. The ratio R220, which gives 
a quant i ta t ive measure of the degree of preferred 
orientation, peaks in  the 250~176 2-7 A/see portion 
of region B. Crystall i te sizes were also observed to 
increase with condensation rate. A 50% increase in 
crystalli te size could be observed by increasing the 
temperature  or by increasing the condensation rate 
across the ranges of region B. 

The resistivity and Hall  mobil i ty of the films are 
dependent  on the substrate tempera ture  dur ing  de- 
position. The resist ivity varies down to a m in imum of 
approximately 0.1 ohm-era near a substrate tempera-  
ture of 500~ The Hall  mobil i ty increases with sub- 
strate temperature.  Values from 1 to i50 cm2/sec were 
obtained. The resistivity values seem to depend on the 
number  of crystallites oriented, since they pass 
through a m in imum soon after the degree of preferred 
orientat ion peaks. The mobil i ty continues to increase 
and therefore must  depend on the average crystalli te 
size. 

Manuscript  received May 10, 1965; revised manu-  
script received Aug. 29, 1966. This paper was pre-  
sented at the Toronto Meeting, May 3-7, 1964. This 
work was supported by the United States Atomic 
Energy Commission. 

Any discussion of this paper will  appear in a Dis- 
cussion Section to be published in  the December 1967 
JOURNAL. 
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APPENDIX A 

Determination of Preferred Orientation 
A standard  definition of what  is meant  by "pre- 

ferred orientat ion" of polycrystal l ine films does not 
exist. The following definition was developed and used 
in this paper. A ratio that  provides a quant i ta t ive  
measure oi the relat ive amount  of preferred orienta-  
tion is defined as follows 

hijk s h l l l  Ps 
Ri i k  ----- - -  

hi11 s hljk Ps 

where hijk s ----- height of (ijk) plane reflection peak, 
above noise, for sample being measured; hijk Ps 
height of (ijk) plane reflection peak, above noise, for 
powder standard (for germanium hnl Ps ~ 1, h220 Ps : 
0.57, h~ll Ps ~ 0.39, h400 P~ ---- 0.07); hln s = height of 
(111) plane reflection peak, above noise, for sample 
being measured; and hnl Ps ~- height of (111) ]plane 
reflection peak, above noise, for powder standard. 

Thus, for example, we have 

and 

h220 s hlll Ps 
R220 ~-~ 

h i l l  s h220 Ps 

h400 s hill Ps 
R4o 0 ~ 

~111 s h4o0 Ps 

It  is apparent  then that  if 

R220 ~ 1 
then the height of the (220) plane reflection peak in 
the sample and the height of the ( i l l )  reflection peak 
in the sample are in the same ratio as these two peaks 
in the powder standard. However, if 

R22o > 1 

then the ratio of the height of the (220) plane reflec- 
tion peak to that of the (111) plane reflection peak for 
the sample is larger than the corresponding ratio for 
the powder standard. Thus we have preferred orienta- 
tion of (220) over the (111) in the sample. 

Similarly, if 
E220 < 1 

then the (111) is preferred over the (220). 
It is apparent that all the ratios are normalized to 

the (111) plane. Therefore, if we have R400 > R22o 
then the (400) plane is preferred over the (220) plane. 

If a particular plane exhibited a relative ratio of at 
least one gTeater than the next highest ratio, the 
sample was considered to exhibit preferred orientation 
in that direction. If no more than three of the peaks 
exhibited ratios within one of each other, the pre- 
ferred orientation of the sample was considered mixed 
between the two highest ratios; and if all four ratios 
were within one of each other, the sample was con- 
sidered to exhibit the random powder orientation. The 
above criterion can be used for all evaluations except 
those in which the (111) reflections are predominant. 
In these cases, all ratios are one or less; therefore the 
criterion becomes one-half below rather than one 
above: i .e. ,  the (111) direction is preferred if Rnl ----- 1 
and all other Rijk'S are below one-half; mixed orienta- 
tion between the two highest reflections is obtained if 
no more than three of the peaks exhibit ratios within 
one-half of each other; and if all four ratios were 
within one-half of each other, the sample was con- 
sidered to exhibit the random powder orientation. If 
no peaks were observed, the sample was considered 
to be amorphous. The notation used throughout this 
paper is as follows: [111] -----preferred orientation or 
texture; M ( 111 ] 110J ---- mixed orientation with Rnl > 
R220; and P[III] ---- powder orientation with Rnl > the 
other RiJk. 
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ABSTRACT 

Single-crystal ,  epitaxial  GaxInl-xAs alloys have been prepared on (100), 
semi- insula t ing  GaAs substrates, using an open-tube,  vapor phase deposition 
system. High-pur i ty  elemental  gallium, indium, and arsenic were used as 
source materials.  Severe distortion of substrate and  deposit was observed 
when thin substrates (less than ca. 11 mils) were used. This was at t r ibuted 
to the large lattice mismatch between deposit and substrate. The electron 
Hall  mobil i ty showed a pronounced m i n i m u m  for alloys in the middle of the 
composition range, in agreement  with earlier results. 

In contrast to the GaAs~P~-x alloy system, relat ively 
few studies of the preparat ion and properties of 
GaxInl-xAs alloys have been reported. Abrahams 
et al. (1) prepared polycrystal l ine Ga~Inl-xAs alloys 
by gradient  freeze and zone-leveling techniques. The 
variat ions of lattice thermal  conductivity, electron mo- 
bility, and band  gap were determined as a function 
of alloy composition. Woolley et aI. (2) apparent ly  
prepared more homogeneous polycrystal l ine alloys by 
directional freezing. The variat ion of energy gap with 
composition was found to be l inear  up to about 80 
mole % GaAs. At higher GaAs contents, a more rapid 
increase in energy gap was observed. Hall measure-  
ments  of these alloys gave mobili t ies lower than ob- 
tained by Abrahams et aL when s ingle-carr ier  t reat-  
ment  of the data was used. This was at t r ibuted to 
mixed conduction. Homogeneous polycrystal l ine alloys 
were recent ly prepared by Hockings et al. (3) by 
zone-leveling.  Thermal  conductivity, Seebeck coeffi- 
cient, and electrical resist ivity were measured as func-  
tions of temperature,  impur i ty  concentration,  and alloy 
composition. Electron mobilit ies were reported for sev- 
eral  samples with x ~ 0.3 and 0.7. However, these 
samples were very highly doped with selenium (from 
7 x 1017 to 4 x 10~S/cmZ). Sirr ine (4) briefly described 
the nonseeded growth of several single crystals of 
GaxInz-xAs using halogen vapor t ransport  in a closed 
system. Minden (5) reported on the preparat ion of 
s ingle-crystal  GaxInl-.~As alloys, both unseeded by a 
closed tube method, and epitaxial on GaAs substrates 
using an open- tube system. Minden's  open- tube  sys- 
tem employed sources of e lemental  arsenic and gal- 
l i um- ind ium solutions. Considerable fract ionation of 
the ga l l ium- ind ium source occurred, making  control of 
composition difficult. Electrical properties were not re-  
ported. 

The present  invest igat ion fur ther  deals with the 
open- tube  preparat ion and properties of epitaxial 
GaxInl~xAs alloys on GaAs substrates. Instead of 
mixed ga l l ium- ind ium solutions as a source material ,  
separate reservoirs of gal l ium and ind ium are used. 

Exper imental  

Materials preparation.--Initially, a deposition system 
employing separate reservoirs of crushed GaAs and 
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Fig. 1. Open-tube vapor deposition system for epitoxiol 
Goxlnl-xAS alloy preparation. 

InAs was tried. Transport  of the gal l ium- and in-  
dium-hal ides  and introduct ion of arsenic were ac- 
complished by passing AsC1JHa mixtures  over the 
heated source materials. Control of alloy composition 
in this system however was not s traightforward in 
that  InAs and alloys with greater  than about 50 mole 
% InAs were difficult to prepare.  For this reason and 
for reasons of economy, flexibility, and purity,  a differ- 
ent type of system was devised. 

The open- tube deposition system used in this work 
is shown schematically in Fig. 1, and is constructed of 
fused quartz. Purified H2 was passed over heated ele- 
menta l  arsenic 1 to t ransport  arsenic vapor to the dep- 
osition zone. Mixtures of purified Ha and HC1 (pre-  
pared by Ha reduct ion of AsC13) were passed through 
the heated gal l ium ~ and ind ium 1 reservoirs to t rans-  
port the volatile gal l ium and indium chlorides to the 
deposition zone. (The concentrat ion of HC1 in the gas 
mixture  is fixed at about fi v /o  by the vapor pressure 
of AsCls, which is main ta ined  at 25~ The composi- 
tions of the deposited alloys were pr imar i ly  controlled 
by the relative flow rates of the gas mix ture  through 
the gall ium and indium reservoirs. These could be 
varied continuously from 0 to about 70 cc/min.  An 
addit ional flow of H2 of about  30 cc /min  was in t ro-  
duced into the outer reactor tube to prevent  back- 
diffusion and to aid in sweeping out the reaction 
products. 

A two-zone resistance furnace was used to provide 
tempera ture  control of the arsenic, gallium, indium, 
and substrate. One zone controlled the arsenic temper-  
ature ( typically 440~ The second zone controlled 
the gall ium and indium reservoirs s imultaneously (at 
865~176 since they are side-by-side.  Control of 
the substrate temperature  (745~176 was accom- 
plished by placing the substrate on a movable holder 
and positioning it at the proper location in the tem- 
perature gradient  at the end of the ga l l ium- ind ium 
source zone. The substrate had to be held in a vertical 
position because of the steepness of the temperature  
gradient.  With care, all temperatures  were ma in -  
tained at • 2~ 

Substrates used in this investigation were (100)- 
oriented wafers cut (30 mils thick) from chromium-  
doped GaAs pulled crystals. Room tempera ture  
resistivities of such crystals were about l0 s ohm-cm. 
The wafers were chemically polished using the 
method of Reisman and Rohr (6), and etched in 5: 1:1 
HaSO4:H202:H20 immediate ly  prior to use. 

Materials evaluation.--The alloy layers were shown 
to be epitaxial  by x - ray  diffraction. Epitaxial  layer  
thicknesses were determined by bevel- lap and stain 
techniques. A good stain for del ineat ing the junct ion  
in  GaAs and GaAs-r ich alloys was the Fe-HNOs-HaO 
stain (7). For  InAs and InAs-r ich  alloys, a brief  
t rea tment  with 1.5% NaOC1 in H20 provided sharp 
contrast  between substrate and layer  (8). 

Compositions were  determined by  x - r ay  diffraction 
techniques, assuming a l inear  var iat ion of lattice 

:z 9 9 . 9 9 0 9 ~  pure. 

164  



Vol. 114, No. 2 P R E P A R A T I O N  O F  E P I T A X I A L  Ga~In~_~As 165 

IO0 . .+.- 

/ : / ~ :  " ~ ~  

50 

~o�9 ;/~/ 
o I I I i 

0 O.I 0.2 03. 0.4 

GIZ F L O W / ( 6 o  ~LOW + I .  FLOW| 

Fig, 2. Variation of composition of epltaxlal Gaxlnl-xAs alloys 
with change in fractional HCI-Hm mixture flow through gallium 
reservoir. 

constant  with alloy composition. The sharpness of the 
alloy diffraction peaks also provided a quali tat ive 
measure of deposit homogeneity. 

Hall and resistivity measurements  were made on 
ul t rasonical ly cut s ix-armed specimens with ind ium 
solder contacts, using either a-c or d-c techniques, 
depending on whether  the sample resistance was low 
or high. 

Results and Discussion 
Physical properties.--Deposition rates obtained with 

this system ranged from 20 to 35 g/hr,  essentially in-  
dependent  of substrate tempera ture  over the range 
720~176 and also independent  of alloy composition. 
These results are in contrast  with the observation (5) 
that InAs deposition occurs efficiently only at tem- 
peratures below 700~ 

Alloy composition could be var ied in  a straightfor-  
ward fashion by changing flow rates over the gall ium 
and ind ium sources. This relat ion is shown in Fig. 2. 
The abscissa is the ratio of the flow rate of the HC1-H2 
mixture  over the gal l ium source to the total  flow 
rate of the HC1-H2 mixture  over both gal l ium and in-  
d ium sources. This is s imilar  to the var ia t ion of alloy 
composition with source composition found by Minden 
(5). In contrast, however, we have experienced no dif- 
ficulty in  fabricat ing alloys with less than 10 mole % 
InAs. The relationship shown in Fig. 2 is unusua l  in 
view of the fact that  deposition rate is essentially 
independent  of alloy composition even though GaAs 
appears to deposit preferential ly.  We have no explana-  
t ion for this at present. 

The homogeneity of alloys produced in  the deposi- 
tion system using compound source materials  has 
been described previously (9). Material produced in 
the present  system was s imilar ly examined using 
reflectivity and absorption methods and found to be 
homogeneous wi th in  the limits of resolution of the 
analyt ical  methods (about ___ 3% absolute).  

Often the alloy layers had macroscopically smooth, 
shiny surfaces and  sharp substrate-deposi t  interfaces. 
Occasionally, for reasons not yet  clear, physical de- 
fects of the "hillock" type were obtained in the 
more GaAs-r ich alloys. These general ly were pro- 
trusions with apparent ly  (100) facets. For InAs-r ich  
alloys, defects took the form of short l ine imperfec- 
tions oriented along <110> directions. These l ine 
imperfections appear to be (100) analogs of the (111) 
stacking faults in  epitaxial  GaAs described by 
Gabor (10). 

The hillock imperfections appeared to be connected 
with substrate quality, since some substrate crystals 
yielded higher hillock densities than others. The l ine 
imperfections, however, did not appear to be closely 
connected with the substrates. Since such line imper-  
fections were only observed in InAs-r ich  alloys, they 
may be related to the large lattice mismatch (InAs, 
6.06A; GaAs, 5.65A). 

When alloys were deposited on very  thin GaAs 
substrates (less than about 11 mils thick),  the samples 
were severely plastically distorted. Figure 3 shows a 

Fig. 3. Distorted epltaxial Gao.751no,25As sample obtained by 
deposition on a 10 mil thick (100) GoAs substrate. 

3% thick layer of Ga0.75In0.25As on a substrate 10 mils 
thick. (The sample was photographed through a hole 
in a piece of graph paper to i l lustrate  the curvature.)  
Surface contour measurements  showed this sample to 
be symmetr ical ly  curved about its center point  with 
a radius of curvature  of 12 cm. A detailed study of 
this phenomenon was not performed. However, we 
did ascertain that  (i) the effect was caused by alloy 
deposition since hea t - t rea tment  of a th in  substrate 
under conditions similar to those used during a 
deposition did not produce bending, and (ii) qualita- 
tively the effect appears to become more severe as 
the InAs content of the alloy is increased. Since the 
thermal expansion coefficients of InAs and GaAs are 
not very different over the temperature range 50 ~ 
700~ (11), the distortion is a t t r ibuted to the con- 
siderable mismatch of lattice constants. 

Electrical prop~rties.--The ini t ial  investigations of 
the electrical properties of the GazInl-~As system 
were at the .end points of the alloy range, i.e., GaAs 
and InAs. Table I shows the electrical properties of 
the bet ter  deposits. Next, alloys of various composi-  
tions were prepared and evaluated. General ly,  deposits 
were n - type  with excess carrier concentrations in 
the 10~5-10 TM cm 4 range. However, we observed that  
use of low arsenic reservoir temperatures  (<ca.400~ 
invar iab ly  produced p-type, high-resis t ivi ty  layers 
(104-10 ~ ohm-cm at 300~ for GaAs and alloys with 
less than about 70 mole % InAs. The resistivities of 
such deposits were essentially independent  of alloy 
composition. The na ture  of the impur i ty  or defect caus- 
ing such behavior  is not known;  however, the invar i -  
ance of resist ivity with composition implies an ac- 
ceptor level which stays approximately a fixed 
distance from the valence band through the alloy 
range. This has been part ial ly confirmed by conduc- 
t ivi ty measurements  as a function of temperature  for 
several such samples. The activation energy of con- 

Table I. Hall and resistivity data on InAs and GoAs layers on (100) 
GaAs substrates 

InAs 

300~ 77 ~  

L a y e r  E x c e s s  E x c e s s  
S a m p l e  t h i c k -  M o b i l i t y ,  c a r r i e r  M o b i l i t y ,  c a r r i e r  

No.  ness ,  7~ e m ~ / v - s e c  cone ,  c m  -8 c m 2 / v - s e e  cone ,  e m  -8 

- - 1 2 8  2 4  2 .1  x 104 1 ,1  X 101~ 5 .9  • 104 7 .6  • 10  ~ 
- - 1 2 4  16  2 . 0  X 104 1,7 x 1016 4 .8  x 104 1 .2  x i 0  ~e 
--52 14 1.9 X 104 1.5 • I0 TM 5.3 • 10t 9.8 X I01~ 
- - 5 0  20 2.3 x 104 8.7 X 1015 7,0 X 104 6.1 X 10~  

66-280 28 1,7 x I0~ 4.2 X 10~5 5,9 X I0~ 2.5 X I0 a5 

GaAs 

15 12 6.6 • 10 a S.5 • i0 I.~ 2.6 • 10 ~ 4.4 • i0 *~ 
114 9 6.4 X 103 1.2 • 10m 2.3 X 10~ 8.9 X 1015 
94 12 6.6 x i 0  ~ 2.5 • 1015 3.2 • i0~ 1.8 • I0 ~5 

129 19 7.0 X 108 1.4 x I0~ 2.6 X 10~ 1,2 X I0 a~ 
133 16 8,0 x 10s 8.3 X I0~ 3.5 • 104 7.5 • i 0  I~ 
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Fig. 5. Electron Hall mobilities at 300~ for epitaxial Gaxln~-xAs 
alloys on (100) GaAs substrates. 

duct ion (•  as a funct ion of a l loy composi t ion is 
shown in Fig. 4. The AE values  shown are  uncorrec ted  
for  var ia t ions  of mobi l i ty  and densit ies of states wi th  
tempera ture .  However ,  in al l  cases the var ia t ion  of 
the logar i thm of conduct iv i ty  wi th  rec iprocal  absolute  
t empe ra tu r e  was l inear  over  a la rge  t empe ra tu r e  
range  (from 100 ~ to 300~ The energy  level  of the  
unknown acceptor  appears  to become deeper  than  
E J 2  at  about  70 mole  % InAs. This is consistent  wi th  
our observat ion  tha t  p - t y p e  high res i s t iv i ty  al loys 
wi th  more  than  70 mole  % InAs could not  be obtained.  
The e lect r ica l  p roper t ies  (a t  300~ of al loys wi th  
more than 70 mole  % InAs p repa red  at  excessively 
low arsenic t empera tu res  (less than  about  400~ 
were  typ ica l ly  < about  10 z5 e lec t rons /cm 3 wi th  very  
low mobil i t ies  ( <  about  2000 cm2/vol t -sec) .  This is 
consistent  with an  acceptor  deeper  than E J 2 .  

The reason for  the  change f rom p - t y p e  high res i s -  
t iv i ty  to n- type ,  low res is t iv i ty  wi th  increas ing  arsenic 
t empera tu re  is not  clear. Three  l ike ly  explana t ions  of 
such behavior  however  a re  (i) a s t rong dependence  
of an impur i t y  vapor - so l id  segregat ion coefficient on 
arsenic  pressure ,  (ii) increased shal low donor im-  
pu r i ty  contaminat ion  f rom the arsenic at  the  h igher  
tempera tures ,  (iii) a physical  defect  whose concen- 

t ra t ion is dependent  on the  arsenic  pressure .  Unfor -  
tuna te ly  very  l i t t le  is known  about  the  influences of 
i tems (i) and (~i)  on ep i tax ia l  film growth,  and we 
cannot  defini tely e l iminate  the  poss ibi l i ty  of (ii). 

The var ia t ion  of e lect ron Hal l  mobi l i ty  (at  300~ 
of our best  samples  wi th  a l loy composit ion is shown 
in Fig. 5. (The excess e lect ron concentrat ions  of these 
samples,  de te rmined  f rom Hal l  measurements ,  are  al l  
in  the range 1 - 8  • 10ZS/cm~, except  for  the GaAs 
sample,  which was 8 • 1014/cm3.) These mobil i t ies  
are  s imi la r  to those observed by  Abrahams  e t a l .  (1) 
for po lycrys ta l l ine  al loys wi th  h igher  excess e lect ron 
concentrations.  Invar iab ly ,  the  mobil i t ies  of the  al loys 
decreased  wi th  decreas ing t empera tu re ,  in  contras t  to 
the  t empera tu re  var ia t ion  of mobi l i ty  of GaAs and 
InAs. This implies  sca t te r ing  f rom a charged center  of 
some type.  Since the  mobi l i t ies  of the GaAs and  InAs 
samples  p repa red  in this sys tem compare  favorab ly  
wi th  publ ished values,  we suspect  that  a l loy fo rma-  
tion per se may  be responsible  in par t  for the  low 
mobili t ies.  However ,  al loy sca t ter ing  of the k ind  de-  
scr ibed by Brooks (12) does not  appear  to be appl ic-  
ab le  in this case, since a nega t ive  t empe ra tu r e  de-  
pendence of mobi l i ty  is predicted.  

Conclusion 
An open- tube  system employing  separa te  reservoi rs  

of gal l ium, indium, and arsenic is a sa t is factory  
method for fabr ica t ing  ep i tax ia l  layers  of GaxIn t -xAs  
alloys on GaAs subst ra tes  wi th  good phys ica l  p r o p e r -  
ties. There  appears  to be considerable  s t ra in  associated 
with  lat t ice mismatch.  However ,  InAs, for  which  la t -  
tice mismatch is greatest ,  can be p repared  wi th  elec-  
t r ica l  proper t ies  comparab le  to bu lk  mater ia l .  

The electr ical  proper t ies  (p r imar i ly  e lec t ron mo-  
bi l i ty)  of the al loys p repa red  in such a sys tem are  
not  improved  over  po lycrys ta l l ine  al loys p repa red  by 
grad ien t  freeze and  zone- level ing  techniques.  How-  
ever,  the  ve rsa t i l i ty  of the open- tube  sys tem permi ts  
fabr ica t ion  of ma te r i a l  su i table  for device fabr ica t ion  
and invest igat ion,  
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ABSTRACT 

The t ransport  problems involved in the thermal  growth of thick oxide 
films are reexamined on the basis of a semiconductor model of the oxide film, 
in which the electron and hole concentrat ions are assumed to be in local 
thermodynamic equil ibrium. The coupled transports  of ions and of electrons 
or holes required in  the Wagner  electrochemical model of film growth are 
related separately to the electrostatic and Fermi potential  gradients in  the 
oxide film. The electrostatic potential  difference across the oxide film is shown 
to be fixed by the free energy of formation of the oxide and by the t ranspor t  
coefficients of the several  migra t ing species. The effect of external ly  applied 
fields on the thermal  growth process is discussed. Anomalies pointed out by 
Raleigh are shown not to be inconsistent  with the electrochemical model of 
film growth. The question of local e lectroneutral i ty  in the film relat ive to 
the parabolic growth law is also examined. 

Interest  in the theoretical aspects of the thermal  
growth of oxide films has been greatly s t imulated by 
recent exper imental  studies par t icular ly  by the in ten-  
sive investigations of the growth of amorphous silicon 
dioxide films on single crystals of silicon (1). The 
work of Eorgensen (2) in  this connection is of special 
interest  par t icular ly  his finding that  the thermal  
growth rate can be altered by the application of an 
external  electric potential.  This indicates that  film 
growth involves ionic migrat ion in  agreement  with 
the electrochemical model of film growth of Wagner  
(3), Mott (4), and Cabrera and Mott (5). 

The electrochemical model assumes the t ransport  
of charged species, ra ther  than neut ra l  molecules, 
across the growing oxide film with counterflow of 
electrons and holes to main ta in  electrical neutral i ty .  
Whether  the growth of a part icular  oxide film is sup- 
ported by the t ransport  of a metal  cation or an oxy- 
gen anion may be established by a marker  experi-  
ment. In the case of most metal  oxides, the metal  
cation is the dominant  species transported.  However  
several investigators (6) have found that  an oxygen 
anion is the species t ransported in the case of the 
growth of silicon dioxide films. 

In  the interests of an explicit presentation, the elec- 
trochemical model will  be discussed wi thin  the f rame-  
work of the case of the silicon dioxide thermal  growth, 
which is selected because of the relat ively large 
amount  of published exper imental  data for this sys- 

Si 

POSSIBLE ANODIC 
REACT(ONS 

Si +0~. + p+ "*'SiO 2 

Si+02= 2p+.-*SiO 2 

S{+ 20 = +4p+---~S{O 2 

SiO 2 O2 

POSSIBLE CATHODIC 
REACT3ONS 

O2-.* O~+ p+ 

02 "--~02= + 2p + 

02 "--~20= +4p + 

PURE CHEMICAL CASE 

Si+ 02-~ SiO 2 ] ~ 

Fig. 1. Electrochemical model of the thermal growth of silicon 
dioxide films in a pure oxygen ambient. 

tern. The general  concepts outl ined may be extended 
to other thermal  oxides without  difficulty. The pos- 
sible species t ransported and the corresponding elec- 
trode reactions at the opposite interfaces of the silicon 
dioxide film are shown in  Fig. 1. The nonelectrochem- 
ical case of the diffusion of neu t ra l  oxygen molecules 
which react at the sil icon-silicon dioxide surface is 
also illustrated. It will  be treated later  in  the discus- 
sion of al ternat ives to the electrochemical model. 

I t  is clear that  the t ranspor t  of an ionic species must  
be balanced by the t ransport  of an equivalent  n u m -  
ber of electrons or holes in order to prevent  bui ld-up 
of charge on the opposite sides of the film. However 
the counterflows of ions and of electrons and holes do 
not  necessarily br ing  about local electroneutral i ty  in 
the oxide film. 

In  most ionic crystals, f irst-order e lect roneutra l -  
i ty is provided for in  that  the cur ren t -ca r ry ing  ionic 
defects are general ly  present  as oppositely charged 
pairs. Thus in SiO2, anionic conduction could occur 
by an t i -F renke l  defects (equal concentrat ions of oxy- 
gen intersti t ials and vacancies) or by oxygen anionic 
defects compensated by cations of some impuri ty.  
Electroneutral i ty  then requires that  the electronic car-  
r ier  concentrat ion compensate the difference in the 
concentrat ion of the two kinds of ionic defects at every 
point  in the oxide film. This condition wil l  not neces- 
sarily be established by balance of the ionic and elec- 
tronic currents.  

Fromhold (7) has shown that  the general ly  observed 
parabolic law of growth requires local neu t ra l i ty  
throughout  the bu lk  of the film. Thus the t ranspor t  
processes mus t  be subject  to some addit ional con- 
s t ra int  in order to provide local electroneutral i ty.  

Raleigh (8) has recent ly cast some doubt on the in-  
terpretat ion of the Jorgensen experiments  in  terms of 
the simple var ia t ion of the drift  rate of diffusing ions 
under  the external ly  applied potential.  He points out 
that  the application of an external  field in  the direc- 
tion which accelerates growth wil l  re tard the flux 
of holes and electrons while promoting the migrat ion 
of ions. He explains the Jorgensen results on the basis 
of an electrolysis superposed on the normal  diffusion- 
controlled oxide film growth. 

The present  paper  at tempts the resolution of these 
questions on the basis of the electrochemical model of 
film growth. 

Semiconductor Mode~ o~ Ox/de Film~ 
The substrate in  oxide film thermal  growth prob-  

lems may be general ly treated as metallic. This is t rue 
even in  the case of semiconductor substrates such as 
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silicon, which will  be degenerate at the temperatures  
encountered in  thermal  growth. On the other hand,  
even those oxide films which have wide band gaps 
and are insulators  at room tempera ture  wil l  behave 
as semiconductors at the temperatures  at which ther-  
mal  growth occurs. For example, amorphous intr insic 
silicon dioxide with an optical absorption edge of 
about 1900A has a carrier density at 1000~ at least 
equal to that  of an intr insic  semiconductor with a 
band gap of 1.5 ev at room temperature.  

It is to be expected that  the electron and hole den-  
sities in  oxide films undergoing thermal  growth will 
correspond to conditions of thermal  equi l ibr ium ex- 
cept for some slight per turbat ion  due to the small  
flux of holes and electrons involved in  the growth 
process. The presence of ionic species and s t ructural  
disorders may  cause the oxide film to behave as an 
extrinsic semiconductor, apar t  from the question of 
the effect of the space charge of ionized impuri t ies  on 
local electron and hole densities. However in any 
case the electron and hole densities are fixed by ther-  
modynamic  considerations other than satisfaction of 
an electroneutral i ty  condition. The semiconductor mod-  
el of the oxide film requires that  the Fermi  or elec- 
trochemical  potential  for holes and electrons be ex- 
plici t ly dist inguished from the electrostatic field act- 
ing on all charged species. This dist inction appears 
not to have been brought  out in previous treatments.  
The t ransport  of holes and electrons is most con- 
venien t ly  formulated in  terms of the gradient  of the 
Fermi  potential,  but  the latter is largely i r re levant  
to the t ransport  of ions which drif t  under  the gradi-  
ent  of the electrostatic potential. In  the next  section 
of this paper, it will  be shown that  the requ i rement  
of conservation of charge in the t ranspor t  process leads 
to a formulat ion of the Fermi  potential  difference across 
the film in  terms of the free energy change involved 
in the oxidation reaction and of the t ransport  coeffi- 
cients. In  the present  section, the principles of t rans-  
port  of holes and electrons wil l  be reviewed for later  
reference. 

The equi l ibr ium concentrat ions of holes p and that  
of electrons n in a semiconductor are given by the 
we l l -known equations 

P ---- nie  q(~-V)/kT [1] 

n = ni e q(v-&)/kT [2] 

where nl is the concentration of electrons in the in- 
trinsic material, r is the Fermi potential, V is the 
electrostatic potential, and the other symbols have 
their usual significance. The fluxes of holes Jp and 
that of electrons Jn are given by the generalized Fick's 
first laws 

kT dp dV 
Jp  = - -  pp ~ -  - -  #pp - -  [3] 

q dx 

kT dn dV 
Jn = - - - - ~ n - ~  + ~nn~-  x [4] 

q 

where ~p and ~,, are the respective mobilities, x is the 
position coordinate in the film, and Einstein's relation 
D = ~q /kT  has been used. On differentiat ing Eq. [1] 
and [2] and insert ing the results  into Eq. [3] and [4] 
we obtain 

d# 
Jp  ~- -- #pP " ~  [5]  

d# 
Jn = #nn-- [6] 

d2 

where the fluxes are formally proportional to the 
gradient of the Fermi potential. The total electronic 
current is given as usual by 

i = q ( Jp - -  Jn) 

= -- q (/~pp -~ pnn) --d~b [7] 
dx 

dr 

dzc 

where ae is the electronic conductivi ty as ordinar i ly  
defined. 

The flux Ji of the ith ionic species across the grow- 
ing oxide film is given by 

dci _ a iq  d V  
Ji = - -  D i  _ - = - - -  u ~ - - -  c ,  - [ 8 ]  

dx kT  dx 

where Di is the diffusion coefficient of the i th species, 
ci its concentration, and ~i the number  of electronic 
charges on it, taken with due regard to sign. A steady 
value of electrostatic potential  across the film requires 
that  

I-}- ~l a i q J i =  0 [9] 

The growth rate of the film is proport ional  to the sum 
of the flux terms where all migrat ing species are as- 
sumed to contr ibute  to growth and may be represented 
a s  

dX 

dt 

Here, if Ji is given in terms of number  flux 

M/~ 
S = ~ [11] 

p N o  

where M is the molecular weight of the oxide, # is 
twice the number of oxide ions in the molecular for- 
mula of the oxide, p is the density, and No is Avo- 
gadro's number. 

The growth rate is then related to the electronic 
cur ren t  by 

dX SI 
[12] 

dt q 

The Fermi Potential Profile 

The fur ther  development  of the problem requires 
the calculation of the Fermi potential  as a function 
of position wi thin  the oxide film. The s tandard cell 
potential  E o corresponding to the oxidation process is 
given by the thermodynamic  equation 

E ~ = - -  ~G~ [13] 

where AG ~ is the free energy change of the redox re-  
action expressed in electron-volts and a is the number  
of electrons involved in the oxidation. The Fermi  
potential  difference At across the film at infinite elec- 
tronic impedance is given by 

~r -- r  - -  r  = E o [14] 

where the metaI-oxide interface has been selected as 
the origin of the coordinate system, and X is the outer 
surface of the film. Under  the condition of infinite 
electronic impedance, there is no electrostatic poten-  
tial difference across the film, the charges balancing 
separately in each of the electrical double layers at 
the surfaces of the oxide film. 

If electric cur ren t  is t ransported across the film by 
electron and hole conduction at a finite rate, the 
Fermi  potential  is lowered accordingly and is given by 

~ = E ~ + ~V [15] 

In the limit of very small electronic impedance, A@ 
approaches zero I and 

AV = -- E o [16] 

This is analogous to the well-known situation in a 
semiconductor p-n junction. 

In the further development of this discussion, the 
mathematical handling of the general case of several 

x Cabrera and Mott (5) present a detailed discussion of the back- 
ground of Ecl, [14] and [16]. 
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ionic diffusing species wi th  arbi t rary  charges and 
the t ransport  of both holes and electrons becomes un-  
wieldy. We shall  therefore  restr ict  the present  t rea t -  
ment  to that  of the migrat ion of a univalent  anion in 
a p - type  oxide. The t rea tment  may be extended to 
o ther  specific situations by analogy. 

We shall also simplify mat ters  by assuming elec- 
t roneutra l i ty  throughout  the oxide film. This could be 
brought  about  by complete  compensat ion of the anions 
by immobi le  cationic defects. The  m a x i m u m  deviat ions 
f rom elect roneutra l i ty  consistent wi th  a parabolic law 
of growth  wil l  be presented in a subsequent  section 
of this paper, together  with an explorat ion of the 
considerations tending to produce electroneutral i ty .  

Let  us first examine  the situation wi th  respect  to elec-  
tronic transport.  By combining Eq. [1] and [5] and 
making use of V ( x )  = x ~ V / X ,  where  the la t ter  is 
a consequence of e lectroneutral i ty ,  we obtain 

Jpeqx~V/kTXdz  = ppni  eq~/kTd~ [17] 

which may be in tegrated be tween the points x = 0 
and x = x to yield 

A V  (eq~o/kT  - -  e q~/kT)  

Jv = ~ #pni (e  q x h y / k T x -  1) [18] 

where  r is the Fermi  potential  at the point x -- 0. 
Because of the large excess of electrons in the meta l  
compared to the semiconductor  oxide film and its ad- 
sorbed oxygen layer  it may be presumed that  the 
Fermi  level  in the semiconductor  is pinned to that  
of the meta l  at the meta l  interface. Equat ion [18] 
then gives the profile of the Fe rmi  potential  ~(x)  in 
terms of the electrostatic potent ial  difference across 
the oxide film and the hole concentrat ion 

p (O)  = nieq~o/kT [19] 

in the semiconductor at its interface with the metal.  

Equat ion [8] for the flux J of un iva len t  anions may 
be put  into the form 

d 
J e  -qx~v /kTx  = ~ D ~ ( ce -~x~v / kTx )  [20] 

which may be in tegrated to yield 2 

D q •  [c(O) e ~ a V / ~ T - - c ( X ) ]  
J = - -  [21] 

k T X  (e  ~ v / k T  ~ 1) 

For  the special case of holes and univalent  anions, 
Eq. [9] simplifies to 

Jp = J [22] 

If now Eq. [18] is evaluated  at the point x = X 
and combined with  Eq. [19], [21], and [22], we obtain 

D q  
- -  [c(O) e q A v / k T -  c ( X ) ]  =/~pp (0 )  (1 -- e't~,b/kT) 
k T  [23] 

The Fermi  level  difference a~ may be obtained ex-  
plici t ly by introducing Eq. [15] 

Dc 

eqA~/kT 

ppp ( 0 )  

T R A N S P O R T  P R O C E S S E S  I N  T H E R M A L  G R O W T H  

D o  
-~- ----:-" c ( O )  e -qE~ 

k T  

[24] 

The unknowns in Eq. [23] and [24] may  be taken 
as the electrostatic potent ial  difference AV and the 
boundary  concentrat ions c(O)  and c ( X ) ,  if we as-  
sume that  the t ransport  coefficients ~p ----- q ~tppo and 
D are avai lable in principle. It  may be readi ly  con- 
firmed that  the boundary concentrat ions in the grow-  
ing oxide film are not those corresponding to the 
equi l ibr ium concentrat ions of the Nerns t  equat ion 

2 Equation [181 is equivalent to one previously derived by From- 
hold (9). 
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k T  c(O) 
4r  = E o - -  ~ In ~ [25] 

q c (X)  

as in this case Eq. [21] yields a value of J = 0. Pos- 
sible exper iments  would  be the measurement  of the 
Fermi  level  difference A~b by an electrometer .  With 
this information,  Eq. [23] and [24] may be solved 
for the ratio of the unknown boundary concentrat ions 
c(O) and c (X) .  Measurement  of the growth ra te  en- 
ables the two boundary concentrat ions to be deter -  
mined separate ly  by use of Eq. [10] and [21]. 

D e v i a t i o n s  o f  t h e  O x i d e  F i l m  ] r o m  
E I e c t r o n e u t r a l i t y  

Here we shall  invest igate  quant i ta t ive ly  the mag-  
ni tude of the m a x i m u m  space charge in the oxide film 
which is consistent wi th  a parabolic growth law 
within the ordinary  exper imenta l  errors encountered 
in this type of measurement .  Let  us commence with 
some arbi t rary  distr ibution of space charges C ( x )  
which wil l  be taken to be posit ive and univalent  for 
the sake of convenience. The potential  distr ibution is 
then obtained f rom Poisson's equation 

d2V q C  ( x )  
= [ 2 6 ]  

d x  2 �9 

where  e is the permi t t iv i ty  of the oxide. 
A single integrat ion with the boundary condition 

( d V / d x )  o ----- - -  Go yields 
x 

d x  - -  ~o - -  C(x ' )  dx '  [27] 

A second integrat ion wi th  the boundary condition, 
V(O)  = 0, leads to 

q C x f  ~" 
v = - ~ ~  Jo 3o C(x")dx"dx' [28] 

The ionic flux is then obtained in terms of a differ- 
ential  equat ion by rear ranging  Eq. [8] 

d 
J e  qVfx)/kT ~- - -  D ~ [c ( x )  e qV(x)/kT] [29] 

dx 

Par t icular  note is to be taken that  the concentra-  
tion of the diffusing species c is not  necessari ly equal  
to the net  concentrat ion C of the defects responsible 
for space charge in Eq. [26]. In tegra t ion using the 
boundary conditions V(O)  = 0 and Y ( x )  = A V  yields 

D [c (X) e q•v/kT - -  c ( 0 )  ] 
j = [ 3 0 ]  

~o ~e  - [Eo x + w(x)]q /kT  d x  

where  

w ( x )  q f o ~ f j  ' = ~ C ( x " )  d x " d x '  [31] 
r 

Fur the r  progress cannot be made wi thout  in t roduc-  
ing assumptions concerning the magni tude  and na ture  
of the distr ibution C ( x ) .  Let  us de termine  the effect 
of a small  a rb i t ra ry  space charge on the ionic flux 
J. Expanding  the exponent ia l  in the denominator  of 
Eq. [30] we obtain 

k T  
- -  - -  [1 - -  e-qEo X/kT] __ W(X)  [32] 

q~o 
where  

W ( X )  = W ( X ) e - - q E o X / k T d x  [33] 

Introducing Eq. [32] into [30], we obtain 

D [ c ( X )  e q~V/~T - -  c(O) ] 
j = _ [ 3 4 ]  

k T  
q~o [1 - -  e-q~o X/kT] __ W ( X )  
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In  the field migrat ion case, (qAV/kT) > >  1, enabl ing 
considerable simplification of the problem. The ratio 
qAV/kT will  ordinar i ly  be of the order of 10. The ex- 
pansion of the denominat ion  of Eq. [30] places an 
upper l imit  on w (x) of the order of 0.01V. Fur ther  for 
the case of relat ively small  space charge density C, 
we may approximate 

1 X ( i _ _  qCX2 ) 
go AV 2,~V [38] 

With the use of the above, together with Eq. [36], Eq. 
[34] takes the following l imit ing form with neglect 
of terms higher than  first order in qCXZ/2~AV and 
kT/qAV 

{ kTX qCX~ }----De(X) [39] 
J qAV 2~AV 

Upon making  use of Eq. [10] formulated for a single 
un iva len t  anionic diffusing species and rearranging,  
we have 

"~dX ( X  q2CX~ ) = S D 2 k T e  kT,q c(X) [40] 

Integrat ion yields 
X 2 q2CX4 

- - =  k 2 t  [41] 
2 8kTe 

with 

The coefficient q2C/SkTe could be de termined experi-  
menta l ly  from a plot of t /X 2 vs. X 2. Alternat ively,  the 
space charge density C corresponding to a stated devi-  
ation 8, say 2%, from the parabolic growth law may 
be evaluated. For the interest ing case of a silicon di-  
oxide film of 5000A thickness, and dielectric constant  
of 4, thermal ly  grown at 1000~ we obtain 

4kT~5 
C -- ~ [42] 

q~X 2 
---- 1.25 X 1013 cm -3 

~ =  C dx = 1.25 X 10 sem -2 

This order -of -magni tude  value of the space charge 
density indicates that charge compensation of the dif- 
fusing ions in  the case of the silicon dioxide film need 
not be ful ly  complete in  order to yield an apparent  
parabolic growth law from the exper imental  point  of 
view. 

Par t ia l  or complete compensation of diffusing anions 
may be brought  about by holes, if the oxide is p-type,  
or by immobile  cations. Let us examine the si tuat ion 

where 

of complete compensation via the first of these cases. 
This corresponds to the introduct ion of the addit ional 
condit ion that  

p(x) = c ( x )  o~--x~--X [43] 

in addition to the balance of the hole and anionic 
fluxes previously considered, Eq. [9J. 

The boundary  concentrat ions are then immediate ly  
given by 

c(X) ~--- c(O) e qE~ 

with the aid of Eq. [1] and [15]. The electrostatic 
potential  difference aV following rea r rangement  of 
Eq. [23] is given by 

R -t- eqE~ 
e q~v/kT = [44] 

a e q E ~  l 

~p 
R 

Dq/kT 
The transport  coefficients may be individual ly  evalu-  
ated from exper iment  by the use of Eq. [21], [43], and 
[44]. The val idi ty of the assumed condit ion of Eq. 
[43] may then be tested by comparing the t ransport  
coefficients above calculated with those obtained by 
independent  measurement .  

Compensation of the diffusing anions by immobile 
cations implies the condition that 

c -  (x) = c+ (x) [45] 

where c -  and c+ are the concentrat ions of anions and 
cations, respectively. From Eq. [20] and  [21] we ob- 
tain 

kTX 
C- (X) = C- (0) eqx~,v/krx__ J ~ ( e q ~ h V / k T X _ l )  [46] 

DqAV 
where the final te rm represents the per turba t ion  of 
the Bol tzmann dis tr ibut ion by the t ranspor t  process. It  
is now easily established that  the cation dis tr ibut ion 
corresponding to Eq. [46] is such that if the cations 
were mobile, the free diffusion term of Eq. [8] would 
be of a direction to oppose the growth of the oxide 
film while the field term wil l  contr ibute to the growth. 
Thus it would appear that complete compensat ion of 
diffusing anions by diffusing cations is general ly  in -  
consistent, with the following exception: where  
qaV/kT > >  1, then Eq. [21] assumes the l imit ing form 

Dq AV 
J -  = - -  c (x) . - -  [47] 

kT X 
with the concentra t ions  of anions and cations uniform 
throughout  the film. 

RaZeigh Electrolysis Theory 
Raleigh (8) has suggested that  in consequence of 

the conservation Eq. [9] an external ly  applied elec- 
tric field of itself should have no effect upon the 
growth rate because, if the field promotes the migra-  
t ion of the ions support ing the growth of the film, it 
must  h inder  the migrat ion of the electrons or holes, 
the t ransport  of which is required to main ta in  over-al l  
electrical neutral i ty .  He proposes that the effect of the 
applied potential  in  the Jorgensen experiments  in ac- 
celerating or re tarding the thermal  growth of the sili- 
con dioxide film is due to an electrolytic cell process 
superposed on the normal  thermal  growth. It  is the 
purpose of this section to formulate  this proposal in 
more detailed terms and to show that it is consistent 
with the Wagner  electrochemical model of film 
growth. 

In terms of the diffusion of neut ra l  molecules, the 
oxidation of silicon may be represented as in  Fig. 1 
with the chemical reaction Si + O~ --> SiO2 occurring 
at the sil icon-silicon dioxide interface. If no ionization 
of the oxygen occurs, its t ranspor t  in the film occurs 
solely by free diffusion, thus 

dc 
J = - -  D [47] 

dx 

It may be expected that  the term W(X)  will cause 
the growth behavior to deviate from the parabolic law. 

Under  the condit ion of a uni form charge density so 
that C ( x ) =  C, Eq. [32] is readi ly integrated and 
yields 

qC 
w (x) ----- x 2 [35] 

2, 

Equat ion [33] may likewise be now integrated 

W(X) ~ --q2C--2kT, {e--qE~ qgo kT X2 

qgo } 
[36] 

The boundary  field go may be evaluated from Eq. [28] 
and is 

( ~V qCX AV 1 + [37] 
- g o =  - - ~ +  2---W - =  x 2~---~V-/ 
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where c here refers to the effective concentrat ion of 
the species O2 in  the film. In  the steady state J is con- 
stant  implying that 

dc c(X)  - -  c(O) 
[483 

dz X 
which leads to the parabolic growth law as earlier 
noted. 

As pointed out by Raleigh, the neut ra l  species O2 
may be in thermodynamic  equi l ibr ium with ionized 
forms. Examples of possible equil ibria  for the case 
of silicon dioxide growing in a perfectly dry oxygen 
ambient  are shown in  Fig. 1. For the sake of simplicity, 
let us consider just  the first of these equil ibria which 
may be formulated in terms of the equi l ibr ium con- 
s tant  

[O2-]p  
K ---- [49] 

[02] 

on introducing Eq. [49] into Eq. [47], we obtain 

p d[O2-]  Dq p AV 
J - : - - D  K ~ j- --~-K-- [O2-] 

Dq [02 - ]  d~ 
kT K P - ~ x  [50] 

where Eq. [1] had been specialized to the case of elec- 
t roneutral i ty.  The last term of Eq. [50] represents the 
contr ibut ion of hole flux to the net  t ransport  of the 
oxygen molecules. Upon again making use of Eq. [49], 
Eq. [50] takes the form 

J - : - - D  [02] d[O2-]  Dq [ d~ ~V ] 
[O2-] dx kT [02] ~x X [51] 

Let us now consider the case that an external  field E 
is applied across the oxide film by insulated electrodes 
so that no t ransport  of holes takes place externally.  
The electrostatic potential  gradient  and the Fermi  po- 
tent ial  gradient  are each increased by the amount  E. 
It  is clear from Eq. [51] that  no increase of the flux J 
will occur, in complete agreement  with the discussion 
of Raleigh. 

The si tuation is completely al tered if the field is 
applied by means of electrodes which are in ohmic 
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contact with the oxide film. Here hole t ransport  
through the external  circuit takes place, and the Fermi  
potential  differences across the film is fixed by the 
potential  AU applied by the external  source. The t reat-  
ment  developed in this paper remains  applicable with 
• replaced by h~ J- hU throughout.  The application 
of an anodic potential  is then t an tamount  to the si tua- 
tion which would exist in an oxidation reaction with 
a higher free energy change but  with all other physi-  
cal variables remaining  the same. 
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ABSTRACT 

The electrical  conduct ivi ty  of single crystals of fu t i le  was measured  in the 
"c" and "a" directions over  the t empera tu re  range 1000~176 and f rom 
1 to 10 -15 atm of oxygen. Based on the excel lent  fit observed be tween  the 
theoret ical ly  der ived relat ion 

0 5 = (Ao + B)Po2 -1 --}- I' r162 

and the exper imenta l  conduct ivi ty  data, the nonstoichiometric  defect s truc- 
ture of rut i le  was rat ional ized in terms of quasi - f ree  electrons and both 
t r ip ly  and quadruply  ionized t i tanium interstitials. In addition, this equat ion 
satisfies a contr ibution due to impur i ty  conduction where  I' is proport ional  to 
a t empera ture  dependent  concentrat ion of ionized impuri t ies  or a contribution 
due to intrinsic conduction where  I" is proport ional  to a t empera tu re  depend-  
ent  concentrat ion of holes in the valance band. 

The s tandard enthalpy of format ion for the fol lowing defect reactions in 
fu t i le  

T i + 2 0 = O 2 ( g )  + T i i + a + 3 e ;  AHa ~ = 9.6_+0.2ev (a) 
Ti-{- 2 0 =  O2(g) -}- Tii +4 + 4 e ;  5HD o = 10.8_--+ 0.2 ev (b) 

Tii +8 ---- Tii +4 -p e; ~Hc o ---- 1.2___ 0.4ev (c) 
I = I  +-i-e; Alia ~ ---- 3.7-+-0.2ev (d) 

were  determined f rom the t empera tu re  dependence of A, B, and I '  obtained 
f rom the above re la t ion and f rom the exper imenta l  expresmon for  the tem-  
pera ture  dependence of e lectron mobili ty.  The values of AHa ~ AHb ~ and ~Hc ~ 
are in agreement,  wi thin  exper imenta l  error,  with those obtained in an ear l ier  
invest igat ion based on conduct ivi ty  measurements  in the c direct ion only. If 
impur i ty  conduction is involved,  5Ha o is equal  to the standard enthalpy of 
format ion for the ionization of an impurity.  If intrinsic conduction is in-  
volved,  5H~ ~ is equal  to the band gap energy which is thought  to be between 
3 and 4 ev  for rutile. The ratio of electr ical  conductivit ies for the c and a 
direction is essentially independent  of oxygen pressure above l l00~ but at 
the lower  temperatures ,  1000 ~ and 1100~ the ratio is dependent  on pressure 
in contradict ion to the init ial  assumption that mobil i ty  is a function of 
t empera tu re  only. 

Nonstoichiometric  rut i le  may be classified as a 
metal-excess,  n - type  semiconductor  on the basis of 
exper imenta l  observations (1, 2). Recent  investigations 
(3-5) have favored  a defect model  consisting of quasi-  
free electrons and t i tanium interst i t ials  in one or more 
states of ionization. In an earl ier  invest igat ion in this 
laboratory (5) the nonstoichiometric  defect s t ructure  
of rut i le  was rat ional ized in terms of a defect model  
involving quas i - f ree  electrons and both t r iply and 
quadruply  ionized t i tanium interstitials. 

The invest igat ion reported here was init iated to ob- 
tain addit ional  conduct ivi ty  data for the c direction, 
par t icular ly  in the oxygen pressure range 10 -2 to 10 -9 
atm, in order to account for the marked  tempera tu re  
dependence of the t e rm in the e lec t roneutra l i ty  equa-  
tion at t r ibuted to the concentrat ion of ionized im-  
purit ies revea led  in subsequent  analyses of the ex-  
per imenta l  data and to refine calculations of the 
parameters  in the theoret ical ly  der ived  relation. In 
addition, the conductivi ty was measured in the a di- 
rection over  the same range of t empera ture  and oxy-  
gen par t ia l  pressure in order  to de termine  the val id i ty  
of this type of relat ion and the dependence of conduc- 
t iv i ty  on crystal lographic direction. 

Experimental Procedure 
Single crystal  specimens of dimensions 0.I5 x 0.25 

x 1 in. wi th  the longitudinal  axis paral le l  to the c or 
a direct ion were  cut f rom a boule obtained f rom the 
National  Lead Company. The apparatus  and tech-  
niques employed were  essential ly the same as those 
described in the ear l ier  invest igat ion (5). The elec- 
tr ical  conduct ivi ty  was measured  over  the range 

1000~176 and f rom 1 to 10 -15 atm of oxygen. This 
range of oxygen pressure effectively covers the sta-  
bil i ty l imit  of rut i le  (6, 7), TiO2-~, at 1500~ and in-  
cludes the major  port ion of the phase field at 1000~ 
where  the pressure corresponding to the stabili ty 
l imit  is about 7 x 10 -19 aim. 

Results and Discussion 
Isobaric plots of the logar i thm of electr ical  con- 

duct ivi ty  vs. the reciprocal  of absolute t empera ture  
for oxygen part ial  pressures f rom 1 to 10 -8 atm are 
shown in Fig. 1 and 2 for the c and a direction, re -  
spectively. The exper imenta l  technique uti l ized in 
this invest igation was substant iated by the excel lent  
agreement  between the conduct ivi ty  measured in both 
c and a directions f rom 1000 ~ to 1500~ in 1 atm of 
air and the data of Cronemeyer  (8). 

In order to analyze the data, exper imenta l  plots of 
log o vs. log Po~ were  obtained in the fol lowing man-  
ner. Values of the conduct ivi ty  were  selected at 100~ 
intervals  between 1000 ~ and 1500~ from the plots of 
log o- vs. 1/T. For the isobaric plots, Fig. 1 and 2, 
the values of conduct ivi ty  at 1000 ~ and l l00~  were  
taken f rom the straight  line extrapola ted f rom higher  
temperatures  ra ther  than the measured conduct ivi ty  
data for a few of the points. Justification for  this 
t r ea tment  lies in the fact that  the previous invest iga-  
tion (5) revea led  that  the appearance of a two-s lope  
behavior  in this range of t empera tu re  is the resul t  of 
contamination of the specimens in s i tu  dur ing the 
period of t ime the measurements  are being taken. The 
part ial  pressure of oxygen corresponding to the above 
values of conductivi ty for  various atmospheres  was 
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calculated and combined with the respective conduc- 
t ivity to obtain the isothermal plots at 100~ intervals  
between 1000 ~ and 1500~ of log ~ vs.  log Po2 shown 
in Fig. 3 and 4 for the c and a directions, respectively. 
The curvature  of the 1000~ isotherms at the low pres- 
sure end of the plots was verified exper imenta l ly  by 
subject ing the specimen to part ial  pressure less than 
10 -z5 atm followed by a r e tu rn  to I0-~5 atm. The con- 
duct ivi ty values before the fur ther  reduct ion and after 
the increase to 10 -~5 a tm were the same indicat ing 
that  the curva ture  is representat ive  of the equi l ib-  
r ium situation. 

The objection to the analysis presented in the earlier 
investigation lies in the fact that  it does not  account 
for the tempera ture  dependence of the third term in  
the e leetroneutral i ty  equat ion revealed in subsequent  
analyses of the exper imental  conductivi ty data. There-  
fore, an electroneutral i ty  expression of the following 
type 

n = 3(Tii  +3) -}- 4(Tii  +4) -}- I + [1] 

l 

O 
i 

:= o+2 
>- 

> 
v -  + l  
o 

o 

g 0 

lIE - !  

- 2  
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where (Ti~ +S) is the concentrat ion of t r iply ionized t i -  
t an ium interstitials,  (Ti~ +4) is the concentrat ion of 
quadruply  ionized t i t an ium interstit ials,  and I + is the 
tempera ture  dependent  concentrat ion of ionized ira- 
purities which act as donors, was employed to obtain 
a quant i ta t ive relat ion between ~ and Po2. The relat ion 
for the ionization of the impur i ty  is 

I = I + + e [2] 

and from the law of mass action the equi l ibr ium con- 
stant  can be wr i t ten  as 

I + n  
K6 = [3] 

I 

If the assumption is made that  I > >  I +, the expres-  
sion for the conductivity as a funct ion of oxygen pa r -  
tial pressure may be obtained by combining Eq. [1], 
the mass action equations for defect equil ibrium, and 
the equation for extrinsic electron conduction 

�9 ~ = (A~ + B)Po2 - I  + I ' ~  [~] 

w h e r e  

A = 3K4'C4; B = 4K~'C5; I" = IKoC ~ [5] 

It  should be pointed out at this t ime that  Eq. [4] 
wil l  also apply for the case of intr insic  conduction 
where I + is the tempera ture  dependent  concentrat ion 
of holes in the valence band. The corresponding equa-  
tion for conduction involving holes and electrons is 
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Table I. Calculated values of the parameters A ,  B,  a n d  I '  in the expression ~ - -  ( A ~  -Jr B} Po~ - 1  -~- I '  ~3 a.d the standard error 
(95% confidence limit) in the calculation of these parameters at 100~ intervals from 1000 ~ to 1500~ 

c D i r e c t i o n  

T e m p e r -  S t a n d a r d  S t a n d a r d  S t a n d a r d  
a t u r e ,  ~  A e r r o r  o f  A ( + )  B e r r o r  o f  B ( •  I '  e r r o r  o f  I '  ( ~ )  

1000 8.64 • 10- I~ 7.68 X 10- ~ 4.82 X 10- I~ 6.53 X I0 -~ 9.41 X 10 -6 1.27 X 10 -6 
1 1 0 0  4 . 2 0  • 1 0 -  ~ 3 . 5 4  x 10-1-~ 3 . 2 2  • 10-1~ 5 . 0 4  X 1 0 - ~  1 . 2 2  X 10  -4 2 . 0 4  X 10  -~ 
1200 7.59 • 10- o 4.92 X 10- ~o 1.12 • I0 -s 1.38 X I0~9 8.03 X I0 ~ 1.84 • I0-~ 
1300' 8.32 X i0  -7 4.16 x 10- s 1.63 X 10- 6 1.95 x 10 -7 4.76 • I0 -s 1.35 X 10 .4 
1 4 0 0  3 . 4 7  • 10-5  8 . 4 0  x 10-7  1 .67  x 10  -4 6 .21  x 10  -~  8 .61  x 10  -a 3 . 2 2  x 10  -3 
1500 1.33 • 10 -a 3.42 x 10 -5 7.94 X 10 ~ 3,78 x 10 -4 6.66 X 10- 4 1,89 X 10- 2 

a D i r e c t i o n  
1000 8.23 x 10 - ~  1.99 X 10 -:m 4.85 X 10- :~ 9.93 x 10 -16 7.14 X 10-6 3.61 • 10 -'~ 
1 1 0 0  5 . 1 7  X 10  - ~  7 . 6 3  X 1 0  - ~  5 . 1 7  • 10  - ~  7 . 7 0  X 10  -~a 8 . 8 2 , X  1(3- 5 5 . 3 8  X 10  ~ 
1 2 0 0  1 .13  X 10-9 1 .17  x 10  - lo 2 . 4 0  x lO-g  2 . 2 8  X 10  -1~ 6 . 5 3  X 10  -~ 5 . 8 1  X 10  -~ 
1300 1.15 • 10-~ 8.05 X I0-~ 4.79 • I0-~ 2.85 X 10-s 3.68 X I0 -a 3.67 • 10 -4 
1 4 0 0  6 . 1 7  X 10-e  3 . 0 3  X 10-~ 4 . 6 3  x 10-~ 1 .56  X 1 0 -  0 1 . 6 4  X 10-~ 1 . 3 6  X 1 0  "a 
1 5 0 0  2 . 8 7  x 10-4  8 . 3 8  • 10-~  2 . 2 3  X 1 0  ~ 6 . 9 0  X 1 0  -~ 3 . 4 8  X 1 0 -  2 6 . 67  X 1 0 -  a 

a = nq~  % p q /  [6] 

where  p is the concentrat ion of holes and ~' is the hole 
mobility. However ,  previous investigations (2, 9, 10) 
of the thermoelectr ic  power  of rut i le  have  suggested 
that  

> >  ~' [7] 

Consequently,  Eq. [6] reduces to the re la t ion for ex-  
trinsic electron conduction, and Eq. [4] also represents  
the conduct ivi ty  as a function of the part ial  pressure 
of oxygen for a defect  model  based on both t r ip ly  and 
quadruply  ionized t i tanium interst i t ials  and intrinsic 
conduction. 

A computer  program was wri t ten  for Eq. [4], and the 
calculated values of the parameters  in this equation 
and their  s tandard errors are tabulated in Table I. It 
is apparent  f rom the values of the standard e r ror  as 
the paramete r  shown in Table I that  Eq. [4] r ep re -  
sents an acceptable fit of the exper imenta l  data for 
both the c and a directions. Thus the excel lent  agree-  
ment  be tween Eq. [4] and the exper imenta l  data for 
the electrical  conduct ivi ty  in both the c and a direc-  
tion provides a quant i ta t ive  confirmation of a defect 
model  involv ing  both t r ip ly  and quadruply  ionized 
t i tanium interst i t ials  and a third te rm in the electro-  
neut ra l i ty  equation which is dependent  on t empera -  
ture. 

Plots of the logar i thm of the parameters  A, B, and 
I" vs.  the reciprocal  of absolute t empera ture  yield 
straight  lines for both c and a directions. The standard 
enthalpies of format ion for the reactions 

Ti + 2 O =  02 (g) + Tii +3 + 3e; AHa ~ [8] 

T i + 2 0 = O 2 ( g )  + T i ~ + 4 + 4 e ;  AHb o [9] 

I = I  + + e ;  AH~ ~ [2] 

can be calculated f rom the slopes of these lines by 
assuming (2) that  the electron mobil i ty  is p ropor-  
t ional  to the exp (0.1 ( e v ) / k T ) .  In addition, the s tand- 
ard enthalpy of format ion for the ionization reaction 

Ti~ + 8 -  Tii +4 + e; AHc ~ [10] 

can be calculated from the equat ion 

AHc ~ ---- AH~ ~ -- AHa ~ [Ii] 

The results of these calculations for both c and a 
direction data are shown in Table II and compared 
with  data of the previous investigation. The good 
agreement  in AHa ~ AHb ~ and AHc o between these in-  
vestigations based on c direction data indicates that  
the in terpre ta t ion of the nonstoichiometric  defect  
s t ructure  is independent  of the physical  significance 
given to the third te rm on the r igh t -hand  side of the 
e lect roneutra l i ty  equations. The agreement  in these 
values of enthalpies based on c and a direction con- 
duct ivi ty  fur ther  substantiates the val idi ty of the pro- 
posed nonstoichiometric  defect  s t ructure  since these 
thermodynamic  quanti t ies should be independent  of 
crystal lographic direction. The values of AHd ~ based 
on c and a direction data are  independent  of direction, 
and this is consistent wi th  the concept of an impur i ty  
ionization energy or intrinsic conduction. However ,  the 
magni tude  of AHd o, 3.7 ev, suggests intrinsic conduc- 
tion because the intrinsic band gap energy is thought  
to be between 3 and 4 ev as the result  of numerous  
optical and the rmal  measurements  (1). 

In order to substantiate fu r the r  the val idi ty  of Eq. 
[4], the parameters  A, B, and I' we re  extrapola ted to 
600~ and the conduct ivi ty  was calculated as a func-  
tion of t empera ture  in the range  1500" to 600~ for 
1 a tm of air. A comparison of the t empera tu re  
dependence of the conduct ivi ty  as calculated from 
Eq. [4] wi th  the data of Cronemeyer  over  the same 
range of t empera ture  in air is shown in Fig. 5 and 6 
for the c and a directions, respect ively.  It is signifi- 
cant to note that  Eq. [4] yields the we l l -known  two-  
slope behavior  for  a plot of log ~ vs.  1 /T .  The agree-  
ment  in the magni tude  of the conduct ivi ty  is good in 
the h igh- t empera tu re  regions, but  there  is some dis- 
crepancy in the l ow- t empera tu re  regions. This dis- 
crepancy can be accounted for in Eq. [4] if I' is as- 
sumed to be proport ional  to the number  of impur i -  
ties which act as donors when ionized. For  this case, 
the magni tude  of the conduct ivi ty  and the exper i -  
menta l  act ivation energy wil l  depend on the na ture  
and concentrat ion of impuri t ies  present  in the crystal  
employed in the par t icular  investigation. 

Since only conduct ivi ty  data was taken in this in-  
vestigation, the electron mobil i ty  could not be deter -  
mined. However ,  the ratio of electron mobil i ty  in the 
c to the mobil i ty  in the a direct ion was determined by 

Table IL Standard enthalpies of formation calculated for both 
c and a direction data 

AHa ~ e v  AHb ~ e v  AHc ~ e v  A H a  ~ e v  
C: a c a c a c a 

P r e v i o u s  i n v e s t i g a t i o n  (5 )  9 .3  - -  1 0 . 7  1 .4  
T h i s  i n v e s t i g a t i o n  9 .5  9 .8  1 0 . 7  11-.0 1 .2  1 .2  3 .7  3 .7  
E r r o r *  __+0.2 •  •  --+-0,2 ~--_0.4 -----0.4 •  •  

* E s t i m a t e  o f  e r r o r  i n c l u d e s  e x p e r i m e n t a l  e r r o r  a s  w e l l  a s  t h e  
e r r o r  i n  t h e  a s s u m e d  v a l u e  o f  t h e  t e m p e r a t u r e  d e p e n d e n c e  o f  
e l e c t r o n  m o b i l i t y .  

Table llt Comparison of the ratios of the experimental conductivity 
with the calculated parameters of Eq. [4] raised to the 

appropriate power 

T e m p e r -  
ature, ~  a t / c a  ( A e / A a )  114 ~rc/tYa ( B e / B a )  1/5 ffe/O'a ( I r  1/2 

1000 1.64 1.80 2.03 1,58 1.20 1.15 
1100 1.51 1.69 1.64 1.44 1,23 1.18 
1 2 0 0  1 . 5 3  1 .61  1 . 4 4  1 ,36  1 .23  1 .11  
1300  1 .50  1 . 6 4  1 . 3 0  1 .28  1 ,22  1 . 1 4  
1 4 0 0  1 .46  1 . 5 4  1 . 2 0  1 . 2 9  - -  
1 6 0 0  1 .41  1 .47  1 .25  1 . 2 9  - -  
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plott ing the ratio of the conductivit ies as a function of 
the logar i thm of par t ia l  pressure of oxygen at 100 ~ in- 
tervals  between 1000 ~ and 1500~ as shown in Fig. 7. 
F rom Fig. 7 it can be seen that  the mobi l i ty  is essen- 
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Fig. 7. Isothermal relation between the ratio of electrical conduc- 
tivity and the logarithm of partial pressure of oxygen in the range 
1000~176 

t ia l ly  independent  of pressure at the higher  t empera -  
tures  wi th in  the l imits of exper imenta l  error,  A t  the  
lower temperatures ,  1000 ~ and 1100~ the ratio of the 
mohil i t i tes is dependent  on pressures in contradict ion 
to the init ial  assumption that  the mobil i ty  was depen- 
dent on t empera tu re  only. In general,  the ratio of the 
inabilities decreases wi th  increasing t empera tu re  in the 
range of this investigation. This plot c lear ly  indicates 
the l imitat ion of the technique employed in this in-  
vest igat ion and the  need for electron mobil i ty  data in 
order  to unders tand the nature  of the t ranspor t  mech-  
anisms in rut i le  below 1000 ~ C. 

As a check on the internal  consistency of the data, 
the ratios of the exper imenta l  conductivit ies are com- 
pared with the ratios of the calculated parameters  of 
Eq. [4] raised to the appropriate  power in Table III. 
The corresponding values of conduct ivi ty  ratio and 
paramete r  were  selected in the oxygen pressure range 
where  the par t icular  defect was the major  contr ibutor  
to the concentrat ion of conduct ion electrons, n, in the 
e lec t roneutra l i ty  equation, The var ia t ion in these 
values wi th  t empera tu re  can be explained in terms of 
the t empera tu re  dependence of the inabilities in the c 
and a direction. If these dependencies are not the 
same, some var ia t ion with  t empera tu re  is reasonable. 

Conclusions 

The nonstoichiometr ic  defect  s t ructure  of rut i le  is 
rat ional ized in terms of quas i - f ree  electrons and both 
t r ip ly  and quadruply  ionized t i tanium interstitials.  In 
addition, there  is a contr ibution to the electrical  con-  
duct ivi ty  due to impur i ty  conduction or intrinsic con- 
duction. The exper imenta l  confirmation of this model  
is based on the excel lent  agreement  be tween  the the-  
oretical  re la t ion 

~5 = (A~ + B) Po2 -1  + I '~  

and the c and a direct ion conduct ivi ty  data measured 
over  the t empera tu re  range 1000 ~ to 1500~ over  the 
oxygen par t ia l  pressure range 1 to 10 -1~ arm. 

The standard enthalpy of format ion for the fol low- 
ing defect  reactions in fu t i le  

T i + 2 0 = O 2 ( g ) - k T i i  + ~ + 3 e ;  AHa o= 9 . 6 •  

Ti  + 2 O = O2(g) ~ Tii +4 -F 4e; AHb o = 10.8 • 0.2ev (b) 

Tii +a = Ti~ +4 + e; AHc ~ = 1.2 • 0.4ev (c) 

I =  I + + e ;  AHd o =  3 . 7 ~ 0 . 2 e v ( d )  

where  de termined  f rom the tempera ture  dependence 
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of A, B, and I '  obtained from the above relat ion and 
from the exper imental  expression for the tempera ture  
dependence of electron mobility. The values of AH~ ~ 
hHb% and aHc o are in  agreement,  wi th in  exper imenta l  
error, with those obtained in  the previous invest iga-  
tion based on conductivi ty measurements  in  the c 
direction only. If impur i ty  conduction is involved, &Hd ~ 
is equal  to the s tandard enthalpy of formation for the 
ionization of an impuri ty.  If intr insic conduction is 
involved, AHd o is equal  to the band gap energy which 
is thought to be between 3 and 4ev for rutile. 

Values of the electrical conductivi ty calculated from 
the above equation yield the we l l -known  two slope 
behavior on a plot of logari thm of electrical conduc- 
t ivity vs. reciprocal of absolute temperature.  The cal- 
culated values agree in magni tude  with the data of 
Cronemeyer  for the same range of temperature,  600 ~ 
1500~ and a pressure of 1 atm of air. The ratio of 
electrical conductivities in the c and a direction is 
essentially independent  of oxygen part ial  pressure 
above l l00~ but  at the lower temperatures,  1000 ~ 
and l l00~ the ratio is dependent  on pressure in  con- 
tradiction to the ini t ial  assumption that  mobil i ty  is a 
function of tempera ture  only. In  general,  the ratio of 
conductivities, i.e., mobilities, decreases with increas-  
ing temperature  in the range of this investigation. 
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Germanium Oxidation in Nitric Acid 

Ernest W. Valyocsik 
Research Laboratories, General Motors Corporation, Warren, Michigan 

ABSTRACT 

The oxidation in nitr ic acid of single crystal Ge (I00) surfaces and of 
polycrystal l ine Ge ( i i i )  surfaces has been studied at 27.5~ over the concen- 
trat ion range 7.0-15.6N HNOa. The surface oxide growth rate decreases 
smoothly with time and is not described by simple film growth laws. The 
average oxide nuclei  size at saturat ion thickness decreases with increasing 
acid concentration, and more rapid surface saturat ion occurs with increasing 
acid concentration. No induct ion period for surface oxide growth was ob- 
served over the range of concentrat ions studied. The oxide films which grew 
on the Ge surfaces had saturat ion thicknesses inversely dependent  on acid 
concentration, and the saturat ion thickness was also observed to be dependent  
on the crystallographic orientat ion of the Ge surface. S t ructura l  studies of the 
oxide layers by infrared,  x-ray,  and electron diffraction techniques indicate 
that the surface oxide grown under  these conditions is crystal l ine hexagonal  
germanium dioxide. 

Etching solutions in  practice contain strong oxidiz- 
ing agents which attack a semiconductor surface with 
subsequent  dissolution of the products in  the bu lk  
solution. One such commonly employed oxidizing 
agent is nitr ic acid. Even after etching in dilute so- 
lutions, Ge surfaces still re ta in  a th in  oxide layer. At 
higher concentrat ions the removal  of the reaction 
products from the solid-l iquid interface into the bulk  
l iquid is restricted to such an extent  that  the growth 
of thick oxide films is promoted on the semiconduc- 
tor surface (1-4). 

The object of the present  work was to study the 
kinetics of oxide growth and the na ture  and structure 
of the oxide layers grown on Ge surfaces over an ex- 
tended range of nitric acid concentrations. Measure- 
ments  were made on the oxide films by several tech- 
niques in an effort to determine the crystallographic 
s tructure of the films grown under  these conditions. 
It  is the purpose of this paper to report  the results of 
a study of Ge surface oxidation in  concentrated nitr ic 
acid solutions. 

Experimental Method 
Materials.--Samples of Ge for oxidation were in the 

form of rectangular  slabs. The Ge was obtained from 
two sources: (A) Polycrystal l ine samples (n-type,  
resistivity 2.5 ohm-cm) of size 1.4 x 9.0 x 15.8 m m  
were cut f rom Ge crystals grown in our laboratory by 

the Czochrolski method. Many of the samples possessed 
low-angle  grain boundaries.  The principal  or ienta-  
tion of the largest faces of the rectangular  slabs was 
parallel  to the ( I l l )  pIanes to wi thin  10 ~ as deter-  
mined by x - r ay  techniques. (B) Single crystal sam- 
ples (n- type,  arsenic doped; resistivity range 13-24 
ohm-cm) of size 0.43 x 4.9 x 15.0 mm were cut from 
a boule of zone-refined Ge. The orientat ion of the 
largest faces was paral lel  to the (100) planes. 

All chemicals used in this s tudy were of reagent  
grade quality. Normalities of the ni tr ic  acid solutions 
were determined by s tandard t i t r imetric  methods and 
ranged from 7.0 to 15.6N. It  has been shown by Cre- 
tella and Gatos (1) that  the dissolution rate of Ge in 
HNOa reaches a ma x i mum at 6N. Ge oxidation was not 
studied in solutions of concentrat ion less than 7.0N. 

Surface treatment.--The rec tangular  Ge slabs were 
attached to the faces of glass plates with low-mel t ing  
wax and lapped with a water  s lur ry  of 800 mesh sil- 
icon carbide. This was followed by lapping the sur-  
faces to a shiny finish with ,~1~ alumina.  The samples 
were then removed from the glass plates and washed 
free of wax with boiling methanol.  

Pr ior  to reaction the Ge slabs were etched for 2 
rain at room temperature  in  30% H202 (one par t  by 
volume) 49% HF (one par t  by volume) and de- ion-  
ized water (one par t  by volume).  After  etching, the 
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surfaces were  visibly br ight  and shiny al though they  
are  known not to be "oxide free." 

Apparatus.--Reactions were  carr ied out in a the r -  
mostat  controlled at 27.50 ~ +_ 0.05~ All  weighings 
were  made to an accuracy of +_ 4 ~g. 

Procedure.--Before react ion the samples were  
weighed, and all exposed areas of the rec tangular  Ge 
slabs were  measured.  

Ni t rogen gas was bubbled through the solution for 
about 1 hr  prior  to placing the Ge into the solution in 
order  to sweep the solution free of dissolved oxygen  
gas. The solutions were  covered but not  s t i rred during 
reaction. Samples were  removed  at given t ime in ter -  
vals, placed in methanol,  and boiled for 15 min. After  
removal  f rom the methanol,  the samples were  rinsed 
several  t imes with  fresh methanol  and dr ied before re -  
weighing. The weight  change of each sample was the 
net  difference be tween  the weight  lost by Ge dissolu- 
tion and the weight  gained by surface oxide growth 
dur ing the reaction t ime interval .  

In the first few exper iments  the oxide thickness was 
determined by dissolution of the oxide in 49% HF at 
room temperature .  There was no addit ional  detectable 
weight  loss of the sample after 5 rain in 49% HF  at 
room temperature .  Ge is not soluble in HF  at these 
conditions. Thus, it is assumed that  the HF t rea t -  
ment  removed  the oxide only. 

Fol lowing oxide removal ,  the samples were  re-  
weighed, and the oxide thickness was calculated. 
Since this method of thickness determinat ion  de- 
s t royed the sample for fur ther  studies, a technique 
was developed (5) whereby  infrared absorption (6) 
was used to measure  oxide film thickness in situ. 

Lippincott  and co-workers  (6) have observed a 
strong fundamenta l  absorption at 11.5~ (at t r ibuted to 
the Ge-O stretching mode) and a somewhat  weaker  
set of fundamenta l  absorption bands at about 17, 18, 
and 19~. Combinat ion or over tone bands due to the 
lat t ice vibrat ion at about 7.50, 6.90, and 6.55~, which 
are much weaker  in s t rength re la t ive  to Lippincott 's  
set at 17-I9u, have also been observed in our labora-  
tory (5). Depending on the oxide thickness range, one 
or other  of these bands can be used to measure  the 
oxide thickness. The weaker  bands are more appro-  
pr iate  for the thicker  oxide layers. F i lm thickness 
measurements  were  made on a Pe rk in -E lmer  Model 
21 Inf rared  Spect rometer  equipped with  a scale ex-  
pansion accessory. A weighed, oxidized sample was 
placed in one beam of the spectrometer  wi th  an un-  
oxidized Ge sample in the reference beam and the 
spectrum scanned. The oxidized sampIe was then 
placed in water  and part  of the surface oxide dis- 
solved. The sample was dried, then careful ly  re -  
weighed, and the infrared absorption measurement  
repeated.  This procedure was continued unti l  all de- 
tectable oxide was removed.  The integrated intensities 
corresponded to the peak heights so that  af ter  cal ibra-  
tion the peak heights were  measured to de termine  the 
oxide thickness of the samples. A cal ibrat ion curve  
for oxide thickness vs. in f rared  absorption of the 18~ 
band is reproduced in Fig. 1. 

Results and Discussion 
Nucleation of surface oxides.--On immersion of a 

Ge sample in nitric acid the surface is rapidly  oxidized 
wi th  some dissolution o f  the oxidized Ge. Dissolution 
decreases wi th  cont inuing react ion presumably  be- 
cause of local saturat ion at the sol id- l iquid interface. 
Cretel la  and Gatos (1) had observed that  in s t i rred 
concentrated HNO3 solutions the behavior  of Ge is 
similar  to that  in nonst i r red solutions except  that  
h igher  concentrat ions or longer  t imes were  requi red  
to achieve saturat ion of the surface by the oxide. Due 
to the rapid decrease in solubili ty of ge rmanium ox- 
ide (7) wi th  increasing nitric acid concentration, su- 
persaturat ion of the in terface  takes place more rapidly 
at the higher  acid concentrations. As the solubil i ty 
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Fig. 1. Infrared absorption measurement of oxide film thickness 

l imit is approached, the oxide can nucleate  to produce 
crystal l ine particles on the Ge surface. The effect of 
an oxide-sa tura ted  interface on Ge dissolution was 
tested by prepar ing HNO3 solutions containing dis- 
solved hexagonal  GeO2 powder. These solutions were  
prepared by vigorously st i rr ing the HNO3 with  excess 
GeO2 powder  over  night  at the tempera ture  of the 
bath. After  st irr ing was terminated,  the excess GeO2 
powder  sett led to the bottom of the beaker. The solu- 
tions were  ready for react ion af ter  bubbl ing N2 
through them. A comparison run was conducted for 
Ge reaction in pure 7.5N HNO3 and in 7.5N HNO3 
saturated with  GeO2. Refer r ing  to Fig. 4, one sees that  
the m ax im um  Ge weight  loss in 7.5N HNO3 occurs at 
approximate ly  1.5 hr  af ter  reaction starts. Single crys- 
tal Ge (100) samples were  r emoved  f rom solution 
after  1.7 hr  of react ion time. This was done to check 
the effect of solution saturat ion at the m a x i m u m  
weight  loss point. The results showed that  the Ge 
sample in pure 7.5N HNO3 lost 3.18 m g / c m  2 while  the 
sample in 7.5N HNO3 saturated wi th  GeO2 lost 2.69 
m g / c m  2 of weight.  The oxide thicknesses at these 
times were  1.78 m g / c m  2 for reaction in pure  acid as 
compared to 2.61 m g / c m  2 for the oxide saturated acid. 
These values are the averages for three  Ge samples 
in each solution. There  was a definite decrease in the 
dissolution of the Ge sample and an increase in the 
surface oxide thickness with the GeO2 present  in so- 
lution prior  to reaction. The magni tude  of the dissolu- 
tion did not approach that  characterist ic of 10.2N 
HNO~ (Fig. 4). Two al ternat ives  can be considered: 
(a) the solution was not equi l ibrated wi th  the GeO2 
prior  to reaction, or (b) saturat ion of the interface 
may not be the controll ing factor in Ge dissolution 
or surface oxide growth. In their  work  Brauer  and 
Mfiller (7) found that  solutions of 2-5N HNO3 had 
equi l ibrated with  GeO2 within  10 hr  at 25~ Solu- 
tions far  f rom equi l ibr ium could not easily account 
for the magni tude  of the effect on the dissolution of 
the Ge sample. The oxide layers grown in the 7.5N 
HNO3 containing GeO2 did appear  more uni form than 
those grown in the pure acid. The fact that  dissolution 
of the Ge in the oxide saturated acid was not en-  
t i rely el iminated may  be related to factors other  than 
interface saturat ion which are impor tant  in controll ing 
the sample dissolution and oxide nucleat ion rate. Re-  
actions of single crystal  Ge (100) surfaces wi th  pure  
15.6N HNOs and GeO2 saturated 15.6N HNO~ after  1.7 
hr showed sample weight  gains of 0.204 m g / c m  2 and 
0.221 m g / c m  2 for the pure and oxide saturated acid, 
respectively.  

F igure  2 shows photomicrographs of Ge (111) sur-  
faces oxidized in 7.0N HNO3 for 1 and 3 hr. The oxide 
nuclei are seen to have a definite crystal l ine struc- 
ture and appear to have  a random surface or ienta-  
tion. Konorov and Romanov (4) have also observed 
the growth  of definite hexahedra l  crystals of ~10~ 
dimensions on the Ge surface in 7N HNO3. The growth 
of these oxide nuclei  on Ge surfaces is s imilar  to the 
growth of As208 nuclei  that  takes place on GaAs sur-  
faces oxidized in concentrated nitr ic  acid solutions 
(8, 9). In the ear ly  stages of oxidation at the lower 
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Fig. 2. Ge (111) surfaces oxidized in 7.0N HNO3 for (a) (top) 1 
hr and (b) (bottom) 3 hr. 

acid concentrations the oxide nucleates and grows in 
patches on the surface, accompanied by severe surface 
etching. With cont inued oxidation the nuclei  grow, 
with addit ional  nucleat ion occurring, presumably  at 
points of high local saturation, un t i l  the surface is 
completely covered. Thus, a protective oxide layer 
forms; that  is, the oxide layer grows to a l imit ing 
thickness and then stops, with no fur ther  reaction 
taking place. These oxide nuclei  adhere strongly to the 
surface, but  for Ge samples left for long times in the 
less concentrated solutions the chemical attack may 
be so severe that, on occasion, spall ing of the oxide 
film takes place. 

At the higher acid concentrat ions (greater  than 
l l N )  nucleat ion occurs very rapidly at many  random 
sites, and the surface density of nuclei  is very  large. 
This observation is in agreement  with the results of 
Faus t  (3). The nucleat ion rate of the oxide particles 
on the surface is so high and the surface density so 
great that the nuclei  do not grow to large sizes. The 
protective effect of the oxide layer  was also noted by 
Cretella and Gatos (1) and Miuller  and co-workers 
(2). 

Figure  3 is a photomicrograph of a Ge (111) surface 
oxidized for 30.2 hr in II.9N HNOs at 27.5~ This 
surface can be compared with those oxidized in 7.0N 
HNO3 as shown in Fig. 2. The oxide nuclei sizes are 
noticeably smaller than those grown at lower acid 
concentrations. 

Oxide film growth.--In Fig. 4 are plotted the data 
at 27.5~ for the weight change, in mg/cm 2, of poly- 
crystalline Ge samples (each point a separate sample) 
as a function of time in solution with no stirring. For 
solutions with concentration 10.2N and less we ob- 

Fig. 3. Ge (100) surface oxidized for 30.2. br in 11.9N HNO~ at 
27.5~ Oxide nuclei sizes are notably smaller than those grown 
in 7.0N HNOa. 

served an ini t ial  net  sample weight loss since the 
weight lost by Ge dissolution exceeds the weight 
gained by surface oxide growth. After  a t ime interval ,  
the sample weight gain from oxide film growth over-  
takes the weight lost by dissolution. For concentrat ions 
greater than 10.2N, a ne t  sample weight  gain is noted 
from the beginning.  All  of the weight change curves 
approach l imit ing values. 

The data for oxide film growth on Ge (111) sur-  
faces at 27.5~ in vary ing  HNO3 concentrat ion are 
given in Fig. 5. No induct ion period for oxide growth 
was observed at any acid concentrat ion in  the range 
studied al though Cretella and Gatos (1) report  an 
induction period to oxide growth at 7.5N HNO~. This 
is probably due to differences in the prepara t ion  of the 
samples. The ini t ial  growth rate of the film is high, 
but, as the protective oxide film builds up on the Ge 
surfaces, the growth rate  decreases, and the film 
thickness approaches a ma x i mum value. This satura-  
t ion value for films grown in 7.0N HNO~ (Fig. 5) is 
seen to be on the order of five times the value for 
films grown in 15.6N HNO~ solutions. As was discussed 
above, the high nucleat ion rate of surface oxides at 
the high acid concentrat ion produces rapid saturat ion 
of the Ge surface with a protective layer. A similar 
t rend was noted by Cretella and Gatos (1). The aver-  
age oxide thickness, in microns, was calculated by 
assuming that the density of the surface oxide was 
that of the bu lk  hexagonal  GeO2, 4.228 g/cm ~ (10). 
The basis for this assumption is discussed in the next  
section. 

The surface oxide layer was observed to improve in  
uni formi ty  with increasing acid concentration. Figure 
6 is a comparison of single crystal Ge (100) surfaces 
oxidized for 12 hr in 7.5, 10.2, 11.9, and 15:6N HNO3. 
At 7.5N HNO~ the oxide layer is "patchy" while the 
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most un i form layers are grown in 15.6N HNO3. The 
var iat ion in the appearance of the samples from dark 
to white results from the variat ion in visible light re-  
flection from the surfaces with change in oxide thick- 
ness. An electronmicrograph of a Ge (100) surface oxi- 
dized for 2 hr in 15.6N HNO3 at 27.5~ is reproduced 
in Fig. 7. The oxide nuclei density for layers grown 
in 15.6N HNO3 is seen to be much greater than that  
for layers grown in 7.0N HNO3 (Fig. 2). 

Tempera ture  dependence studies were not  pursued 
to any  extent  since the contiguity of the oxide layers 
showed no marked improvements  in a pre l iminary  
study. Hot nitr ic acid produced a layer with a higher 
density of f ine-grained oxide nuclei  than the layers 
grown at room tempera ture  (9a). Faust  (3) also had 
noted this. For long reaction times at high tempera-  
tures the acid concentrat ion became less certain as 
a result  of loss of ni t rogen oxides. A f ine-grained oxide 
layer was observed to grow at lower temperatures  
when the Ge surface was oxidized in  contact with an 
inert  surface such as polyethylene (9a). 

Surface oxide characterization.--Germanium dioxide 
is known to exist in at least three polymorphic forms 
(10,11): (a) hexagonal  crystalline, (b) tetragonal  
crystalline, and (c) amorphous GeO2. At ordinary 
temperatures  te t ragonal  GeO2 is the the rmodynami-  
cally stable modification (12), but, when  Ge is oxi- 
dized, the normal ly  occurring forms are the hexagonal  
or amorphous GeO~, depending on conditions. Tetrag-  
onal GeOa can be formed by conversion from hexag-  
onal GeO2 by using a fluxing agent (13). The phase 
diagram of the Ge-GeO2 system has been determined 
(14, 15), and the t ransi t ion tempera ture  for the te t rag-  

Fig. 6. Comparison of single crystal Ge (100) surfaces oxidized 
for 12 hr in (I. to r.) 15.6N, 11.9N, 10.2N, and 7.SN HNO3. Film 
uniformity improves with increasing acid concentration. 

Fig. 7. Electronmicrograph of a Ge (100) surface oxidized for 2 
hr in 15.6N HNO3 at 27.5~ The oxide layer is seen to be com- 
posed of densely packed crystalline oxide nuclei. 

onal  to hexagonal  crystall ine modification has been 
measured to be 1033~ (12). 

In  order to determine the form assumed by the 
oxide in  the ni tr ic  acid oxidation studies, s t ructural  
studies were performed on the surface oxide layers 
by three techniques:  (a) infrared absorption, (b) 
x - ray  diffraction, and (c) electron diffraction. The 
method used for infrared absorption measurements  
has already been described. The spectra were com- 
pared to those published (6) on the polymorphs of 
GeO2. The results indicated that the oxide layers 
grown in 7.0-15.6N HNOs on Ge surfaces are composed 
of hexagonal  GeO2. Infrared spectra characteristic 
of amorphous (16) and tetragonal  GeO2 were not  de-  
tected. 

X- ray  diffraction studies were under t aken  to char-  
acterize the surface oxide further.  Oxidized samples 
were mounted in  a General  Electric XRD-5 unit,  
and diffraction patterns of the surface oxide were 
obtained using chromium Ks radiation. Measured 
d-values  for the surface GeO2 were compared to pub-  
lished values (17, 18). Only hexagonal  Ge(~2 lines were 
identified. No lines characteristic of te tragonal  GeO2 
were detected. 

Thin  layers of surface oxide, grown for short periods 
in HNO3, were prepared for electron diffraction 
studies in a Siemens Elmiskop I in  an effort to deter-  
mine  the na ture  of the oxide at the Ge-GeO2 in ter -  
face. 100 key electrons were diffracted from the thin 
oxide layers at low angles (1~ ~ ) of incidence, and 
measured pat terns were compared with published re-  
sults for GeO2 (19). Hexagonal  GeO2 was identified, 
but, again, no tetragonal  GeO2 was detected in the 
surface oxide layers. The results of these s t ructural  
studies indicate that  the surface oxide layers grown 
on Ge surfaces in concentrated HNO3 are crystal l ine 
hexagonal  GeO~.. 

Orientation e:ffect.--The growth of oxide layers on 
Ge surfaces in concentrated HNO3 appears to be af- 
fected by the crystallographic orientat ion of the Ge 
surface, Figure 8 is a photomicrograph of a grain 
boundary  on a polycrystal l ine Ge (111) surface oxi- 
dized for 30.2 hr in l l .9N HNOa. Faust  (3) also noted 
a dependence of oxide film growth on the Ge surface 
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Fig, 8, Oxidation of a grain boundary on a polycrystalline Ge 
(111) surface after 30,2 hr in 11.9N HNO3 at 27.5~ An orienta- 
tion effect on oxide film growth is visible. 
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Fig. 9. Dependence of saturation oxide film thickness on HN03 
concentration at 27.5~ The surface orientation becomes less 
important with increasing acid concentration. 

orientation, bu t  quant i ta t ive  data were lacking. Our 
s tudy considered film growth on Ge (111) and Ge 
(100) surfaces. Saturat ion oxide layer  thickness, 
measured by infrared absorption, is compared in Fig. 9. 
Two interest ing features are readi ly apparent  from 
the data of Fig. 9: (a) saturat ion oxide film thickness 
is inversely dependent  on HNOs concentration, and (b) 
oxide film thickness is orientation dependent.  The 
difference in film thickness with Ge surface orientation 
is seen to decrease with increasing acid concentrat ion.  
It  is in teres t ing to note that  the etching rate de- 
creases with increasing acid concentrat ion (1,2), 
while the oxide nucleat ion rate increases with increas-  
ing acid concentration. An  orientat ion effect on the 
etching rate of Ge in solution has been detected by 
others (20-22). Harvey and Gates (21) observed that 
the dissolution rates were (100) > (110) > (111) for 
the three principal  crystallographic orientations at 
30~ while Camp (20) found that the order of (100) 
and (111) was reversed below 25~ Schwartz and 
Robbins (22) studied the etching rates of Ge in  HNO3 
solutions containing low concentrat ions of HF. Their  
results show that  the rate dependence on orientat ion 
is (110) > (111) > (100). Miuller  and co-workers (2) 
also noted a reduced etching rate for (100) and (110) 
compared to (111) surfaces. These data indicate that  
at the lower HNOa concentrat ion the etching rate of 
the Ge surface may  be the ra te-control l ing factor, 
while at the higher acid concentrat ions the nucleat ion 
rate may be the dominant  factor so that the or ienta-  
tion of the surface becomes less important  (Fig. 9). As 
a result, i t  is difficult to apply a simple diffusion 
model, proposed for silicon (23), to the oxidation be-  
havior of Ge in solution. 

The dissolution of Ge is evident ly  a complex hetero- 
geneous reaction with s imultaneous oxidation of Ge 
surface atoms and hydrat ion of oxidation products 
followed by their t ransfer  into solution. Nitric acid 
as the oxidizing agent complicates the in terpre ta t ion  
because of the complex kinetic relationship of nitr ic 
acid with its various reaction products (24, 25). Br iner  
and co-workers (26, 27) have shown that the oxidizing 
power of HNO3 in concentrated solutions depends on 
the undissociated species. Cretella and Gates find that 
the rate of oxidation of Ge is proportional to the prod- 
uct of HNO~ and undissociated HNOa. Their  reasoning 
is based on the mechanism proposed by Vetter (24) 

HNO2 -5 HNO3 = N204 + H20 slow [1] 

N~O4 = 2 N O 2  f a s t  [ 2] 

NO~ + e -  = NO2- fast [S] 

Miuller and co-workers (2) also consider the active 
species to be NO2. The apparent  over-al l  rate of oxi- 
dation, as deduced from the observed weight  changes, 
is related to the exposed Ge surface area. As this area 
decreases with the build up of a protective oxide layer, 
the apparent  growth rate of the surface oxide de- 
creases, and the oxide thickness approaches a sa tura-  
t ion value. A lack of detailed knowledge of the oxi- 
dizing agent and of the exact na tu re  of the possible 
oxidation products (H~GeO3, HGeO~, Gee2, . . .) that  
are diffusing through the surface-l iquid interface, 
precludes a quant i ta t ive  model of the oxide growth 
process at the present  time. 

Some quali tat ive remarks  can be made however.  
The rate l imit ing process cannot be pure ly  a diffusion 
process as evidenced by the orientat ion dependence 
and the way the dissolution kinetics are affected by 
saturat ing the HNOs with Gee2 prior to sample oxi- 
dation. Miuller and co-workers (2) propose a chemi-  
cal oxidiz ing-hydrat ing mechanism of Ge atom t rans-  
fer into solution where the rate of the process is 
l imited by the chemical heterogeneous reaction and 
the accompanying diffusion into solution. Their  pro- 
posed mechanism follows several steps: (i) the ex- 
posed Ge surface atom, with an individual  pair  of 
electrons, bonds with the oxygen atom from NO2; 
(ii) a surface dipole is formed; (iii) coordination 
bonds can be formed between protons and the oxygen 
atom in acid solution, Ge retains a positive charge; 
(iv) the molecule G e e ( O H ) 2  is separated from the 
surface as a result  of hydrolysis and can react with a 
second NO2 molecule; (v) a new surface of Ge atoms 
with unshared electron pairs is exposed after the 
oxide has gone into solution, and  the cycle starts anew. 
The relat ive importance of each of these steps (plus 
others, perhaps) in l imit ing the oxide growth rate is, 
for the moment,  speculative. Addit ional  work on the 
kinetics of oxide growth will  be necessary in order 
to establish, with any certainty, the chemical mech- 
anism which dominates the oxidation process. Pre-  
sumably,  the temperature  dependence studies, under  
consideration in our laboratory, may provide a more 
complete view of the reaction mechanism involved. 
The higher acid concentrations used in our s tudy did 
not reveal any gross differences from the results pub-  
lished for Ge oxidation at lower acid concentrat ions 
(1 ,2 ,4) .  

Summary and Conclusions 
The study of Ge oxidation in HNOz has been ex-  

tended to high acid concentrations. Thick oxide layers 
can be grown on Ge surfaces in the concentrat ion 
range 7.0-15.6N HNO3. Fi lm uni formi ty  improves with 
increasing acid concentration. No induct ion period for 
oxide growth was observed over the acid concentra-  
tion range studied. The oxide growth rate decreases 
smoothly with t ime and is not described by simple 
film growth laws. Saturat ion film thickness was ob- 
served to be inversely dependent  on acid concentra-  
tion. The oxide nuclei sizes at sa turat ion film thick-  
ness decrease markedly  with increasing acid concen- 
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tration. The saturat ion film thickness was found to 
be dependent  on the crystallographic orientat ion of 
the Ge surface. This resul t  indicates that  the rate 
l imit ing step in  oxide growth is probably not purely  
diffusion controlled. St ructural  studies, by infrared, 
x - r ay  and electron diffraction techniques, of the oxide 
layers grown on Ge surfaces i n  concentrated HNO~ 
solutions indicate, unambiguously,  that  the surface 
pxide is crystal l ine hexagonal  GeO2. 
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ABSTRACT 

Imperfections in  GaAs due to the in-diffusion of zinc at temperatures  in 
the range of 700~176 have been investigated by means of x - ray  diffraction 
topography, optical microscopy, and infrared transmission microscopy. The 
imperfections, which were generated in the diffused layer, were identified as 
submicroscopic precipitates. Precipi tat ion was almost unavoidable  when  me- 
tallic zinc was used as the diffusant source. Although precipitat ion could be 
prevented when ZnAs2 was used as a source, prolonged diffusion always re-  
sulted in precipitation. It was concluded that diffusion-induced dislocations 
plus precipitation, or diffusion-induced precipitat ion alone, was occurring in 
our  samples. 

The study of defects generated in semiconductors 
by the in-diffusion of p- or n - type  impuri t ies  has 
achieved considerable impetus in  recent years. In  
particular,  the generat ion of dislocations due to the 
diffusion of phosphorus or boron into silicon has been 
extensively investigated (1). The documentat ion of 
diffusion-induced defects in  silicon is in contrast  to the 
small  amount  of published informat ion on these effects 
in  the compound semiconductor GaAs. Recent work 
(2-4) has shown that  surface layers with a high con- 
tent  of s t ructural  defects can be produced in GaAs by 
the vapor phase in-diffusion of zinc. Zinc is widely 
employed as a p-diffusant  in  GaAs; therefore it is im-  
perative to define the conditions that  give rise to these 
defects so that their  occurrence may  be controlled. 

This paper presents some results of an invest igat ion 
of zinc-diffusion-induced imperfections in GaAs. Dif- 
fused samples were examined by x - ray  anomalous 
transmission, by inf rared  transmission microscopy, 
and by optical microscopy of etch structures. Previous 

indications (2) of severe lattice damage by diffusion 
of zinc into GaAs were confirmed, and it  was estab- 
lished that  this damage was largely due to submicro- 
scopic precipitation in the diffused layer. I t  was 
fur ther  established that  precipitat ion and its conse- 
quent  lattice damage in the diffused GaAs could be 
avoided by proper control of diffusion conditions. 

Experimental Techniques 
Sample preparation.-- The star t ing mater ia l  was 

commercial ly available single crystal  GaAs, boat-  
grown by the gradient  freeze technique. The single 
crystals displayed dislocation densities ranging  from 
about 102/cm 2 to 105/cm 2, as de termined by etch pit  
counts. Wafers 0.5-1.5 mm thick were cut from these 
crystals and were then chemically etched or chemi- 
cally polished to remove all traces of damage resul t-  
ing from cutt ing and grinding operations. All  diffu- 
sions were made by a s tandard technique;  the GaAs 
samples were contained along with lg  of GaAs powder 
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and 10 mg of pure zinc (or in some cases wi th  only 10 
mg ZnAs2) in evacuated quartz  ampoules of 50 cm ~ 
volume. Each diffusion was carr ied out wi th  one or 
more low dislocation density samples in the capsule in 
addition to other  samples of high dislocation density 
and of differing n-doping  level. The low-dis locat ion-  
density samples were  required for  x - r a y  anomalous 
transmission topographs, while  the high-dis locat ion-  
density samples a l lowed evaluat ion of the effects of 
init ial  crystal  perfection. The samples of differing 
n-doping level  made it  possible to est imate the zinc 
penetra t ion profile (p-n junct ion depth vs. n-doping  
level)  for each diffusion run. Diffusion was carr ied out 
at tempera tures  ranging f rom 700 ~ to 1100~ for a 
period of 2 hr  wi th  GaAs powder  and pure zinc in 
the capsule, unless otherwise noted. All  diffusions were  
carr ied out so that  the end of the  capsule containing 
the diffusant source was main ta ined  at a t empera tu re  
10~ below the diffusion temperature .  Af te r  diffusion 
the ampoule was cooled by gradual ly  wi thdrawing  it 
f rom the furnace over  a period of 2 min and then 
immers ing it in water.  In this way the contents of the 
capsule were  cooled to room tempera tu re  wi thin  3 
rain. A few diffusion runs were  te rmina ted  by rapid  
quenching and a few by slow cooling in the furnace. 
Rapid quenching was accomplished by wi thdrawing  
the capsule f rom the furnace, plunging it into a bucket  
of wa te r  and crushing with a long-handled  pliers. It  is 
es t imated that  in this way  samples were  cooled to 
room tempera ture  wi th in  5 sec. 

Examination of samples.--Large-area x - r a y  diffrac- 
tion topographs of s tar t ing mate r ia l  wi th  low dislo- 
cation densities were  recorded by the anomalous 
transmission method (5). This method is highly sensi- 
t ive to the perfect ion of the material .  Highly im-  
perfect  crystals s t rongly a t tenuate  the x - r a y  t rans-  
mission, especially in the immedia te  vicini ty  of im-  
perfections. Thus crystal  imperfect ions are revea led  
as areas of reduced x - r a y  intensi ty wi th in  the  x - r a y  
topographs. 

GaAs wafers studied with  this x - r a y  method  were  
oriented in <111> directions. The diffused junct ions 
on the As face were  always removed  by chemical  
etching pr ior  to recording x - r ay  topographs. Since de-  
fects confined to shallow surface layers, such as occur 
in diffused junctions, appear  sharpest  whe re  the x - r a y  
beam leaves the crystal,  the wafers  were  always posi- 
tioned so that  the Ga face corresponded to the exi t  
surface of the beam on the crystal  (6). This al lowed 
etch pit  studies, which were  carried out on the Ga face, 
to be correlated with  defects shown in x - r a y  topo- 
graphs. In many of the samples studied, the diffusions 
resul ted in very  strong x - r a y  absorption by the crystal, 
and crystal  wafers  were  defined as being opaque to 
x - rays  when no diffracted image could be obtained. 
Pictures  of the diffraction topographs are photo- 
graphic negatives;  consequently,  h ighly  imperfec t  r e -  
gions appear  dark. 

In addit ion to anomalous transmission studies, etch 
structures were  also examined  to revea l  the presence 
of crystal l ine defects. The etch s t ructures  were  de- 
veloped on a Ga (111) surface by swabbing the sur-  
face wi th  a f reshly prepared  mix ture  of one part  30% 
H202 and five parts 2% NaOH for 2 to 5 min. This 
etchant  was selective to surface orientat ions near  a 
(111) Ga surface and developed small  pits wi th  a 
wel l-defined t r iangular  shape. The pits could be de-  
veloped over  a range of orientations,  al though wi th  
distortion in symmetry ,  as much as 10 ~ f rom <111> 
Ga direction, thus obviat ing prepara t ion of accurately 
or iented samples. At sample  orientat ions more than a 
few degrees f rom <111>,  however ,  the number  of pits 
produced in a given sample was reduced, so all e tch-  
ing was carr ied out on surfaces wi thin  2 ~ of an (111) 
Ga surface. Etch pit counts obtained on a wel l -o r i -  
ented wafer  were  in substantial  agreement  with etch 
pit  counts obtained with  a known GaAs dislocation 
etch (1 conc. N H O ~ - - 2 H 2 0  solution).  

Fig. I. X-ray topograph of low dislocation density GaAs 

Inf rared  transmission microscopy was accomplished 
by means of a commercia l ly  avai lable image conver te r  
adapted to the occular of an inver ted  stage microscope. 
Inf rared  photomicrographs were  recorded on Eastman 
Kodak Type I -M 4 x 5-in. spectrographic plates. 

Results 
Description oi the defect structure.--The dislocation 

density of the samples used for most of the x - r ay  
anomalous transmission studies was no more than 200/ 
cm 2 (by etch pit  count) .  F igure  1 shows an x - r a y  
topograph typical  of this material .  Af te r  s tandard 
diffusions at 700 ~ and 725~ such mater ia l  showed a 
slight reduct ion in the anomalous transmission in- 
tensity, but no change in the appearance or in the 
number  of the dislocations occurred. Fur thermore ,  no 
addit ional  defects, such as misfit dislocation networks,  
could be detected in the x - r a y  topographs. At 750~ the 
intensi ty due to anomalous transmission was reduced 
about  20% by the in-diffusion of zinc, and there  was 
still no change in the dislocation structure.  Standard  
diffusions at tempera tures  higher  than 750~ resul ted 
in complete x - r a y  absorption by the sample, indicat ing 
that  a high degree of crystal  latt ice imperfec t ion  had 
been produced. The fact that  the t ransmit ted x - r a y  
intensity was reduced (resul t ing in u l t imate ly  opaque 
samples) ,  while  the original  dislocation s t ructure  was 
preserved indicates that  the diffusion process has pro-  
duced a substantial ly uni form microscopic strain in 
the crystals. Patel  and Bat te rman (7) have  repor ted  a 
similar  kind of reduct ion in anomalous x - r a y  t rans-  
mission through silicon, caused by anneal ing single 
crystals contaminated with  oxygen. These authors 
established the presence of microscopic strains resul t -  
ing f rom the format ion of Si-O clusters in the ear ly  
stages of the precipi tat ion of silicon oxides. This con- 
nection of microscopic strain wi th  precipi tat ion is sig- 
nificant because in the present  work  other  evidence of 
precipitation, i.e. high densities of etch pits, appeared 
in the diffused layer,  concomitant  wi th  the reduct ion 
in anomalous x - r a y  transmission. 

F igure  2 shows three photomicrographs of etched 
cross sections of diffused samples mounted and pol-  
ished to produce a (111) Ga plane of section. In an 
invest igat ion of the precipi tat ion of Cu20 in copper 
single crystals Young (8) has described etch s truc-  
tures s t r ikingly s imilar  to those of Fig. 2a. Young 
observed t r iangular  pit etch structures in oxygen-  
doped copper single crystals annealed to cause small  
Cu20 particles to form. Each particle,  even when 
submicroscopic in size, gave rise to a surrounding 
cluster of densely packed etch pits, which was in te r -  
preted to be due to dislocations produced by plastic 
deformat ion which accompanied the format ion  and 
growth of the precipi ta te  particles. The dense pi t t ing 
that  is observed throughout  the surface layer  of the 
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Fig. 2. Etched cross sections of GaAs wafers diffused from a pure 
zinc source: a, 2 hr at 750~ b, 2 hr at 80~~ c, 24 hr at 700~ 

sample diffused at 800~ is therefore consistent with 
the complete x - r ay  opacity of the GaAs slices that  
were subjected to s tandard diffusions at temperatures  
greater than 750~ Addit ional  data and per t inen t  
comments for diffusions performed with pure zinc as a 
source are contained in Table I. 

The etched cross sections of samples diffused at a 
tempera ture  of 700~ showed no evidence of imper-  
fections in the diffused layer even though there had 
been appreciable diffusion of zinc into these samples 
(attested by the development  of a p - n  junc t ion  8~ 
deep in samples of n = 5.9 x 101S/cm~). There was, 
nevertheless,  a defect s t ructure  layer  present  that 
was so thin (1 or 2~) that it was difficult to develop 
a clearly defined etch s t ructure  in cross section. This 
layer was detected by carefully etching the diffused 
surface of the samples. The fact that  such a layer, 
however thin, was detected is again consistent with the 
reduction in t ransmit ted  x - r ay  in tens i ty  noted for 
these samples. These results suggest a pre-precipi ta t ion 

Table I. Data on diffusions for 2 hr from a pure 
zinc-powdered GaAs source 

Depth  of p+p 
T e m p ,  ~ Junction. ~ Comments  

700 7 

725 10 

750 20 

775 35 

800 S0 

900 110 

1000 125 

1100 125 

Slight  reduc t ion  in x - r a y  t ransmiss ion ,  no 
change  in etch s t ruc ture  

Sl ight  reduct ion  in x - r a y  t ransmiss ion ,  no 
change  in etch s t ruc tu re  

20% reduct ion in x - r a y  t ransmiss ion,  scat- 
te red  etch pit  clusters  in p+ layer,  sample  
still t r anspa ren t  to IR 

Complete ly  opaque to x - rays ,  h igh  e tch 
Pi t  dens i ty  in  p+ l aye r  

Complete ly  opaque to x - rays ,  near ly  opaque  
to IR, h igh  etch pit  dens i ty  in p§ layer  

Completely opaque to x - rays ,  complete ly  
opaque to IR, h igh  etch pit  dens i ty  in p§ 
layer  

Complete ly  opaque to x - r a y s ,  complete ly  
•paque to IR -h igh  etch pit  dens i ty  in p§ 
layer  

Comple te ly  opaque to x - rays ,  comple te ly  
Opaque to IR, h igh  etch Pit densi ty  in p+ 
layer  

incubat ion period of about  2-hr  durat ion in 700~ 
s tandard diffusions. At diffusion times longer than two 
hours at low temperatures,  e.g., 24 hr  at 700~ deep 
zinc penetra t ion was achieved, and the diffused layers 
were again so highly  defective as to be opaque to 
x-rays.  Such a layer  is shown in cross section in Fig. 
2c. 

The infrared absorption increased along with the 
x - ray  absorption, but was not  near ly  as sensitive a 
measure of diffusion-induced damage. For instance, 
the sample of Fig. 2c, though completely opaque to 
x- rays  was still somewhat t ransparen t  to IR radiat ion;  
the sample of Fig. 2b was opaque to x- rays  and very 
near ly  opaque to IR; while a sample with structure 
like that  of Fig. 2b but  diffused at 900~ was opaque 
to both x- rays  and IR. In  no instances were struc- 
tures such as decorated dislocations revealed by IR 
transmission microscopy. Note that  the s tar t ing dis- 
location density (etch pit density) is preserved in the 
region below the diffused layer  of Fig. 2c. The only 
difference apparent  between damaged layers produced 
at low diffusion temperatures  (700~ and those pro- 
duced at higher temperatures  (800~ was that  the 
boundaries of the layers produced at the lower tem- 
peratures were more irregular.  This probably is re-  
lated to the fact that the diffusion-induced damage be- 
gins in isolated regions of these samples (see Fig. 2a). 
These regions, indicated by the etch pit  clusters, 
spread out and penetrate  more deeply with time. Unt i l  
the diffusion depth is large compared with the mean 
distance between clusters, however, we continue to 
see evidence of the heterogeneous beginnings of the 
diffusion-induced damage in the uneven  boundary  of 
the defect s tructure layer. 

The samples shown in Fig. 2 had ini t ia l  dislocation 
densities of 103/cm 2 to 104/cm 2 by etch pit count. The 
star t ing dislocation density did not  have a strong effect 
on the occurrence of highly defective layer structures;  
the defect s t ructure could be equal ly well  developed 
in samples with start ing dislocation densities of 
200/cm 2 and 100,00O/cm 2. This indicates that  the dif- 
fus ion- induced damage was not critically dependent  
on the presence of existing dislocations, as would have 
been the case, for example, if the damage were due to 
decoration of existing dislocations. Clustering of etch 
pits such as is seen in the sample diffused at 750~ in  
Fig. 2a was specially prevalent  in the early stages of 
diffusion at temperatures  in the range 700~176 
Again, if the production of diffusion induced damage 
was heterogeneous, it would be most apparent  in the 
early stages of its occurrence. 

When ZnAs2 was used as the source of zinc, it was 
possible to preserve the crystal perfection in the dif- 
fused layers if the diffusions were not  too deep and 
were not  made at too high a temperature.  For  ex- 
ample, samples diffused for 1~ hr at 800~ from a pure 
zinc-powdered GaAs source developed 25~ deep layers 
that were opaque to x-rays,  while samples diffused 
for eight hours at 800~ from a ZnAs2 source devel-  
oped 25~ deep layers with no measurable  reduction in 
anomalous transmission. This was most in teres t ing be- 
cause of the experience that  some workers have re-  
ported in fabricat ing effici%nt l ight-emit t ing diodes 
(9). Diffusions from a ZnAs2 source were found to 
yield better  GaAs electroluminescent  and laser diodes 
than diffusion from a pure zinc source. It  would ap- 
pear that  these results can par t ly  be explained by the 
differences in defect s t ructure between p- layers  pre-  
pared from pure zinc source and p-layers  produced 
from ZnAs~. 

At diffusion temperatures  higher than  800~ or for 
long diffusion times at 800~ (24 hr) ,  diffusion from 
a ZnAs2 source ul t imately  developed highly imperfect 
layers. One of the effects of using ZnAs2 as a diffusant 
source is a lengthening of the incubat ion period before 
the onset of diffusion damage. The dis tr ibut ion of etch 
pits in the defect layer  was found to be quite different 
f rom that  observed for pure zinc diffusions. A good 
example of the s tructure produced by a ZnAs2 diffu- 
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Fig. 4. a, X-ray topograph of clustered defect structure; b, cor- 
responding etch structure; c, details of etch pit clusters. 

Fig. 3. Etched cross sections of GaAs diffused from ZnAs2 source: 
a, 8 hr at 900~ b and c, 24 hr at 800~ 

sion is shown in Fig. 3a. Al though a detailed exp lana-  
tion of why  the etch pit  distr ibution is so different 
for ZnAs~ cannot be given at this t ime, it  is probably 
a result  of the much less steep penetrat ion profile 
produced by diffusion f rom ZnAs2 (9). 

A par t icular ly  good example  of clustering of  defects 
was observed in a sample diffused f rom ZnAs2 and is 
shown in Fig. 3b and 3c. This sample has been etched 
with  a p - n  junct ion etch as wel l  as wi th  the hy-  
droxide-peroxide  defect  s t ructure  etch. It  can be 
clearly seen in Fig. 3b that  clustering of etch pits is 
closely associated with  a deeper  penetra t ion of the 
p -n  junction. The heavy dark  line just  above the p -n  
junct ion was seen in p - type  samples as wel l  as in 
n - type  samples and was identified as a p + - p  bound-  
ary by previous studies (10). By comparison wi th  
companion samples doped wi th  te l lu r ium to var ious 
levels of free electron concentration, the zinc concen- 
t rat ion at the p + - p  boundary in the samples of Fig. 
3b and 3c was est imated to be 6 x 1018/cm 3, and at the 
p -n  junct ion 3.0 x 101V/cm 3. The deeper  penetra t ion of 
the p -n  junct ion in regions of etch pit clusters sug- 
gest that  the diffusion process induces defects to ap- 
pear first in regions where  there  is a l ready some kind 
of lat t ice disturbance in the crystal. This is also in 
line with our  observation that  cluster ing was more  
preva len t  in samples of ini t ial  high imperfection.  
However ,  the kind of defect assumed to be inherent  in 
the host mat r ix  was not evident  by x - r a y  contrast  
methods before the diffusion cycle. It  would  be ex-  
pected that  regions of imperfect  lat t ice s tructures 
would show enhanced mobil i ty  of a diffusant (deeper 
penetra t ion of p -n  junct ion) .  P i lkuhn and Rupprecht  
(9) have  shown similar  evidence of enhancement  in 
p -n  junct ion depth in regions of crystal  defects in 
GaAs. Evidence that  these diffusion-induced defects 
can seriously affect device propert ies is shown in Fig. 
3c, where  the defects extend all the way  to the p -n  
junction. 

Optical micrographs of etch structures of a diffused 
sample are correla ted wi th  x - r ay  topographs in Fig. 4. 
Dense clustering of defects which occurred in this 

sample, diffused at 750~ is evident  in Fig. 4a and b 
wi th in  region D1. More clustered defects are seen in 
the x - r ay  topograph than the etched surface, which is 
the plane of diffusion, because only the clusters  that  
intersect  the surface are seen by etching, while  all of 
the clusters are seen by x - r a y  transmission. The clus- 
ters were  also areas of reduced IR transmission, but  
the optical contrast  was so slight that  it could not be 
clearly registered on our IR sensitive plates. An en- 
larged v iew (Fig. 4c) shows that  the defect  clusters 
are composed of t r iangular  type pits. These clusters of 
etch pits have the same s t ructure  as those shown in 
cross-section in Fig. 2a. The dark broad images in the 
diffraction topograph, such as are indicated by the 
arrows, are scratches introduced af ter  the diffusion. 

Figure  5 shows x - r ay  topographs of a sample before 
and after  an 800~ diffusion. The sample was ini t ia l ly  
1.0 mm thick and was diffused to a depth of 50~. Be-  
cause the diffused layers were  opaque to x-rays,  it was 
necessary to remove  the diffused layer  f rom the B 
side (the As side) and then angle lap and etch away 
near ly  the ent ire  layer  on the A side to obtain the 
topograph shown in Fig. 5b. Notice tha t  where  the 
diffused layer  has been completely  removed,  Fig. 5c, 
and region C in Fig. 5b, the original dislocation s truc-  
ture has been preserved.  The original s t ruc ture  is still 
reflection dependent;  hence no precipi tat ion along dis- 
locations has occurred in the bulk of the wafer.  A 
clear line of demarcat ion separates what  remains  of 
the defective diffused layer  on the A side f rom the 
under ly ing  undis turbed material .  The diffraction con- 
trast at this boundary resembles the contrast  seen in 
the clusters of Fig. 4. By means of control runs, i.e., 
runs in which the t rea tment  of samples was identical  
except  that  there  was no zinc (or ZnAs2) present  in 
the capsule, it was established that  only when  zinc 
was indiffused did defect s tructures appear. This con- 
firmed that  these effects were  due to zinc and not to 
thermal  stresses, or the precipi tat ion of impuri t ies  
independent  of the presence of zinc. 

There  was good reason to bel ieve that  these defects 
were  due to precipitation, presumably  a z inc-com- 
plex. A detailed a rgument  and analysis of the data 
to just i fy  this belief  will  be presented in the Discus- 
sion section, but  we ment ion it at this point because 
the exper iments  to be described in the next  three 
paragraphs were  per formed  to confirm whe the r  pre-  
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Fig. 5. X-ray topographs of zinc diffused GaAs: a, original sam- 
ple; b, sample after diffusion at 800~ with B layer removed and 
A layer partially removed, region E indicates the A layer remaining 
and region C is the original bulk material; c, sample after re- 
moval of additional 30~ from A side. The dark spots are due to 
deep damage. 

cipitation was responsible for the defect s tructures we 
had observed. 

Experiments with zinc (me~t) doped GaAs. - -Elec-  
tron probe analysis of several  s tandard diffused sam- 
ples established that  the concentrat ion of zinc at the 
boundary of the layer  of high etch pit  densi ty was 
about 5 x 10iS/cm s. This agreed with  the observat ion 
that  the boundary of this layer  usual ly  coincided with  
the p + - p  junct ion (Zn : 6 x 101S/cm 3) in standard 
samples. 

On samples mel t -doped  wi th  zinc up to 3.7 x 1019 
atoms/cmS (free hole concentrat ion equal  to zinc con- 
centrat ion within  10%) no trace of defects besides 
grown in dislocation tangles (about 5 x 103/cm 2) 
could be observed ei ther  by etching or by x - r a y  anal-  
ysis. Even  when  the mel t -doped samples were  addi-  
t ionally annealed (in the presence of their  own pow-  
der) under  conditions of t ime and tempera tu re  where  
defects consistently occurred by diffusion into un-  
doped GaAs, the z inc-mel t -doped  samples remained  
unaffected. However ,  when  the z inc-mel t -doped sam- 
ples were  subjected to a s tandard zinc diffusion at 
1000~ the samples developed a defect layer  s t ructure 
and became opaque to x- rays  and IR radiation. 

The at tenuat ion of optical transmissions was far  
s t ronger  in diffused samples than in mel t -doped sam-  
ples for mater ia l  of equal  thickness, even  though the 
concentrat ion of zinc in the diffused samples was less 
than that  in the mel t -doped  samples. For  example,  for  
a 100~ thick diffused layer  wi th  a zinc concentrat ion 
ranging f rom 4 x 10 TM a toms /cm 3 to 5 x 10 TM a toms /  
cm3(p+-p  boundary) ,  optical transmissions over  the 
range of wavelengths  f rom 0.9 to 1.2~ (s-1 image con- 
ver tor )  were  nil, whi le  a 100~ thick wafer  of the zinc- 
mel t -doped  GaAs was t ransparent  in the same spectral  
region. If the diffusion-induced damage were  largely  
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a resul t  of precipitation, this result  might  be ex-  
pected except  that  the intensi ty of the IR at tenuat ion 
implies a ra ther  large amount  of precipi tate  ( > >  10 is 
atoms/cm~).  

To ascertain whe the r  the defects were  due to some 
impur i ty  unknowingly  introduced dur ing the prepara-  
tion and diffusion processes, samples were  analyzed 
by emission spectroscopy both before and af ter  diffu- 
sion. Only three impuri t ies  were  detected Cu 3-6 ppm, 
Mg 5-15 ppm, and Si 10-50 ppm, and their  concentra-  
tions were  unchanged by the diffusion process. It is 
possible that  the residual  impuri t ies  or that  undetected 
impurities,  such as oxygen, are responsible for the 
diffusion damage, but wha teve r  the na tu re  of the de- 
fect structures,  they occurred only when zinc was in-  
diffused. 

Quenching experiments.--We found that  the defect 
s t ructure  that  appeared in zinc-diffused GaAs was 
identical  whe ther  samples were  quenched f rom the 
diffusion t empera tu re  to room tempera tu re  in a ma t -  
ter  of seconds or whe the r  they were  slowly cooled in 
the diffusion furnace over  a period of many  hours. 
The character  of the defect  s t ructure  was inspected 
by etching wi th in  15 rain of quenching, and by x - r ay  
anomalous transmission wi th in  30 min after  quench-  
ing. In both instances the defect  s t ructure  was ful ly  
developed. It  was therefore  concluded that  the de- 
fects were  occurring dur ing the in-diffusion of zinc 
or were  occurring ex t remely  rapidly during cooling. 

In a study of zinc diffused GaP, Gershenzon and 
Mikulyak  (16) observed precipi tate  s tructures which 
t h e y  tenta t ively  identified as zinc-rich. They likewise 
were  not  able to quench their  samples fast enough to 
prevent  the occurrence of these precipitates.  It  was 
concluded that  the precipi tat ion was occurr ing dur ing 
the diffusion period and, fur thermore ,  thermodynamic  
considerations then implied that  the precipi tate  phase 
could not be pure  zinc. These considerations apply in 
the present  circumstances as well.  

Free carrier concentration vs. zinc concentration.-- 
The reduct ion in the f ree  carr ier  concentrat ion is a 
f requent ly  used measure  of the progress of precipi ta-  
tion in semiconductors (11). Thus the free carr ier  con- 
centrat ion was compared with  the zinc concentrat ion 
(average zinc concentrat ion ~ 5 x 10 is a toms/cm 3) 
in diffused samples known to contain wel l -deve loped  
defect (precipitate)  structures. These samples were  
opaque to IR radiations as wel l  as to x-rays.  We did 
find samples which exhibi ted a f ree  carr ier  (hole) 
concentrat ion less than the zinc concentration, but we 
also found samples which showed agreement  (within 
__+30% spectroscopic analysis accuracy) be tween  the 
f ree  hole concentrat ion and the zinc concentration. 
The ratio of f ree  charge carr iers  to zinc depended in a 
systematic way on the exact  diffusion conditions for 
each sample. These results are, however ,  the subject  
of a separate invest igat ion (12) and they wil l  not be 
described fur ther  in this paper. 

The occurrence of these defects did not depend cri t-  
ically on the pur i ty  of the GaAs or on the part icular  
method of crystal  growth. It  was induced in many dif-  
ferent  crystals, p-doped to 4 x 1019/cm 8, n-doped to 
6 x 101S/cm 3 and undoped n ~ 1.2 x 1016/cm8, ~ -~ 
5,000 cm2/v-sec, grown by the gradient  freeze method 
in quartz boats, in crystals taken f rom ingots zone 
refined in graphite boats, and in crystals pulled f rom 
graphite,  alumina, or boron ni tr ide crucibles. 

Discussion 

The introduct ion of an impur i ty  atom into a crys-  
tal by vapor  phase diffusion can have  two distinct but  
not necessari ly separate  effects on the lat t ice per fec-  
tion: (i) the diffusion can cause dislocations to be 
int roduced to accommodate  lat t ice deformat ion effects 
of the solute atom; (ii) the diffusion can cause pre-  
cipitates to appear. Solute atom deformat ion of the 
host lat t ice usual ly  results in highly regular  networks 
of dislocation lines. Diffusion induced precipi ta t ion 
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can be of several kinds and can occur (a) dur ing cool- 
ing, because of reduced solubil i ty of the diffusant at 
low temperatures;  (b) dur ing  diffusion because of 
formation of stable compounds between the diffusant 
and the consti tuents of the host lattice; (c) dur ing  
diffusion because of exolution of residual  impurit ies,  
similar to the "common ion effect" which is well  
known in solution chemistry. We believe that  the 
clusters and layers of high etch pit densi ty produced 
in our samples by the in-diffusion of zinc are areas in 
which submicroscopic precipitat ion has occurred. No 
individual  precipitate particles could be observed at 
magnifications up to 1000X. Although it seemed very 
l ikely that the diffusion induced precipitate was zinc, 
or some substance containing zinc as a major  consti-  
tuent, the exper imental  data were not sufficient to 
permit  us to describe the precipitate in any detail. 

The appearance of diffusion-induced dislocations 
will not automatical ly cause the appearance of pre-  
cipitate structures, but  if there are species present  
which are liable to precipitate, diffusion-induced dis- 
locations will  hasten their appearance. If precipitat ion 
occurs dur ing  in-diffusion or dur ing a slow cool, dis- 
locations of a type other than solute deformation dis- 
locations will  occur. These dislocations will  be due to 
differences in the specific volume of the precipitate 
phase and the matr ix  phase and will be more localized 
and more intense than diffusion-induced dislocations. 

In  the following sections our data will  be analyzed 
to show that  both diffusion-induced dislocations with 
precipitat ion or precipitat ion alone are occurring. 
None of our results indicate the production of diffu- 
s ion-induced dislocations alone. 

The case for precipitation alone.--In samples dif- 
fused from pure zinc at temperatures  below 775~ 
(ZnAs2 source at temperatures  below 850~ there 
was no evidence of the regular  networks of dislocation 
traces that are so characteristic of solute- induced la t -  
tice deformation. The x - r ay  topographs do, however,  
show that for diffusions from pure zinc the crystal  
perfection is being uni formly  degraded (x - ray  absorp- 
tion is being increased). Such behavior is character-  
istic of the early stages of precipitat ion in highly per-  
feet crystals (7). The heterogeneous na ture  of the 
defect s tructures observed in the early stages of their  
formation is characteristic of precipitat ion but  not 
necessari ly of diffusion induced dislocations. Also the 
distinct incubat ion period that is observed before dam-  
age to the crystal s t ructure  appears and the fact that 
this period is inversely proport ional  to both the tem- 
perature and the part ial  pressure of zinc (concentra-  
tion of zinc),  is consistent with a precipitat ion reac-  
tion. Fur the rmore  the strong IR absorption which was 
observed in the defect s tructures is to be expected if 
precipi tat ion is occurring but  not  if dislocations alone 
are present.  

For  those samples subjected to s tandard diffusions 
from a pure  zinc source at 800~ or above, it was not  
possible to quench the precipitation. If the precipita-  
tion were supposed to have occurred dur ing  the dif- 
fusion period, this result  is understandable.  If the 
precipitat ion were supposed to have occurred after 
the diffusion, i.e., dur ing  the cooling period, it is dif- 
ficult to argue for a pure precipitation reaction unless 
the samples had ini t ial  high dislocation densities. The 
fact is that  these samples had ini t ial  dislocation den-  
sities as low as 100/cm 2. For the moment  we shall de- 
fer the question of precipitat ion dur ing  diffusion to 
pursue the a rgument  for diffusion-induced dislocations 
with precipitation. 

The case for diffusion-induced dislocations with pre-  
cipitat~on.-- If dislocations were generated dur ing  
s tandard diffusions from pure zinc at 800~ and higher 
we could, at least quali tat ively,  explain the fai lure to 
quench the precipitat ion by citing the strong effects 
that dislocations are known to have in accelerating 
solid-state precipitat ion reactions (13, 14). The im-  
por tant  question of whether  or not dislocations are 

actual ly generated in  GaAs by the in-diffusion of zinc 
has been answered by the recent  work of Sehwuttke 
and Rupprecht  (4). They showed that  under  certain 
conditions the diffusion of zinc into GaAs can cause 
the regular  arrays of dislocations characteristic of 
lattice solute deformation. For prolonged diffusion, 
however, a layer  of intense crystal  damage was pro- 
duced. Although this may have been a layer  of sub-  
microscopic precipitat ion similar to the layers we have 
observed, it would be necessary to verify this by other 
techniques. For those samples of the current  invest i-  
gation in which we could have observed dilatational 
dislocations, had they occurred, the diffusion condi- 
tions were sufficiently different from those of Sehwut-  
tke and Rupprecht  to explain the absence of disloca- 
tions. In those samples in which solute dilat ion dislo- 
cations should have been observed we are prevented 
from confirming their occurrence because of the high 
density of mieroprecipitation. 

It must  be emphasized that at high defect concen- 
trations it is not possible to dist inguish between crys- 
tal imperfections due to lattice solute deformation, 
i.e., misfit dislocations, and crystal damage due to 
precipitation. The ra ther  dramatic onset of the de- 
feet s t ructure between 725 ~ and 775~ (see Table I) is, 
nevertheless, consistent with the introduct ion of dis- 
locations dur ing the diffusion process. It  has long been 
known that, at a temperature  close to 2/3 Tm (15), 
where Tm is the absolute mel t ing temperature,  many  
of the so-called intermetal l ic  compounds, including 
the I I I -V zinc blend type semiconductors, undergo 
a change in mechanical  properties from bri t t le  to due-  
tile behavior. For  GaAs 2/3 Tm is equal to 738~ 
which is wi thin  t h e  tempera ture  range where our 
experiments  suggest that dislocations are introduced. 
Whether  precipitat ion occurred dur ing in-diffusion or 
dur ing  cooling, diffusion-induced dislocations would 
be expected to enhance the rate of precipitation. 

There are eases known,  especially involving high 
dislocation densities ( )  106/cm 2) (13) where  pre-  
cipitation reactions occur with time constants of a 
second or so, i.e., fast enough to make quenching very 
difficult. However, the amount  of precipi tant  exsolved 
wi th in  this second or so is only a few parts per mi l -  
lion. There are no eases extant  of near ly  ins tantaneous 
precipitat ion of relat ively large amounts  of mater ial  
( >  100 ppm) in the solid state. Although precipitat ion 
of a few parts per mil l ion of an impur i ty  is sufficient 
to explain the strong a t tenuat ion  of x - rays  (7) it 
does not  seem to be near ly  enough to account for the 
strong IR absorption and scattering in our samples. 

For example, the precipitat ion in the zinc-diffused 
regions of the crystals was sufficient to render  these 
regions (only several  thousandths of an inch thick) 
quite opaque to optical t ransmission as viewed through 
an IR image convertor (0.9 to 1.2~ wavelength) .  The 
average absorption coefficient of such a diffused layer  
containing between 4 x 1019 and  5 x 1018 zinc a toms/  
cm~ (800-100 ppm, respectively) was greater than 
500 cm -1. The average f ree-carr ier  concentrat ion p = 
2.0 x 1019/cm ~ agreed with the average zinc concentra-  
tion wi thin  30% which means that  no more than about 
6 x 10 TM zinc a toms/cm 3 could have been precipitated. 
The average free-carr ier  absorption coefficient for p-  
type GaAs in the 0.9-1.2~ spectral interval  for a ear- 
t ier  concentrat ion range from 5 x 1018/em8 to 4 x 1019/ 
cm 3 is only about 200 cm -1 (20). Thus we must  ac- 
count for an excess "absorption" amount ing  to more 
than 300 cm -1, apparent ly  with a precipitate struc- 
ture involv ing  no more than 6 x 10 TM zinc atoms/era a 
(120 ppm).  Gershenzon and Mikulyak (16) have 
published optical measurements  of zinc diffused GaP 
which indicate an excess absorption of 20 cm -1 in 
a sample containing precipitates and in which p = 
2 x 10 TM holes/emS. No informat ion was provided on 
the actual zinc concentrat ion present  in these samples, 
but  the conditions of diffusion indicates an average 
zinc content  of at least 5 x 10 TM atoms/era a. Therefore 
the excess absorption of 20 cm -1 appears to be due 
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to more than 3 x 10 TM atoms/cm ~ of precipitated zinc. 
These measurements  of zinc diffused GaP suggest that 
we need considerably more than  6 x 10 TM zinc atoms/  
cm 8 (precipitated) to explain an excess IR a t tenuat ion  
of 300 cm -1 in GaAs. Nevertheless, we cannot  be 
certain that  6 x 101S/cm ~ or even 1 x 1018 a toms/cm '~ 
of precipitated zinc is not  enough to explain the 
observed effects. A firm description of the sizes, dis- 
tr ibution,  and composition of the precipitate particles 
necessary to explain a given degree of part iculate at- 
tenuat ion is required to calculate the corresponding 
zinc concentration. The authors could find no experi-  
menta l  papers in  the l i tera ture  that  could provide an 
unqualified answer  to this problem. The pursui t  of a 
solution to this problem can be conducted on theo- 
retical grounds, but this is not  wi thin  the scope of 
this paper. 

Let us re turn ,  now, to discussion of the case for pre-  
cipitation dur ing  the diffusion period with or without  
help from diffusion-induced dislocations. The results 
of several  investigations (17) of zinc doped GaAs 
have shown that  the solubil i ty of zinc in solid GaAs 
is greater than 7 x 1019 a toms/cm 3 at temperatures  in  
the range of 700~176 How, then, can we explain 
the occurrence of precipitates in  GaAs diffused with 
much less than 7 x 10 z9 a toms/cm 8 of zinc at these 
temperatures.  The exsolution of residual  impuri t ies  or 
the undetected introduct ion of other impuri t ies  dur ing 
the diffusion offers a ready explanation.  The question 
of the exsolution of residual  impuri t ies  is a difficult one 
to answer experimental ly,  but  the question of the in-  
troduction of impuri t ies  dur ing diffusion is one that  
can be answered by experiment.  Because the quartz 
capsules that  we used were not of the highest puri ty,  
it was possible that  undetected impuri t ies  had been 
leached out of the quartz to contaminate  our  samples 
dur ing the diffusion period. For example, impuri t ies  
such as Li, Na, and Ca, which are difficult to detect by 
the usual  emission spectroscopy techniques, are known  
to be present  in  the range of 5-10 ppm in ordinary  
quartz. To check the possibility that impuri t ies  were 
being leached from the quartz, several GaAs wafers 
were diffused in  Spectrasil  capsules. Spectrasil is a 
highly pure grade of quartz, bu t  nevertheless the zinc 
diffused samples still developed the usual  precipi tate 
structures. The fact that the f ree-carr ier  concentrat ion 
was substant ial ly equal to the zinc concentrat ion in 
many  samples with wel l -developed precipitate struc- 
tures supports  the premise that  the precipitates are 
composed of an element  other than  zinc. On the other 
hand the fact that some samples do show much less 
free carriers than  zinc is evidence that zinc eventual ly  
does precipitate. It  must  be remembered,  too, that  be-  
cause of problems in  a t ta ining a bet ter  degree of ac- 
curacy in the zinc analysis, i.e., better  than  30% ac- 
curacy, those samples which showed agreement  of 
zinc analysis and free carrier  concentration,  still could 
have had, at the very  least, 1.5 x 10 TM zinc a toms/cm 3 
tied up in the precipitate structure.  

Although, the occurrence of crystal  damage due to 
precipitat ion does not depend critically on the ident i ty  
of the precipi tat ing species, the identification of the 
species is critical, if we wish to unders tand  the pre-  
cipitation processes. 

Conclusions 
None of the recent exper imental - theoret ica l  invest i-  

gations (18, 19) of the diffusion of zinc into GaAs 
take account of the possibility of diffusion induced 
damage, especially precipitation. Clearly, the current  
invest igat ion shows that  one must  qualify such inves-  
tigations: (i) by establishing the absence of such pre-  
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cipitation; (ii) by demonst ra t ing  that precipitat ion 
is of no consequence to the diffusion processes; or 
(iii) by modifying the t ranspor t  equations to take 
account of precipitation. In part icular  it would be in -  
teresting to determine if the isoconcentrat ion dif[usion 
studies of Chang and Pearson (19) were conducted in 
the presence of diffusion-induced defects since these 
investigators employed vapor phase in-diffusion of zinc 
to prepare zinc-doped GaAs wafers for subsequent  iso- 
concentrat ion diffusion with radioactive zinc. 
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ABSTRACT 

The diffusion of zinc into GaAs can, under  certain conditions, cause defects 
to appear in the diffused crystal. These diffusion-induced crystal imperfections 
have been investigated by means of x - r a y  anomalous transmission topography, 
optical microscopy, and infrared transmission microscopy. There were three 
kinds of defects observed: submicroscopic precipitat ion in the diffused sur-  
face layer, decorated dislocations below the diffused surface, and an un iden t i -  
fied defect s t ructure  which extended throughout  the undiffused region of the 
wafers. Diffusion-induced decoration of dislocations ini t ia l ly  present in sam- 
ples was observed in crystals previously melt  doped with zinc, but  not  in un -  
doped or in n-doped crystals. The unidentif ied deep-lying imperfections oc- 
curred only in  wafers with very intense precipitat ion in the diffused surface 
layer. 

In a recent  publicat ion (1) the authors showed that  
the diffusion of zinc into GaAs could induce submicro-  
scopic precipitat ion in the diffused layer. This pre-  
cipitation was always accompanied by severe crystal 
damage in the diffused layer and in  many  cases there 
was sufficient precipi tat ion to cause strong a t tenuat ion  
of optical transmissions. This paper presents the re -  
sults of fur ther  investigations of zinc-diffused GaAs 
in which visible precipitate structures and damage to 
the under ly ing  crystal were observed in  addit ion to 
submicroscopic precipi tat ion in the diffused surface. 
The visible precipitates, which were composed of sub- 
microscopic particles condensed onto curvi l inear  dis- 
locations ini t ial ly present  in  the crystals, caused high 
a t tenuat ion of x - r ay  anomalous transmission and high 
a t tenuat ion of infrared (IR) transmissions. Zinc-dif-  
fus ion- induced damage to the under ly ing  crystal 
caused high a t tenuat ion of x-rays,  but  had little effect 
on transmission of optical radiations. 

Experimental Techniques 
Sample preparation.--The star t ing mater ial  was 

single crystal GaAs grown in quartz boats by the 
gradient  freeze technique. Dislocation densities, by 
etch pit count, ranged from 50/cm 2 to 50,000/cm 2. 
Wafers cut from the crystals were ground fiat and 
paral lel  and were then chemically polished in a Br2- 
methanol  solution to remove the crystal  damage 
resul t ing from cutt ing and gr inding operations. The 
final thickness of the wafers ranged from 0.5 to 1.5 
mm. Unless otherwise indicated, the diffusions were 
carried out according to the following conditions: 10 
mg of pure zinc lg  of GaAs powder in  evacuated 
quartz capsules of 50 cm~ volume (ordinary grade 
quar tz ) ;  the diffusion t ime was 2 hr  at a fixed tem- 
perature  ranging from 800 ~ to 1000~ These diffusions 
are referred to as s tandard diffusions. Each diffusion 
included several  samples of differing n-doping  level 
in  addit ion to the samples used for study of diffusion- 
induced defects. The purpose of the n-doped samples 
was to allow an estimate of the zinc penet ra t ion  pro- 
file for each diffusion run,  by measurements  of p - n  
junct ion  depth vs. n-doping  level. At no time dur ing  
the diffusion cycle was the tempera ture  of the end of 
the capsule ini t ia l ly containing the diffusant source 
allowed to rise above that  of the region containing the 
GaAs powder and the samples. The samples, which 
were laid flat in  the boat with the Ga face up, were 
separated from the powder by a quartz partit ion. All 
diffusions were te rminated  by gradual ly  wi thdrawing  
the ampoule from the furnace  over a period of 2 min  

and then immers ing it in  water. It is estimated that  
by this procedure the contents of the capsule were 
cooled to room tempera ture  wi th in  3 min. 

Examination of sample~.--X-ray diffraction topo- 
graphs were recorded by the anomalous transmission 
method (2) using Cu radiation. Highly imperfect  re-  
gions of crystals strongly a t tenuate  the x - r ay  t rans-  
mission, especially in the immediate  vicini ty of the 
imperfections. Such regions show up as dark areas in 
the topographs of Fig. 2, 4, and 6. The GaAs wafers 
studied by the x - r ay  anomalous transmission tech- 
nique were oriented in <111>  directions. The diffused 
layers on the As face were always removed by chem- 
ical etching prior to examinat ion  by x-rays,  and the 
wafers were positioned so that the Ga face corre- 
sponded to the exit  surface of the x - ray  beam. Because 
defects in shallow surface layers, such as occur in  dif- 
fused samples, appear sharpest where the x - r a y  beam 
leaves the crystal (3), this procedure allowed etch 
structures produced on the Ga face to be correlated 
with defects shown in  x - r ay  topographs. 

Etch ~tructures were developed on the Ga (111) sur-  
face by swabbing the surface with a freshly prepared 
mixture  of one part  30% H202 and five parts 2% NaOH 
solution for several  minutes.  This etchant  was selective 
to surface orientations wi thin  10 ~ of a (111) Ga surface 
and developed small  pits with a well-defined t r iangular  
shape. Etch pit counts on a ~111> Ga oriented wafer 
were in agreement  with counts of etch pits developed 
by 1 par t  concentrated HNO~ - -  2 parts H20, a well-  
known dislocation etchant  for GaAs. All etching with 
the NaOH-H~O2 defect etch was carried out on surfaces 
wi thin  2 ~ of a (111) Ga surface. 

Infrared transmission microscopy was accomplished 
by means of a commercially available image convertor  
adapted to the ocular of an inver ted stage microscope. 
Infrared photomicrographs were recorded on Eastman 
Kodak Type I-M 4x5 in. Spectrographic Plates. 

Experimental Results and Discussion 
Unless the diffusion of zinc into GaAs is properly 

controlled, intense submicroscopic precipitat ion will 
occur in  the diffused layer. This precipi tat ion wil l  
cause the appearance of an etch s t ructure  l ike that 
shown in Fig. lb. In  addition, such precipitat ion causes 
strong at tenuat ion of x - r ay  anomalous transmission 
wavelengths and strong absorption (in excess of that 
corresponding to the free carrier absorption) of near -  
infrared radiation. A detailed description and discus- 
sion of these structures can be found elsewhere (1). 

188 
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Fig. 1. Etch structure of GaAs sample: (a) initial etch structure, 
(b) after sample was subjected to o standard diffusion (see text) at 
800~ The plane of section is a (111) Ga plane normal to the 
surface of the sample. The layer of high etch pit density is a re- 
gion containing submicroscopic precipitation. 

It  is impor tant  to note here, however,  that  in samples 
in which submicroscopic precipi tat ion had occurred it  
was found that  the concentrat ion of zinc along the 
sub-surface boundary  of the precipitate containing 
layer was usual ly close to lxl019 a tom/cm 3. In crys- 
tals diffused under  s tandard conditions at temperatures  
of 800~ or lower in which such precipitat ion had 
occurred, the careful removal  of the damaged pre-  
c ipi ta te-containing layer  was found to yield the u n -  
derlying crystal essentially in its original state of 
crystal perfection (1). In  s tandard diffusions per-  
formed at temperatures  of 900~ or higher the crystal  
damage was not  confined to the diffused layer but  ex- 
tended throughout  the bu lk  of the wafer. The charac- 
ter  of this subsurface damage was, however, differ- 
ent from the damage induced in the diffused surface 
layer. 

An example of damage below the diffused layer  is 
seen in  the photographs of Fig. 2. A 1-mm thick wafer  
whose ini t ia l  etch pa t te rn  is shown in  Fig. 2a, and 
whose x - r ay  topograph is shown in Fig. 2b was dif- 
fused with zinc to a measured depth of 120~. The 
init ial  etch pit count was 150/cm 2. After  diffusion, 
320~ were removed from each face, and the etch struc-  
ture  and x - r ay  topograph of the zinc-free substrate 
was recorded, Fig. 2c and 2d. The etch pit count after 
diffusion was -~ 250,000/cm~. Figure 2e and 2f com- 
pare the x - r ay  topograph and the etch s tructure of 
the zinc-free substrate on the same scale. As expected 
from the high etch pit count, the sample is near ly  
opaque to x-rays.  A crystal  which is opaque to x- rays  
is defined as a crystal  whose anomalous t ransmiss ion 
properties are so much reduced due to regions of im-  
perfect lattice s t ructure  that  no diffracted image can 
be obtained. Examina t ion  of the sample under  IR 
t ransmission (0.9 to 1.2~ wavelength)  showed lit t le 
change in  the IR t ransmissivi ty  and no IR absorption 
s t ructure  like that suggested by the x - r ay  topograph. 
It is clear that  diffusion has caused an  increase of 
more than three orders of magni tude  in  the defect 
concentrat ion of the crystal lattice below the diffused 
layer. 

Because these defects occurred in a region that  was 
essentially free of zinc (<  5 ppm) ,  and because the 
defects did not show up under  IR microscopy, they 

Fig. 2. Etch structures (on the [eft) and x-ray topographs (on the 
right) of a GaAs sample. Note the difference in scale between (a), 
(c) and (b), (d). (a) Initial etch structure, (b) initial x-ray struc- 
ture, (c), (e) and (d), (f) etch structure and x-ray structure, re- 
spective|y, of the crystal after it was subjected to a standard dif- 
fusion and after removing the damaged precipitate containing layer. 

cannot  be submicroscopic precipitates of the type 
found in  the diffused layer. This raises the question 
of the na ture  and the origin of these subsurface de- 
fects. One possibility is that  we are observing pre-  
cipitation, but  in such an early stage of development  
that it is detectable by x - r ay  topography but  not by 
IR transmission microscopy. The concentrat ion of these 
subsurface defects was, however,  too high to deter-  
mine whether  they were dislocations or precipitates 
by observation of the reflection dependence of in-  
dividual  defects in  the x - r ay  topograph of Fig. 2d. If 
we suppose that these defects are due to precipitation, 
then we must  explain how the presence of high con- 
centrat ions of zinc and/or  the presence of precipitates 
in the surface layer  can cause precipitat ion deep in 
the interior  of the crystal. For example, to what  im-  
pur i ty  can we a t t r ibute  such precipitation? Spectro- 
scopic analysis before and after diffusion showed no 
increase in residual  impuri t ies  nor  any  (spectroscop- 
ically detectable) addit ional impurities.  Though the 
na tu re  of these deep- ly ing  defects was not  clearly es- 
tablished, the occurrence of dislocations in  crystal 
mater ia l  under ly ing  a severely damaged surface layer  
is not inconsistent  with the formation of such a layer. 
The existence of precipi tat ion in the zinc-diffused 
layer is concomit tant  with the presence of high in-  
ternal  stresses in this layer. The more intense the pre-  
cipitation the stronger the surface layer  becomes and 
the higher the surface stresses become. Eventua l ly  
these surface layer stresses exceed the yield s trength 
of the inter ior  GaAs crystal  and dislocations are in -  
troduced. This would explain why inter ior  defects 
w.ere not  produced by all diffusion runs;  they only oc- 
cur when  the precipitat ion is sufficiently intense to 
cause stresses in the interior  crystal latt ice exceeding 
the yield strength. In  this respect it is significant that  
in most of the crystals with interior  crystal damage 
the precipitat ion in  the surface layer  was great enough 
to render  this layer completely opaque to IR t rans-  
missions. 

Fur ther  evidence that  considerable stresses can be 
produced by the diffusion of zinc into GaAs is shown 
in Fig. 3. These are photomicrographs of diffused GaAs 
crystals that  were cleaved normal  to the diffused layer 
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Fig. 3. Etched cross-sectlons of diffused and cleaved GaAs. (a) 
800~ pure zlnc source for 10 min, n(Te) = 3.1 x 1017/cm 8, sam- 
ple has been mounted and polished after cleaving, (b) ZnAs~ source 
800~ for i hr, n(Te) ~ 1.1 x 101S/cm3, curved lines are cleavage 
steps. 

in the process of fabricat ing inject ion electrolumines-  
cence devices. The material ,  which was <111> ori-  
ented, showed a tendency to fracture paral lel  to the 
plane of diffusion along the p+-p  boundary,  indicat ing 
the presence of residual  stress at this boundary.  Such 
behavior  would be expected of diffused z inc-b lende-  
type crystals in which stresses were bui l t  up by the 
diffusion process. Diffusion-induced stresses become 
locked-in along the diffusion boundary  when the sam- 
ple is cooled from the diffusion temperature.  This oc- 
curs because the yield s trength of z inc-b lende- type  
semiconductor crystals increases rapidly as the tem- 
pera ture  is lowered and  eventual ly  exceeds the diffu- 
sion stresses. The diffusion stresses can then no longer 
be rel ieved by slip in the crystal  and become locked- 
in. X- ray  ext inct ion contrast  topographs of profile sec- 
tions of zinc-diffused samples, published recent ly by 
Schwuttke and Rupprecht  (4), also show regions of 
high residual  stress immediate ly  beneath  a heavi ly  
damaged surface layer. 

To determine whether  precipitat ion could be made 
to occur in  samples already doped with more than 5 
x 101S/cm3 zinc, some melt -doped samples were sub-  
jected to anneal ing  treatments.  The samples were an-  
nealed in the presence of their own powder to pre-  
ven t  both out-diffusion of zinc and the decomposition 
of the sample. Figure 4 shows an x - r ay  topograph of 
a zinc-doped wafer before the anneal ing  t reatment .  
The dislocation densi ty is about 5000/era ~ by etch pit 

Fig. 4. X-ray topograph of zinc-(melt)-doped GaAs before dif- 
fusion. 

Fig. 5. Etched cross-section of zinc-(melt)-doped GaAs after 
standard zinc diffusion at I000~ 4, region of general micropre- 
cipitation, opaque to x-rays; II, region of decorated dislocations 
(arrows). 

count and consists of indiv idual ly  resolved and tangled 
curvi l inear  dislocations. Al though the zinc content  of 
the melt  doped samples was 3.7 x 1019 atoms/cm 3 
(which was considerably more than the zinc concentra-  
t ion at which precipitat ion occurred in s tandard dif- 
fused samples),  anneal ing  of the samples for 2 hr at 
1000~ had no effect on the crystal perfection. Con- 
t rary  to expectations, there was no reduct ion in x - r ay  
anomalous transmission nor  in IR transmissivi ty;  
nei ther  was there any change in the x - r a y  topograph 
(dislocation contrast) ,  etch structure,  or IR t rans-  
mission structure. However, when a mel t -doped sam- 
ple was zinc diffused at 1000~ for 2 hr, it  became 
opaque to x- rays  and a precipitate s t ructure  was de- 
veloped. This s tructure is shown in cross section in 
the photomicrograph of Fig. 5. In addition to the layer 
of submicroscopic precipi tat ion and high etch pit 
density (region I) ,  usual ly  generated in GaAs by such 
a diffusion treatment ,  there was a region (II) about 
200~ thick just  ahead of this layer  in which other more 
distinctive types of etch structures were seen. These 
etch structures were best correlated with x - r ay  
anomalous transmission topographs and with inf rared 
transmission microscopy in  a sample sectioned paral lel  
to the diffused layers. Thus the structures seen in Fig. 
6a, 6b, and 6c were recorded after the diffused layers 
had been removed from both the A and B faces of a 
sample and after the sample had been fur ther  lapped 
and polished down to 100~ thickness in the region 
designated II in  Fig. 5. To obtain good infrared 
transmission photomicrographs it was necessary to 
make the sample thin in  order to minimize  the optical 
absorption due to the high background zinc level. 
Notice that  the dislocation s t ructure  in Fig. 6a is no 
longer visible as fine lines (compare with Fig. 4), but  
in place of the individual  curvi l inear  dislocations and 
tangles, broad diffraction contrast  images now appear. 
The very  strong infrared absorption of these structures 
indicates that  they too are precipitates of some kind. 
Examinat ion  of careful ly  polished samples as well  as 
l ightly etched samples at magnifications of 1000X 
failed to show any trace of sharp boundaries  around 
these structures such as would have been present  if a 
precipitate phase of microscopic dimensions had 
formed. This is the resul t  expected if these structures 
have been formed by the decoration of dislocations, 
since this process leads to condensat ion of particles of 
submicroscopic size onto the dislocation line. 

In  Fig. 7 an area of the sample is shown at higher 
magnification to resolve details of the precipitates by 
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Fig. 6. Defects in region II, (see Fig. S) sample preparation 
described in text. (a) X-ray topograph, (b) IR transmission photo- 
micrograph, (c) etch structure of the area shown in (b). 

Fig. 7. Details of the precipitates and decorated dislocations in 
region II. (a) IR transmission structure, (b) etch structure of the 
area shown in (a). 

infrared transmission and visible reflection micros-  
copy. Figure  7a is the inf rared  transmission photo-  
micrograph of the sample before etching, and Fig. 7b 
is the photomicrograph of the etch s t ructure  of the 
same region. The curved cent ipede- l ike  configurations 
are the broad images seen at low magnification in 
Fig. 6a and are very  s imilar  to decorated dislocations 
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that are revea led  in silicon by the Dash method  of Cu 
precipi tat ion (5). The dislocation marked  Y in the 
infrared photo is only par t ia l ly  visible in the etched 
sample because it is not as close to the plane of sec- 
tion, as for example,  the dislocation at X. Inf rared  ab- 
sorption not associated with  decorated dislocation lines 
but associated with  clusters of etch pits (micropre-  
cipitation) can be seen at locations such as Z in the 
figure. A very  close correspondence exists be tween 
the infrared transmission s t ructure  and the etched 
structure.  

There  are several  features  of the defect s tructures 
in Fig. 6 and 7 that  mer i t  fu r ther  discussion. The di- 
rection of the dislocations is more or less random, but 
the direction of the decorat ing spikes is quite  regular  
and in fact lies almost normal  to the direction of the 
dislocation. Most of the spikes lie along two of three  
directions the projections of which are 120 ~ apart  
on the (111) plane, which is the plane of polish as 
wel l  as the p lane  of diffusion. On a given dislocation 
pract ical ly all of the decorat ing spikes lie along the 
same direction. Also, in eurvi l inear  dislocations long 
enough to show changes in direct ion greater  than 10 ~ 
or 15 ~ such as X and Y in Fig. 7a, the decorat ion 
becomes less intense as the direct ion of the disloca- 
tion line approaches the direct ion of the spikes. This is 
in agreement  wi th  observations of dislocations in GaP 
decorated by indiffusion of zinc (6). Very similar  ef- 
fects are observed in Cu decorated silicon (5, 7) where  
it has also been established that  precipi tate  needles 
are oriented in <110> directions Derpendicular to 
the Burgers  vector  of the par t icular  dislocation or 
dislocation segment they decorate. This could also be 
the case in the present  instance, though more detailed 
data are necessary to make definite conclusions. Abra-  
hams and Buiocchi (8) have recent ly  described etch 
structures in GaAs essentially the same as those as- 
sociated with  the precipi ta te  spikes in Fig. 7. They 
identified their  etch structures as decorated disloca- 
tions from etching behavior  alone. Our observations, 
while  confirming the conclusions of Abrahams and 
Buiocchi, provide more convincing evidence that  
these etch structures are due  to decorated disloca- 
tions. 

The appearance of a decorated dislocation structure,  
such as shown in Fig. 6 and 7, was unique to the dif- 
fused z inc-mel t -doped GaAs samples. Despite dil igent 
examinat ion of many other zinc diffused samples, 
which were  ini t ial ly undoped or n-doped not a trace 
of similar  s tructures was found. A comparison of 
spectroscopic analysis of the zinc-doped mater ia l  be- 
fore and after  diffusion showed no new (spectro- 
scopically detectable)  impuri t ies  af ter  the diffusion 
and no increase in the impuri t ies  ini t ia l ly  present.  
There  were  only three  impuri t ies  detected; Cu (4 
ppm),  Mg (5 ppm) ,  and Si (30 ppm) .  

To de termine  if the regions containing precipitates 
were  of significantly different composition than the 
surrounding crystal, electron probe microanalysis  was 
conducted in region I and along the backbone of the 
cent ipede- l ike  structures in region II. Since precipi-  
tation was observed only after  the indiffusion of zinc, 
it was expected that  more zinc would  be found in the 
precipitates than e lsewhere  in the diffused crystal. 
However ,  zinc content  in regions of precipi tat ion was 
found to be no higher  than in the surrounding pre-  
c ipi ta te-f ree  mater ia l  (where  Zn = 4.0 x 1019 a toms/  
cm3). Only near  the surface of the diffused layer  
(about 50~ below the surface in region I) did the 
zinc concentrat ion rise above that  of the init ial  zinc 
doping level. This, in fact, was the only evidence that  
zinc had actual ly  been diffused into the crystal.  

Residual impuri t ies  were  the nex t  most l ikely p re -  
cipitants. The Cu content  was also de te rmined  to be 
no higher  at the precipi tates  than in the surrounding 
regions. The l imi t  of detection for Cu in GaAs was 
est imated to be the same as that  for Zn in GaAs 
which is about 100 ppm. Electron probe microanalysis  
for Si and Mg, the other (known) residual impurities,  
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failed to show concentrat ion of these elements  at pre-  
cipitates either. The Si and Mg analysis are not  too 
meaningful  though, since the limits of detection for 
these elements in GaAs were  quite high (>  1000 ppm).  

It has recent ly  been shown (9) that  submicroscopic 
precipi tat ion in zinc-diffused GaAs is definitely zinc 
rich. Moreover,  it has been established (1) that  the 
critical concentrat ion of diffused zinc necessary for the 
appearance of these precipi tates  is about 5 x 10 is 
a toms /cm 8. Thus the fa i lure  to observe a zinc concen- 
t ra t ion in excess of the background (init ial)  zinc con- 
centrat ion in the precipitates of regions I and II can 
be explained as follows. Since we need only 5 x 10 is 
zinc atoms/cm~ (diffused) to form precipitates,  the 
total zinc concentra t ion at precipitates in the diffused 
mel t -doped  crystal  need only be 4.5 x 10 TM atoms/cm~, 
not much different f rom the background zinc doping 
(4.0 x 10 TM a toms /cm 3) in the crystal.  Such a difference 
could not have been clear ly  dist inguished by the elec- 
t ron probe since this was just  about the l imit  of the 
analytical  precision for zinc in this concentrat ion 
range. If there  had been much more  than 5 x 1018 
a toms/cm 3 excess zinc, say at least 1 x 10 TM a toms /cm 3, 
it would have shown up in the probe analysis. It ap- 
pears that  only indiffused zinc is capable of decorat-  
ing these dislocations ini t ial ly present  in the zinc- 
doped GaAs. 
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ABSTRACT 

Gall ium phosphide has been grown epi taxial ly by open tube vapor  t rans-  
port  using Ga and PCI3 as s tar t ing materials.  The over -a l l  reaction for the 
process can be represented by 5Ga ~- 2PC13 ~ 2GaP + 3GaC12. The undoped 
GaP obtained is p - type  with carr ier  concentrat ion ,-,1014 cm -3 and mobilit ies 
up to 150 cm 2 v -1 sec -1 at 300~ The t ransport  propert ies as well  as the mass 
spectroscopic analysis are presented and demonstrate  the high pur i ty  of the 
GaP. The addition of water  vapor  to the hydrogen carr ier  gas progress ively  
raises the resis t ivi ty of the p- type  epi taxia l  layer. Semi- insula t ing  GaP has 
been produced by this method with resistivit ies over  10 TM ohm cm. 

Gal l ium phosphide has been grown by many  va r i -  
ations of the vapor  t ransport  process start ing f rom 
the presynthesized polycrystal l ine form (1) as wel l  
as f rom the elements,  Ga and P, themselves  (2). In 
the present invest igat ion Ga and PC13 were  used as 
starting materials.  

The two major  objectives were  to ascertain the 
over -a l l  mechanism of the process and to study the 
influence of wa te r  vapor  in the carr ier  gas on the 
nature  of the epi taxial  deposit. 

Experimental Procedure 
The apparatus used is shown schematical ly in Fig. 

1 and is similar  to the one repor ted  by Oldham (3). 
Some innovations of special significance are  the use of 
an Engelhard  pal ladium diffusion purifier for the hy-  
drogen carr ier  gas and the ful ly  glass-enclosed sole- 
noid-opera ted  valves  which el iminate  all greased 
joints and valves  for control l ing gas flow. Low flow 
rates of hydrogen (30-80 cm 3 rain -1) plus the use of 
a bubbler  in the gal l ium boat ensure thorough mixing  
of PCI~ and Ga at the source temperature .  The t em-  
pera ture  profile was opt imized to grow pure  gal l ium 
phosphide. The source and substrate tempera tures  
were  comparat ive ly  low and gave GaP wi th  min imum 
contaminat ion f rom the GaAs substrate and the quar tz  
react ion tube. The graded junct ion normal ly  formed 
between GaAs and GaP was held to a min imum even 
though this resul ted in some strain in the epi taxial  
layer. The min imum tempera tu re  for epi taxy at a 

practical  growth ra te  (~10 ~/hr)  was found to be 
about 780~ The flow rates used were  about 35 cmJ/  
rain. H2 through PCI~ kept  at 0~ The ice point was 
chosen because the vapor  pressure  of PC13 is a rapidly  
vary ing  function of the tempera ture  and accurate  
control of this parameter  is essential to mainta in  
steady growth conditions at the substrate. The (111) A 
face of n - t y p e  GaAs was used for deposition as it 
proved to be the best suited for rapid growth of a 

H20 Bubb}er 

H2 ~ Ga AS Substrate 
PiJrifier E ~ ,  L \ - - 

' ~  I ~ I GO \ /wo /-.one 
/ T ~  ] ''"' I \ \ //Furnace 

H2--  l \  \ ' I 

PCI 3 ~ ~ / 
I Quartz Oil 
i Substrate Bubbler 

IO00 F ~ , H ~  

T'C 5 0 0 ~ f  ~ 800% 

0|., 
Fig. 1. Schematic of the GaP deposition train and the furnace 

temperature profile. 
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homogeneous epitaxial  layer. The deposition rates 
were about 40 ; J h r  and layers grown varied from 
200~ to a few mill imeters  in thickness. 

After deposition, the GaAs was removed with aqua 
regia and the side of the epitaxial  layer adjacent  to 
the GaAs lapped to remove any graded junction.  This 
procedure yielded single crystals of GaP with arsenic 
contaminat ion of only a few hundred  ppm. Previous 
studies report  an arsenic impur i ty  in  the per cent 
range (4, 9). Another  impor tant  observation s ingular  
to the present  work is that  p- type  GaP was invar i -  
ably obtained in the normal  undoped runs. Compar-  
able experiments  in the l i terature report low resistiv- 
ity n - type  deposits (3, 4), presumably  due to sulfur 
or other impurities.  

X- ray  Laue pat terns as well  as etching and polish- 
ing studies confirm the epitaxy of the GaP, and op- 
tical absorption measurements  from 0.4-10~ indicate 
the mater ial  to be pure with no detectable GaAs con- 
tamination.  The pur i ty  of the samples is fur ther  con- 
firmed by mass spectroscopic analysis, the results of 
which are given in Table III. 

A slight modification of the apparatus was made to 
study the effect of water  vapor on the deposit. Figure 
1 shows the side arm with the water  bubbler  at a 
controlled temperature.  It  permits the addition of 
known amounts  of water  vapor into the carrier gas. 

Electrical resistivity and the Hall coefficients were 
measured on several representat ive samples as a func-  
tion of temperature.  The contacts used were main ly  
pressure type to gall ium dots ul trasonical ly applied 
to the clean GaP surface. When properly prepared, 
these contacts were found quite satisfactory for p- 
type material ,  i.e., ohmic and  low resistance. 

Results and  Discussion 
The over-all reaction.--The three possible reactions 

that should be considered are the following. 

2Ga + PCI~--> GaP + GaCl~ [1] 

5Ga + 2PC13--> 2GaP + 3GaC12 [2] 

4Ga + PC18--> GaP + 3GaC1 [3] 

It must  be emphasized that only the over-al l  reaction 
is being considered in its simplest form. The data now 
available does not war ran t  a discussion of the m a n y  
complex in termediate  steps. 

Even the actual  reaction probably involves more 
than one of these, but  it was hoped one would be dom- 
inant .  It  has been assumed in the l i terature  (5) that 
[1] is the most probable from analogy with the com- 
parable GaAs reaction and because GaC13 is the most 
stable chloride. P re l iminary  results from the present  
investigation were inconsistent with this postulate, and 
this led to a systematic study of the over-al l  reaction 
mechanism. The per t inent  data given in Table I covers 
over 50 deposition runs. 

Column 3 shows the agreement  between calculated 
and observed values for the amount  of PC13 used to 
t ranspor t  5Og of gallium. This quant i ty  can be meas-  
ured accurately by difference in volume before and 
after the run. On the contrary,  the amount  of gal l ium 
phosphide formed (column 4) is difficult to determine 
since it is in large par t  deposited on the quartz tube 
and cannot be removed completely. Both values are 

Table I. Characteristics of the three principal reactions 

PCI~ used  G a P  f o r m e d  
Reac- Effi- , End  
t i o n  ciency,* cm3/50g G a  g /50g  G a  p rod .  
i%1o. % calc. obs. calc. obs. G a  (el)x 

1 50 31 36 GaCls 
2 40 24.6 23-25 28 20-28 GaCI~ 
3 25 15.4 17 GaCI  

* Eff ic iency:  G a  c o n v e r t e d  to G a P / G a  u s e d  up.  A l l  c a l c u l a t i o n s  
m a d e  a s s u m i n g  50g G a  source  b e i n g  u sed  uD i n  t he  reac t ion .  

Table II. Influence of water vapor on the resistivity of the 
epitaxial GaP layer 

PH20, P0~ vale., 
No, o2 runs  m m  Hg p, ohm cm m m  I-Ig 

15 0 10 '~- 10~ 
5 0.I 102-103 10 -14 
5 0.1-0.5 10a-10 a I0 -ma 

I0 I l 0  s 10 -la 
4 I0 101o I0-~ 

seen to be in good agreement  with those predicted by 
reaction [2]. Fur ther ,  the grayish halide deposited at 
the cool exit side of the reaction tube can be shown to 
be GaC12, with properties (such as the mel t ing point) 
described by Laubengayer  and Schirmer (6). The di- 
chloride invar iably  shows some dissociation into Ga 
+ GaC13. These results suggest that  [2] is the dominant  
over-al l  reaction under  the conditions of transport .  

Water vapor experiments.---The addition of small  
amounts  of water  vapor to the carrier  gas affects the 
properties of the epitaxial  layer  drastically as can be 
seen from Table II. 

The resistivity of the layer rises with increasing 
part ial  pressure of water  vapor in the carrier gas. The 
role of oxygen in raising the resistivity of I I I -V com- 
pounds in general  is well  known  (7). As the effect 
here is quite similar, it was assumed that  the water  
vapor acts as a source of oxygen in the reaction zone. 
This led to the rough estimate of the oxygen present  
in the gas as follows. The concentrat ion of water  vapor 
in the carrier gas was determined from the flow rate 
of hydrogen through the water  bubbler .  Using the dis- 
sociation constant  of water  (18), the equivalent  par-  
tial pressure of oxygen was calculated for the highest 
temperature  in the reaction zone. This was used for 
making a quali tat ive comparat ive estimate of the 
amount  of oxygen in  the reaction zone. The compli- 
cated na ture  of the various reactions in the total 
process precludes any refined quant i ta t ive approach. 
The point  of interest  is that the use of water  vapor 
allows the addition of oxygen to the hydrogen in con- 
centrat ions less than 1 ppm. The values obtained ap- 
pear in column 4, Table II. 

Over thir ty runs  were made with controlled addi- 
tion of water  vapor into the hydrogen carr ier  gas. 
The results show that, with increasing water  vapor 
concentration, the epitaxial  layer stays p- type  unt i l  
extensive gal l ium oxide formation takes place. There  
is a systematic and reproducible var iat ion in the re- 
sistivity of the GaP epitaxial  layer as a funct ion of 
the part ial  pressure of water  vapor (PH2o). In  elec- 
trical characteristics, the acceptor level changes from 
0.4 to 0.9 ev with increased PH2O- The resul t  is in 
agreement  with the observations of D'Yakanov and co- 
workers (9). 

The exact role of oxygen is not clear, and several 
possibilities suggest themselves. Oxygen may interact  
with the 0.4 ev level p- type  impur i ty  in two ways. 
(i) I t  may react with the impur i ty  in  the gas phase 
and prevent  it from reaching the GaAs substrate or, 
(ii) it may be incorporated in the epitaxial  layer  and 
interact  with the 0.4 ev level. 

Mass spectroscopic analysis results show that  if (i) 
is the mechanism, the variat ion in resist ivity is not 
due to interact ion of oxygen with Si as has been sug- 
gested for GaAs (1O), since Table III  shows that 
similar amounts  of Si are present  in both high and low 
resist ivity samples. It  can also be seen from the data 
that  there is no systematic var iat ion of any detectable 
impur i ty  with the resistivity of the l ayer .  The possi- 
bil i ty remains  that  the impur i ty  concerned may be 
one below detection limits. 

The a l ternat ive  (ii) is more complicated. As a 
donor, oxygen could act as a compensating n - type  im-  
purity.  Gershenzon and co-workers (8) indicate a 0.47 
ev donor level for oxygen. Such a level should give 
rise to n - type  conductivi ty when  the oxygen concen- 
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Table III. Results of mass spectroscopic analysis and electrical 
measurements on the epitaxial GaP 

S a m p l e  p, /~, n ,  
No .  S[* As* B"  AI* o h m  e ra  e m  v -z s e c  --t c m  --s 

A32  1.6 ? 0 .9  0.9 1.1 • 108 60 1 • 10~ 
A38  8.2 400  0.0'/ 1.5 4 x 10~ 140 1.2 x 10~ 
A 4 9  80 0.3 2.0 3 x 10a 80 3 • 10 ~s 
B9  6.0 2400 0.08 18.5 3 x 10 ~ 62 4 • 10 TM 

B10 0,3 2000 0.02 1 x 10a 90 6 • I0  TM 

B l l  6 2000 0.06 1'/ 3 X 101 ~ 40 5 X 106 
B60  80 0.2 6.0 5 x 10 ~o 40 3 x 10~ 

* A l l  v a l u e s  f o r  i m p u r i t y  c o n c e n t r a t i o n s  a r e  in  p a r t s  p e r  m i l l i o n .  
]Detect ion l i m i t s  fo r  m o s t  i m p u r i t i e s  0.01-0.1 p p m .  

t rat ion is progressively increased. No such change has 
been observed which might  indicate that  the oxygen 
level, if present,  is much deeper. If the oxygen level 
were deeper than the 0.9 ev acceptor level, it could 
compensate the 0.4 ev acceptor level, but  never  achieve 
high enough electron concentrat ion to yield n - type  
samples. Al terna t ive ly  the solubili ty of the oxygen 
may be governed by  the concentrat ion of the acceptor 
impur i ty  at the 0.4 ev level. Identification of, and con- 
trolled doping experiments  with, the acceptor and 
oxygen are necessary to determine which of these al- 
ternat ives is the controll ing factor in producing high 
resistivity GaP layers. Unt i l  such studies are available, 
the above models will  have to be tenta t ive  sugges- 
tions only. 

Several  samples were analyzed by mass spectro- 
scopic methods, and the results appear in Table III. 
The classic impuri t ies  in I I I -V compounds like groups 
II and VI and copper are below detection limits. The 
absence of several of these wi th  shallow levels in  the 
forbidden band, especially the group VI, is fur ther  
confirmed by the t ransport  properties given in the 
next  section. The group III  and V impuri t ies  present  
should be electrically neutral .  The main  impur i ty  de- 
tected, silicon, does not seem to play the role general ly  
allocated to it. Previous results (11, 12) report  it to 
be a net  shallow donor. At least at concentrat ions be- 
low 1017/cm3 this is in disagreement  with the present  
data. In  this region silicon would have to be either 
self compensat ing or a net  acceptor. Recent results on 
electroluminescence (13) in gall ium phosphide infer 
the possibility of Si having a p- type  level in  GaP. Only 
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a much more detailed s tudy can lead to an unequ iv -  
ocal solution to this problem. 

Transport properties.--Figure 2 shows the resist ivity 
as a function of temperature  for two types of samples; 
type 1, undoped low-resis t ivi ty p-type;  and type 2, 
high-resist ivi ty mater ia l  grown at PH2o ~ 0.1 mm Hg 
(vide Table II) .  Type 1 ranged up to 10 ~ ohm cm 
(300~ in resist ivity whereas type 2 exceeded 107 
ohm (300~ 

Figure 3 gives the Hall coefficient as a function of 
tempera ture  for the same samples. Since the Hall  co- 
efficient has a l inear  variat ion over six orders of mag-  
ni tude a one-carr ier  system is assumed and the Hall  
mobil i ty  is then given by RH~. 

Figure 4 represents the Hall  mobil i ty as a ~unction 
of temperature  for the two sets of samples. All  type 1 
samples show a similar  var ia t ion in  resist ivity and 
Hall  coefficient over a wide range of temperature.  
Type 2 samples could only be studied over a small  

A 
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Fig. 2. Resistivity vs. 1 /T  for GaP. Type 1, low resistivity p-type 

(undoped); Type 2, high resistivity p-type (doped). 
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Fig. 4. Hall mobility vs. T for GaP, type 1" and type 2* 
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Fig. 5. Carrier concentration vs. Hall mobility - t  300~ 

range of tempera ture  due to their high resistivity. 
The T -2.2 dependence observed, consequently,  has 
l imited significance. 

It  is instruct ive to compare the results on type 1 
samples with those in  the l i terature.  Alfrey and Wig- 
gens (14) reported some results on p- type  mater ia l  
with a carrier concentrat ion ,~1017 cm 3 and mobil i ty 

~ 70 cm 2 v -1 sec -1. They found that  ~ varied as 
T -8/2 above 100~ and at t r ibuted this to acoustic mode 
scattering. Below 100~ their  data indicated a domi- 
nance of impur i ty  scattering. Their  acceptor impur i ty  
was a shallow one at 0.04 ev and was not  identified. 
Essentially similar results were reported by Nasledov 
and Slobodchikov (15) and Allen and Cherry (1'6) for 
p- type  material .  Using a largely empirical  and semi- 
quali tat ive approach Allen and Cherry also postulated 
a l imit ing mobil i ty of ~250 cm 2 v -1 sec -1 and an 
effective mass ratio for holes ~0.5. 

The present  data for type 1 samples gives an ex- 
ponent ia l  ~ vs. T dependence below room temperature.  
Such a behavior indicates screened polar scattering 
following Ehrenreich 's  (17) calculations for I I I -V 
compounds, al though the magni tude  of the mobilit ies 
can be explained ful ly only by assuming some other 
form of scattering also to be present.  

F igure  5 shows the carrier  concentrat ion as a func-  
tion of Hall  mobil i ty at 300~ for a number  of type 
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1 samples. Although the scatter is quite large, and 
only one high mobility, low carrier concentrat ion point 
is shown, it is felt that  the dashed l ine shows a general  
t rend indicat ing a l imit ing Hall  mobil i ty of the order 
of 180 cm 2 v -1 sec -1. Therefore, using arguments  
similar to those advanced by Allen and Cherry, a hole 
effective mass ratio somewhat  less than their value 
of 0.5 is likely. This lower value would be in agree- 
men t  with a greater predominance of optical polar 
scattering which has been observed. 

In  summary,  the present  study has helped establish 
the over-al l  reaction for the open tube t ransport  proc- 
ess for the synthesis of GaP from Ga and PC13. It 
also provides a method for growing epitaxial  layers of 
GaP with controllable resistivities in the range 102-1011 
ohm cm by incorporat ing known levels of water  vapor 
into the carrier gas. Results on the electrical and 
t ranspor t  properties of single crystal epitaxial  GaP 
obtained are reported. 

Manuscript  received Apri l  5, 1966; revised m a n u -  
script received Aug. 17, 1966. 

Any  discussion of this paper wil l  appear in a Dis- 
cussion Section to be published in  the December 19~7 
JOURNAL. 
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Tracer Evaluation of Hydrogen in Steam-Grown SiO2 Films 
P. J. Burkhardt 

Components Division, Internationa~ Business Machines Corporation, 

East Fishkill Facility, Hopewell Junction, New York 

ABSTRACT 

Silicon wafers were  oxidized in capsules at 1000~ with  1 atm of t r i t ium-  
tagged steam. The oxide films formed were  invest igated by convent ional  
t r i t ium counting techniques. The hydrogen profile suggested a complementary  
er ror  function type in-diffusion of water ,  giving a Co of 4 x 10 TM molecules of 
H20 per  cm 3. The profile had a min imum value at around 600A oxide thick-  
ness. The location of this value  was independent  of original  oxide thickness. 
Fol lowing this minimum,  the concentrat ion again increased as the Si/SiO2 
interface was approached. The concentrat ion of hydrogen near  this interface 
was greater  for the th inner  oxide films. This observat ion led to the conclusion 
that  ei ther a hydrogen-conta in ing  in termedia te  is formed by the react ion 
between water  and silicon and that  the concentrat ion of this in termedia te  is 
dependent  on the oxidat ion rate  or that  a transi t ion region exists in the oxide 
film which permits  segregation of the diffusant near  the Si/SiO2 interface. 
Thermal  biasing exper iments  fol lowed by surface charge measurements  and 
autoradiograms showed that  mobile  posit ive charge was present  in the oxide 
near  the Si/SiO2 interface. However ,  this mobile  charge was not hydrogen 
or a hydrogen-conta in ing  species. Out-diffusion exper iments  yielded an acti-  
vat ion energy of 15.7 kca l /mole  for the t r i t ium species. 

The rapid development  of planar  transistor and sur-  
face field effect transistor technology has brought  wi th  
it an increasing demand for a bet ter  unders tanding 
of the insulator films that  are used for diffusion masks 
and surface passivation, as well  as for electrical  in- 
sulators. In silicon technology, a film of thermal ly  
grown silicon dioxide has proven to be both effective 
and convenient.  These films, originally suggested by 
Atal la  et al. (1) are normal ly  grown at tempera tures  
of 1000~176 in ambients of dry oxygen, pure 
steam, or oxygen-conta in ing  water  vapor. Steam 
oxidation is the faster method and is therefore  quite  
popular.  The steam cycle is usual ly preceded by a 
period in ei ther oxygen or inert  gas to allow the sili- 
con to come to temperature .  Fol lowing the steam 
cycle, a final period in a dry ambient  is sometimes 
used to "dry out" the oxide. 

Kuper  and Nicollian (2) have made a study of 
s t eam-grown oxides formed on r ing-dot  diodes and 
have noted that  an n-channe l  is formed after  s team 
oxidation. Trea tment  of these devices in a dry ambient  
at e levated tempera tures  tended to reduce the channel. 
Olmstead et al. (3) studied surface inversion under  an 
oxide film by measur ing channel resistance and found 
that  anneal ing in forming gas produced an n-channel .  
Subsequent  etching exper iments  showed that  the re -  
gion of oxide responsible for the channel  was wi th in  
400A of the Si/SiO2 interface. 

Balk (4) has found by electron spin resonance 
(ESR) studies of thermal  oxides that  an ESR peak 
occurs only when  the final prepara tory  step does not 
include a hydrogen-conta in ing  species. Thus, steam 
oxides have no unpaired spins while steam oxides sub- 
jected to a period in dry oxygen do. Recently,  Nishi 
(5) repor ted  ESR studies which appeared to contradict  
Balk's findings. He reports  resonance absorption cen-  
ters produced by hydrogen  anneal ing which can be 
removed by subsequent anneal ing in dry oxygen. Balk 
(6) also found that  anneal ing  of d r y - o x y g e n - g r o w n  
oxides in hydrogen increased the field effect mobil i ty  
of electrons at the silicon surface. The field effect mo- 
bi l i ty  of devices made using s team-grown oxides was 
higher  than that  for d r y - o x y g e n - g r o w n  oxides. He 
fur ther  mconcluded that  the p r imary  effect of hydrogen 
was the annihi lat ion of fast  surface states. The fixed 
charge in the oxide played only a secondary role. The 
degree of reduct ion of the fast surface state densi ty  
depended on the amount  of hydrogen in the film, and, 
consequently,  the field effect mobil i ty  of devices an- 

nealed in pure hydrogen was greater  than that  of de- 
vices annealed in forming gas or unannealed  s team- 
grown oxides. These surface states are probably singly 
occupied nonbonding orbitals on silicon atoms which 
also give rise to the ESR peak and can be removed 
easily by the format ion of highly covalent  bonds with  
hydrogen atoms. 

This study using oxides grown with t r i t ium- tagged  
steam was under taken  to observe the disposition of 
hydrogen and perhaps to shed more light on the mech-  
anism of steam oxidation. 

Experimental 
Sample preparation.--The oxidations were  carr ied 

out in fused silica capsules. Each capsule contained 
several  vapor-pol ished 2-10 ohm-cm p- type  silicon 
wafers  that  were  spaced apart  by small indentat ions in 
the capsule wall. Each capsule also contained an 
amount  of T20-enr iched water  which would  produce 
1 arm o f  vapor when the capsule was placed into a 
1000~ furnace. The capsules, of course, were  large 
enough so that  the consumption of water  vapor  by the 
wafers and walls did not significantly reduce the  par-  
tial pressure of water  vapor  in the ambient.  

The loading of the capsules wi th  a controlled 
amount  of water  was done with the apparatus shown 
in Fig. 1. The source water,  obtained f rom the New 
England Nuclear  Corporation, contained a T20 en-  
r ichment  of 0.5 Curie/g.  The ampoule in which it was 
received was placed in l iquid ni t rogen to freeze the  
water,  and then scored, opened, and dropped into the 
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Fig. 1. Apparatus for loading fused silica capsules with tritium- 
tagged water. 
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source flask which was immedia te ly  connected to the 
rest  of the apparatus. The wate r  was again frozen in 
the source flask with  l iquid nitrogen, and the ent i re  
system was evacuated  wi th  an oil pump to a pressure  
of about 10~. Next  the source flask was thermosta ted  
sl ightly below room tempera tu re  (to avoid condensa- 
tion in the rest  of the system) and the source wate r  
vapor expanded into the ent ire  apparatus unt i l  the 
equi l ibr ium vapor pressure, de termined by the ther-  
mostat  temperature ,  was reached. Volume V1 was 
chosen so that  the amount  of water  in the entire 
system at the vapor  pressure was the correct  amount  
for subsequent  condensation into the oxidation capsule. 

The oxide thicknesses obtained by these capsule oxi-  
dations were  wi thin  5% of those obtained in a con- 
vent ional  flow system using 1 atm of steam. 

Each capsule contained some 10 microcuries and had 
to be handled with  care. The individual  wafers  how- 
ever  had less than 0.01 microcuries and could be 
handled conveniently.  For the profiling and diffusion 
experiments ,  square sections having areas of about 0.6 
cm ~ were  cut. The oxide on the unpolished side was 
etched off wi th  HF. Counting was done with  a Nu-  
c lear-Chicago Model 6810 scinti l lation counter using a 
naptha lene-d ioxane  base scintillant. Two counting 
methods were  used in this investigation. The first in-  
volved counting the oxide directly on the wafer.  For  
this method, a small  a luminum pedestal  was fastened 
to the base of the scinti l lant vial. The wafer  section 
was placed on this pedestal,  which located it near  the 
middle of the vial. A guide edge was provided on the 
pedestal  top so that  the wafer  section could be located 
precisely wi th  respect to the counting phototubes. 
Finally,  the vial  was filled with  scinti l lant and 
counted. Next,  the wafer  section was removed,  r insed 
in methanol,  and placed in an etchant  known as p-e tch  
(7). This etchant, prepared  by adding 15 ml of 49% 
hydrofluoric acid and 10 ml  of 70% nitric acid to 300 
ml of distil led water ,  removed SiO2 at the rate  of 
2A/sec at 24.7~ To insure accurate etch rates, the 
etchant  was thermosta ted in a water  bath at 24.7 ~ 
•176 Fol lowing the etching, the thickness of the re-  
maining oxide was checked with  an SiO2 step gauge 
calibrated by the VAMFO technique (8). Finally,  the 
wafer  section was again counted as before, and the 
process was repeated unt i l  the oxide had been com- 
pletely removed.  Below 1000A, where  the gauge was 
ineffective, the etch rate  alone was used as the th ick-  
ness criterion. In some instances where  greater  ac- 
curacy was required,  the VAMFO technique was used. 
Steps ranging in thickness f rom 100 to 500A were  
used, depending on the initial thickness of the oxide. 
This counting method produced smooth and re la t ive ly  
sca t te r - f ree  curves, but  was great ly  affected by a t tenu-  
ation of the low energy betas in thick oxide films. This 
problem wil l  be discussed later. 

The second method  involved  counting of the etchant.  
Fi f teen 3-cm-long polypropylene tubes 1 cm in d iam- 
eter fastened onto a meta l  base wi th  epoxy cement  
were  used to contain 2 ml  of the etchant. This entire 
assembly was thermostated,  and etching proeeeded by 
dipping the wafer  section into a vial  for a p rede te r -  
mined length of time. Between  etches, the  section was 
rinsed and, if possible, the remaining  thickness was 
measured. In some instances, the section was also 
counted be tween etches. When etching was complete,  
a 1-ml al iquot was pipet ted f rom each etchant  via l  
into 15 ml  of scinti l lant and counted. Because the 
counting sensit ivi ty was ex t remely  low, par t icular ly  
when  small  steps were  used, it was necessary to use 
this small  vo lume of etchant  to reduce the dilution 
factor. 

Calibrat ion of the scinti l lation counter for the 
etchant  counting was done by comparison of the ex-  
per imenta l  count rates wi th  that  of a t r i t ium wa te r  
standard. Because small  quanti t ies of wa te r  in the 
scinti l lant tended to quench the l ight produced by the 
betas, cal ibrat ion curves were  prepared  wi th  vary ing  
amounts  of added wate r  and etchant. Quenching pro-  

duced by the etchant  was much more  severe than that  
produced by wate r  alone. 

For  the profiling of the SiO2 films, both counting 
methods were  used and in te rpre ted  according to their  
relative merits. 

In another set of experiments, the rate of out-dif- 
fusion of the protonic species was investigated by bak- 
ing wafer sections at constant temperature and ob- 
serving the decrease of count rate with time. For these 
measurements, the wafer counting technique alone was 
used. Baking was done in a conventional tube furnace 
with a dry nitrogen flow of 250 cmS/min. 

Finally, the response of the protonic species to an 
electric field was observed by evaporating an array of 
20-rail-diameter aluminum electrodes on the oxide 
surface. The MOS devices thus formed were thermally 
biased at 200~ with a d-c field of 2 x 105 v/cm for 
i/~ hr. Both positive and negative biases were used. 
Capacitance-voltage curves were measured before 
and after biasing. [For a more detailed description of 
these techniques see ref. (9) and (i0).] Following the 
thermal-bias treatments, the electrodes were removed 
with a nitric acid aluminum etch, and the oxide was 
etched down to 100OA or less with p-etch. Kodak KK 
x-ray film was then applied, and autoradiograms were 
made. The exposure times of these autoradiograms 
ranged from two weeks to one month. 

Results and  Discussion 
For the profiling experiments ,  the greatest  precision 

was obtained by the wafer  counting technique. This 
method provided smooth sca t te r - f ree  curves, as shown 
in Fig. 2 and 3. Because the t r i t ium betas are of such 
low .energies, a t tenuat ion becomes a serious problem 
in films thicker  than 1000A. 

When the oxide is sufficiently thin, betas f rom the 
entire oxide contr ibute to the count and, consequently,  
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Fig. 2. Wafer count rate vs. thickness and etchant count profile 
for an 820A Si02 film. The dashed line represents the derivative 
of the wafer count curve on an arbitrary scale. 
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the der ivat ive  of the wafer  count curve  is propor-  
t ional to the proton concentrat ion in the removed sec- 
tion. To determine  the max imum thickness of oxide in 
which a t tenuat ion effects are negligible,  it was neces-  
sary to cal ibrate  careful ly  the scinti l lation counter  in 
terms of beta part icle energies and to determine  what  
portion of the beta energy spectrum the counter was 
capable of measuring. This was done by counting a 
solution of t r i t ium- tagged  water  in scintil]ant at pro-  
gressively widening energy windows. The lower l imit  of 
the energy window remained  fixed. The count intensi ty 
difference be tween adjacent  windows was taken to be 
representa t ive  of the density of betas having  energies 
equal to those just above the energy m a x i m u m  of the 
smaller  window. As the window was gradual ly  opened, 
the count rate  increased with decreasing rapidi ty  
unti l  finally fur ther  expansion of the window pro-  
duced no more  increase in count rate. At  this width, 
betas of all energies were  counted, including the high-  
est energy, which was used as a reference  calibration. 
This m a x i m u m  energy is 18.6 kev  (11). F igure  4 shows 
the beta energy spectrum as determined by this 
method. The vol tage scale represents  the counter  dis- 
cr iminator  voltages that  are proport ional  to the beta 
energies by a constant de termined f rom the max im um  
energy of 18.6 key, which was taken to be at the posi- 
tion shown in Fig. 4. F rom this calibration, it was 
found that  the lower  cut-off l imit  of the counter was 
about 1.5 kev. An effort to locate the max imum  en- 
ergy by counting f rom a low voltage to infinity and 
continual ly raising the lower l imit  of the energies 
counted was unsuccessful because, as the lower  l imit  
was increased, it was necessary to use higher  and 
higher  concentrat ions of t r i t ium in order to maintain  
a measurable  counting rate. This increase, in turn, led 
to in ter ference  f rom coincidence counting. 

It  is obvious f rom Fig. 4 that  an accurate energy 
calibration point for the scintil lation counter  could not 
be obtained by using the max imum beta energy of 
t r i t ium alone. To ver i fy  the calibration, a sample of 
27Co 57 was used to give another  cal ibrat ion point. This 
isotope decays to 26Fe 57 by electron capture and 
gamma emission. The electron capture  results in the 
emission of a 6.4 kev x - r a y  (12). The three gammas 
released to re l ieve  the nucleus f rom its exci ted state 
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Fig. 4. Portion of the beta energy spectrum that was observed by 
the scintillation counter. The three scales at the top represent, 
respectively, the fraction of betas having energies above a certain 
point, the actual beta energy, and the effective range in Si02. 

have energies of 14.4, 121.9, and 136.3 key (13). By 
examining the spectrum of this isotope in the region 
of interest,  peaks f rom the 6.4-key x - r a y  and the 14.4- 
kev gamma could produce calibration points. The 14.4- 
kev gamma peak was found to yield a threshold energy 
of 1.7 key for the t r i t ium betas, which is in good 
agreement  with the previous estimate. 

The fraction scale in Fig. 4 represents  that  portion 
of the total observed t r i t ium betas which have en- 
ergies greater  than that indicated by the same point on 
the energy scale. This was obtained by integrat ing the 
area under  the curve. Thus, for example,  about 50% of 
the observed betas have energies greater  than 4 key. 

The next  problem to be considered is that  of the 
effective range of monoenerget ic  electrons in silicon 
dioxide films. For  this we refer  to the work  of 
Holl iday and Sternglass (14), who have made range 
measurements  and who also present  data f rom other 
authors. In their  Fig. 5 they show a near ly  l inear 
relat ionship of the logar i thm of effective range (in 
m g / c m  e) and the logar i thm of the pr imary  electron 
energy from about 1 to 10 key. Assuming this l inear 
relat ionship and using a density of 2.2 g / cm 3 for sill- 
con dioxide (15), one obtains a relat ionship be tween 
range in SiO2 and initial electron energy of 

d ---- 5 x 10 -6 E 1.29 [1] 

where  d is the range in em and E the energy in key. 
Recent measurements  of effective range of monoen-  
ergetic electrons in SiO2 films by the back-scat ter  
technique indicate that  the constant 5 x 10 -6 in [1] 
is sl ightly low (16). The range in SiO2 for various 
energies obtained by using [1] is shown by the range 
scale in Fig. 4. This scale takes into account the fact 
that  a beta coming out of the SiO2 film must  have an 
energy of at ]east 1.5 kev to be counted. Examinat ion  
of these scales indicates that  about 90% of all the 
t r i t ium betas are capable of penetra t ing a SiO2 film 
1000A thick and being counted. Thus, the count rate  
profile for the 820A film shown in Fig. 2 may be t rans-  
lated directly into concentrat ion units by plott ing the 
der iva t ive  of the curve. This der ivat ive  is shown in 
arbi t rary  units by the dashed l ine in the figure. What  
is immedia te ly  apparent  f rom this figure is that  the 
concentrat ion of protonic species increases marked ly  
ve ry  near  the Si/SiO2 interface. 

The profile for this oxide, obtained by etchant 
counting, is also shown in Fig. 2. The thicknesses of 
the etch steps taken here  were  de termined  by the 
etch ra te  alone. For  very  thin oxide films, the etch 
ra te  is reputed to be somewhat  faster than for thicker  
films (17). This factor was taken into account in 
determining the thicknesses of the very  thin films. 
The appearance of hydrophobici ty  also served as an 
indication of oxide removal .  Again, by etchant  count-  
ing, it was found that  the concentrat ion of hydrogen 
increased near the Si/SiO2 interface. 

The wafer  counting data for a thick oxide film 
(6750A) is shown in Fig. 3. Also included in the figure 
is the der ivat ive  of the count curve  which, of course, 
does not represent  the concentrat ion profile accurately.  
The increase of this curve toward  the Si/SiO2 in te r -  
face does not represent  an increase in t r i t ium content  
in this direction but ra ther  represents  a decrease in 
at tenuat ion effects. The etch count profile for this 
par t icular  oxide is shown in Fig. 5 along with  the 
corresponding profiles for 820 and 4400A oxides. Note 
that  in all  cases we find wha t  appears to be a normal  
in-diffusion profile over  the bulk of the oxide. As-  
suming a complementary  e r ror - func t ion  diffusion pro-  
file, one may compute a diffusion coefficient. This co- 
efficient, however ,  turns out to be much smaller  than 
that  obtained for water  diffusion in SiO2 (I8) .  This 
may be due to the distortion of the profile dur ing the 
cooling of the wafers  fol lowing oxidation. Note that  
the hydrogen atom concentrat ion near  the outer  surface 
of the oxides is about 8 x 10 TM a toms/cm 3, which cor- 
responds to 4 x 1019 water  molecu les /cm 3. This value  
is in good agreement  wi th  the value of 3.0 x 10 TM 
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Fig. 5. Etchont count profiles for Si02 films of voryin9 thickness 

molecules/cm 8 obtained for the solubili ty of steam 
oxidizing species in SiO2 at 1000~ by Deal and Grove 
(19). Moulson and Roberts '  (18) infrared value, also 
given by Deal and Grove, is 3.4 x 10 TM molecules/cm ~. 

The data in Fig. 5 represent  typical etch count pro- 
files of oxides of various thicknesses. In  all cases, the 
proton concentrat ion began to rise again as the 
Si/SiO2 interface was approached. The m i n i m u m  al- 
ways occurred in the neighborhood of 600A no matter  
how thick the oxide was, indicating that  the protonic 
species in this region was associated with the interface 
and not the diffusion. It is interest ing to note here that 
the charged species observed by Olmstead e t a l .  (3), 
which was responsible for producing n-channels  in the 
silicon, was located in the region below 400A. Possi- 
bly, it is an in termediate  in the reaction between 
water  and silicon. I t  thus remains  near  the reaction 
f ront  unt i l  the react ion goes to completion and the 
product  hydrogen then diffuses out rapidly.  A poten- 
tial gradient  may  also assist in  confining the mater ia l  
in this region. This could also be affected by the dop- 
ing. The steady-state  amount  of this intermediate  
behind the reaction front will depend on the rate at 
which the diffusant reacts with the silicon at the 
interface, which for practical purposes should be the 
same as the oxide growth rate. During the ear ly  
stages of oxidation, the growth rate is very large and 
is determined by the concentrat ion of oxidant  in the 
gas phase. As the film thickens, the growth rate de- 
creases parabolically. The amount  of in termediate  wil l  
then be greater in the th inner  films, which were 
quenched when the growth rate was the greatest. 
Comparison of the three curves in  Fig. 5 shows that  
this is indeed the case. The presence of a t ransi t ion 
layer in  the oxide at the Si/SiO2 interface could also 
cause the segregation of the diffusant species in the 
region below 600A as well  as result  in  a greater con- 
centrat ion of hydrogen in this region for the th inner  
oxides. If this t ransi t ion layer  exists, other species 
could be made to segregate in this region. 

A 5-rain bake at 1000~ of a 4400A oxide in a n i -  
trogen ambient  was sufficient to reduce the beta count 
to background level. To make sure that  the protonic 
species near  the Si/SiO2 interface had been removed 
by this t reatment ,  half  of the oxide was etched off 
and the wafer recounted. No activity was detected. The 
lower l imit  of detection for these experiments  was 
estimated to be about 101~ hydrogen/cm~. To obtain 
some rate data on the removal  of hydrogen containing 
species from the oxide film, a n u m b e r  of baking ex- 
periments  were done in the tempera ture  range of 
500~176 In  this range, the wafer activity decayed 
at a convenient ly  measurable  rate. The simplest physi-  
cal process re la t ing to this si tuation is the out -di f -  
fusion of mater ial  from a slab of thickness d into a 
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large, well-s t i rred,  ambient.  The solution to this prob- 
lem (20), where the ini t ial  concentrat ion is uniform 
and one side of the slab is impermeable,  is given by 

r 

MJMo = 8 / ~  2 
n = O  (2n + 1) 2 

e x p _ [  ( 2 ~ + 1 ) 2 ~ 2 D t ]  
4d~ 

[2] 

where Mt is the amount  of mater ia l  remain ing  in the 
slab at t ime t, Me the ini t ial  amount,  and D the diffu- 
sion coefficient. For sufficiently long times, this series 
may be approximated by its first term, leading to an 
exponent ial  decay of Mr/Me with time. 

The slope should yield the diffusion coefficient if the 
thickness is known.  The si tuat ion which we encounter  
here deviates from the ideal case in  two respects: (i) 
the concentrat ion is not uniform, al though it does not 
vary  greatly, and ( i t )  the wafer  counting method that 
had to be used does not measure all of the mater ia l  
in a thick film because of at tenuation.  

The data obtained by baking out oxides of various 
thicknesses did indeed follow the pat tern  suggested by 
[2]. If we consider only the first term in [2], we have 

MdMo = ( 8 / ~  2) e - t / T  [ 3 ]  
where 

T =_ ( 4 d 2 ) / ( ~ 2 D )  [4] 

F igure  6 i l lustrates the data for a n u m b e r  of runs  on 
different oxides plotted against t /T .  Normalizing the 
data to 1/~ has the effect of e l iminat ing dependence 
on D and d. However, from [3] it is expected that  the 
intercept  of the l ine in Fig. 6 should be at log 8/n 2 = 
log 0.812, which is not the case. Instead the intercept  
occurs at the lower va lue  of log 0.59. One explanat ion 
for this would be the presence of another  protonic 
species which was in the oxide at t ime zero, but  dif- 
fused out very rapidly dur ing the first bake. This 
si tuation would lead to an anomalously high value 
for Me. If this were the case, the fast species con- 
cerned could not  be the species located near  the 
Si/SiO2 interface. The reason for this is that  this spe- 
cies could not  contr ibute  significantly to Me, par t icu-  
larly in the thicker oxides, because of at tenuation.  
Efforts to remove any fast species by prebaking at 
20O~ for z/2 hr had no significant effect on the in ter -  
cept. Consequently,  a second fast species must  be ruled 
out as the cause of the intercept  deviation. The fact 
that  the distr ibution of protons is nonuni fo rm will  
alter the boundary  conditions of the diffusion problem, 
which might  lead to a different intercept. 
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From [4], one would expect an exponential  tem- 
perature  dependence of 1/~ by v i r tue  of the diffusion 
coefficient. The values of 1/T for a 4700A oxide at 
various temperatures  are presented in Fig. 7. The ac- 
t ivat ion energy obtained from the slope of this line is 
15.7 kcal/mole,  which agrees well with that  ob- 
tained by other authors. Table I gives the values of 
the activation energy and the pre-exponent ia l  of the 
diffusion coefficient obtained by several  methods. The 
pre-exponent ia l  obtained by this work is some two 
orders of magni tude  too low. This may be due in part  
to an isotope effect, especially if tr i tons are involved 
in the diffusion process. 

The oxides which were electroded showed a large 
negative f iat-band voltage from the C(V) trace cor- 
responding to a negative surface charge in the silicon 
of 5 x 1012 charges/cm 2. Normally, oxides grown in a 
flow system with steam or by the d ry -we t -d ry  method 
have surface charges of about 3 x 1011 per cm 2. We 
found that this init ial  large C(V) offset was charac- 
teristic of a capsule-grown steam oxide. Thermal  
biasing at 200~ for 1/2 hr showed a reduct ion of 
surface charge to about 1 x 10 TM charges/cm 2 with 
negative bias on the a luminum electrode and only s 
very slight increase with positive bias. This indicates 
that a large amount  of positive charge ini t ia l ly re-  
sides in  the oxide near  the Si/SiOe interface. During 
negative bias, this charge migrates away from the 
silicon. Positive bias has no significant effect. 

It was expected that, if the migrat ing charge were 
associated with a hydrogen-conta in ing  species, the 
autoradiograms on the etched oxides would show the 
outlines of the electrodes for the negat ively biased 
devices. However, the film appeared to be un i formly  
exposed, with no discernible electrode circles. This 
result  suggests either that  the positive charge ini t ia l ly  
in the oxide was not  hydrogen associated or that  it  
was ini t ia l ly on a proton, hydron ium ion or some re-  
action in termediate  and subsequent ly  t ransferred to 
a silicon atom as follows 

( - - S i - - O - - S i - )  + [RH]+ 
--> (-- Si- -  OH) + [--Si] + + R [5] 

Table I. Diffusion coefficient of water in silicon dioxide 

Do,  
Method A u t h o r  Ea, kca l  cm-~/sec 

S t e a m  o x i d a t i o n  P l i s k i n  (21) 16.0 2 • 10 -v 
S t e a m  o x i d a t i o n  E d a g a w a  et al. 

23.0 1 • 10-e 
We t  o x y g e n  o x i d a t i o n  De(212~19) 16.3 2 x 10-7 
I n - d i f f u s i o n  of  HfO Mou l s on  and  Ro-  

be r t s  (18) 18,3 1 • 1O-~ 
O u t - d i f f u s i o n  of H~O Mou l s on  and  Ro-  

be r t s  (18) 17.3 2.7 x 10-7 
Out-diffusion of TfO Thi s  w o r k  15.7 2 X 10 ~ 

The formation and migrat ion of the charged defect 
[ - S i ]  + is discussed in  another  paper (23). 

Another  method of charge transfer  could be the 
replacement  of a bound sodium ion by a proton, 
thereby render ing the sodium ion mobile. Such a 
possibility has been suggested (24) and can be de- 
scribed by 

( - S i - - O - - N a )  +H+-~  ( - -S i - -OH)  + N a  + [6] 

The presence of significant quantities of sodium in 
thermally grown SiO2 films has been observed by 
neutron activation analysis (25). 

Conclusions 
The profiling experiments  on s team-grown oxides 

of various thicknesses have suggested the possible 
existence of a reaction in termediate  located in the 
oxide directly behind the reaction front. The concen- 
t rat ion of this in termediate  depends on the oxidation 
rate. Thus, the concentrat ion is greater near  the 
Si/SiO2 interface in th inner  films. Thermal  biasing ex- 
periments  suggest a positively charged species located 
near  the Si/SiO2 interface. Balk (4) has found that 
th inner  oxides have greater surface charge than  thicker 
ones, thus correlat ing the positively charged species 
with the hydrogen-associated species. Our autoradio-  
grams suggested that  the charged species which mi-  
grates at 200~ is not hydrogen associated. This could 
only be possible if (i) the positively charge species and 
the hydrogen associated species occur .concurrently, as 
would be the case where a t ransi t ion phase caused 
segregation of two species or (ii) the positively 
charged species and the hydrogen-associated species 
are ini t ial ly one and the same and a charge transfer  
like that  described by [5] or [6] takes place. 

Burgess and Fowkes (26) have recent ly reported 
similar exper iments  using oxides grown with t r i t ium-  
tagged steam in a flow system. They, too, have found 
that the hydrogen does not respond to an electric field. 
The results which are reported here for capsule-grown 
steam oxides are for the most part  compatible with 
those of Burgess and Fowkes (26) for flow system 
oxides. There is a marked difference, however, with 
respect to the out-diffusion of hydrogen. Whereas we 
found an activation energy of 15.7 kcal /mole  using the 
model described by [2], Burgess and Fowkes obtained 
an energy about twice as large from a first-order de- 
cay law. 
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Chemical Vapor Deposition of Mo onto Si 
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ABSTRACT 

Molybdenum has been deposited on single crystal silicon substrates by the 
vapor phase decomposition of molybdenum chlorides. The thickness, alloy 
phase, and crystal l ine na ture  of the films were studied as functions of sub- 
strate temperature,  substrate orientation, and source material ,  using electron 
microscopy and reflection electron diffraction. 

The present  study, which originated from work on 
the deposition of thin film metal  layers for the base 
region of hot electron devices (1), describes the com- 
position and s t ructure  of thin layers of molybdenum 
and molybdenum-s i l icon phases formed by chemical 
vapor deposition on single crystal silicon. The fabr i -  
cation parameters  investigated were source material ,  
substrate  temperature,  and crystal or ientat ion of the 
substrate. 

Previous studies of the molybdenum-s i l icon  system 
have been mostly concerned with the forming of the 
disilicide to obtain high tempera ture  corrosion resist-  
ant  coatings. A monograph (2) on the b inary  silicides 
is available which describes the uses, properties, and 
formation of molybdenum-si l icon phases and includes 
an extensive l i terature  survey. 

Experimental 
Three series of depositions were made at various 

substrate temperatures  in the range from 600 ~ to 
1350~ Two of these series used molybdenum penta-  
chloride as the source for the molybdenum deposi- 
tion on (111) and (100) or iented silicon single crys- 
tals. The other series utilized a molybdenum oxy- 
chloride (MoO2C12) source on a (100) oriented silicon 
substrate. The system used to deposit the films is 
shown in Fig. 1. 

A lapped, mechanical ly polished, and c],eaned sili- 
con wafer was placed on the pedestal in the reaction 
chamber and the system was purged with nitrogen. 
The wafer was then heated 10 min  at 1250~ in a 

1 P resen t  address :  S t anda rd  Te lecommunica t ions  Laborator ies ,  
Harlow,  Essex, England.  

P resen t  address :  Tibbi t ts  Research  Laborator ies ,  Camden,  Maine. 
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Fig. 1. Deposition system 

purified hydrogen flow of 1.5 1/min to remove oxides. 
An epitaxial layer  of silicon was then deposited at 
1200~ by the hydrogen reduction of silicon te t ra-  
chloride. This presented a fresh silicon surface to the 
molybdenum deposit. The molybdenum was then de- 
posited by the decomposition of the molybdenum 
pentachloride or oxychloride for 20 min  at the various 
substrate temperatures.  The source mater ia l  was 
heated in the reservoir chamber  to 35~ and t rans-  
ported to the reaction chamber by the purified hy-  
drogen flowing at 1.5 1/min. 

Measurements 

The crystal or ientat ion of the substrates was known 
and the alloy phases and crystal l ine na ture  of each 
deposit were determined from the reflection electron 
diffraction data. For deposits that were single crystals, 
several diffraction pat terns were taken at different 
azimuth angles to obtain the necessary data. Shadowed 
replicas were made of the surfaces to examine  the 
morphology by electron microscopy. 

The effective molybdenum thickness of the deposited 
molybdenum or molybdenum-s i l icon alloy was deter-  
mined by the electron microprobe. The thickness was 
calculated from the ratio of intensit ies of MoL~ radi-  
ation measured for the film and for bulk  molybdenum.  
The intensi ty  ratio was corrected for x - r a y  absorp- 
tion, the nonl inear  t rajectory of the pr imary  exciting 
electrons, and the excitation by electrons backscat- 
tered from the substrate as described by Hutchins (3). 
The cal ibrat ion factor was determined empirical ly by 
measurements  of films of known thickness and also by 
interpolat ion of data for other elements. 

For film thicknesses less than 10% of the total elec- 
t ron penetra t ion depth, the corrections are small  and 
the x - ray  in tensi ty  is a near ly  l inear  funct ion of film 
thickness. The electron penet ra t ion  may be controlled 
by adjust ing the beam voltage. At 20 kv  the MoL~ 
intensi ty  is near ly  l inear  up to a thickness of 1000A 
of molybdenum.  

The excei]ent sensit ivity of the method is most 
easily demonstrated with an example of representat ive  
data (Table I) .  Relative accuracy depends pr imar i ly  
on counting statistics; absolute error depends pr imar i ly  
on the error in  the cal ibrat ion factor which may be 
as large as 10%. The measurement  gives mass thick- 
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Table I. Representative data for molybdenum on silicon at 20 kv 

J. Electrochem. Sac.: S O L I D  S T A T E  S C I E N C E  

F i l m  P e a k  B a c k g r o u n d  
th ickness ,  coun t s /  counts /  Stat is t ical  Cal ibra t ion 

A 100 sec 100 sec P k - b g d  e r ro r t  error* 

100 31436 9074 22362 402 1118 
(1.6A) (SA) 

2 8065 8614 448 265 22 
(1.2A) (O,1A) 

500 124007 11842 112165 1166 5608 
(5.2A) (25A) 

tTwicr  s t andard  devia t ion  95% confidence. 
* Es t imated  as 5%. 

Table II. Properties of phases deposited on (100) Si substrate 
by H2 reduction of an MoCI5 source 

Subs t ra te  Th ickness ,  A, 
temp,  ~ Alloy phase  S t ruc tu re  Microprobe 

600 Mo Polycrys ta l l ine  190 (as Mo) 
700 Mo Poiyerys ta l l ine  147 (as Mo) 
800 Mo + MosSi Polycrys ta l l ine  104 (as Mo) 
900 MoaSi Polycrys ta l l ine  52 (as Mo) 

1000 Mo~Si + MoSie Polycrys ta l l inc  64 (as Mo) 
and  

Monocrysta l l ine  
1100 M o S i . ~  Monocrysta lUne 21 (as MoSie) 
1200 MoSi~ Polycrys ta l l ine  16 (as MoSi~) 
1300 MoSi~ Polycrys ta l l ine  32 (as MoSis) 
1350 MoSi~ Polyerys ta l l ine  26 (as MoSi~) 

ness; the theoretical bulk  density has been used to 
calculate l inear  thickness in  angstroms. 

Result~ 
MAC15 Source and (100) Si Subs tra te . - -Table  II 

lists the alloy composition, thickness, and crystal l ine 
na ture  of the layers deposited at the designated tem- 
peratures. At 800~ molybdenum-s i l icon  alloys are 
formed which are molybdenum rich; at more elevated 
temperatures  the deposited layers become more silicon 
rich unti l ,  at 1000~ molybdenum disilicide is formed. 

Deposits below 1000~ are all polycrystal l ine and 
have, at most, a small  degree of or ientat ion similar  to 
a fiber aggregate (4). At 6O0~ the or ientat ion is 
(100)Mo II (100)S~ and at 700~ it is (ll0)Mo II (100)si. 
All  other polycrystal l ine phases are randomly  ori-  
ented. A single crystal phase appears at 1000~ and 
becomes highly developed at l l00~ Fig. 2. The alloy 
phase of the l l00~ layer  is molybdenum disilicide, 
and its or ientat ion wi th  respect to the silicon substrate 
can be described as (001)MoSi2 II (100)si wi th  
(ll0)MoSi2 ]J (010)si. At 1200~ the film consists of 
large unor ien ted  crystalli tes as evidenced by the oc- 
currence of the diffraction spots on the diffraction 
rings of a molybdenum disilicide pattern,  Fig. 2. These 
diffraction pat terns also show Kikuchi  lines typical of 
the silicon substrate. 

Fig. 2. Electron micrographs (X 10,000) and diffraction patterns 
of molybdenum deposited on (100) silicon substrate. 
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Table III. Properties of cylindrical growths obtained on (100) Si 
substrate using MoCI5 source 

Avg.  th ick-  
ness  of MoSi~ 

(A),  Microprobe 
T e m p e r -  Diam-  Densi ty ,  Height ,  Calcu- Meas-  
ature,  ~ eter,  A per  cm 2 A lated ured  

1100 250 320 • l0 s 27 4 21 
1200 500 42 • l0 s 41 3 16 
1300 1000 8 • l0 s 88 4 32 
1350 1500 4 • lOS 130 9 26 

Table IV. Properties of phQses deposited on (111) Si substrate 
by H2 reduction of an MoCI5 source 

Subs t ra te  
t emper -  Thickness ,  A, 

a ture ,  ~ Alloy phase  S t ruc tu re  Microprobe 

S00 Mo + MoSi~(?)  Polycrys ta l l ine  191 (as Mo) 
B50 Mo + MoSt~  (?) § PolYerystai l ine 100 (as Mo} 

MoSi5 (?) 
900 MosSia Polycrys ta l l ine  24 (as Mo) 

and  
Monocrys ta l l ine  

950 MosSi Monocrysta l l ine  27 (as Mo) 
and  

Polyerys ta l l ine  
1000 MosSi Monocrys ta l l ine  72 (as Mo) 

and  
Polycrys ta l l ine  

1025 Unident i f ied  Monocrysta l l ine  15 {as Mo) 
1050 Unident i f ied  Monocrys ta l l ine  17 (as Mo) 
1074 Unident i f ied  Monocrysta l l ine  14 (as Mo) 

The surfaces of the films are ini t ia l ly  smooth and 
become rougher at higher substrate temperatures.  
From i100 ~ to 1350~ one observes cylindrical ly 
shaped growths pro t ruding  from a very smooth sur-  
face (Fig. 2). From the micrographs one can estimate 
the average size of the growths and the number  per 
uni t  area can be counted. If one assumes that  these 
growths represent  the total MoSi~ present, the average 
film thickness can be calculated and compared with 
the measured thickness. Pe r t inen t  data are presented 
in Table III. 

The thickness data from the microprobe measure-  
ments  are baSed on the assumption that all of the 
molybdenum determined by the probe is present  as 
molybdenum disilicide, the equivalent  thickness of 
which can be then calculated. Since the measured 
thickness values are several  factors larger than  the 
calculated ones, it must  be  assumed that  either the 
growths do not represent  all of the disilicide, or that  
some molybdenum has diffused into a thin surface 
layer  of the bu lk  silicon, or that  some other molyb-  
denum-si l icon phase is present, which does not con- 
t r ibute  to the electron diffraction pa t te rn  under  the 
exper imental  conditions. Insufficient data are available 
to allow unequivocal  choice among these possibilities. 

MAC15 source and (111) Si subs tra te . - -The  results 
from the experiments  for the deposition on the (111) 
silicon substrate are listed in  Table IV. 

Molybdenum-si l icon alloys ini t ia l ly form at 800~ 
The alloys formed are metastable  phases and have 
been tenta t ively  identified as MoSi5 and MoSi12 by iso- 
morphism (5) with the m o l y b d e n u m - a l u m i n u m  sys- 
tem (6). The structure of the phase tenta t ively  ident i -  
fied as MoSi5 has been determined from the diffrac- 
t ion pat tern  to be bcc with ao equal to 7.6A. The al-  
loys formed become more mo lybdenum rich at higher 
substrate temperatures,  finally becoming MosSi. Above 
1000~ the diffraction pat terns  (Fig, 3) become ra ther  
complex, and the corresponding alloy phases have not 
yet  been identified. 

The films deposited below 900~ are polycrystal-  
l ine and randomly  oriented. At 900~ epitaxial  growth 
occurs and wel l -ordered single crystals are obtained at 
950 ~ and 1000~ (Fig. 3). However,  a polycrystal l ine 
MoaSi phase is also present.  The or ientat ion of the 
single crystal phase with respect to the substrate can 
be described as (ll0)~o3si II ( l l l ) s l  with [335]Mo~si I] 
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Fig. 3. Electron diffraction patterns of molybdenum deposited on 
(1!1) silicon substrate. 

[101]si. At higher temperatures,  the film consists of 
large crystals sufficiently disordered to result  in  a 
complex diffraction pa t te rn  (Fig. 3), and the alloy 
phase could not be determined.  

The electron micrographs of these layers showed no 
peculiar growths as seen on the (100) silicon substrate 
and the layers could be described as having slightly 
rough surfaces. 

MOO2C12 source  on (100) Si  s u b s t r a t e . - - T a b l e  V 
lists the results for the series of depositions using the 
molybdenum oxychloride source material.  

The deposits at 650 ~ and 750~ were shown to con- 
tain molybdenum by microprobe analysis. Since they 
are amorphous, however,  they cannot be positively 
identified. By analogy with the results in Table I, 
which show no silicide formation on (100) silicon at 
600 ~ and 700~ it seems l ikely that  these deposits 
are molybdenum,  but this is not certain. 

Discussion 
The different alloy phases which are formed on the 

(100)- and ( l l l ) - o r i e n t e d  silicon substrates under  
similar exper imental  conditions indicate that the 
mechanism for alloy formation is different for the 
two orientations. At 850~ a stable, molybdenum-r ich  
alloy, Mo3Si, is formed on the (100) surface, while  un -  
stable, si l icon-rich alloys along with excess molyb-  
denum are formed on the (111) surface. This differ- 
ence can be accounted for by the different reactivities 
of the silicon surfaces which arise from the difference 
in atom densities. It is well  known, for example, that  
the densely populated (111) silicon surface offers more 
resistance to chemical etching agents than the less 
populated (100) surface. A slow rate of reaction on 
the (111) surface could account for the init ial  forma- 
tion of alloys deficient in molybdenum and for the 
presence of unreacted molybdenum in the deposited 
layer. In  most cases 200A films of molybdenum de- 
posited at 800~ were found to be metallic, as deter-  
mined by the a t tenuat ion of microwaves through the 
sample. These films, however, showed a 4-probe re-  
sistivity comparable to the silicon substrate. Fu r the r -  
more, the l ine widths for the electron diffraction pat-  
t e rn  for this specimen indicate that the molybdenum 
crystalli te size is much less than 100A. It is suggested 
that  the phase tentat ively  identified as MoSt12, unl ike  
MoSt2, Mo3Si, and MosSi~, is nonmetall ic ,  and that  the 
whole layer consists of very small  molybdenum crys- 
tallites in a MoSt12 matrix.  Fur ther  alloys are then 
formed with an excess of molybdenum available and 
become more molybdenum rich at the elevated tem-  
peratures.  This explains the format ion of MoiSt in-  

stead of the disilicide observed in the case of the (100) 
substrate. Studies of the kinetics of the formation of 
molybdenum silicides (7) show that  Mo3Si can be 
formed in a molybdenum-s i l icon system with excess 
molybdenum available by anneal ing  at suitable times 
and temperatures.  

The results show that  the epitaxial  growth is de- 
pendent  on the substrate temperature,  substrate ori- 
entation, and source material .  As for any type of ori- 
ented overgrowth, a m i n i m u m  tempera ture  must  be 
exceeded to obtain single crystal  layers. The tem- 
perature is 1000~ for the MoSt2-(100) silicon de- 
posit-substrate pair  and 900~ for the M o 3 S i - ( l l l )  
silicon deposit-substrate pair. However, after a tem- 
perature is reached at which the films become well  
oriented, the orientat ion of films deposited at still 
higher temperatures  deteriorates, and in the case of 
the (100) substrate the orientations are random. This 
indicates other factors are affecting the oriented 
growth. 

The thickness data indicate a l imit ing deposit thick- 
ness at high substrate temperatures.  Some clarification 
of this phenomenon was obtained when attempts were 
made to deposit molybdenum disilicides at 1200~ on 
the surface of silicon areas exposed by photoresist 
techniques on a thermal ly  oxidized silicon surface. 

Figure 4 is a photograph of a section of the surface 
polished on a bevel  of 3 ~ . The edge of the beveled 
section intersects two circular silicon areas on the 
otherwise oxidized surface. The surface of these areas, 
having a very thin layer of MoSt2 after the reaction, is 
seen to lie below the level of the original silicon sur- 
face. It can be concluded that  the silicon is slowly 
etched away by the hydrogen chloride and other 
chlor ine-conta ining species in the reaction ambient.  
[The reaction of silicon with hydrogen chloride at 
elevated temperatures  has been studied by many  au-  
thors, among them Lang and Stavish (8).] The thin 
layer of disilicide deposited may be the result  of a 
steady-state reaction, or it is possible that it is not 
deposited at all at the high temperature,  bu t  only dur-  
ing the cooling period as a result  of the desorption of 
some molybdenum-con ta in ing  species from the walls 
of the reaction chamber  and subsequent  reaction with 
the exposed silicon surface. 

The occurrence of the cylindrical  growths on the 
top (100) silicon surface and their variat ions in char-  
acteristics with temperature  are interesting. The 
formation of a lower density of nuclei  on the (100) 
surface than on the (111) surface is indicated, imply-  
ing a high mobil i ty of molybdenum atoms on the (100) 
surface compared to that  on the (111) surface. This is 
par t icular ly  true at the higher temperatures,  where 
the growths are larger and less numerous.  These 

Table V. Properties of phases deposited on (100) Si substrate 
by H2 reduction of MoO2Cr[2 

Substrate  
t emper -  Thickness,  A, 
ature, ~ Al loy phase Structure  Microprobe 

650 Unidentified Amorphous  85 (as Mo) 
750 Unidentified Amorphous  80 (as Mo) 
850 MoiSt Polycrystal l ine 77 (as Mo) 
900 Mo3Si Polycrystal l ine 41 (as Mo) 

1100 MoSt2 Polyerystal l ine 10 (as MoSi,~) 
1200 M o S i , ~  Monocrystal l ine 21 (as MoSiz) 

Fig. 4. Beveled section of molybdenum deposited on a masked 
silicon wafer showing the metal deposit below the initial 
silicon surface. 
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phenomena appear to be consistent with Haneman ' s  
(9) concepts of the atom arrangements  and bonaing 
characteristics on clean surfaces of semiconductors 
with the diamond structure, arr ived at through inter-  
pretat ion of low energy diffraction studies of such 
surfaces after ion bombardment  and vacuum anneal.  
Freshly  formed epitaxial  silicon surfaces such as those 
used as substrates in the present experiments  can ap- 
proach a high degree of perfection and cleanliness and 
might, therefore, be similar in character to the sur-  
faces studied by Haneman,  par t icular ly  at high tem- 
peratures,  where a m in imum of gaseous ambient  
would be adsorbed to the surface. Haneman ' s  model 
of the (111) surfaces gives s- type bond character to 
the dangling bond on every other silicon atom in every 
other row of atoms, and also raises it slightly above 
the surface, while the dangling bonds on the remain-  
der of the silicon atoms have p-character.  Maximum 
overlap with the orbitals of approaching molybdenum 
atoms would be offered by the dangling s-bonds, pro- 
viding a high uniform density of energy minima, 
which could tend to ini t iate  a high density of nuclei  
and would result  in a very  smooth surface, as observed 
experimental ly.  The s tructural  model proposed by 
Haneman for the (100) surface can be interpreted 
as resul t ing in dangling bonds which are mostly p- type 
in character, offering little overlap for the orbitals of 
approaching molybdenum atoms. The mobil i ty of the 
molybdenum atoms would be unimpeded,  and a 
smaller  number  of nuclei  would be formed resul t ing 
in the type of growth observed in the (100) surface. 
The nucleat ion on these surfaces could arise more at 
the sites of impur i ty  centers and micro-irregulari t ies ,  
which are general ly accepted requirements  for the ini-  
t iation of epitaxial  growth nuclei, and the high mo- 
bil i ty would account for the growth of larger deposits 
at the higher temperatures.  This model is in accord 
with concepts expressed by Pashley in his reviews on 
epitaxial  growth (10, 11). 

The effect of oxides on the crystal l ine growth is 
readily seen from the results using the molybdenum 
oxychloride source. The crystall ine na tu re  of the film 
is considerably poorer over the entire range of sub- 
strate temperatures,  indicat ing that oxide contami-  
nants  inhibi t  the formation of a single crystal thin film. 

Summary 
This study shows that molybdenum can be deposited 

on a silicon substrate by the decomposition of MoCI5 

or MOO2C12. Under  suitable conditions of tempera ture  
and source purity,  highly oriented thin films can be 
grown. The process of alloy formation is critically de- 
pendent  on the orientat ion of the substrate, and the 
thickness of the deposit is l imited by an etching proc- 
ess occurring at high substrate temperatures.  
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Technical Note 
! . 

Gas Phase Etching of Sapphire with Sulfur Fluorides 
H. M. Manasevit and F. I.. Morritz 

Autonctics, A Division of North American Aviation, Inc., Anaheim, California 

The qual i ty of epitaxial  films of silicon grown on 
sapphire is greatly affected by the qual i ty of the 
substrate surface (1-3). Processing with diamond 
has been, generally, a practical requ i rement  for cut-  
t ing and polishing sapphire substrates. Unless, how- 
ever, s t r ingent  care is t aken  to polish the surface prop- 
erly, various size scratches wil l  remain.  These 
scratches affect the nucleat ion mechanism and, con- 
sequently, the silicon overgrowth. Some success in 
"fine scratch" removal  can be effected by a final 
a lumina  buff, but  the fine powder f requent ly  fills deep 
scratches and leaves a surface that appears optically 
to be scratch-free. The usual  h igh- tempera ture  etch- 

ing prior to deposition can remove this mater ial  and 
expose a rather  poor surface for the epitaxial  growth 
of silicon. 

Attempts at scratch removal  using "wet" chemical 
techniques appear to have been only par t ia l ly  success- 
ful  (3, 4). The usual  etchants for sapphire (ortho- 
phosphoric acid, sodium borate, potassium carbonate, 
sodium hydroxide, potassium hydrogen sulfate, lead 
(II) fluoride, and potassium tetrafluoroaluminate)  
tend to be quite sensitive to orientation and tempera-  
ture. Usually, polishing can be effected by these agents, 
but  rates cannot be controlled sufficiently to provide 
the smooth, flat surfaces desired for epitaxial  growth. 
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In  addition, any residual  surface contaminat ion due to 
the etchants, even if not  optically visible after polish- 
ing, can affect the epitaxial process. Fur thermore ,  
other wafers in the same system can be contaminated 
by transfer  of residual  material .  For these reasons, it 
was thought advisable to study the feasibili ty of gas 
phase etchants for sapphire removal.  Hydrogen gas 
has been used (1, 3, 5, 6) to treat  sapphire in the re-  
actor prior to deposition, but  the etch rate is very low 
below 1500~ Its "cleaning" capabil i ty is probably 
due, for the most part, to removal  of the polycrystal-  
l ine a lumina  residue remain ing  after optical polishing 
of the sapphire. Hydrogen chloride (HC1) reacts with 
sapphire (7) and was found to be a polishing etchant 
for sapphire at pedestal temperatures  exceeding about 
1400~176 (8), but  the low a t tendant  etch rate of 
0.1 ~ /min  may not be considered practical for removal  
of considerable surface work damage (or deep 
scratches). 

This paper  reports on the successful use of sulfur  
fluorides as polishing etchants for sapphire. Reactivity 
of the sulfur  fluorides with other oxides had been es- 
tablished at room tempera ture  and below (9, 10), but  
their use as etchants for a luminum oxide and other 
oxides at high temperatures  has not been reported 
previously. 

Experimental 
Apparatus.--A vert ical-reactor  system similar to 

that used in our research laboratories for epitaxial  
growth (11) was used in performing the etching 
studies. Pal ladium-diffused hydrogen and a commer-  
cial grade hel ium were used in the studies. Sulfur  
tetrafluoride (nominal ly  90-94% pure)  and sulfur 
hexafluoride (nominal ly  99.99% pure) were used 
without  fur ther  purification. 

The experiments  were usual ly  performed on 0.5-in. 
diameter  sapphire windows, 0.010-in. thick, with 
(1102) and (1123) orientations. Substrates were 
heated indirect ly while rest ing on a 3-ram thick 
a lumina  spacer which rested on an induct ively  heated 
carbon pedestal (except where indicated) .  The spacer 
minimized interact ion between the substrate and 
pedestal and provided an even heat distribution. The 
etching gases were monitored on No. 600 Matheson 
flowmeters (a sapphire float for SF4; a Py rex  float for 
SF6), and the gases were introduced directly into the 
flowing H2 or He ambient  at approximately 1 atrn total 
pressure. Carrier  gas flow rates were arbi t rar i ly  set at 
2.5 1/min. Pedestal  temperatures  were measured with 
an optical pyrometer,  and uncorrected values are re-  
ported. They are estimated to be 50~ ~ higher than  
the actual substrate temperature.  

Results and Discussion 

With SF4.--Small  amounts  of SF4 (less than 1 mole 
%), diluted with H2 or He, effectively etched sap- 
phire. After  etching at silicon pedestal temperatures  
of about 1150~ (observed),  fluorine compounds were 
detected on the sapphire surface by electron micro-  
probe induced x - r ay  fluorescence. A1F~ formation 

Fig. 1. X-ray photomicrographs as observed by electron beam 
scanning of the growth on sapphire obtained during etching with 
SF~ at 1150~ (a) (left) due to aluminum; (b) (right) due to 
fluorine. 
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[presumably epitaxial because of its oriented na ture  
on (1102) sapphire] was suggested by the two-d imen-  
sional dis t r ibut ion of a luminum and fluoride which 
were obtained by electron microprobe techniques 
(Fig. 1). However, this growth was not  observed when 
gas-phase etching was performed at about 1300~ 
Presumably  at this tempera ture  the vapor pressure 
of the mater ia l  was high enough so as not to interfere  
with the etching process. Etch rates of about 2 ~ /min  
at carbon pedestal temperatures  of 1450~ left highly 
polished scratch-free surfaces on good qual i ty  sub- 
strates. Major grain boundaries in sapphire were ac- 
centuated by the etching process (see Fig. 2). 

With SF6.--Since pyrolysis of the SF4 produces sul-  
fur and sulfur  hexafluoride (10), the use of the lat ter  
was investigated to determine if, indeed, its in situ 
formation might be an impor tant  factor. It  was found 
that SF6 etched sapphire considerably when  hel ium 
was the di luent  gas and almost not  at all  when  hy-  
drogen was used as the carrier under  otherwise com- 
parable conditions. Representat ive removal  rates with 
SF6 are presented in  Fig. 3 through 5 for different 
temperatures  and concentrations. Figure 6 shows the 
effect of etch-polishing sapphire at 1350~ (ped. 
temp.) with different SF6 concentrat ions so that  
equivalent  amounts  of sapphire were removed. The 
lower concentrat ion produced a smoother sapphire 
surface. 

Success in  etching sapphire at reasonable rates by 
the above processes enhanced the possibility of apply-  
ing the sulfur fluoride etch process to lapped sapphire 
surfaces as well  as to diamond polished surfaces. The 
successful gas-phase polishing of lapped surfaces 
would minimize work damage at t r ibuted to mechan-  
ical polishing. Experience has indicated that  a 10-rain 
exposure of a polished sapphire to SF6 at 0.22 mole % 

Fig. 2. Grain boundaries in sapphire as displayed by SF4 etching 
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Fig. 3. Etching data with 0.22 mole % SF6 
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Fig. 6. Surface characteristics (i102) sapphire after SF6 etch- 
ing: (a) (left) for 30 min at 1350~ with 0.60 mole % SF6; (b) 
(right) for 60 min at 1350~ with 0.22 mole % SF6. 
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Fig. 5. Etching data with 0.60 mole % SF6 

in He flowing at 2.5 1/min at 1550~ (ped. temp.) wil l  
suffice to remove essentially all  the surface scratches 
present  due to normal  optical polishing techniques. 
After  a 30-rain etch under  the above flow and tem-  
perature conditions, a lapped (1102) sapphire slice 
had a reasonably smooth surface, as indicated in Fig. 
7a. Figure 7b shows the surface of a sequential  slice 
(from the boule) which was cut, mechanical ly pol- 
ished and processed in  the reactor s imultaneously 
with the slice shown in  Fig. 7a. The same grain  
boundary  is depicted. 

During pre l iminary  experiments  in which substrates 
rested directly on the heated pedestal, it was observed 
that  the carbon pedestal was attacked by the sulfur  
fluorides. Examinat ion  of the substrate surface 
showed pi t t ing of the type shown in Fig. 8, especially 
when  low carrier gas flow conditions were used. The 
pits appear to have a definite orientation.  Similar  pat-  
terns are obtained after carbon particles were deliber-  
ately rubbed onto the sapphire surface which then  was 
etch-polished. Molybdenum and silicon were also used 
as pedestal materials;  however, a substant ia l  amount  
of reaction occurred with the etching gases, producing 
deposits of undesirable  byproducts throughout  the re-  
actor. 

The results of the etching study with SF6 indicate 
that  it is selective in  its etch-polishing capabil i ty for 
different orientat ions of sapphire. Under  identical  
conditions, at re la t ively high SF6 concentrations,  op- 
t ically polished (1102) sapphire wil l  usual ly  etch and 
roughen while (1123) sapphire wil l  polish further.  At 
very low concentrat ions of SF6 (less than  0.2 mole %) 
(1102) sapphire seems to polish ra ther  than  etch at 
ra ther  appreciable removal  rates. Reasonably polished 
(1i'02) surfaces have been obtained on good qual i ty  

Fig. 7. Structure observed when SF6 is used to etch (H02) 
sapphire with a (a) (left) lapped (1102) surface, and (b) (right) 
polished surface. 

Fig. 8. Pits observed on (1-102) sapphire after SF6 etch (carbon 
pedestal used). 

sapphire at removal  rates of up to 0.4 mg/cm2/min  
at 1550~ (obs. ped. temp.) while  optically polished 
surfaces oriented to the (1L3)  have re ta ined a polish 
at etch rates of 0.7 mg/cm2/min  at 1450~ Single 
crystal  silicon deposits were obtained on SF4 or SF6 
polished sapphire surfaces. 

Conclusion 
The polishing of sapphire by the sulfur  fluorides 

seems to offer a distinct advantage over the wet 
chemical techniques now available. Experience wil l  
dictate if the process is to be preferred over tIC1 
polishing, which is considerably slower at comparable 
temperatures.  Since it has been shown that  SF8 (or 
SF4) wil l  etch-polish a lapped (or ground) sapphire 
substrat.e, its potential  as a means for e l iminat ing  op- 
tical polishing of sapphire is worth  consideration. 
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Travelling Solvent Defects on Silicon Wafers 

E. Biedermann 

IBM Laborato~'ies, Boeblingen, Germany 

In  the usual  p lanar  silicon technology, the growth 
of an epitaxial  Si layer on a single crystal l ine sub-  
strate wafer at a temperature  of 1100~176 is a 
basic process step. A var ie ty  of per turbat ions and de- 
fects can occasionally be observed on these epitaxial  
surfaces. 

In Fig. 1, we show a special type o f  surface defect 
which occurs now and then, and which to our knowl-  
edge has not yet found its proper explanation.  From 
its optical appearance in Fig. 1, we called it the "nail  
defect." These nails, achieving sometimes a length of 
a mil l imeter  and more, can, under  proper i l luminat ion,  
easily be observed even with the naked eye. The most 
obvious characteristic properties of these nails can be 
summarized as follows: 

1. The distr ibution of the nails over the wafers is 
completely statistical. 

2. Neighboring nails have almost identical  length, 
shape, and orientation, wi thout  correlation to the crys- 
tal  s t ructure of the Si wafer, the orientat ion of the 
gas stream, or the direction of the gravi ta t ional  force. 
(The exception of unusua l ly  short "incomplete" nails 
will  be treated below.) 

3. Length, shape, and orientat ion of the nails  c a n  
vary  strongly from one region of a wafer to another. 

4. Under  higher magnification (50OX), head and 
shaft of the nails lose all their  contrast, indicat ing 
that  the nails consist of nothing but  a slight profiling 
in the wafer surface (Fig. 2, 3) 

5. Only in the ut termost  tip of most of the nails, a 
sharp defect is found under  high magnification. (Fig. 
3) 

These defects have been identified as small  impur i ty  
pellets which, l iquid at the temperature  of the epitaxial  
process, t ravel  over the wafer surface under  the in -  
fluence of the incidental  tempera ture  gradients 
thereon, just  as does the liquid zone in the we l l -known 
travel l ing solvent processes (1). Thus the shafts of 
the "nails" are nothing but  the traces of these t ravel -  
ing pellets. The small  kinks in these traces can clearly 
be correlated to the change from preheat ing cycle to 
epitaxial  growth period to postheating and cooling 
cycle. The behavior of the t ravel l ing pellets is ap- 
parent ly  not much influenced by the epitaxial  growth 
process itself, and the growth of a 10p epitaxial  layer 

Fig. 1. Typical "nail" defect on epitaxial Si-surface. Magnifica- 
tion ca. 37X. 

Fig. 2. Heads of nails from Fig. I. The vanishing contrast as 
compared to Fig. 1 indicates the nails to consist of a rather 
smooth surface profiling. Magnification ca. 365X. 
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Fig. 3. Tip of nail from Fig. 1 with impurity pellet. Magnifica- 
tion ca. 365X. 

does not effect a noticeable levell ing out of these 
traces. 

The occurrence of unusua l ly  short nails  in  the ne igh-  
borhood of longer ones (like the one in  Fig. 1) is also 
easily explained. They never  contain a pellet in  their  
tip. Here the impur i ty  mater ia l  has been used up be- 
fore the end of the heat ing cycle by solution in  the 
silicon wafer, respectively by evaporation. 

By observation in a h igh- tempera ture  microscope 
under  pure H2-atmosphere, the mel t ing point  of the 
pellets has been determined to be about  100O~ and 
the t ravel l ing direction and speed could qual i ta t ively 
be correlated to the tempera ture  gradient  on the wa-  
fers. 

Electron microprobe analysis  showed the pellets to 
contain the elements Fe, Cr, and Ni in  a ratio corre- 
sponding approximately to the composition of s ta in-  
less steel: 70 pt Fe, 20 pt Cr, and 8 pt Ni. Besides these 
metals an appreciable content  of Si was found in the 
pellets, as is to be expected from the formation of es- 
sential ly the Fe-Si  eutectic with about 25% Si. 

Evidently,  the vapor pressure of these metals over 
the eutectic melt  and their  solubili ty in  the solid sil- 
icon are low enough to guarantee the astonishingly 
long lifetime of these pellets on the silicon surface 
even in the chlor ine-conta ining ambient  of the epi- 
taxial  process. 

Quite similar nails  are easily produced in a pure hy-  
drogen atmosphere on a silicon surface by seeding it 
with small  pellets of other metals such as Cu, Ag, Cr, 
Ni, Pd, Pt, and heating it in an inert  atmosphere like 
hydrogen to a tempera ture  somewhat above the re-  
spective eutectic point. All  these metals also have 
a low solubili ty in solid silicon at the tempera ture  
of their  eutectic melt  wi th  Si. 

From these findings the nails  on the Si wafers ap- 
pear as one example of a quite basic process which 
may just  as well  be observed on any  other solid sur-  
face under  appropriate conditions. 

Manuscript  received Aug. 4, 1966; revised m a n u -  
script received Nov. 2, 1966. 

Any discussion of this paper will  appear in  a Dis- 
cussion Section to be published in the December 1967 
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Fused-Organic Electrolytes for Thermal Cells 
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ABSTRACT 

The low-mel t ing (<200~ fused electrolytes tested were salts of organic 
acids, substi tuted pyr id in ium halides, and acetamide salt solutions. Methyl-  
pyr id in ium bromide and several alkali  acetates were found to be thermal ly  
stable and good conductors, but  they entered into spontaneous reactions with 
cathodic oxidants. Salts in  mol ten  acetamide, however, made suitable low- 
mel t ing electrolytes for organic thermal  cells. Potentials of some fused- 
acetamide cells were measured as a funct ion of temperature,  and the be- 
havior on discharge was observed. 

An organic fused-salt  cell is a reserve- type thermal  
cell which produces electrical energy of long durat ion 
on application of a requisite amount  of heat. The or- 
ganic electrolyte of this cell is solid and nonconduct ing 
at ordinary temperatures,  but, on activation, the heat 
rapidly applied to the cell causes the electrolyte to 
melt  and become conducting. 

Organic thermal  cells have not been studied thor-  
oughly in  the past, chiefly because of a lack of rel iable 
data of the physical and electrochemical behavior  of 
suitable low melt ing salts. The l i terature on fused-salt  
thermal  cells relates chiefly to inorganic ones of the 
type reported by Hamer and Schrodt (1) and Good- 
rich and Evans (2). Special inorganic types have been 
treated by Rubin  and Malmberg (3), McKee (4), Doan 
(5), Selis (6), and Jennings  (7). Panzer  (8) carried 
out exploratory test surveys on a wide variety of 
organic and inorganic salts for possible application as 
suitable electrolytes in fused-sal t  thermal  cells. U n -  
fortunately,  most fused-salt  cell studies are largely 
quali tat ive in nature.  

The three most impor tant  disadvantages of current  
inorganic thermal  cells are (a) high operating tem- 
peratures (400~176 (b) cell life l imited to 5-10 
min,  and (c) marked cathodic polarization. 

Organic electrolytes can be divided into two classes. 
The first is organic salts that  conduct electrolytically 
in  the molten state, e.g., the sulfonates, formates, ace- 
tates, and substi tuted pyr id in ium salts. The second 
class includes solutions of salts in  organic solvents, 
e.g., molten acetamide salt solutions (9). 

Experimental 
Reagents.--Methylpyridinium chloride was prepared 

by the method of Rozhdestvenskii  (10). The hygro-  
scopic crystal l ine solid melted at 138~ in  agreement  
wi th  that  reported in  the l i terature.  On melting, the 
salt forms a clear, water -whi te  melt  that  did not  de- 
compose up to 200~ for 2 hr. This chloride salt was 
extremely hygroscopic and difficult to obtain in high 
yields. On the other hand, the corresponding bromide 
pyr id in ium salt was appreciably less hygroscopic and 
was obtainable in  yields greater  than  80%. 

Methylpyr id in ium bromide was prepared by passing 
excess methyl  bromide into a mixture  of equal vol-  
umes of pyridine and benzene at room temperature.  
After about  4 rain, the exothermic addit ion reaction 
between pyr idine and methyl  bromide occurred. At 
this t ime the addit ion reaction was stopped, and the 
resul t ing white s lurry  removed and washed with large 

Z Present  address:  D e p a r t m e n t  of Chemical  Engineering,  Uni-  
vers i ty  of California, Berke ley ,  California. 

volumes of benzene to ensure removal  of trace 
amounts  of pyr idine adsorbed on the salt. The salt .was 
purified fur ther  by crystall ization from anhydrous  
ethyl alcohol a t - - 4 0 ~  This purification procedure 
was repeated three times. The salt was vacuum-dr ied  
for two days; its mel t ing point is 150~176 The bro- 
mide salt forms a clear, water -whi te  melt  that  did not 
char or otherwise decompose up to 200~ for several 
hours. 

Acetamide crystals (Mall inckrodt analyt ical  reagent)  
were fur ther  purified by recrystall ization from pure 
benzene and then vacuum-dr ied  for two days. The 
salts MgC12, A1C13, ZnC12, and CdC12 (Baker and 
Adamson reagents) were used without  fur ther  purifi-  
cation; they were dried at about 200~ and kept in a 
desiccator. 

Metal rod electrodes (Fisher Scientific) were at 
least 99.5% pure. Si lver-s i lver  chloride electrode was 
prepared electrolytically. Cathodic oxidants such as 
CaCrO4 and K2CrO4 were supplied by Eagle-Picher.  
All electrode materials  were washed with acetone and 
dried at 120~ prior to use in  cells. 

Electrolytic celL--Figure 1 depicts the electrolytic 
cell used to measure the potentials of organic fused- 
salt cells as a funct ion of temperature.  The cells were 
constructed of Pyrex  glass unless noted otherwise. All 

Fig. !. Fused-acetamide salt cell 
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negative electrodes were J/s-in. commercially pure 
metal  rods. The positive electrode was nickel  mesh 
with CaCrO4 or K2CrO4 oxidants for fused acetate and 
pyr id in ium cells. For fused acetamide salt cells, a 
1/16-in. Ag/AgC1 rod immersed in 0.10M KC1-Acet- 
amide and contained in  a f l i t ted glass tube, shown in  
Fig. 1. A positive liquid head was main ta ined  in  the 
tube compar tment  of this Ag/AgC1 electrode to pre-  
vent  contaminat ion of the acetamide salt solution. In -  
terelectrode distance was about 1.0 cm. Approximate ly  
100g of a tenth  molal  metal  chloride solution was 
placed in the cell, immersed in a thermoni tor -con-  
trolled oil bath by Sargent.  

Upon fusion of the organic salt mixture,  the cell was 
vacuum-pumped  for 2 hr through the side a rm to re-  
move water  vapor from the electrolyte. Then  dry 
argon gas was allowed to enter, br inging the system 
to atmospheric pressure. Argon was cont inuously 
main ta ined  above the organic melt  and allowed to 
escape via a small  exit tube in  the stopper. Once con- 
stant  temperature  was attained, the emf of the system 
was measured with an L&N K-3 potentiometer.  

Results and  Discussion 
Potassium methylsulfonate  and the sodium salts of 

benzene and p- to luene sulfonic acids all failed to melt. 
Molten sodium formate did not decompose for several 
hours at 270~ but  readi ly reduced AgC1, CaCrO4, and 
K2CrO4 cathodic reactants. 

A eutectic mixture  (11) of sodium, potassium, and 
l i th ium acetates (37.5/11.9/50.6 w/o)  melted at 157~ 
and remained thermal ly  stable and conductive at 
200~ for 5 hr. The fused acetate eutectic also reacted 
spontaneously with CaCrO4 and K2CrO4. The cell Mg/ 
alkali  acetate eutectic/CaCrO4,Ni failed to deliver 
useful amounts  of current  at 250~ 

Subst i tuted pyr id in ium halides have better  thermal  
and conductive properties than  unsubst i tu ted  pyr id in -  
ium halides (12). Methylpyr id in ium chloride and 
bromide were thus synthesized and evaluated as 
molten electrolytes for organic thermal  cells. Figure 2 
presents the electrical conductivi ty of molten methyl -  
pyr id in ium bromide. Clearly, this salt conducts very 
well  in the molten state. 

The organic salt cell, Mg/methy lpyr id in ium bro-  
mide/CaCrO4,Ni gave an open-circui t  potential  of 
1.15v at 200~ Appreciable currents,  however, were 
not obtained when this cell was under  load. At the 
magnes ium electrode, two reactions took place dur ing 
discharge: the electrochemical cell reaction and the 
redox reaction between magnesium and methylpyr i -  
d in ium bromide. 

Poten t ia l - tempera ture  data of several  fused acet- 
amide salt systems were measured in our exper imental  
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Fig. 2. Electrical conductivity of molten methylpyridinium bromide 
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Fig. 3. Cell potential of Mg/0.10M MgCI2-acetamide/AgCI,Ag. 
Hydrogen was evolved above 125~ 
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Fig. 4. Cell potential of AI/0.10M AlCl3-acetamide/AgCI,Ag. 
Hydrogen was evolved both on open circuit and discharge. 

cell. Calcium is not included here because of its vig-  
orous reaction with fused acetamide to generate hy-  
drogen. Conductance data for several alkali  and alka-  
l ine earth chlorides in molten acetamide are given by 
Wallace (9) and Winkler  (13). 

Magnesium.--The open-circui t  potential  of Mg/  
0.10M MgC12-acetamide/AgC1,Ag cell is shown in Fig. 
3 as a funct ion of temperature.  The potent ial  (1.835v 
at 90~ increased with temperature  up to about 
125~ (1.860v) where hydrogen evolution began. 
Above 125~ the cell potent ia l  rapidly decreased. The 
extent  of magnes ium corrosion with molten acetamide 
increased slowly up  to 125~ and then  accelerated in  
an exponent ia l - l ike  m a n n e r  wi th  rising temperature.  

Much hydrogen gassing occurred in these cells when  
placed on discharge. On replacing chloride solutions 
with bromide salt solutions in  magnes ium-acetamide  
thermal  cells, however, hydrogen evolution was re-  
duced markedly.  

Aluminum.--The open-circui t  potential  of A1/0.10M 
A1C13-acetamide/AgCI,Ag cell was measured as a 
funct ion of temperature.  Figure 4 shows the cell po-  
tent ia l ly  (1.150v at 90~ fal l ing sharply with increas-  
ing temperature.  Hydrogen evolution occurred rapidly 
with a luminum due chiefly to the high acidity of 
molten A1Ch-acetamide. When a luminum-ace tamide  
cells were placed on discharge, very vigorous hydrogen 
evolution was noted. 

Zinc--The equi l ibr ium voltage of Zn/0.10M ZnClz- 
acetamide/AgC1,Ag decreases l inear ly  with increasing 
temperature,  as shown in  Fig. 5. The potential  of the 
cell reaction: Zn q- 2AgC1 ~ ZnC12 (0.10M) -F 2Ag 
with a zinc chloride concentrat ion of 0.10M in molten 



Vol. 114, No. 3 ELECTROLYTES FOR THERMAL CELLS 211 

1.06 

-I 1.05 

z 

wI 

ID3 

t t t t 
90 I00 ItO 120 

TEMPERATURE "C 

Fig. 5. Cell potential of Zn/0.10M ZnCI2-acetamide/AgCI,Ag 

0"75 L 

~ 

l~ I - . .  
0.7'1 t 

J I I I I I I 
90 IOO 110 120 I~0 140 

TEMPERATURE "C 

Fig. 6. Cell potential of Cd/O.IOM CdCI2-acetamide/AgCI,Ag 

acetamide is 1.058v at 9O~ By use of the Gibbs-  
Helmholtz relation, the heat of reaction is calculated to 
be --56.3 kcal /mole and entropy change, --25.3 e.u. 
For comparison, AH of h55.6 kcal /mole  and AS of 
--34.5 e.u. are recorded at 25~ for the aqueous cell 
reaction: Zn W 2AgC1 = ZnCI2 (a ---- 1) -t- 2Ag with 
un i t  zinc chloride activity in water  (14). 

The discharge behavior  of this galvanic cell system 
was determined at 90 ~ and 130~ Several  silver chlo- 
r ide-zinc cells were held at these temperatures  for 8 
hr before discharging. No harmful  effects or cell de- 
ter iorat ion was observed. Even under  max imum cur-  
rent  drains, the zinc electrode did not gas. The ini-  
t ial  max imum current  output  from these cells were 
largely l imited by the resistance offered by  the mol ten 
electrolyte. Values for the conductivi ty of mol ten 
0.10M ZnC12-acetamide were 0.5 x 10 -3 ohms-cm - I  
at 90~ and 0.9 x 10-3 ohms-cm-1  at 13O~ Discharge 
cell performance and l imitat ions for silver chloride- 
zinc cells are presented in  another paper (15). 

Cadmium.--In Fig. 6 is given the equi l ibr ium cell 
potent ial  of Cd/O.10M CdC12-acetamide/AgC1,Ag cell 
as a funct ion of temperature.  The potential  of the cell 
reaction: Cd -t- 2AgC1 = CdC12 (O.10M) -t- 2Ag with 
a cadmium chloride concentrat ion of 0.1OM in mol ten 
acetamide is 0.739v at 90~ The heat  of reaction is cal- 

culated to be --42.3 kcal /mole and entropy change, 
--23.0 e.u. For  comparison, AH of --36.5 kcal /mole  and 
AS of --26.1 e.u. are recorded at 25~ for the aqueous 
cell reaction: Cd -b 2AgC1 -~ CdC12 (a = 1) ~- 2Ag 
with un i t  cadmium chloride activity in water  (14). 

The discharge behavior of this galvanic cell system 
was also determined at 90 ~ and 130~ No cell de- 
terioration or gassing was noted on discharge. Like- 
wise, m a x i m u m  current  output  from these silver chlo- 
r ide -cadmium thermal  cells were ini t ial ly l imited by 
the conductivi ty of 0.10M CdC12-acetamide melt, 0.3 x 
10 -3 ohms-cm -1 at 90~ and 0.7 x 10 -3 ohms-cm -1 at 
130~ Discharge behavior of these cells was similar 
to silver chloride-zinc thermal  cells. 
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Fused-Acetamide Thermal Cells 
Richard A. Wallace 1 and Paul F. Bruins 

Department oJ Chemical Engineering, Polytechnic Institute ol Brooklyn, Brooklyn, New York 

ABSTRACT 

Low-temperature (<200~ fused-acetamide thermal cells, using highly 
porous cathodes, furnish appreciable electrical energy on discharge. The cell, 
Zn/2.5% KCl-acetamide/AgCI,Ag had an average dlscharge voltage of 0.970v 
(at 2.0 ma/cm 2 and 100~ for 360 min. Cathodic polarization was principally 
responsible for termination. Voltage regulation and uniform discharge de- 
pended to a very large degree on silver chloride electrode. Effects of charge 
rate and addition of small amounts of water on cell discharge were also 
measured. 

In  the previous paper (1) we reported that  low- 
temperature  (<200~ organic thermal  cells generated 
appreciable electrical energy on discharge and mol ten 
acetamide salt solutions made good cell electrolytes. 
In  this paper, the fused acetamide cell, Zn/2.5% KC1- 
acetamide/AgCl,Ag has been studied. 

Existing informat ion on the physical and chemical 
properties of solid and molten acetamide has been re-  
viewed by Winkler  (2) and Wallace (3). In 1957 
Jander  and Winkler  (4) made careful potentiometric 
and conductometric t i trat ions of a relat ively large 
number  of acid-base neutra l izat ion reactions in molten 
acetamide. Early in 1960, Wallace (3) measured sev- 
eral  physical and electrochemical properties of mol ten 
KCl-acetamide and KBr-acetamide systems over their  
full  solubili ty and temperature  ranges and reported 
their  use as low-tempera ture  thermal  cell electrolytes. 
We found that molten saturated KCl-acetamide meets 
most of the basic criteria set down for a suitable elec- 
trolyte for organic fused-salt  cell usage (1). Its effec- 
tive liquid range, and hence the tempera ture  range of 
the cells, lies between 77~ (melt ing point) and 180~ 
(200 mm Hg vapor pressure).  

Acidic (H2SO4) and basic (KOH) solutes are not  
suitable for cell usage because they decompose acet- 
amide. A nonhygroscopic, neut ra l  salt having good 
solubility and conductance in mol ten acetamide is 
needed and KC1 was found suitable. The mol ten acet- 
amide salt solution (see Fig. 1) should be near ly  satu-  
rated (2.5g KC1/100g acetamide or 0.33M). Such a 
KCl-acetamide solution is preferred because it pro-  
vides max imum conductance while still assuring com- 
plete solution of KC1 at any temperature.  

Silver chloride was selected as the cathodic reactant.  
P re l iminary  experiments  showed that  it provides ex- 
cellent voltage stabili ty and an unusua l ly  flat discharge 
curve in working acetamide cells. Also, it is slightly 
soluble in saturated KCl-acetamide solutions. 

Zinc was the most convenient  working anode for a 
s tudy of fused-acetamide salt cells under  discharge for 
long periods (hours) at moderately high cur ren t  
drains. Zinc did not gas in  the organic thermal  cell, 
Zn/KCl-acetamide/AgC1,Ag on dicsharge. I t  has a high 
electrochemical capacity (49.2 a m p - m i n / g ) ,  and ZnC12 
is highly soluble in  mol ten acetamide. 

Experimental 
Reagents.--Acetamide crystals (Mall inckrodt ana-  

lytical reagent  grade) were fur ther  purified by re-  
crystall ization from pure benzene. Recrystallized acet- 
amide was vacuum-dr ied  for two days and then kept  
in  a desiccator. The salts KC1 and ZnC12 (Baker and 
Adamson reagents)  were used without  fur ther  purifi-  
cation; the salts were dried at about  150~ and the 
dried salts kept in a desiccator. Dry argon gas was used 
to minimize dissolved oxygen in fused acetamide. Zinc 

1 P r e s e n t  addres s :  D e p a r t m e n t  of  C h e m i c a l  E n g i n e e r i n g ,  U n i -  
v e r s i t y  o f  Ca l i fo rn ia ,  Be rke l ey ,  Cal i fornia .  

sheet (N. J. Zinc) was 99.95% containing less than 
0.005% Cu, 0.005% Fe, 0.005% Cd, the major  impur i ty  
being Pb. Rectangular  sheets of high-puri ty ,  fused 
AgC1 electrodes with a surface skin of Ag to make 
electronic contact were supplied by Eagle-Picher.  Our 
analysis showed these electrodes contained 99.5% AgC1 
and 0.5% Ag. 

Reference electrode.--The Ag/AgC1/C1- reference 
electrode has been used successfully in both aqueous 
and molten salt electrochemistry and found by Wallace 
(3) to be a stable and reproducible reference electrode 
in molten acetamide systems. The Ag/AgC1/C1- ref-  
erence electrode is described in Fig. 2. The glass con- 
ta iner  for this reference electrode (Fig. 2) was a small  
glass tube of about 1/2-in. diameter  with a fri t ted glass 
bottom (medium porosity) that  acted as a salt bridge 
between the reference electrode and test cell elec- 
trodes. The electrode proper was prepared by chlo- 
ridizing a 1.6 mm silver wire  in 1N HC1 at 25~ for 
2 hr at 10 ma/cm a current  density. The lower port ion of 
the electrode was wound spiral ly to provide not  only 
greater electrolytic contact area, but  also a snug fit 
with the inside of the tube, thereby fixing the position 
of the electrode. Excess solid KC1 was added to the 
tube compartment  in  order to keep the chloride activ- 
i ty constant. 

Conductometric measurements.--Conductances of 
molten electrolytes were measured with an industr ia l  
ins t rument  (model RC-16B2) conductivi ty bridge us-  
ing a dip-type cell with a 0.630 cell constant. The 
measurements  were made at a f requency of 1000 Hz; 
pre l iminary  runs  showed that  electrolyte resistances 
were independent  of frequency. 

Temperatures  of molten acetamide solutions were 
controlled to 0.3~ by a forced-draft  electric furnace. 
A period of 20 rain was allowed after each salt addi-  
t ion before a resistance reading was taken. Dur ing  this 
period the melt  was shaken to ensure complete solu- 
t ion of the added salt and to hasten equil ibrium. 
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Fig. I .  Solubility of KC| in molten acetamide 
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Cell design and testing.--Experimental acetamide 
cells consisted of a Ag-AgC1 rectangular  cathode (3.3 
x 3.3 x 0.091 cm) sandwiched between two paral lel  zinc 
anodes (3.3 x 3.3 x 0.059 cm).  Electrode separation was ,e 
effected by four t iny glass strips (0.80 cm long and 0.40 
cm wide) cemented to the top and bottom edges of ,4 
each electrode with a h igh- tempera ture  epoxy adhe- 
sive. The parallel-electrode a r rangement  (Fig. 2) was ~ 

z12 used because it was simple in geometrical design, pro-  _~ 
vided as near ly  un i form cur ren t  density as possible over 
the surfaces of the plane electrodes, and allowed the 
acetamide melt  to circulate freely between working ,o 
electrodes. Electrical contact was made by soldering a 
thin Zn tab to the two outside Zn sheets and by si lver-  e 
soldering a th in  Ag wire to the si lver-coated AgC1 
electrode, or in the case of electroformed Ag-AgC1, to 
the Ag mesh screen itself. This sandwich cell was 
s turdy and did not buckle under  thermal  stresses pro-  
duced dur ing testing. 

More porous Ag-AgC1 cathodes were also prepared 
by chloridizing spongy silver sheets, incorporated on 
silver grids of about 50 by 50 mesh supplied by 
Eagle-Picher.  Silver was electrolytically converted 
into active AgC1 by chloridizing in a 1N HC1 at 25~ 
and a current  density of 10 ma/cm2. Format ion  was 
continued unt i l  the remain ing  silver was reduced to 
about one-half  its original  thickness. 

All  cells were immersed in a 400 ml  Pyrex beaker 
containing 2.5% KCl-acetamide solution main ta ined  at 
a constant  temperature  in an electric oven. Cell vol t-  
ages were measured with a Sargent  (Model MR) 
mul t i range  potentiometric recorder, calibrated period- 
ically against a Weston s tandard cell whose emf was 
1.0193v. These cells were discharged at a constant  cur-  
rent  by manua l ly  adjust ing the load. Charging of the 
cells was done either on an automatic constant  current  
charger supplied by Ray-O-Vac,  Division of Electric 
Storage Battery Company, or manual ly .  

Electrode polarization.--Polarization potential  of the 
working electrodes were measured at 100~ by means 
of the reference electrode in the same acetamide elec- 
trolyte. Included in these polarization potentials was 
the ohmic drop in the electrolyte between the reference 
electrode and the surface of the working electrode. To 
minimize this voltage drop, the reference electrode was 
placed in close proximity to the outer edge of both 
working electrodes, a region where the current  flux 
is minimal.  

Results and  Discussion 
A systematic conductometric analysis of the role and 

influence of ZnC12 in mol ten  KCl(sat.)-acetamide was 
made by Wallace (3). In  Fig. 3 is presented the 
specific electrical conductance of ZnC12-KCl(sat.)-aceta- 
mide solutions, as a funct ion of zinc salt concentrat ion 
and temperature.  When added in  small  amounts,  
ZnC12 markedly  diminished the conductivi ty of the 
molten KCl-acetamide electrolyte. On fur ther  addi-  
tions, the conductivi ty reached a m i n i m u m  and then  
increased fair ly rapidly thereafter  un t i l  it a t ta ined a 
max imum value occurring in the 1-3M zinc salt region. 

Ag - AgCI 
CATHODE 

. ' . R E D  Z,NC T .  / J 

I [ I I I1~ AgCI DEPOSITED 
I l l .  I ~ .LOW THIS PO,NT 
v J .v  / 
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Fig. 2. Diagrams of experimental cell (left) 
chloride reference electrode (right). 
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Fig. 3. Specific conductance of molten ZnCl~-KCl(sat.)-acetamide 
solutions. 

These conductance deviations were a t t r ibuted to the 
formation of chlorozinc complex and coordination 
molecules in the saturated KCl-acetamide melt ;  these 
effects resulted in m i n i m u m - m a x i m u m  curves. The 
precise location of the min ima  and maxima points de- 
pend upon the tempera ture  and amount  of KC1 in 
acetamide. In  Fig. 3 it is of interest  to point  out that  
the large temperature  coefficient of conductance may 
be due to two factors: (i) less stabili ty of chlorozinc 
complexes with increasing temperature,  put t ing more 
chloride ions in solution, and (ii) increased KC1 so- 
lubi l i ty  with temperature,  put t ing more potassium and 
chloride ions in solution. 

Cell performance.--The performance characteristics 
of exper imental  Zn/2.5% KCl-acetamide/AgC1,Ag cells 
were measured with temperature,  electrode spacing, 
and discharge current  density as parameters.  Typical 
performance curves for cells using fused Ag/AgC1 
cathodes are shown in  Fig. 4. On applying a load, the 
cell voltage falls almost ins tantaneously  to a steady 
value and remains  fair ly constant  throughout  dis- 
charge. 

The magni tude  of the ma x i mum current  drains in -  
creased with an increase in operating tempera ture  and, 
to a lesser extent, wi th  a decrease in electrode spac- 
ing. Discharge current  densities exceeding 30 m a / c m  2 
could not  be obtained from these exper imental  cells, 
al though it is l ikely that  higher current  densities could 
be at tained in cells using more porous cathodes, op- 
erat ing at higher temperatures  wi th  closer electrode 
spacings. 

Temperature e~ect . - - In  all exper imental  cells, the 
cell voltage and max imum current  output  increased 
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Fig. 4. Performance of Zn/KCI-acetamide/AgCI,Ag cells (0.312 
cm electrode spacing) at various temperatures. 
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Fig. 5. Discharge capacity and average voltage of acetamide 
cells on discharge at 100~ 

mater ia l ly  wi th  temperature .  Figure  4 i l lustrates the 
large tempera ture  effect on cell output. 

Discharge capacity.--The discharge capacity, in mi l -  
l iamps-minutes  per g ram of fused AgC1, was calcu- 
lated f rom cell per formance  curves and given in Fig. 
5 as a function of current  density. Also included in 
Fig. 5 is the var ia t ion of the average cell  vol tage wi th  
current  density. Figure  5 points out that  Zn/2.5% 
KCl-acetamide/AgC1,Ag cells do not furnish as great  
a capacity when discharging at high current  densities 
as when discharging at low densities. 

A more porous, e lect roformed si lver chloride cath-  
ode was fabricated and tested. Approx imate ly  1.40g 
of AgC1 was electrolyt ical ly formed on the silver mesh 
grid (22 cm 2 exposed geometric surface area) .  Severa l  
Zn/2.5% KCl-acetamide/AgC1,Ag cells, wi th  this elec-  
t roformed AgC1 were  discharged at 100~ at a cur-  
rent  density of 2 m a / c m  2. These cells had a 0.970 ave r -  
age discharge voltage and a 360-min cell life, which is 
equivalent  to 1.3g of conver ted AgC1. In comparing 
cells using fused AgC1 electrodes wi th  an average cell 
capacity of only 0.762 a m p - m i n / g  AgC1 with electro-  
formed AgC1 electrodes wi th  a cell capacity 11.1 amp-  
m i n / g  AgC1, a s tr iking increase in cell capacity is 
revealed.  It should be pointed out that  this higher  
cell  capacity is close to the theoret ical  capacity of 11.2 
amp-min /g .  AgC1. Longer  discharge times were  also 
obtained by electroforming even greater  amounts  of 
AgC1 on silver grids. 

Individual electrode behavior.--For the purpose of 
pinpointing the cause of cell te rminat ion  and improv-  
ing performance,  individual  electrode polarizations 
were  measured at 100~ at a var ie ty  of discharge rates. 
Generally,  the current  drain had much more effect on 
cathodic than on anodic polarization. Cathodic po-  
larization increased with  t ime much  more rapidly  un-  
der high current  drains and was pr incipal ly  respon-  
sible for discharge termination.  

Anodic polarization, on the other  hand, was com- 
para t ive ly  small  and did not significantly al ter  cell 
performance.  The magni tude  of anodic polarizat ion 
was in the 5-15 mv  range and increased with  an in-  
crease in current  drain, and only sl ightly wi th  length 
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Fig. 6. Fused AgCI cathodic polarization in discharging acetamide 
cells at 100~ 
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Fig. 7. Performance of gn/KCI-acetamide/AgCI,Ag cells (0.12 
cm electrode spacing) on charging at 1 ~ ~  

of discharge. This was a t t r ibuted ent i re ly  to concen- 
trat ion polarization effects. 

Cathodic polarizat ion results in Fig. 6, clearly point 
out that  the si lver chloride cathode contr ibutes most 
to cell termination.  The polarizations remain  fa i r ly  
constant over  much of the discharge until, at the in-  
ver ted  knee of the curve, there  is a sudden large in-  
crease. 

At the end of cell discharge, the AgC1 on the cathode 
surface was observed to be reduced to spongy silver. 
Chloride ions must  diffuse f rom wi th in  this dense, 
fused AgC1 electrode. As a result,  severe polarizat ion 
took place. At current  drains greater  than 15 m a / c m  2, 
cell output  was v i r tua l ly  dependent  on the amount  of 
KC1 in immedia te  contact wi th  act ive layers  of AgC1. 
These polarization results accentuate the need to use 
a cathode of high porosi ty for usage in fused-aceta-  
mide thermal  cells. 

Charge rate.--Figure 7 shows the effect of charge 
rate  on cell performance at low current  densities at 
100~ These cells consisted of a zinc sheet (17.0 cm 2 
exposed surface area) and a silver grid of the same 
area. On charge, their  t e rmina l  cell vol tage increased 
sharply. This abrupt  rise in charge voltage was caused 
by the sudden drop in KC1 concentrat ion at the silver 
electrode and by hydrogen evolut ion coming from the 
zinc electrode. All  cells were  arb i t rar i ly  charged for 
72 min and then discharged at 4.0 m a / c m  2 current  
density; on the average, about 60-70% charge was 
recovered.  These exper iments  demonstra te  that  Z n /  
KCl-ace tamide/AgC1,Ag mol ten  acetamide cells are 
capable of being recharged. 

Water addition.--Water is completely  miscible wi th  
molten acetamide and allows the sl ightly aqueous 
acetamide to dissolve greater  amounts of salt. The 
effect of water  on mel t ing point of solid 2.5% KC1- 
acetamide solution is recorded in Fig. 8. 
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Fig. 8. Effect of water on melting point of solid 2.5% KCI- 
ocetamide solution. 
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Addit ion of small  amounts  of water  permit ted the 
operating temperatures  of acetamide thermal  cells to 
be extended downwards. For example, three acetamide 
cells were discharged at 80~ in saturated KC1-2% 
H20-acetamide, mel t ing point  70~ The discharge 
performance of these cells at 80~ were similar to 
anhydrous cells at 100~ 
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Infrared Spectroscopic Investigation of 
Charged Nickel Hydroxide Electrodes 

Frederick P. Kober 
General Telephone & Electronics Laboratories Incorporated, Bayside, New York 

ABSTRACT 

Through the use of deuterated samples of Ni(OH)2 electrodes at various 
stages of charge, it has been possible to make definitive band  assignments for 
the structures of the active material.  The relat ive in tensi ty  of the band due 
to hydrogen bonding in the charged state is shown to be a measure of the 
electrochemical capacity of the system. The charging reaction gives rise to the 
formation of active oxygen sites (as defined by Aia) through a site al terat ion 
mechanism in  addit ion to the formation of hydrogen bonded sites wi th in  the 
charged phase. The mechanistic and s t ructural  implications of these spectral 
data are discussed in detail. 

In a previous publicat ion (1), the characteristic 
s t ructural  changes which occur in the hydrated nickel-  
oxide electrode dur ing charge-discharge were ex- 
amined. It was shown that  the discharged state is 
characterized by nonhydrogen bonded hydroxyl  groups 
whereas the charged state is a hydrogen bonded struc- 
ture. In  addition, Labat  (2) and more recently Aia (3) 
have demonstrated the role of active oxygen 1 in the 
electrochemical capacity of the charged state. In fact, 
there is quant i ta t ive  agreement  between the equiv-  
alents of active oxygen "stored" in the higher oxide 
s tructure and the observed electrochemical capacity 
(3). 

The nickel hydroxide electrode reaction, par t icular ly  
the charged state, has been re -examined  using high 
resolution infrared spectroscopy. By means of deu-  
te r ium substitution, more definitive band assignments 
are made for the structure of the active materials.  The 
formation of active oxygen which accompanies the 
charging reaction is shown to be closely associated 
with the formation of hydrogen bonding within  the 
solid phase. The relat ive in tensi ty  of the absorption 
band due to hydrogen bonded groups is. found to be 
proport ional  to the electrochemical activity of the 
higher oxide and, hence, its active oxygen content. 

Experimental Procedure 
Preparat ion of sintered electrode samples for in-  

f rared analysis is given in detail  elsewhere (1). For  
this par t icular  study, Nujol  mulls  were employed 
throughout.  In  the region from 4000 to 2500 cm -1 both 
CaF2 and I r t ran  II windows were used, whereas poly-  
ethylene windows were used for the far infrared meas-  
urements  (600-280 cm-1) .  All  measurements  were 
made using a Beckman IR-7 double-beam ins t rument  
equipped with CsBr optics. 

1 T he  concep t  of ac t ive  o x y g e n  f o r m a t i o n  r e s u l t i n g  f r o m  the  
anod ic  po l a r iZa t ion  of Ni(OH)2 is d i scussed  by  L a b a t  (2) a n d  by  
Aia (3)�9 

Deuterat ion of the discharged electrode mater ial  was 
accomplished by washing ground samples several times 
with D20 (99.99%) using the method of Cabannes-Ot t  
(4). This method takes advantage of the rapid ex- 
change of hydrogen with deuter ium in the Ni(OH)2 
system (5). When applied to the charged electrode 
material ,  this method of deuterat ion proved unsuccess- 
ful. Deuterat ion was achieved by immersing the dis- 
charged electrode in 31% KOD (D20), cycling several 
times, and subsequent ly  washing the charged electrode 
in D20. This result  indicates that  protons are con- 
siderably more t ightly bound in  the higher oxide thus 
l imit ing exchange with D20. 

The spectra of deuter ium-free  samples were mea-  
sured against pure Nujol placed in the reference beam. 
In  order to clearly discern spectral shifts due to deu- 
teration, it was necessary to place undeutera ted  sam- 
ples in  the reference beam. The necessity of this dif- 
ferent ial  technique was a consequence of the fact that  
the deuterat ion procedures employed yielded only 
part ial  exchange with hydrogen. 

Results and Discussion 
4000-2500 cm -1 Region.--Deuteration of the dis- 
charged electrode caused the sharp intense band  ob- 
served at 3650 cm -1 to shift to 27.05 cm -1. This result  
is in agreement  with that of Cabannes-Ot t  (4) and is 
i l lustrated in Fig. 1. These frequencies are in  the ratio 
1.35 substant iat ing the assumption that  this absorption 
is the stretching fundamenta l  of the nonhydrogen 
bonded hydroxyl  groups. 2 During charging, the 
stretching fundamenta l  is replaced by a broad dif- 
fuse absorption having a center at approximately 
3459 cm - t  and a t t r ibuted to hydrogen bond forma-  

'~ To a f i rs t  a p p r o x i m a t i o n ,  t he  f r e q u e n c y  in  w a v e  n u m b e r s  of a 
c lass ica l  h a r m o n i c  osc i l l a to r  is  g i v e n  by  ~/ (cm-D = (1/2~rC) (k//D~/~ 
w h e r e  k is  the  H o o k ' s  l aw  force  c o n s t a n t  and  ~ is the  r e d u c e d  
mass .  C o n s e q u e n t l y ,  t he  r a t i o  of  f r e q u e n c i e s  w i l l  be  i n v e r s e l y  
p r o p o r t i o n a l  to  t he  s q u a r e - r o o t  of  t he  ra t ios  of  r e d u c e d  masses ,  
T h e  t h e o r e t i c a l  r a t i o  ~ . o ~ / ~ n )  ~]~ is  f o u n d  '~n be 1.~6. 
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Fig. 2. Spectrum of charged Ni-O electrode in 3/~ region 

tion (1). Examinat ion  of this band under  high reso- 
lut ion (greater than  1 cm -1) reveals that,  in fact, two 
or perhaps three bands are superimposed. These bands 
are shown in  Fig. 2. Due to the na ture  of the samples, 
it was not possible to achieve better  resolution of these 
absorptions even with deuter ium substitution. 

The broad diffuse na ture  of these bands suggests 
that  they arise f rom lattice modes of the hydrogen 
bonded hydroxyl  layers. Similar  spectral features in 
the three micron region are observed for the minera ls  
boehmite (7-A1OOH) (6) and lepidocrocite (~- 
FeOOH). These minerals  are hydrogen bonded layer  
structures in which the central  cations are surrounded 
by distorted octahedra of oxygens, the over-al l  sym- 
metry  being orthorhombic. Although the spectrum 
of the charged nickel-oxide electrode is not t ru ly  defin- 
itive with regard to structure,  there is indication that  
similarities exist between the s tructure of the higher 
nickel oxides and that  of boehmite (or lepedocrocite). 

650-250 cm-1 R e g i o n . - - T h e  spectra, in this region, of 
both discharged and charged electrodes have been 
reported previously (1). Upon deuter ium substitution, 
several f requency shifts are observed. These shifts are 
i l lustrated in  Fig. 3. The band at 325 cm -1 in  the 
deuterated sample is associated wi th  the l ibrat ional  
mode at 350 c m - L  s In  addit ion to the absorption at 
325 cm -1, there are bands observed at 415 and 525 
c m - L  Since the absorption at 450 cm -1 in  the un -  
deuterated sample is due to the n ickel -oxygen lattice 
mode and does not  involve proton vibrat ion (1), the 
two vibrat ions observed for deuterated electrodes must  
be associated with shifts in  the band  having a center  
at 540 c m - L  Consequently,  this absorption is actually 

8 The  a s s i g n m e n t  i n  ref .  (1) fo r  the  b a n d  a t  350 cm -1 as a com-  
b i n a t i o n  b a n d  a r i s i n g  f r o m  an  i n t e r a c t i o n  of the  n i c k e l - o x y g e n  
lat t ice  m o d e  w i t h  a l o w  f r e q u e n c y  l i b r a t i o n a l  m o d e  (H100 em-D 
n o w  a p p e a r s  to  be  incor rec t .  R e c o n s i d e r a t i o n  of the  da t a  l eads  to 
t he  conc lus ion  t h a t  t he  b a n d  a t  350 cm-1 is, in  fact .  t h e  t r ue  l i b r a -  
t i o n a l  m o d e  of  t he  f ree  OH groups .  F o r  a t h e o r e t i c a l  d i s cus s ion  of 
t he  OH l i b r a t i o n a l  m o d e  in  n o n h y d r o g e n  b o n d e d  h y d r o x i d e s  see:  
C, K. Coogan ,  J. Chem. Phys. ,  43, 823 (1965). 

\ / / 
, / i x / /  / , - "  
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F R E Q U E N C Y  (cm "l) 

Fig. 4. Spectra of charged Ni -O electrodes in the region 650-400 
c r n - 1 ; - - N i - O ( H ) ;  - - - Ni-O(D).  

the superposition of two vibrations.  From group the-  
oretical considerations (7), the band at 540 cm - I  
appears to arise from the singly degenerate lattice vi-  
brat ion associated with the motion of hydroxyl  groups 
along the 001 direction relat ive to the nickel  ion sRes. 
The shift from 550-540 to 525 cm -1 is a manifesta t ion 
of this assignment. Superimposed on this lattice mode 
is the torsional mode of the weakly bound lattice water  
also having a band center at 550-540 cm -1 (1). Upon 
deuteration, a shift to 415 cm -1 is observed. 

The spectral changes which result  f rom charging of 
the electrode have also been discussed in  ref. (1). The 
broad but  intense band having a center at 575-580 
cm -1 was shown to arise f rom hydrogen bonding of 
the hydroxyl  groups. For deuterated samples, this 
band shifts to 540-550 cm -1 with the appearance of a 
shoulder at approximately 520 cm -1. These shifts are 
i l lustrated in  Fig. 4. The ratios of these frequencies 
indicate that the 580 cm -1 absorption is a lattice 
mode(s)  caused by the motion of hydrogen bonded 
linkages, i.e., - - - H - O - H - - ,  relat ive to the nickel  sites. 
This band is discussed in greater  detail below. All  f re-  
quencies together with possible assignments are listed 
in Table I. 
580 c m  -1 B a n d . - - T h i s  band, which arises from the 
motion of hydrogen bonded linkages, appears to be 
characteristic of the charged state. As was shown by 
Aia (3), the charging reaction is accompanied ~by 
the continuous formation of active oxygen, the equiv-  
alents being in quant i ta t ive  agreement  wi th  the elec- 
trochemical capacity. Thus, it is not  unl ike ly  that  hy-  
drogen bond formation is a consequence of s t ructural  
changes brought  about  by the formation of active ox- 
ygen sites dur ing  the charging reaction. This suppo- 
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Table I. Infrared active vibrations (cm -1)  of nickel-oxide electrodes 

D i s c h a r g e d  D e u t e r a t e d  
e l ec t rode ,  C h a r g e d  c h a r g e d  F r e q u e n c y  a s s i g n m e n t s  (8) 
N i  (OH)  ~ N i  (OD) ~ e l e c t r o d e  e l e c t r o d e  

3650, sh  2705, sh  O1-I stretching fundamental  

- -  L a t t i c e  m o d e s  Of  H-bonded hydroxyl  l a y e r s  

415, w L a t t i c e  w a t e r  l i b r a t t o n  

525, b r ,  in t .  H y d r o x y l  g r o u p  l a t t i c e  mode 

580, b r ,  i n t .  545 L a t t i c e  mode~s) of H - b o n d e d  l i n k a g e s  
(525) 

450 450, v. dif. 450, v. dif. Ni-O lattice mode 
325 Free hydroxyl libration 

540-550, in t .  

450, br 

350, sh,  in t .  

3580, br 
3450, s t r ,  b r  

s h - - s h a r p ,  I n t . - - i n t e n s e ,  b r - - b r o a d ,  w - - w e a k ,  v .  d i f . - - v e r y  d i f fuse .  

sition is supported by the fact that  the format ion of 
hydrogen bonding is also found to be a continuous 
function of charge (1). Consequently,  any change in 
active oxygen content  should manifest  itself as a 
change in intensi ty of the band at 580 cm -1. 

Thermal  decomposition of charged electrodes at 
various tempera tures  is accompanied by a loss of ac- 
t ive oxygen, leading to a loss in electrochemical  ca- 
pacity (3). This loss of active oxygen does indeed re-  
sult in a decrease in re la t ive  intensi ty  of the absorp- 
tion due to hydrogen bonded l inkages at 580 cm -1 
(Fig. 5). In fact, this decrease in re la t ive  intensi ty is a 
direct measure  of the remaining  electrochemical  ac- 
t ivi ty of the electrode. 

If we assume that  the intensi ty of the 580 cm -1 
band for an electrode dried at 25~ represents  100% 
capacity, the re la t ive  intensi ty of this band as a func-  
tion of drying t empera tu re  is then a measure  of the 
remaining capacity (active oxygen content)  af ter  
thermal  t reatment .  These data are plotted in Fig. 6 
together with actual capacity measurements  of charged 
electrodes thermal ly  t reated at various temperatures .  
The excel lent  agreement  between the capacity values 
predicted f rom infrared daCa with  those measured ex-  
per imenta l ly  strongly indicates that  the format ion of 
active oxygen is associated wi th  the format ion of hy-  
drogen bonding. This conclusion is fur ther  supported 
by the the rmal  and stoichiometric results of Aia (3). 

M e c h a n i s t i c  Imp l ica t ions  
It  has been demonstra ted that  the local site of elec- 

t rochemical  act ivi ty  in the Ni (OH)2 structure is at 
adjacent  nonhydrogen bonded hydroxyl  groups (8). 
Also, f rom the above results we see that  the fo rma-  

25~ 

650 6 0 0  550 5 0 0  450 
FREQUENCY(c~ f ) 

Fig. 5. Relative intensity of la~ice mode due to hydrogen bonded 
linkages as a function of d~ing temperature. 

t ion of active oxygen sites (electrochemical  capacity) 
dur ing charging of the electrode causes hydrogen 
bonding to occur wi th in  the solid phase. These data 
imply the fol lowing mechanist ic steps. 

The charging reaction involves the interact ion of a 
"free" hydroxyl  group with  the electrolyte,  resul t ing 
in an al terat ion of the electron density (electronic 
s tructure)  at that  given hydroxyl  site. Since the re -  
action is init iated at the hydroxyl  sites any change in 
the electronic s tructure of the nickel ion sites must  
be the result  of electron t ransfer  across the n icke l - to-  
oxygen bonds. The change in the d s electronic con- 
figuration of the nickel  sites brought  about  in this 
manner  results in the format ion of a hydrogen bonded 
s t ructure  possessing an over -a l l  symmet ry  lower than 
D3d. Thus, the appearance of active oxygen is a mani -  
festation of a change in electronic s t ructure  at a hy-  
droxyl  site. A theoret ical  t r ea tment  of the changes in 
electronic s tructure which occur at the hydroxyl  and 
nickel ion sites as a result  of the interact ion of a 
free hydroxyl  site wi th  the electrolyte  wi l l  be p re -  
sented in a subsequent  paper. 

The magnet ic  susceptibil i ty data of Labat  (2) clearly 
demonstrates  that  the charging react ion causes a de- 
crease in e lectron-spin density about the nickel  ion 
sites, thus effecting a change in electronic structure. 
Since the charging react ion alters the electronic struc- 
ture  of both the hydroxyl  and nickel  ion sites, a re-  
sult ing change in crystal  s t ructure  is anticipated. This 
over -a l l  chan~e in symmet ry  of the OH groups about 
the nickel  ion sites has been discussed by Aia (3). In -  
f rared data observed for the charged state in the 3~ 
region suggests that  similari t ies exist between the 
s t ructure  of the higher  oxide and that  of boehmite  (or 
lepidocrocite) .  This possibility is indeed compatible 
wi th  the mechanist ic  implications discussed above. 
The beohmite  s t ructure  is a hydrogen bonded layer  
latt ice comprising bruci te- type  subunits l inked 
through the sharing of oxygen atoms at the corners 
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Fig. 6. Predicted and experimental electrochemical capacity re- 
maining after thermal treatment at various temperatures. 
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of MO6 octahedra (9). The fact  that  the n icke l - to-  
oxygen coordination remains essential ly octahedral  
upon charging has been previously shown (1, 8). It is 
not difficult to envision the conversion of the Ni (OH)2 
bruci te- type  s t ructure  into the or thorhombic boehmite-  
type s t ructure  via a change in symmet ry  at the hy-  
droxyl  sites. 
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Kinetics of the Fluorination of Iron 

Patricia M. O'Donneil 
Lewis Research Center, National Aeronautics and Space Administration, Cleveland, Ohio 

ABSTRACT 

The effect of t empera ture  and pressure on the reaction of fluorine gas on 
solid iron samples was studied at various pressures up to 200 Torr  over  the 
t empera tu re  range of 225 ~ to 525~ The react ion was found to fol low the 
logari thmic rate law, and logari thmic rate  constants are reported. The prob-  
able mechanism of film growth is movement  of fluorine through defects in the 
fluoride film to the i ron surface. 

The purposes of this repor t  are (i) to present the 
results of a kinetic study of the fluorination of iron 
in the tempera ture  range of 225~176 and (ii) to 
propose a mechanism for this reaction. The kinetics 
of this react ion are interest ing since the only data 
avai lable in the l i te ra ture  are the corrosion type 
where  the react ion of fluorine on iron has been ob- 
served by taking a few measurements  at long incre-  
menta l  t ime periods and l inearly extrapolat ing them 
to give results reported as inches of penetra t ion per 
month  or per year  at vary ing  tempera tures  (1). A 
l inear extrapolat ion of this type does not  give a de- 
tailed picture  of the react ion but mere ly  defines m a x -  
i m u m  gross effects. This kinetic s tudy was, therefore,  
under taken  in order to observe the details of the re -  
action of fluorine on iron. A few detailed studies of 
the reaction of fluorine gas wi th  other  metals  have 
been reported. By s tudying the reaction between cop- 
per  powder  and fluorine gas f rom room tempera ture  
up to 250~ and at pressures up to 60 Torr, Brown, 
Crabtree,  and Duncan (2) found that  the react ion 
obeys a logari thmic ra te  law and is not  pressure de-  
pendent.  This law is widely  applicable to corrosion 
kinetics (3) and relates the amount  of react ion y wi th  
t ime t by 

y = K l o g  (at + 1) [1] 

and where  K and a are constants for a given system 
and temperature .  In a s tudy of the react ion of fluorine 
on plate copper (4, 5), it was found that  the reac-  
t ion fol lowed a logari thmic law above 538~ but tha t  
below that  t empera ture  a simple power  law was ap- 
plicable. The react ion was observed to be pressure 
dependent.  Other studies have been made of the re-  
action kinetics of fluorine with copper (6), nickel  (7), 
and zirconium compounds (8) under  various condi- 
tions. Al though there  have  been extensive kinet ic  
studies of the rates of oxidat ion of iron, there  are no 
similar  studies on the rates of the fluorination of iron. 

Experimental 
The vacuum apparatus used to measure  the rate of 

fluorination of iron has been described previously  (5). 
The general  exper imenta l  method used to determine  

the rate  of fluorine consumption by iron was to mea-  
sure the pressure decrease in a vessel of known vol-  
ume containing the iron sample. In order to mainta in  
approximate ly  constant fluorine pressure, the pres-  
sure was al lowed to drop only about 2 Torr, where-  
upon additional fluorine was admit ted to re tu rn  the 
pressure to its init ial  value. The perfect  gas law was 
used to calculate the amount  of fluorine consumed 
after  each of these steps, f rom the incrementa l  pres-  
sure drop, the vessel volume, and the temperature .  
Fluorine consumed was expressed in mil l i l i ters  at 
s tandard tempera ture  and pressure. Standard  vol-  
umetr ic  procedures were  used to cal ibrate the volume 
of the furnace, storage vessel, and connecting lines. 
The glass system was passivated by introducing fluo- 
r ine at increasing pressures and tempera tures  unti l  
fu r the r  reaction of fluorine with  the system was insig- 
nificant. The blank af ter  passivation represented a 
correction of less than 1%. 

To determine the tempera ture  gradient  along the 
iron strip, a special strip was made wi th  eight 
Chromel -Alumel  thermocouples at tached along it. The 
leads came through a special end plug to a recording 
system. The tempera ture  profile along the strip var ied  
_0.5~ at the low temperatures  and •  ~ for the 525~ 
tempera ture  in a ni t rogen atmosphere.  

The iron samples were  machined from spectro-  
graphical ly pure iron having  the fol lowing impuri t ies  
in parts per mill ion: manganese,  2; silicon, 2; mag-  
nesium, 1; nickel, 1; silver, 1; and copper, 1. The sam- 
ples were  1.27 x 15.24 x 0.012 cm with  a 0.5-cm hole 
dri l led in one end to faci l i tate handling. All  samples 
were  degreased in t r ichloroethylene,  cleaned in 20% 
hydrochloric  acid for 3 rain, and washed in disti l led 
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water,  acetone, and alcohol. Samples were  imme-  
diately inserted into the furnace under  flowing argon 
and were  posit ioned the same for each run. The system 
was sealed and pumped  down to about 0.1~ pressure. 
All  samples were  preheated 0.5 hr  at 525~ under  
vacuum before running.  Af ter  the pre t reatment ,  the 
tempera ture  was adjusted to the operat ing t emper -  
ature, and fluorine was introduced to the desired pres-  
sure. The recorder  plotted the amount  of fluorine con- 
sumed on a continuous t ime trace. Some exper imenta l  
points f rom the traces are shown on Fig. 1 and 2. 
When the consumption of fluorine had decreased to a 
negligible value, the heaters  were  turned off, the sys- 
t em was al lowed to cool to 25~ and the fluorine was 
pumped out of the system through the soda l ime traps. 
The test sample was r emoved  to a glass tube holder,  
which was attached to the end of the reaction section, 
and was sealed under  flowing argon for la ter  visual 
and ins t rumenta l  analysis. Some of the films scraped 
f rom the strips were  analyzed by x - r a y  diffraction. 

For cross-sectional  analysis, samples were  embedded 
in plastic, cut, and polished. They were  then examined 
on a metal lograph and photographed. The cross sec- 
tion was etched and dyed in order  to de termine  if 
there  was any grain boundary attack. Microscopic 
analysis was per formed to reveal  the topology of the 
samples. 

Results and  Discussion 
The fluorine consumption by the iron samples was 

measured at several  tempera tures  and pressures (Ta- 
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Fig. 1. Effect of temperature on the fluorination of iron at 60 
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Fig. 2. Effect of pressure on fluorination of iron 

Table I. Summary of temperature and pressure conditions and 
calculated logarithmic rate constants 

T e m p e r -  P ressure ,  L o g a r i t h m i c  ra te  
a ture ,  ~ Torr  cons tan t ,  ml / cm~ 

60 225 
275 
325 
375 
425 
525 
225 
225 
225 
525 
525 
525 

20 
60 

200 
15 
60 

IO0 

0.024 
0.026 
0.029 
0.031 
0.057 
0.064 
0.016 
0.024 
0.046 

0.022, 0.013 
0.064 
0.089 

ble I).  Figures 1 and 2 i l lustrate the results; the mil l i -  
liters of fluorine consumed per  square cent imeter  of 
iron surface are plot ted against the t ime in minutes. 
Some duplicate runs (solid symbols) have been 
plotted in order  to show the reproducibi l i ty  of the 
data. The effect of t empera ture  on the react ion is 
shown in Fig. 1 where  the data are plotted at t em-  
peratures  f rom 225 ~ to 525~ at a constant pressure 
of 60 Torr. Figures 2(a) and (b) show the effect of 
pressure on the reaction. In Fig. 2(a) the pressure 
effect is plotted at a constant t empera ture  of 225~ 
and in Fig. 2(b) at a constant t empera ture  of 525~ 
In Fig: 1 the runs at 375 ~ and 425~ cross at t = 90 
min. S~milar behavior  is noted in Fig. 2 where  the runs 
at 60 End 100 Torr  at 525~ cross at t = 70 rain. This 
type of crossover phenomena has also been observed 
in the oxidation of iron (9). In the 525~ 15-Torr run 
[Fig. 2 (b) ] ,  the fluorine was pumped out af ter  125 
min while  the sample was kept  at 525~ in order  to 
determine the effect of heat  and vacuum on the reac-  
tion. New fluorine was introduced to 15 Tor t  (point 
B),  and the react ion appeared to start  again. Copper 
plate and fluorine showed similar  behavior  (5); how-  
ever,  the react ion between copper powder  and fluo- 
r ine did not start  again under  s imilar  conditions (2). 

Product identification and volume ratio.--X-ray 
diffraction pat terns were  run on both the low and 
high tempera ture  films and the product  was identified 
as ferr ic fluoride (FeF3); no ferrous fluoride (FeF2) 
was detected. The over -a l l  react ion may be described 
by 

2Fe + 3F2--> 2FeF3 [2] 

In this reaction, the fluoride occupies a larger  volume 
than the metal  destroyed. The volume ratio (10) is 
defined as �9 = Wd/wD where  W is the molecular  
weight  of the film formed, w the formula  weight  of 
the metal,  D the density of the film formed, and d 
the density of the metal.  The volume ratio �9 for this 
reaction has a value of 4.9 at 25~ 

Logarithmic equation.--The data f rom Fig. 1 and 2 
are  replot ted in Fig. 3 and 4 on a log t ime as a func-  
tion of fluorine consumed basis. The straight  lines 
shown on Fig. 3 and 4 fit a logari thmic equat ion that  
is similar to Eq. [1]. This equation is 

y ~ K( log  at) + c [3] 

where  y is the fluorine consumed (at STP) ,  ml/cm2; 
t time, rain; K the logari thmic rate  constant;  a the 
constant wi th  dimensions of reciprocal  min; and c the 
intercept.  The constant a is unity for the lines drawn 
on Fig. 3 and 4. F igure  3 shows the data at constant 
pressure of 60 Tor t  for various temperatures .  In Fig. 
4(a)  the 225~ data are plotted at 20, 60, and 200 Torr, 
and in Fig. 4(b) the 525~ data are plot ted at 15, 60, 
and 100 Torr  showing the effect of pressure at con- 
stant temperature .  It can be seen that  the logari thmic 
equat ion fits all the data wi thin  the exper imenta l  error  
except  at short  times. F igure  2 indicates that  heat  and 
vacuum have an effect on the passivi ty  of the meta l  
strip. At point B the metal  strip had reached a point 
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of negligible react iv i ty  (passivation),  however ,  when  
subject ing it to heat  and vacuum for a period of ap- 
proximate ly  ten minutes and then to fluorine again 
it appears to lose some of its passivation. F igure  5 
shows both parts of the 525~ run at 15 Torr  plot ted 
according to the logari thmic equation. The two lines 
on Fig. 5 were  obtained by plot t ing the fluorine 
consumption against  log t ime from point B on by con- 
sidering the fluorine consumption for this second part  
of the react ion as the difference between react ion 1 
(dashed line) and reaction [2] and B as the zero t ime 
point for reaction [2]. The rate for this second reaction 
is, however ,  lower than the original  rate. The values 
of K for these reactions are 0.022 and 0.013 m l / c m  2, 
respectively,  and are listed in Table I along wi th  the 
values of the other rate  constants. 
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From the data of f ig .  1 and 2, the react ion be-  
tween iron and fluorine is seen to be both t empera tu re  
and pressure dependent.  The effect of pressure on the 
logari thmic rate  constant is shown in f ig .  6 where  the 
log of this constant is plotted as a function of pres-  
sure at constant t empera ture  according to the equa-  
tion log K = m log P -{- B. The slope m is the order of 
the reaction wi th  respect to the fluorine pressure. At  
225~ m has a value of 0.87, and at 525~ m is 0.48. 

Metallographic studies.--Cross sections of the fluo- 
r ine-corroded iron strips were  prepared by standard 
metal lographic techniques. Photomicrographs  of typ-  
ical cross sections are shown in Fig. 7. These photo- 
graphs show that  the boundary  between the fluoride 
and the iron is ve ry  sharply defined. The fluoride film 
does not grow preferent ia l ly  along grain boundaries 
in the iron. This was confirmed by etching and stain- 
ing of polished cross sections. Near  the i ron-f luoride 
interface, the fluoride appears to be un i formly  dense. 
Near  the surface of the fluoride film, the fluoride ap- 
pears somewhat  broken and imperfect.  This is to be 
expected, since the fluoride film occupies a vo lume 4.9 
times larger  than the i ron f rom which it is formed, 
and this vo lume expansion must  result  in stresses 
which can fracture  the film when  it is thick enough. 

Mechanism of fluorine attack.--The r a t e -de t e rmin -  
ing process in growth of corrosion films on metals 
can be deduced by consideration of the growth law 
of the film. f o r  example,  if the film grows by diffu- 
sion of lattice vacancies through the film, the film 
thickness wil l  increase wi th  the square root of time. 
In the exper iments  repor ted  here, the fluorine uptake, 
and hence the film thickness, var ied  direct ly  wi th  the 
logar i thm of t ime except  at short times, where  the 
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Fig. 7. Cross-section views (Fe ~ F~ at 500~ XSO0 

film thickness is less than about 350A. Theoretical 
analyses (3) have shown that  such a direct logarithmic 
dependence can arise from either of two mechanisms: 
(i) when  the growth rate is controlled by tunne l ing  of 
electrons through the film, or ( i i ) w h e n  the growth 
rate is controlled by passage of gas through pores or 
other defects in the film to the metal  surface. T unne l -  
ing is impor tant  only for films th inner  than a few 
hundred  angstroms. The film thicknesses in this re-  
search were much larger, so that  this mechanism can 
be discarded. The second mechanism, that  of passage 
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of gas through pores in the film, is the most l ikely 
process. The pores through which the gas moves may 
be the intersection of three grains, the intersection of 
two slip-planes,  screw, and edge dislocations, or simply 
fractures in the film. When the compressional stress in 
one pore exerts a pressure on neighboring pores, some 
of these will  be blocked as the film grows. This is the 
case of mutua l ly  blocking pores and leads to the direct 
logarithmic growth law as found in this research. At 
low temperatures,  the logarithmic law is found to be 
obeyed for the oxidation of i ron and copper, where 
the expansion which occurs when metal  is t ransformed 
to oxide tends to close up neighboring pores. In  this 
research, the fluoride occupies a volume 4.9 times that 
of the metal  from which it is formed, so that mutual  
blockage by compression can be expected. It is con- 
cluded that  above a film thickness of about 350A the 
fluoride film on the iron grows by passage of fluorine 
through pores in the film, and that  these pores tend 
to block one another  as the film thickness increases. 

Manuscript  received June  20, 1966; revised manu-  
script received Nov. 22, 1966. 

Any discussion of this paper wil l  appear in a Dis- 
cussion Section to be published in  the December 1967 
JOURNAL. 
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Electrochemical Aspects of the Interaction 
Between Materials and Blood 

Dennis B. Matthews and Avery Catlin 

Department of Materials Science, School of Engineering and Applied Science, 

University of Virginia, Charlottesville, Virginia 

ABSTRACT 

Electrolysis of human  plasma, collected under  various conditions, and of 
bovine fibrinogen (a protein normal ly  present  in blood) was carried out in 
order to verify conclusions made by earlier investigators. Electrolysis of re- 
calcified plasma, ACD-plasma (plasma to which an acid solution of dextrose 
and sodium citrate has been added),  c i t ra ted-plasma (plasma to which so- 
d ium citrate has been added),  and heparinized plasma (plasma containing 
heparin  ant icoagulant)  in glass, plastic, and silvered tubes did not  support  
the conclusion that  electrolysis produced inhibitors of, or catalysts for, the 
enzymatic blood coagulation reaction. The results were interpreted in terms 
of the effect of pH on the rate of coagulation. 

Blood, w i thd rawn  from a h u m a n  and placed in  con- 
tact wi th  various materials,  clots at a rate dependent  
on the mater ia l  with which it is in  contact. The rate 
of clotting is a max imum for such materials  as glass, 
kaolin, celite (diatomaceous silica), and bar ium car- 

bonate;  it is a m i n i m u m  for such materials  as the 
normal  vascular endothel ium (the inside l ining of 
blood vessels), paraffin, plastics including cellophane, 
and siliconized glass. For use as vascular prostheses 
such as artificial arteries, heart  valves, and hearts, a 
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mater ia l  must, besides other  requirements ,  not init iate 
blood coagulation. 

The intrinsic enzyme mechanism of blood coagula-  
tion, init iated by contact wi th  a foreign surface, is 
fair ly well  documented, and the mechanism current ly  
accepted by a large number  of the workers  in this area 
is shown below. 

Surface contact  
$ 

XII  -~ XIIa  
$ 

XI --> XIa  
$ 

IX --> IXa 
$ 

VIII  -> VIIIa 
$ 

X-~ Xa 
$ 

V-> Va 
$ 

II --> IIa (Thrombin)  
$ 

I (Fibr inogen --> Ia (.Fibrin) 

This enzyme cascade (1, 2) sequence or bioamplifier 
(3, 4) system is be l ieved  to be init iated by adsorption 
of factor XII  (Hageman factor) .  The adsorbed factor 
XII  is in an active state, designated as XIIa  and ca- 
pable of act ivat ing factor XI to give XIa which in turn 
activates factor IX, and so on, unti l  the enzyme IIa 
( thrombin)  attacks factor I (fibrinogen),  convert ing it 
to fibrin which polymerizes,  both end- to -end  po lymer -  
ization and crosslinking occurring, forming a net 
which enmeshes blood cells and serum. 

There exists at present  in the l i te ra ture  sufficient 
evidence to be able to conclude that  electr ical  and pos- 
sibly electrochemical  factors play a role in the in ter -  
action be tween mater ia ls  and blood, both "in vitro" 
and "in vivo" (21, 25). 

This paper is concerned wi th  the analysis of ex-  
ist ing data in the l ight of some new results repor ted  
herein. 

Despite the fact that  the dependence of blood coagu- 
lation on electrolysis was observed as early as 1824, 
the first significant and systematic w o r k  on this sub-  
ject  was not carr ied out unt i l  1953. In 1953, Sawyer ,  
Pate, and Weldon (5, 7) observed that  the potent ial  
difference across the canine a r te ry  wal l  changed sign 
upon in jury  being --3 to --15 mv (inside negat ive 
wi th  respec~ to the outside) before in ju ry  and 4 1  to 
-~10 mv after  injury.  The current  flowing across the 
ar tery  wal l  was also observed to change its sign and 
magni tude  upon injury.  The reversa l  of sign of the 
potential  difference and the appearance of an " in ju ry  
cur ren t"  was accompanied by the format ion of a 
thrombus,  or blood clot, wi thin  the in jured  artery.  A 
similar  result  was repor ted  by Sawyer  and Pate (6, 7) 
for  the canine aorta. 

Electrolysis  of heparinized or ci trated canine blood 
between pla t inum electrodes in a glass tube at 0.2-10 ma 
for 30 min  resulted in the format ion of a precipi tate at 
the anode (8). The precipi tate contained platelets, red 
blood cells (erythrocytes) ,  and whi te  blood cells 
( leukocytes) .  In the case of hepar in ized blood, fibrin 
strands were  also reported to be part  of the p re -  
cipitate. No precipi tate  was formed at the cathode. 
It was demonstra ted by Sawyer  and Pate (8) that  
this precipi tate was not caused by gross changes in 
pH. As the anode and cathode were  si tuated in the 
same vessel separated only by 1 cm of solution it  is 
not  surpris ing that  no gross changes of pH were  ob- 
served. 

The results of Sawyer  and Pate  (8) have been re -  
peated by Lamb et al. (14) who used p la t inum wires  
5 mm apart  in the electrolysis of heparinized whole 
blood and plasma. The nature  and amount  of deposit  
fo rmed on the anode was noted for var ious po%entials 

between the anode and cathode and for various quan-  
tities of charge passed. 

Passage of cur ren t  across a blood vessel wal l  or 
across the blood vessel in vivo was also found to pro-  
duce a deposit, or thrombus,  on the vessel wal l  nearest  
the anode. On the basis of these exper iments  it was 
postulated by Sawyer,  Deutch, and Pate (9) in 1955 
that  reversal  of the normal  potent ial  difference across 
the canine blood vessel wal l  results in an electro-  
phoretic migrat ion of platelets, other  cel lular  elements,  
and negat ively  charged proteins to the in jured vas-  
cular  wall  thus precipi tat ing a thrombus (blood clot).  
In later  years, however ,  Sawyer  (15) has concluded 
th~at electrolysis interferes  wi th  the intrinsic enzyme 
mechanism of blood coagulation. 

In 1956 the invest igat ions proceeded one step fur ther  
when it was found by Sawyer  and Deutch (10) that  
thrombosis (blood clot format ion)  was delayed at the 
cathode during electrolysis. Currents  greater  than 30 
~a, when passed be tween a p la t inum cathode, placed 
around crushed canine arteries and veins, and an 
anode located at a distant  position in the dog, were  
able to delay thrombosis compared to a control  exper i -  
ment  where  no current  was passed. 

These results were  confirmed in 1959 by Schwartz  
(11) who observed in vivo thrombosis at the anode 
dur ing electrolysis and who found that  cathodic 
polarization was able to delay thrombin- induced  
thrombosis. Severa l  other  workers  (12, 13, 16, 17) have 
since been able to produce in vivo thrombi  by anodic 
polarization. 

The exper iments  of Sawyer  and Pate (8) were  
repeated by Sawyer,  Dennis, and Wesolowski (15) 
with pla t inum electrodes in separate glass tubes con- 
nected by a salt bridge. Currents  of 0.1-1.0 ~a were  
found to produce a deposit on the anode in heparinized 
or ci trated blood. A solution of fibrinogen in sodium 
chloride was also electrolyzed, and a deposit was eb-  
served at the anode. This deposit was thought  to be 
fibrin produced f rom fibrinogen by electrolysis. It was 
conjectured that  electrolysis can cause blood coagu- 
l a t i o n ' b y  bypassing all but  the final steps in the in- 
trinsic enzyme clott ing mechanism. 

In all the above in vitro exper iments  the blood was 
heparinized or citrated. The intrinsic blood coagulation 
mechanism was thus checked; in part icular ,  the acti- 
vat ion of factor IX is inhibited under  these conditions. 

In 1964 Naumovski  and Dejanov (21) reported some 
results on the effect of electrolysis on in vitro clotting. 
Currents  of 1.6 ma were  passed through citrated 
plasma for 1 hr. At the cathode the plasma was found 
to have a markedly  prolonged recalcification time, 
more than 80 times the average spread. The plasma pH 
was 9.6-9.8. Di lut ing the cathode plasma by imadazole 
buffer (pH 7.4) did not  change the ant icoagulant  ef- 
fect. Plasma at the anode changed negligibly, and the 
pH was 6.6-6.8. 

On the other hand, Lavel le  (21) concluded that  di-  
rect  electric current  does not appear  to initiate, or ac- 
celerate, the enzymatic  coagulation system in circu- 
lating nat ive  blood. Lavel le 's  work, however ,  suffered 
f rom the disadvantage that  the anode and cathode 
were  not in separate chambers. Any  mater ia l  oxidized 
at the anode may well  have  been reduced at the 
cathode. In 1964 Sawyer,  Brattain,  and Boddy (18) 
observed that  erythrocytes  and leukocy~es in Krebs 
solution (an electrolyte  of ionic composition similar  to 
that of blood) at pH 7.4 migrate  and adhere to a 
p la t inum electrode at potentials  greater  than or  equal 
to ~0.33v (against  NHE) .  Decrease of this potent ial  
led to desorption of the blood cells. 

A similar  behavior  was observed with  pla te le t  sus- 
pensions (19) except  that  the adsorption of platelets  
was irreversible,  the platelets visibly dis integrat ing at 
the electrode. Fibr inogen in buffer solution, however ,  
was not found to deposit under  these conditions (20). 

The above results obtained by Sawyer  and his co- 
workers  and by others have led Sawyer  to bel ieve (21) 
that electrolysis is capable of in te r fe r ing  with  the in-  
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trinsic enzyme mechanism of blood coagulation, the 
rate  of blood coagulation being catalyzed at an anode 
and an inhibitor  being produced at the cathode. 

It was the aim of the present work  to substantiate 
if possible the above v iewpoint  by repeat ing  the in 
vitro exper iments  of Sawyer  and co-workers  under  
conditions where  the intrinsic enzyme mechanism of 
coagulation is operative. 

Exper imenta l  

Blood was collected in 450 ml quanti t ies f rom 
heal thy male donors. The blood was wi thd rawn  under  
vacuum into a double plastic pack containing acid 
c i t ra te-dext rose  (ACD) anticoagulant.  In some exper i -  
ments sodium citrate or hepar in  ant icoagulant  was 
used in the place of ACD. The blood was centr i fuged 
at ei ther 1000g (platelet  poor plasma, p.p.p.) or 300g 
(platelet  rich plasma, p.r.p.) for 30 rain to remove  red 
cells and white  cells. The plasma was squeezed off 
f rom the packed cells into the second plastic pack. 
Aliquots  of about 4 ml  were  gravi ty  fed f rom the 
pack into siliconized glass or polystyrene tubes, sealed 
and stored at ei ther 4 ~ or --20~ Immedia te ly  pr ior  
to an exper iment  a plasma aliquot was thermosta t ted  
in a water  bath at 37~ In the case of plasma stored 
at --20~ this procedure disrupts the platelets, pro-  
ducing lysed plasma. 

To init iate clotting, 0.20 ml  of 0.25M CaCI~ was 
added to 2 ml of plasma. The rate of coagulation was 
followed with  a photometr ic  system (23). Light f rom 
a voltage regulated 0.25 amp 6-volt  lamp was passed 
through the sample, contained in a block of a luminum 
thermosta ted at 37 ~ _ 0.5~ and the t ransmit ted  l ight 
was moni tored with a CdS photocell. The resistance of 
the photocell  was measured with a Wheatstone bridge, 
and the change of resistance wi th  t ime was cont inu-  
ously recorded with  a potent iometr ic  recorder.  The 
measur ing system is shown in Fig. 1. The type of re-  
cording obtained is idealized in Fig. 2. The times to 
and tl mark  the onset and completion of fibrin poly-  
merization, respectively.  The shape of the curve  ob- 
tained depended on the exper imenta l  conditions. In 
the case of a simple sigmoidal curve  the t ime t~/~ was 
used as a measure of the rate of coagulation. For  more 
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Fig. 1. Apparatus for photometric determination of the rote of 
blood coagulation. 
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Fig. 2. Idealized representation of the photometric clotting 
c u r v e .  
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Table I. Effect of electrolysis an the rate of coagulation of human 
plasma at 37~ 

S t o r a g e  
C u r r e n t ,  P l a t e l e t  Anti- t e m D e r -  

P o l a r i t y  m a  c o n t e n t  c o a g u l a n t  a t u r e , ~  t~, r a i n  

C o n t r o l  0 P o o r  N a  c i t r a t e  - -  20 3.2 ~ 0.2 
C a t h o d e  0.5 P o o r  N a  c i t r a t e  - - 2 0  3.5 -4- 0.3 
A n o d e  0.5 P o o r  N a  c i t r a t e  - - 2 0  3.1 ~ 0.2 

C o n t r o l  0 P o o r  A C D  - 2 0  2.2 _.+ 0.1 
C a t h o d e  2.0 P o o r  A C D  - 2 0  2.7 ~+ 0,1 
A n o d e  2.0 P o o r  A C D  - -20  2.4 ~ 0.1 

C o n t r o l  0 P o o r  A C D  4 6.9 ~ 0.7 
C a t h o d e  2.0 P o o r  A C D  4 6.4 ~ 0.1 
A n o d e  2.0 P o o r  A C D  4 6.5 

C o n t r o l  0 R i c h  A C D  4 3.9 ~ 0.4 
C a t h o d e  2.a  R i c h  A C D  4 3.4 ~ 0.4 
A n o d e  2 .a  R i c h  A C D  4 4.2 ~_. 0.2 

C o n t r o l  0 R i c h  A C D  4 5.6 _-+ 0.3 
C a t h o d e  1.0 R i c h  A C D  4 4.8 ~ 0.1 
A n o d e  ] .0  R i c h  A C D  4 6.3 ~_- 0.3 

C o n t r o l  0 P o o r  Na  c i t r a t e  4 4.9 ~ 0.3 
C a t h o d e  1.0 P o o r  Na  c i t r a t e  4 4,2 ~ 0.7 
A n o d e  1.0 P o o r  Na  c i t r a t e  4 5.1 ~ 0.2 

complex curves, e.g., double sigmoidal, l inear ~ sig- 
moidal, the t imes to and tl were  tabulated. 

Electrodes used were, except  where  otherwise in-  
dicated, p la t inum wire  spirals approximate ly  1 cm 2 
in area. The cathode and anode were  placed in sep- 
arate tubes connected by a saturated KCl-ge la t in  salt 
bridge. The salt bridge was conztructed ei ther  of sili- 
conized glass tubing or of polyethylene tubing. The 
p la t inum electrodes were  cleaned in 1:1 mix ture  of 
concentrated HCl-concentra ted  H2SO4, rinsed wi th  
disti l led water,  and heated to red heat  in a flame. 

Bovine fibrinogen obtained from Warner -Chi lco t t  
was dissolved by standing at 37~ with distil led water.  

All  pipettes and other glassware used in handl ing 
plasma were  siliconized wi th  Clay-Adams Siliclad. 
Test tubes were  discarded after use, fresh tubes being 
used in each test. 

Polys tyrene tubes were  silver coated according to a 
we l l -known procedure  (22) and dried at 60~ for 5 hr  
or more. 

Results 
The effect of electrolysis, af ter  recalcification, of 

var ious types of plasma, collected and stored under  
various conditions, is summarized in Table I and Fig. 
3. The tests were  carr ied out in glass tubes at 37~ 
In these exper iments  the plasma was in contact wi th  
both glass and an electrode. 

In order to e l iminate  uncertaint ies  brought  about by 
contact wi th  glass, a polystyrene tube coated in ternal ly  
with electr ical ly conducting silver was used both as 
container and cathode. The effect of cathodic elec-  
trolysis was tested in these tubes by electrolyzing 
ci trated plasma for a given time, ta, and then t rans-  
ferr ing the plasma to a polystyrene tube containing 
CaC12. The exper iments  were  carried out at 37~ wi th  
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Fig. 3. Effect of electrolysis 
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Table II. Effect of electrolysis at a silver cathode on the rate 
of coagulation of platelet poor lysed plasma at 37~ 

ta, 
r a i n  C u r r e n t ,  m a  t l / , . , ,  r a i n  

Table IV. Effect of prolonged electrolysis on the rate of clotting 
of heparinlzed platelet-poor fresh plasma at 37~ 

E l e c t r o l y s i s  c a r r i e d  o u t  f o r  30 m i n  a t  3.2 m a  in  p o l y s t y r e n e  t u b e s  
w i t h  P t  e l e c t r o d e s .  V o l u m e  of p l a s m a  = 10 cc. P l a s m a  c o n t a c t e d  
w i t h  g lass  f o r  10 r a in .  H e p a r i n  n e u t r a l i z e d  w i t h  p r o t a m i n e  s u l f a t e .  

5 0 8.1 • 0.1 
5 2 6.8 • 0.1 
5 0 7.8 • 0.7* 
5 2 6.6 "4- 0.4* 

12 O 7.6 -~ 0.9 
12 2 5.6 • 0.9 

* P l a s m a  w a s  d e a e r a t e d  w i t h  n i t r o g e n .  

platelet  poor plasma (lysed) collected in ACD. Results 
are given in Table II. 

The exper iment  of Sawyer,  Dennis, and Wesolowski 
(15) on the electrolysis of fibrinogen was repeated. 
Purified bovine fibrinogen (2.0 ml) was electrolyzed 
wi th  p la t inum electrodes in separate glass tubes con- 
nected by a salt bridge. At 1 ma a deposit formed on 
the anode within  25 sec. The deposit consisted of a 
white  precipitate mixed with  bubbles of 02 causing the 
precipi tate to adhere to the anode. No reason was seen 
for bel ieving the deposit to be fibrin ra ther  than fi- 
brinogen. Addition of sodium citrate to fibrinogen was 
found to inhibit  the format ion of a deposit. Only after 
15 min of electrolysis at 1 ma did a ve ry  fine precipi-  
tate form, and this tended to remain  in suspension. 
Electrolysis of ci trated plasma itself, which contained 
the same concentrat ion of fibrinogen as in the above 
experiments ,  resulted in the format ion of a very  fine 
precipi tate only after  15 min of electrolysis at 1 ma. 
The possibility of fibrinogen being precipi tated by a 
decrease in pH of the solution in the anode compar t -  
ment  was checked both by calculation and actual 
measurement  of the pH change. In the absence of 
buffer the pH changed from 6.00 to 3.61 after  1 min of 
electrolysis at 1 ma, while  in the presence of sodium 
citrate the pH change was f rom 8.16 to 7.58. 

The exper iments  of Naumovski  and Dejanov on the 
electrolysis of ci trated plasma were  repeated using 
platelet  poor plasma. Electrolysis was carr ied out at 
1.6 ma wi th  10 ml of plasma in polystyrene tubes using 
Pt  electrodes. Af ter  60 min electrolysis the plasma was 
thermosta t ted  at 37~ and 2 ml  recalcified in glass 
tubes at 37~ Results obtained are shown in Table III. 
Both cooled and lysed plasma were  tested. 

The above exper iments  were  repeated with  hepar in-  
ized platelet  poor plasma. Electrolysis was conducted 
in polystyrene tubes at 3.2 ma for 30 min using 10 ml  
of fresh plasma. After  electrolysis 2 ml  of the sample 
was contacted for 10 min in glass tubes at 37~ 0.20 
ml  of protamine  sulfate was then added to neutral ize 
the heparin. This exper iment  was repeated  with  a 1:1 
sample of fresh plasma and veronal  buffer (pH = 7.5), 

Table III. Effect of prolonged electrolysis on the rate of clotting 
of cltrated platelet-poor plasma at 37~ 

E l e c t r o l y s i s  c a r r i e d  ou t  fo r  60 m i n  a t  1.6 m a  in  p o l y s t y r e n e  t u b e s  
w i t h  P t  e l e c t r o d e s .  Vol .  of  p l a s m a  = 10 cc. P l a s m a  r e c a l c i f i e d  in  
g l a s s  t ubes .  

A. F r e s h  p l a s m a  

E l e c t r o d e  p H  to, r a i n  

A n o d e  6.59 16.7 ~ 2.3 
C a t h o d e  7.29 7.7 • 0.2 

B. L y s e d  p l a s m a  

E l e c t r o d e  p H  to, r a i n  

A n o d e  6.47 9.0 ~- 0.5 
C a t h o d e  7.35 3.7 "4- 0.5 
No c u r r e n t  7.01 4.7 -~ 0.2 

P o l a r i t y  p H  tl/~, r a i n  

A.  U n b u f f e r e d  

C o n t r o l ,  no  c u r r e n t  7.66 5.5 ----- 0.4 
C a t h o d e  8.20 8.9 • 0.2 
A n o d e  7.25 6.2 • 0.1 

B.  B u f f e r e d  
Con t ro l ,  no  c u r r e n t  7.52 6.3 • 0.4 
C a t h o d e  7.90 5.6 -~ 0.3 
A n o d e  7.18 6.7 

in order to inhibit  the pH changes brought  about by 
electrolysis. The results of the exper iments  wi th  
heparinized plasma are given in Table IV. 

Discussion 
Table I shows that  for plasma collected in ei ther 

ACD or sodium citrate there is l i t t le effect of electrol-  
ysis ei ther on to or h. This result  is independent  of 
whe ther  the plasma was platelet  rich or platelet  poor 
and whether  or not the platelets were lysed by freez-  
ing and thawing. The variat ions in clotting t ime as a 
function of platelet  concentra, tion and platelet  condi- 
tion are not meaningfu l  since each set of results refers 
to a different batch of plasma. Variations in plasma 
obtained f rom different donors or f rom the same donor 
on different days are such as to allow comparison only 
between results obtained within  a given batch of 
plasma. Such exper iments  yield the result  that  the 
clott ing t ime to is less for platelet  rich than for pla te-  
let poor plasma. With platelet  r ich plasma clot re -  
t ract ion was very  pronounced and prevented  deter-  
mina tkm of tl. Pla te le t  lysis led to a decrease in clot- 
t ing t imes to and h, but the decrease in to was almost 
independent  of the original  platelet  concentrat ion in- 
dicating the release of an enzyme f rom the platelets. 
The decrease in tl was dependent  on the original  
platelet  concentration, but when the platelet  f ragments  
were  removed by centr i fugat ion at 2500g then lysis 
caused no change, in h - -  to. 

A small  increase in the ra te  of clotting was pro-  
duced by cathodic electrolysis, but this effect is much 
smaller  and of opposite sign to that  previously re-  
ported for plasma and whole blood containing antico- 
agulant. Moreover,  in the presence of ant icoagulant  
(ACD),  Table II shows that  electrolysis in si lvered 
tubes did not inhibit  the format ion of contact factor 
(factor XIa) nor did it produce an inhibitor  to clot-  
ting, rather,  a small  increase in coagulat ibi l i ty was ob- 
served. 

Electrolysis of f~brinogen in unbuffered solutions 
was shown to produce a rapid and large decrease of 
pH in the anode compar tment  with the resulta~nt pre-  
cipitation of fibrinogen. 

Prolonged electrolysis of plasma in polysCyrene 
tubes wi th  Pt  electrodes did not produce an inhibi tor  
in the plasma. The recalcification t ime was not great ly  
increased by cathodic electrolysis contrary  to the ob- 
servation of Naumovski  and Dejanov, rather ,  the 
clott ing t ime for ACD-p lasma  was sl ightly decreased 
by cathodic electrolysis. Anodic electrolysis caused an 
increase in clott ing t ime compared to unelectrolyzed 
ACD-plasma.  These results may  be a t t r ibuted  to the 
pH changes produced in the plasma by electrolysis. It  
is wel l  known (24) that  the clott ing t ime for blood is 
a m in im um  at pH = 7.5 and increases rapidly  wi th  
ei ther increase or decrease of pH. Inspection of Table 
III  for lysed plasma shows that  cathode plasma with  
pH 7.35 has the smallest  clott ing time. Unelectrolyzed 
plasma of pH 7.01 (due to presence of ACD) has a 
sl ightly larger  clott ing t ime and anode plasma with  
pH 6.47 has a much larger  clott ing time. Similar  effects 
were  noted on electrolysis of heparinized plasma. 
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The present  results on the electrolysis of h u m a n  
plasma and bovine fibrinogen indicate no interference 
with the intrinsic enzyme mechanism of blood co- 
agulation, and it is concluded that  the results of 
Sawyer and others on the electrolysis of blood were 
caused by an electrophoresis mechan~ism, negatively 
charged erythrocytes, leukocytes and platelets migra t -  
ing in the field between the anode and the cathode. 

The results do not exclude the possibility of elec- 
trochemically influencing the intrinsic enzyme mech- 
anism of blood coagulation. One might  reasonably 
hope to influence the adsorption of Hageman factor 
(factor XII) on a given mater ia l  by altering the 
charge on the material.  However, the conditions under  
which specific proteins are adsorbed and desorbed are 
by no means obvious and informat ion is required on 
factors which influence protein adsorption at the solid- 
l iquid interface. Such informat ion would be of great 
value not only to the study of blood-mater ials  in te r -  
action but  to the general  area of compatabil i ty of 
prosthetic materials  and the human  body. 
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Surface Tensions of Co-Ce and Pu-Co-Ce Alloys 
as Determined from Frozen Menisci 

John C. Biery 
University oS Catibornia, Los A~amos Scientific Laboratory, Los Alamos, New Mexico 

ABSTRACT 

The surface tensions of three Pu-Co-Ce  and three Co-Ce alloys at their  
freezing point were determined from their frozen menisci. A new calculational 
procedure was used in which calculated menisci  were compared with the 
experimental  menisci. The meniscus shapes were calculated by numerica l ly  
integrat ing the Laplace-Young equation. The best surface tension for a given 
meniscus was found by comparing the computed and exper imenta l  menisci  
at 25 points across the meniscus and by varying  the surface tension and con- 
tact angle at the outside of the meniscus section unt i l  various restraints  were 
satisfied. The meniscus comparing techniques satisfactorily detected and dis- 
carded distorted menisci. Of the 28 menisci studied, 15 were found to be ac- 
ceptable. 

Molten p lu tonium alloys with cobalt and cerium 
were tested as possible fast nuclear  reactor fuels. 
These studies indicated that unusual  phenomena occur 
at and above the l iquid/gas  interface of the mol ten 
fuel when it is contained in t an ta lum capsules. Since 
some of these phenomena may be associated with the 
energy in  the interface, the surface tensions of these 
alloys should be known  to unders tand  the systems 
better. The usual  methods of de termining surface ten-  
sion such as capil lary rise, pendant  drop, sessile drop, 
and bubble  pressure require expensive and t ime-con-  
suming experiments  when p lu tonium is involved. 
Therefore, a technique was developed to generate sur-  
face tensions from photographs of menisci  since in 

many  cases wel l - formed menisci are observed in sec- 
tioned capsules containing the Pu-Co-Ce alloys. The 
ini t ial  mathematical  and numer ica l  techniques for 
making these determinat ions  from menisci  and the test 
of the method with mercury  and water  are reported 
elsewhere (1). Here, the results from analyzing frozen 
menisci of Co-Ce, Pu-Co-Ce,  and Ni -Ce /NaK are pre-  
sented. 

The previously published geometrical and computa-  
t ional methods (1) were tested exper imenta l ly  with 
l iquid menisci. An impor tant  objective of this paper 
is to test the applicabil i ty of the methods as applied to 
frozen menisci. The tests of the methods were made 
by (i) processing m a n y  capsules and comparing the 
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a c c e p t a b l e  r e s u l t s  f r o m  capsu l e s  w i t h  s i m i l a r  rad i i ,  
( i i )  c o m p a r i n g  r e s u l t s  f r o m  m e n i s c i  f o r m e d  in  capsu l e s  
w i t h  s i g n i f i c a n t l y  d i f f e r e n t  radi i ,  a n d  (iii) c o m p a r i n g  
r e s u l t s  fo r  P u - C o - C e  w i t h  one  v a l u e  o b t a i n e d  f r o m  a 
c a p i l l a r y  r i se  e x p e r i m e n l .  

Experimental and Calculational Procedure 
T h e  f r o z e n  m e n i s c i  w e r e  a n a l y z e d  b y  a n  e x p e r i -  

m e n t a l  a n d  c a l c u l a t i o n a l  p r o c e d u r e  t h a t  h a s  b e e n  p r e -  
v i o u s l y  d e s c r i b e d  in  d e t a i l  (1) .  B e l o w  a r e  s u m m a r i z e d  
t h e  i m p o r t a n t  f e a t u r e s  of t h e  ana lys i s .  

Experimental  procedure.--The c a p s u l e  c o n t a i n i n g  
t he  f r o z e n  a l loy  is s e c t i o n e d  l o n g i t u d i n a l l y  a n d  is t h e n  
p o l i s h e d  to t h e  c e n t e r l i n e  p o s i t i o n )  F o r  b e s t  r e s u l t s  
t h e  vo id  space  a b o v e  t h e  a l loy  s h o u l d  be  fi l led w i t h  
e p o x y  res in .  T h e  m e n i s c u s  is t h e n  p h o t o g r a p h e d ,  a n d  
t he  p h o t o g r a p h  is e n l a r g e d  to 25 cm across  t h e  d i a m -  
e t e r  of t h e  tube .  M e n i s c u s  h e i g h t s  a t  25 2 p o s i t i o n s  
ac ross  t h e  r a d i u s  a r e  r e a d  f r o m  a g r a p h  o n t o  w h i c h  
t h e  m e n i s c u s  c u r v e  h a d  b e e n  t r a ced .  T h e s e  h e i g h t s  a re  
r e p l o t t e d  on  a g r a p h  of e x p a n d e d  scale,  a n d  a s m o o t h  
c u r v e  is d r a w n  t h r o u g h  t h e  poin ts .  V a l u e s  f r o m  th i s  
c u r v e  a r e  r e a d  in to  t h e  c o m p u t e r  for  c o m p a r i s o n  w i t h  
t he  c o m p u t e d  cu rves .  

Also,  f r o m  t h e  e x p e r i m e n t a l  h e i g h t s ,  t h e  s ine  of t he  
t a n g e n t  a n g l e  a t  t he  ou t s i de  of e a c h  r a d i a l  i n c r e m e n t  
is c a l cu l a t ed .  A s m o o t h  c u r v e  is d r a w n  t h r o u g h  t h e s e  
poin ts .  Th i s  " a d j u s t e d "  s ine  c u r v e  is p o s i t i o n e d  a f t e r  
c a l c u l a t i o n s  h a v e  b e e n  m a d e  to p r o d u c e  a c o n s t a n t  
s u r f a c e  t e n s i o n  w h e n  t h e s e  s ines  a r e  u s e d  as b o u n d a r y  
c o n d i t i o n s  in  t he  c a l c u l a t i o n s .  

Calculational procedure.--The a n a l y s i s  as d e v e l o p e d  
i n c l u d e s  a m a t h e m a t i c a l  p r o c e d u r e  fo r  c a l c u l a t i n g  t h e  
m e n i s c u s  c u r v e  a n d  a m e t h o d  fo r  c o m p a r i n g  t h e  c o m -  
p u t e d  a n d  e x p e r i m e n t a l  cu rves .  T h e  c o m p a r i s o n  is 
m a d e  in  s u c h  a m a n n e r  as to p r o d u c e  t h e  b e s t  s u r f a c e  
t e n s i o n  v a l u e  a n d  to t h r o w  ou t  t h e  d i s t o r t e d  men i sc i .  
T h e  m e n i s c u s  c u r v e  is g e n e r a t e d  b y  n u m e r i c a l l y  so lv -  
ing  a mod i f i ed  f o r m  of t h e  L a p l a c e - Y o u n g  e q u a t i o n  
s h o w n  be low.  3 

"Y 0 
z = - -  ( r  s in  0) [1] 

rg(pl -- p2) Or 

The  d e t e r m i n a t i o n  of t h e  s u r f a c e  t e n s i o n  a n d  t h e  
t e s t i n g  of t he  d i s t o r t i o n  of t he  m e n i s c u s  i n v o l v e s  t h e  
se l ec t ion  of ~ a n d  r to  p r o d u c e  a be s t  fit b e t w e e n  t h e  
c o m p u t e d  a n d  e x p e r i m e n t a l  m e n i s c u s  cu rves .  T h e  p r o -  
c e d u r e  i n v o l v e s  t h e  f o l l o w i n g  s teps :  

1. A "/optimum vs. s i n e  c u r v e  is c a l c u l a t e d  fo r  p o r -  
t ions  of t h e  m e n i s c u s  ou t  to  r a d i a l  i n c r e m e n t s  21 
t h r o u g h  25.4 T h e  r a n g e  of s i ne  fo r  e a c h  s ized m e n i s -  

1 M o s t  of  t h e  c a p s u l e s  u t i l i z e d  in  th i s  s t u d y  w e r e  n o t  c a r e f u l l y  
p o l i s h e d  to the  c e n t e r l i n e  p o s i t i o n  s ince  the  s e c t i o n i n g  w a s  d o n e  
for  m e t a l l o g r a p h i c  p u r p o s e s  in  c o n j u n c t i o n  w i t h  a n o t h e r  p r o j e c t .  

T h e  v a l u e  of N, t h e  n u m b e r  of i n c r e m e n t s  a c ro s s  t h e  r a d i u s  
of t he  t u b e ,  is a r b i t r a r y  a n d  s h o u l d  be  c h o s e n  s m a l l  e n o u g h  to 
l i m i t  c o m p u t a t i o n  t i m e  b u t  l a r g e  e n o u g h  to a l l o w  a c c u r a t e  r e p r o -  
d u c t i o n  of t h e  h i g h l y  c u r v e d  s ec t i on  of t h e  m e n i s c u s  n e a r  t h e  
w a l l .  F o r  t h e  p r e s e n t  s y s t e m  w i t h  s u r f a c e  t e n s i o n s  in  t h e  600 to 
1000 d / c m  r a n g e ,  d e n s i t i e s  n e a r  10 g / c c ,  a n d  t u b e  r a d i i  b e t w e e n  
0.45 a n d  1.2 cm,  t h e  cho i ce  of N e q u a l  to 25 ,~vas f o u n d  to  g i v e  
good  r e s u l t s .  H o w e v e r ,  w i t h  l a r g e r  c a p s u l e s  N s h o u l d  be  i n c r e a s e d  
to i n s u r e  t h a t  t h e  h i g h l y  c u r v e d  sec t ion  n e a r  t h e  w a l l  is d i v i d e d  
in to  a t  l e a s t  5 a n d  p r e f e r a b l y  10 i n c r e m e n t s .  Also ,  w i t h  a s m a l l e r  
r a t i o  of 7 / ( p l  -- pD a n d  a r e s u l t i n g  f l a t t e r  m e n i s c u s ,  m o r e  i n c r e -  
m e n t s  m a y  h a v e  to be  used .  

See  N o m e n c l a t u r e  a t  e n d  of p a p e r .  

a In  a l l  of  t h e  c a l c u l a t i o n s  a n d  c o m p a r i s o n s ,  t he  s ec t i on  of t h e  
m e n i s c u s  u s e d  w a s  t h a t  p o r t i o n  f r o m  t h e  c e n t e r l i n e  ou t  to  s o m e  
a r b i t r a r y  r a d i a l  p o s i t i o n  less  t h a n  o r  e q u a l  to t h e  r a d i u s  of t h e  
t u b e .  T h e  e f fec t  of  u t i l i z i n g  s u c c e s s i v e l y  s m a l l e r  p o r t i o n s  of t h e  
m e n i s c u s  w a s  s t u d i e d  by  d i s c a r d i n g  i n c r e m e n t s  of t h e  m e n i s c u s  a t  
t he  o u t s i d e  p e r i m e t e r .  As  e a c h  i n c r e m e n t  w a s  d i s c a r d e d  a n d  t h e  
c o m p a r i s o n  b e t w e e n  c o m p u t e d  a n d  e x p e r i m e n t a l  d a t a  w a s  m a d e ,  
a b e t t e r  or  w o r s e  v a l u e  of s u r f a c e  t e n s i o n  w a s  o b t a i n e d .  T h e  
c h a n g e  d e p e n d e d  on w h e t h e r  or  n o t  t h e  d i s c a r d e d  i n c r e m e n t  w a s  
m o r e  or  l ess  d i s t o r t e d  t h a n  t h e  r e m a i n i n g  i n s ide  p o r t i o n  of  t h e  
m e n i s c u s .  M a n y  c a l c u l a t i o n s  w e r e  r u n  w i t h  21, 22, 23. 24, a n d  25 
i n c r e m e n t s  r e t a i n e d  w h e n  t h e  r a d i u s  w a s  d i v i d e d  in to  25 i n c r e -  
m e n t s .  T h e  r e s u l t s  i n d i c a t e d  t h a t  t h e  2 5 t h  i n c r e m e n t ,  w h i c h  w a s  
n e x t  to the  t u b e  w a l l ,  w a s  m a n y  t i m e s  d i s t o r t e d  a n d  t h a t  t h e  m o s t  
c o n s i s t e n t  d a t a  w e r e  o b t a i n e d  w h e n  t h e  c a l c u l a t i o n s  w e r e  m a d e  for  
24 /25  or  23 /25  of t h e  t o t a l  m e n i s c u s .  B e c a u s e  of t he  i n c r e a s e d  c u r v -  
a t u r e  n e a r  t h e  w a l l ,  t h e  m o s t  r e a d i l y  d e t e c t a b l e  s u r f a c e  t e n s i o n  
d a t a  w e r e  c o n t a i n e d  in  t h e  o u t s i d e  1 0 / 2 5 t h  of t h e  m e n i s c u s .  T h e r e -  
fo re ,  t h e  q u a l i t y  of t h e  s u r f a c e  t e n s i o n  r e s u l t s  d e t e r i o r a t e d  w h e n  
as m a n y  as 4 i n c r e m e n t s  w e r e  d i s c a r d e d .  

cus  is d e t e r m i n e d  b y  a _0 .015  r a n g e  a b o u t  t h e  
s m o o t h e d  e x p e r i m e n t a l  s ine cu rve .  F o r  e a c h  s ine ,  
")'optimum is f o u n d  b y  s a t i s f y i n g  t h e  " s u m  of  m a s s  r e -  
s t r a i n t . "  A se r ies  of m e n i s c i  a r e  c a l c u l a t e d  w i t h  v a r i -  
ous  s u r f a c e  t e n s i o n  va lues ,  ~'as, fo r  e a c h  sin@. T h e  
c a p i l l a r y  rise,  Zo, c a l c u l a t e d  a t  t h e  c e n t e r  of t h e  c a p -  
sule  fo r  e a c h  "Yas, w h e n  c o m b i n e d  w i t h  t h e  e x p e r i -  
m e n t a l  m e n i s c u s  cu rve ,  a l l o w s  a Veal to b e  c a l c u l a t e d  
b y  e q u a t i n g  t h e  n e t  w e i g h t  of f luid b e t w e e n  t he  m e n i s -  
cus  a n d  t h e  d a t u m  p l a n e  to t he  p e r i p h e r a l  s u r f a c e  
t e n s i o n  force.  W h e n  t h e  "~as a n d  ~eal agree ,  t h i s  c o m -  
m o n  v a l u e  is t h e  d e s i r e d  s u r f a c e  t e n s i o n  w h i c h  sa t i s -  
fies t h e  " s u m  of m a s s  r e s t r a i n t "  for  t h e  c h o s e n  sin~b. 

2. A n  " a d j u s t e d "  e x p e r i m e n t a l  s ine c u r v e  is d r a w n  
to fit t h e  e x p e r i m e n t a l  s ine po in t s  be s t  a n d  to g ive  
t he  s a m e  v a l u e  of s u r f a c e  t e n s i o n  fo r  t h e  c a l c u l a t i o n s  
a t  i n c r e m e n t s  21 t h r o u g h  25. T h e  'Yoptimum vs. s i n r  
c u r v e s  c a l c u l a t e d  in  1 a b o v e  a r e  u s e d  to d e t e r m i n e  
t he  s u r f a c e  t e n s i o n  a t  e a c h  r a d i a l  pos i t ion .  

3. F o r  e a c h  ca l cu l a t i on ,  s t a n d a r d  d e v i a t i o n s ,  s a n d  
sT, b e t w e e n  t he  c a l c u l a t e d  a n d  e x p e r i m e n t a l  m e n i s c u s  
h e i g h t s  a re  ca l cu l a t ed .  F o r  a n  u n d i s t o r t e d  m e n i s c u s  a t  
t h e  c o r r e c t  v a l u e s  of v a n d  ~, t h e s e  s t a n d a r d  d e v i a t i o n s  
s h o u l d  be  a m i n i m u m  a n d  s h o u l d  h a v e  a v a l u e  less 
t h a n  0.0015 cm.  If  s u c h  a m i n i m u m  o c c u r s  w i t h  s in~ 
w i t h i n  a •  r a n g e  of t he  ' " ad ju s t ed"  e x p e r i m e n t a l  
s ine  cu rve ,  t h e n  t h i s  s u r f a c e  t e n s i o n  is a l l o w e d  as a n  
a c c e p t a b l e  va lue .  

Thus ,  t h e  p r i m a r y  t e s t  as to w h e t h e r  or  no t  a m e -  
n i scus  is u n d i s t o r t e d  a n d  t h e  s u r f a c e  t e n s i o n  v a l u e  is 
a c c e p t a b l e  is t h a t  t h e  s a n d  sT s t a n d a r d  d e v i a t i o n  
v a l u e s  c a l c u l a t e d  a t  t he  c o n d i t i o n s  w h e r e  t h e  " s u m  of 
m a s s  r e s t r a i n t "  is sa t i s f ied  h a v e  m i n i m a  w h i c h  a re  less  
t h a n  some  a r b i t r a r i l y  c h o s e n  va lue .  Also,  t he  s in~ 
v a l u e s  a t  t h e s e  m i n i m a  in  s a n d  s7 m u s t  be  w i t h i n  
___0.015 r a n g e  of t h e  " a d j u s t e d "  e x p e r i m e n t a l  s ine  
cu rve .  A v e r a g i n g  m e t h o d s  1, 2, 3 as  l i s t ed  b e l o w  a r e  
v e r s i o n s  of t h i s  se t  of r e q u i r e m e n t s  w i t h  i n c r e a s i n g  
l i m i t s  on  t he  m a x i m u m  a l l o w a b l e  v a l u e s  of s a n d  s7 
a t  t he  m i n i m a .  I n  t h e  o r i g i n a l  f o r m u l a t i o n  of t h e  
a v e r a g i n g  m e t h o d s ,  a d d i t i o n a l  less  s t r i n g e n t  r e q u i r e -  
m e n t s  w e r e  p r o p o s e d  as m e t h o d s  4 t h r o u g h  9. T h e s e  
m e t h o d s  w e r e  t e s t e d  in  t h e  p r e s e n t  s t u d y  b u t  a re  n o t  
l i s t ed  be low.  T h e i r  r e q u i r e m e n t s  c a n  be  f o r m e d  e l se -  
w h e r e  (1) .  

M e t h o d  1. 5 A v e r a g e  of a l l  s u r f a c e  t e n s i o n  v a l u e s  as 
d e t e r m i n e d  b y  t h e  " s u m  of mass  r e s t r a i n t "  a n d  a 
m i n i m u m  in  s or  s7 w h e r e  1 (sinr - -  sin~badj) [ < 0.015 
a n d  s a n d  s7 < 15 x 10 -4  cm. 

M e t h o d  2. 5 S a m e  as m e t h o d  1 e x c e p t  s a n d  sT < 25 
x 10 -4  cm. 

M e t h o d  3. S a m e  as m e t h o d  1 e x c e p t  s a n d  s~ < 35 
x 10  - 4  c m .  

T h e  a b o v e  r e s t r i c t i n g  p r o c e d u r e s  w e r e  d e s i g n e d  to 
s e p a r a t e  t he  u n d i s t o r t e d  f r o m  t h e  d i s t o r t e d  menisc i .  
T h e  poss ib le  sou rces  of d i s t o r t i o n  in  b o t h  l i q u i d  a n d  
f r o z e n  m e n i s c i  t h a t  r e q u i r e  d e t e c t i o n  a r e  as fo l lows :  
(a )  op t i ca l  d i s t o r t i o n  w h e n  m e n i s c u s  is v i e w e d  
t h r o u g h  a c y l i n d r i c a l  s u r f a c e ;  (b )  d i s t o r t i o n  p r o d u c e d  
b y  loca l  w e t t i n g  s u c h  t h a t  t h e  m e n i s c u s  is n o t  a s u r -  
face  of r e v o l u t i o n ;  (c) v a r i a t i o n  of t h e  s u r f a c e  w i t h  
t i m e  w h e r e  w e t t i n g  c o n d i t i o n s  or  t e m p e r a t u r e  c o n d i -  
t i ons  a r e  no t  s t a b i l i z e d  to p r o d u c e  a n  e q u i l i b r i u m  m e -  
n i scus ;  a n d  (d)  e r r o r s  i n t r o d u c e d  b y  s e c t i o n i n g  of a 
f r o z e n  m e n i s c u s  w h e r e  t h e  cu t  m a y  be  off c e n t e r  or  
no t  p a r a l l e l  to  t h e  ax is  of t h e  cy l i nde r .  

Specif ic  t es t s  in  t h e  i n i t i a l  p a p e r  (1) or  in  t h i s  p a p e r  
h a v e  n o t  b e e n  p e r f o r m e d  to d e t e r m i n e  spec i f ica l ly  t h e  
l imi t s  of d i s t o r t i o n  w h i c h  t h e  v a r i o u s  r e s t r i c t i n g  t e c h -  
n i q u e s  de tec t .  In  b o t h  cases  t h e  a p p l i c a b i l i t y  of t h e  
m e t h o d s  is i n f e r r e d  b y  t h e  c o m p a r i s o n  of n u m e r i c a l  
r e s u l t s  f r o m  a n u m b e r  of m e n i s c i  a n d  t h e  c o m p a r i s o n  
of s u r f a c e  t e n s i o n s  w i t h  k n o w n  v a l u e s  as d e t e r m i n e d  
b y  o t h e r  m e t h o d s .  

T h e  l i m i t s  on m e t h o d s  1 a n d  2 w e r e  r e v i s e d  s o m e w h a t  as c o m -  
p a r e d  to  t h o s e  u s e d  in  t h e  Hg,  w a t e r  c a l c u l a t i o n s  {1). T h e  c h a n g e s  
w e r e  m a d e  to m a k e  m e t h o d s  1, 2, a n d  3 c o n s i s t e n t .  In  t h e s e  t h r e e  
m e t h o d s  t h e  l i m i t  on  t h e  s ines  is h e l d  c o n s t a n t  w h i l e  t h e  r e s t r a i n t  
on  s a n d  s7 is  p r o g r e s s i v e l y  r e l a x e d .  
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Surface Tensions of Co-Ce Alloys from Frozen Menisci 
T h e  s u r f a c e  t e n s i o n s  of 6, 12, a n d  18 w / o  Co in  

C o - C e  a l loys  w e r e  d e t e r m i n e d  f r o m  t h e i r  f r o z e n  m e -  
nisci .  A t o t a l  of 12 m e n i s c i  w e r e  a n a l y z e d ,  a n d  of t h i s  
n u m b e r  7 p r o d u c e d  m i n i m a  in  t h e  s a n d  sT c u r v e s  t h a t  
m e t  t h e  d e m a n d s  of m e t h o d s  1, 2, or  3. T h e  b e s t  d a t a  
c a m e  f r o m  t h e  12 w / o  C o - C e  mel t s .  F o r  th i s  c o m p o s i -  
t ion,  6 s a m p l e s  w e r e  run ,  a n d  f o u r  of t h e m  g a v e  ac -  
c e p t a b l e  s a n d  s7 m i n i m a .  

In  T a b l e s  VI I  a n d  VI I I  in  t h e  A p p e n d i x ,  6 a r e  c o m -  
p i l e d  t h e  p h y s i c a l  p r o p e r t i e s  a n d  c h e m i c a l  a n a l y s e s  
of t h e  a l loys ,  c h a r a c t e r i s t i c s  of t h e  men i sc i ,  a n d  t h e  
c o m p u t a t i o n  d a t a  fo r  t h e  t h r e e  a l loys .  T h e  d e n s i t i e s  a t  
m e l t i n g  of t h e  a l loys  w e r e  o b t a i n e d  f r o m  a p a p e r  b y  
P e r k i n s  e t  aL (2) .  T h e s e  d e n s i t y  s t u d i e s  s h o w  t h e  12 
a n d  18 w / o  C o - C e  a l loys  to be  n e a r  eu t ec t i c s  a n d  to 
m e l t  a t  n e a r l y  c o n s t a n t  t e m p e r a t u r e s  of 425 ~ a n d  
440~ T h e  6 w / o  a l loy  is n o t  a e u t e c t i c  a n d  m e l t s  
o v e r  a r a n g e  f r o m  420 ~ to 625~ T h e r e f o r e ,  t h e  s u r -  
f ace  t e n s i o n  for  t h e  6 w / o  m a t e r i a l  does  n o t  a c c u -  
r a t e l y  r e p r e s e n t  t h e  s u r f a c e  t e n s i o n  of t h e  a l loy,  b u t  
p r o b a b l y  s h o w s  t h e  p r o p e r t i e s  of a m e l t  n e a r  12 w / o  
Co w h i c h  is t h e  l a s t  m a t e r i a l  to  so l id i fy  at  420~ 

Al l  of  t h e s e  a l l oys  e x p a n d  on  f r eez ing .  Thus ,  t h e  
s h a p e  of t h e  m e n i s c u s  is q u i t e  w e l l  p r e s e r v e d  s ince  a 
c r u s t  t e n d s  to f o r m  f irs t  o v e r  t h e  m e n i s c u s  a n d  excess  
l i q u i d  is s q u e e z e d  u p w a r d  b y  t h e  f r e e z i n g  ac t ion  a n d  
u s u a l l y  e scapes  u p  on  t h e  m e n i s c u s  c r u s t  t h r o u g h  
cracks .  T h e  u p w a r d  p r e s s u r e  of t h e  unso l id i f i ed  m e l t  
does  n o t  s e e m  to d i s t o r t  t h e  m e n i s c u s  u n d u l y .  T h e  
c h a r a c t e r i s t i c s  of e a c h  a l loy  a n d  i ts  s u r f a c e  t e n s i o n  
d e t e r m i n a t i o n  a re  d i s c u s s e d  be low.  

6 w/o C o - C e  alloy.--The s u r f a c e  t e n s i o n s  fo r  t h e  6 
w / o  a l loy  a r e  s h o w n  in  T a b l e  I. B e c a u s e  of a l a r g e  s 
v a l u e  g r e a t e r  t h a n  0.0025, o n l y  t h o s e  m e t h o d s  t h a t  
d id  n o t  i n c l u d e  or  r e l a x e d  t h e  s a n d  s7 size r e s t r i c -  
t i ons  g a v e  a n y  u s e f u l  r e su l t s .  A c c e p t a b l e  m i n i m a  in  s 
w e r e  o b t a i n e d  w h e n  s w a s  a l l o w e d  to be  as l a r g e  as 
0.0035 c m  in  m e t h o d  3, a n d  t h e  a v e r a g e  s u r f a c e  t e n -  
sion, 685 _ 38.2 d y n e s / c m ,  o b t a i n e d  w i t h  t h e s e  r e s t r i c -  
t i ons  h a d  t h e  s m a l l e s t  95% conf idence  i n t e r v a l s .  M e t h -  
ods 8 a n d  9 g a v e  c o m p a r a b l e  r e su l t s ,  677 d y n e s / c m ,  

The  A p p e n d i x  has  been  d e p o s i t e d  as D o c u m e n t  No. 9231 w i t h  t he  
A m e r i c a n  D o c u m e n t a t i o n  I n s t i t u t e  P h o t o d u p l i c a t i o n  Serv ice ,  L i -  
b r a r y  of Congress ,  W a s h i n g t o n  25, D. C., a n d  m a y  be o b t a i n e d  for  
$3.75 fo r  p h o t o p r i n t s  or $2.00 for  35 m m  microf i lm.  
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b u t  w i t h  a l a r g e r  conf idence  i n t e r v a l  of •  d y n e s /  
a m .  

I n  t h e s e  d e t e r m i n a t i o n s  t h e  r a d i u s  of t h e  c a p s u l e  
r a n g e d  f r o m  0.47 to 0.57 cm. T h e  m e n i s c u s  in  t h i s  
s ized c a p s u l e  h a d  m a x i m u m  h e i g h t s  a b o v e  t h e  m e n i s -  
cus  b o t t o m  of 0.32 cm, a n d  t h e  c a l c u l a t e d  c a p i l l a r y  
d e p r e s s i o n  v a r i e d  b e t w e e n  0.23 a n d  0.29 c m  fo r  t h e  
t w o  a c c e p t a b l e  menisc i .  In  T a b l e  X in  t h e  A p p e n d i x ,  
is t a b u l a t e d  a s u m m a r y  of  t h e  c o m p u t a t i o n  r e s u l t s  
for  t h e  t h r e e  men i sc i .  

12 w/o C o - C e  aI~oy.--The a n a l y s e s  of t h e  12 w / o  
C o - C e  m e n i s c i  g a v e  t h e  b e s t  a n d  m o s t  c o n s i s t e n t  r e -  
sul ts .  S i x  m e n i s c i  w e r e  s tud ied ,  a n d  t h e s e  w e r e  f o r m e d  
in  t h r e e  d i f f e r e n t  s ize t u b e s  of 0.46, 0.57, a n d  1.2 cm 
radi i .  A c c e p t a b l e  m i n i m a  i n  t h e  s a n d  s7 c u r v e s  w e r e  
o b t a i n e d  f r o m  al l  t h r e e  sizes of men i sc i .  T h e s e  m e -  
n isc i  p r o d u c e d  s u r f a c e  t e n s i o n s  w i t h  a n  a v e r a g e  v a l u e  
of 644.5 d y n e s / c m  w i t h  a 95% conf idence  i n t e r v a l  of 
•  d y n e s / c m .  T h e  m e n i s c i  w i t h  t h e  l a r g e s t  r a d i u s  
w e r e  m o s t  eas i ly  a n a l y z e d .  T h e  m i n i m a  in  s a n d  s7 
w e r e  m u c h  s h a r p e r ,  a n d  t h e  s u r f a c e  t e n s i o n  w a s  m u c h  
m o r e  i n s e n s i t i v e  to c h a n g e s  in  s ine .  Also,  in  t h e  l a r g e r  
r a d i u s  capsu l e s  t h e  v a l u e  of zo w a s  s m a l l e r ,  a n d  its 
i n f l uence  on  t h e  t o t a l  c a l c u l a t i o n  w as  less.  

T h e  r e s u l t s  f r o m  t h e  12 w / o  C o - C e  m e n i s c i  g a v e  t h e  
be s t  i n d i c a t i o n  t h a t  d i s t o r t i o n  w a s  n o t  s ign i f i can t  w h e n  
t h e  c r i t e r i a  of m e t h o d  1 w e r e  sat isf ied.  Men i s c i  f r o m  
t h r e e  d i f f e r e n t  r a d i i  t u b e s  w e r e  a n a l y z e d ,  a n d  t h e  r e -  
su l t s  f r o m  al l  t h r e e  a g r e e d  v e r y  sa t i s f ac to r i l y .  S i n c e  
t h e  coo l ing  h i s t o r i e s  of t h e  m e l t s  in  t h e  capsu le s  w e r e  
c o n s i d e r a b l y  d i f f e ren t ,  t h e  p r o b a b i l i t y  of a l l  m e n i s c i  
d i s t o r t i n g  in  s u c h  a m a n n e r  to  m e e t  t h e  d e m a n d s  of 
m e t h o d  1 a n d  s t i l l  g ive  t h e  s a m e  v a l u e  of s u r f a c e  t e n -  
s ion  is q u i t e  smal l .  In  Fig. 1 a n d  2 a r e  s h o w n  t h e  
m e n i s c i  for  c a p s u l e  3 (1.21 c m  r a d i u s )  a n d  c a p s u l e  
277 (0.459 c m  r a d i u s ) ,  b o t h  of w h i c h  p r o d u c e d  s u r f a c e  
t e n s i o n s  w h i c h  m e t  t h e  r e q u i r e m e n t s  of m e t h o d  1. T h e  
l a r g e  d i a m e t e r  c a p s u l e  e x h i b i t e d  d i s t o r t i o n  in  t h e  
cen te r .  H o w e v e r ,  t h e  o u t s i d e  p o r t i o n s  of t h e  m e n i s c u s  
w e r e  u n d i s t o r t e d  a n d  p r o d u c e d  a c c e p t a b l e  v a l u e s  of 
s u r f a c e  t ens ion .  C a p s u l e  277 m e n i s c u s  a p p e a r s  v i s u a l l y  
to be  u n d i s t o r t e d ,  a n d  t h e  c o m p u t a t i o n s  s u p p o r t e d  

Table I. Summary of surface tension data 

95% Confi- 
No. of Range of dence interval 

surface surface for av value Av value 
No. of tension tensions of surface of surface 

Type menisci determina- in av, tension, tension. 
of av in av tions in av dynes/cm dynes/cm dynes/cm 

1 None  
2 None  
3 2 
4 None  
5 1 
6 1 
7 None  
8 2 
9 2 

4 
Di t to  
Ditto 
3 
5 
6 
4 
5 
4 

1 
D i t t o  
Di t to  
None  
1 
2 
None  
N o n e  
None  

6 w / o  Co-94 w / o  Ce 

--2 628-688 "4-38.2 685.0 

-~ 6~% ~ 6~  
1 632 ~ 632 

-~ 632-7--00 • 6~0 
3 632-700 -----96.8 677.0 

12 w / o  Co-88 w/o Ce 
10 628-660 4-7.7 644.5 

3 617-668 ~65,9 646.7 
5 617-1029 ~219.0 719.2 
6 617-1029 • 744.0 
9 617-669 -----16.5 647,7 

12 617-880 • 682.6 
9 617-669 -----16.5 647.7 

18 w / o  Co-82 w / o  Ce 
2 897-943 ~-293 920.0 

2 872-880 ~61.0 876 
Fig. 1. Meniscus in capsule 3 with 1.21 cm radius; 12 w/o C0-88 

w/o Ce. 
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prov ided  only t ha t  the  r eg ion  of obvious  d is tor t ion  is 
not  in  the  cu rved  sect ion n e a r  the  outs ide p e r i m e t e r  
of the  meniscus.  

In  Table  X in the  A p p e n d i x  a re  s u m m a r i z e d  the  
compu ta t iona l  resul t s  for  the  12 w / o  Co-Ce alloys. 

18 w / o  Co-Ce a l l o y . - - T h e  sur face  t ens ion  resu l t s  for  
the  18 w / o  Co-Ce mel t s  a re  s u m m a r i z e d  in Tab le  I. 
Only  one of the  t h r ee  menisc i  gave-accep tab le  m i n i m a  
in the  s and s~7 curves.  However ,  the  l imi ta t ion  of 
me thod  6 a l lowed two resu l t s  f rom two capsules  to be  
ave raged  and  gave a resu l t  of 876 -4- 51 dynes / cm.  The 
two acceptable  menisc i  for  m e t h o d  6 had  s ignif icant ly  
d i f ferent  radi i  of 0.57 and  1.21 cm. The compu ta t i ona l  

Fig. 2. Meniscus in capsule 277 with 0.459 cm radius; 12 w/o Co- 
88 w/o Ce. 
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Fig. 3. Meniscus height standard deviations, s and s~ vs. "opti- 
mum" surface tension for copsule 3; rodius = 1.21 cm, 12 w/o 
Co-Ce. 

th is  content ion.  In  Fig. 3 and  4 are  shown  the  s and  s7 
curves  for  these  two capsules.  ~ The  "ad jus t ed"  and  
e x p e r i m e n t a l  s ine curves  for  these  two capsules  are  
shown  in Fig. 5 and  6. Visua l  compar i son  of Fig. 3 vs.  
4 and  of Fig. 5 vs.  6 ind ica tes  t h a t  the  m e t h o d s  used  to 
t r e a t  t he  da ta  p e r m i t  sa t i s fac tory  resu l t s  to be  ob-  
t a ined  f rom bo th  s y m m e t r i c  and  d i s to r ted  menisc i  

In each case the radius was divided into 25 increments. Three 
c a l c u l a t i o n s  a r e  s h o w n  f o r  t h e  c a s e s  w h e r e  t h e  i n s i d e  21 ,  24 ,  a n d  
2 5  i n c r e m e n t s  a r e  r e t a i n e d  i n  t h e  c o m p a r i s o n , .  

I I I I I I 
3 0 - -  

~ro 20 ~ 
x 
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o~ INCREMENTS 

if__ i o -  
_~ o s  
,.>, 
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Fig. 4. Meniscus height standard deviations, s and s7 vs. "opti- 
mum" surface tension for capsule 277; radius = 0.46 cm; 12 w/o 
Co-Ce. 
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Fig. 5. Experimental and "adjusted" sine curve for capsule 3; 
radius = 1.21 cm, 12 w/o Co-Ce. 
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I.C / 
0 EXPERIMENTAL POINTS 

Y O.8 ~ "AOJUSTED" SINE CURVE 

{AV. y FOR LAST S POINTS / -  
ON "ADJUSTED" CURVE 
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Fig. 6. Experimental and "adjustett" sine curve for capsule 277; 
radius ---- 0.46 cm; 12 w/o Co-Ce. 

Table Ill. Summary of surface tension data 

No. of  R a n g e  of  
su r face  su r face  

No. of t en s ion  t ens ions  
T y p e  men i sc i  d e t e r m i n a -  in  av,  
of a v  i n  a v  t ions  in  a v  d y n e s / c m  

1 2 l0  
2 D i t t o  
3 D i t t o  
4 2 2 
5 3 3 
6 3 3 
7 3 8 
8 5 13 
9 5 10 

1 None  
2 2 8 
3 Di t to  
4 1 1 
5 2 2 
6 3 3 
7 2 5 
8 4 8 
9 3 7 

9 5 % C o n f i -  
dence  i n t e r v a l  

for  a v  v a l u e  A v  v a l u e  
of su r face  of sur face  
t ens ion ,  t ens ion ,  

d y n e s / c m  d y n e s / c m  

3 g / cc  P u - C o - C e  
628-687 "+'14.9 653.6 

616-648 -----415 648.5 
616-1124 -+-663 807.0 
616-1124 +---663 807.0 
615-1124 "+'144 704.0 
397-1124 "+'143 728.8 
397-1124 --+130 662.6 

5 g/cc  P u - C o - C e  

927-1340 -----151 1125.3 

1148.0 1148.0 
979-1148 ---+1074 1063.5 
629-1148 •  918.7 
977-1148 -----115.6 1079.8 
629-1279 -----164.8 1035.8 
629-1148 +171.4  1001,0 

8 g / cc  P u - C o - C e  
1 None  
2 None  
3 3 5 935-1135 -----117.5 1019.0 
4 None  
5 1 1 918.0 918.0 
6 3 3 918-1184 -----334.0 1041.0 
7 None  
8 3 5 918-1187 -----163.6 1044.0 
9 3 4 918-1187 ~'--205.5 1076.3 

and comparison results for the 18 w / o  Co-Ce alloys 
are presented in Table XI in the Appendix.  

Surface Tensions of Pu-Co-Ce Alloys 
The Pu -Co-Ce  system forms a series of low melt ing 

alloys in which the plutonium concentrat ion can be 
var ied over  a wide range of concentrat ions wi thout  
significantly changing the mel t ing temperature .  These 
alloys are of interest  in a l iquid meta l  nuclear  re-  
actor because of the possibility of changing the p lu-  
tonium concentrat ion and the power  density wi thout  
changing the tempera ture  requi rements  of the coolant 
system. Alloys f rom this system have  been  extens ive ly  
tested as to their  corrosion characterist ics in tan ta lum 
containers, and some usable menisci  were  observed 
when  photomicrographs were  made f rom the  sectioned 
capsules. The three alloys of interest  are the 3, 5, and 
6g Pu /cc  concentrations. The nominal  weight  per cent 
compositions for the three  alloys are listed in Table II. 
Also, l isted are the mel t ing ranges of these materials.  
These alloys are  not t rue  t e rnary  eutectics, but  their  
compositions do res ide  near  the bot tom of a t empera -  
ture t rough running through the te rnary  diagram. 
Therefore,  the 3 and 5g Pu /cc  mater ia ls  do mel t  over  
a ve ry  na r row range of 10~ whi le  the 8 g/cc  melts  
over  a 25~ range. 

The data reported here  were  obtained f rom various 
capsules that  w e r e  run  for other  purposes. As a re -  
sult, many  menisci were  asymmetr ica l  and distorted 
f rom not being in an exact  ver t ical  position on f reez-  
ing. Also, no great  care was taken to section the cap- 
sule exact ly  in the center. However ,  the number  of 
undis tor ted menisci  was sufficiently la rge  to give rea-  
sonable est imates of the surface tension of the  melts  
on freezing. In Tables XII  and XIII,  in the Appendix,  

Table II. Nominal compositions and melting ranges for 
Pu-Co-Ce alloys 

A l l o y s  
F t l  cone., 

g / c c  

N o m i n a l  compos i t i on ,  w / o  

Pu Co Ce 
M e l t i n g  

range ,  ~ 

3 33.5 10.2 56.3 436 ~ 5 
5 49.3 9.9 40.8 440 --~ 5 
8 68.1 8.3 23.6 420-445 

are  listed the chemical  analyses for many of the melts 
tested. Also, the physical propert ies  of the menisci and 
the computat ion requi rements  for the three  alloys are 
tabulated in Table  XIV of the Appendix.  

3 g/cc Pu-Co-Ce  alloy.--Five menisci were  analyzed 
for the 3 g/cc  alloy; the results are shown in Table III. 
Two of the menisci produced acceptable min ima in 
the s and s7 curves as requi red  by method 1, wi th  a 
resul t ing average surface tension of 653.6 • 14.9 
dynes/cm.  For  this alloy only methods 1, 2, and 3 
produced averages with small  enough confidence in- 
tervals  to be meaningful .  

One of the 5 menisci  was obtained by radiograph-  
ing a sealed capsule in which the meniscus was frozen. 
Added uncer ta in ty  was produced by the fuzzy nature  
of the radiograph, and the resul t ing s and s7 values 
were  excessively large. However ,  the average 7 f rom 
the "adjusted" sine curve was 598 dynes / cm which 
compares surpris ingly well  wi th  the 654 dynes /cm 
value f rom the two acceptable mensici. A summary  of 
the computat ional  and comparison results for the 3 
g/cc  alloy is presented in Table XV of the Appendix.  

5 g/cc Pu-Co-Ce  alloy.--Five menisci f rom the 5 
g /cc  alloy were  studied, and two of the menisci  pro-  
duced minima acceptable by method 2. However ,  in 
this case the range of the surface tensions f rom these 
min ima was ve ry  large,  927 to 1340 dynes /cm.  The 
average  surface tension f rom method  2 was 1125 • 151 
dynes/cm.  Method 7 actually produced an average 
with  a smaller  confidence interval ,  1079.8 • 116 dynes /  
cm. This wide confidence in terva l  indicates that  some 
distortion was being al lowed in method 2 and that  
more  menisci  should be studied as they become avai l -  
able. The tabulat ion of comparison results is given in 
Table XVI in the Appendix.  

The radiographed meniscus again had ve ry  large s 
values. The average  value  f rom the adjusted sine 
curve  was 629 dynes / cm which does not  compare 
favorably  with  the above averages.  

8 g/cc Pu-Co-Ce  alloy.--The average surface ten-  
sions found for the 8 g/cc alloy are presented in 
Table III. Of the 5 menisci tested none met  the re-  
quirements  of methods 1 and 2. However ,  the minima in 
s and s7 w e r e  acceptable f rom three of the menisci  
when the size restr ict ion of s and s7 was re laxed to 
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35 x 10-4 cm in method 3. This resul t  of 1019 -+ 118 
dynes /cm had the smallest  95% confidence in terva l  for 
all of the 9 averaging methods. All  other res t r ic t ing 
methods had confidence limits of +_164 dynes /cm or 
greater.  Table XVII in the Appendix  contains the 
computat ional  and comparison results for the various 
menisci. 

The radiographed capsule had very  large s and sT 
values and gave an average surface tension of 740 
dynes/cm. The fuzziness of the radiograph produced 
some of the distortion indicated by the size of the s 
and s7. 

Capillary rise surface tension determination.--The 
surface tensions of these alloys have not been de te r -  
mined by other  methods in exper iments  designed for 
such determinations.  However ,  one independent  calcu- 
lation of the surface tension of 6.2g Pu /cc  Pu-Co-Ce  
(57.7 w / o  Pu-9.4 w /o  Co-32.8 w / o  Ce) was made 
possible from a radiograph of the fluid contained in 
an electromagnet ic  pump exper imenta l  apparatus (3). 
The reservoir  and manomete r  legs provided  a system 
in which capil lary rise in the legs could be measured.  
At 530~ the rise in the manomete r  tube along with  
the assumption of 0 ~ contact angle gave a surface 
tension of 1050 dynes /cm.  This va lue  compares very  
favorably  wi th  the values of 1125 _ 151 and 1019 
_ 118 dynes / cm for the 5 and 8g Pu /cc  Pu-Co-Ce  
alloys. 

Interfacial Tension of a Co-Ni Alloy Covered with NaK 
In density studies made with  a NaK vo lumete r  (2) 

the density specimen is held in direct  contact wi th  the 
indicating NaK fluid. Many of the specimens formed 
wel l -shaped concave menisci between the alloy and 
the NaK. At this t ime one of these menisci f rom an 18 
w / o  Ni-Ce alloy has been analyzed. The results pre-  
sented in Table IV indicate that  the meniscus was 
re la t ive ly  undistorted since acceptable min ima in s 
and sT at three of the four radial  increments  tested 
were  obtained. The best result  came from method 3 
where  a tension of 421.3 -+ 16.1 dynes /cm was pro-  
duced. Since only one sample was run, most of the 
analyzing methods could not give a 95% confidence 
interval .  The physical  data for the mensicus and the 
computat ion t imes are given in Table XIX in the Ap-  
pendix. The computat ion results for each radial  in-  
crement  are included as Table XX in the Appendix.  
As indicated in Table XVIII  the Ni-Ce alloy mel ted 
over  a t empera tu re  range of 450~176 and is not a 
true eutectic. A complete tabulat ion of the exper i -  
menta l  meniscus heights for all of the menisci studied 
are presented in Table XX in the Appendix.  

Results and Conclusions 
Surface tensions of 6, 12, and 18 w / o  Co-Ce, 3, 5, 

and 8g Pu /cc  Pu-Co-Ce  alloys, and the interracial  
tension of 18 w / o  N i - C e / N a K  were  de termined  from 
frozen menisci of the alloys. A total of 28 menisci were  
analyzed and, of this number,  15 produced minima in 
the s tandard deviations, s and s7, that  met  the l imi ta-  
tion of size of s and s7 and of deviat ion in sine, as re-  

Table IV. Summary of interracial tension data 
18 w/o Ni--81 w/o Ce/78 w/o NaK 

quired  by averaging methods 1, 2, and 3. Nine methods 
of testing the surface tension data for distort ion were  
tested on the menisci, and methods 1, 2, and 3 which 
requi re  acceptable minima in s and s7 were  consist- 
ent ly the best. Of the more l iberal  restr ict ing tech- 
niques, methods 7, 8, and 9 most consistently produced 
results that agreed with methods 1, 2, and 3. These 
last res t r ic t ive methods invar iably  had 95% confidence 
intervals  that  were  f rom l l/z to 10 t imes as large as 
those f rom methods 1, 2, and 3. In one case, for 18 w / o  
Co-Ce, method 6 which only requires  that  exper i -  
menta l  and adjusted sine curves be near ly  paral le l  
gave the most acceptable results  wi th  the smallest  95% 
confidence interval .  The surface tensions obtained 
from the analyses are summarized in Table V. 

The surface tension calculation and restr ict ion pro-  
cedure was designed such that  if averaging method 1 
was satisfied the meniscus could be assumed to have 
no significant distortion f rom freezing. Averag ing  
methods 2 and 3 also should minimize the possibility 
of distortion, but because of the larger  a l lowable 
s tandard deviat ion in meniscus differential  heights, 
more distortion is permit ted.  The analysis of the 28 
menisci in this study indicate that the restrictions of 
method 1 are sufficient to e l iminate  distorted menisci. 
Methods 2 and 3 with  their  re laxat ion on the size of 
the standard deviat ion also give good results in gen-  
eral. Three  tests of the rest r ic t ing procedures were  
possible from the computations. Comparisons of sur-  
face tensions f rom capsules of similar  size could be 
made. Also, surface tension comparisons f rom capsules 
wi th  significantly different radii  were  possible. And 
finally, one independent  surface tension de te rmina-  
tion was avai lable for comparison. 

In the first test, the surface tension of a given alloy 
was determined from a number  of capsules of approxi-  
mate ly  the same diameter ,  and these values were  com- 
pared. Since the cooling histories of the capsules were  
probably dissimilar, the surface tension values f rom 
the capsules could be significantly different if distor-  
tion were  al lowed to influence the results. Also, the 
values from the various capsules could vary  from 
asymmetr ies  resul t ing f rom nonver t ica l  f reezing and 
noncenter l ine  cutting. The minima methods were  de-  
signed to detect and discard nonmeniscus type of 
shapes. Thus, if the methods are operat ing satisfac- 
torily, the remaining  acceptable menisci should pro-  
duce comparable  values of surface tension. In Table 
VI are summarized the data obtained f rom capsules 
of comparable  size for the alloys tested. The surface 
tensions of the capsules accepted and f rom those re-  
jected are noted. Also, the  type of min ima  method 
used is listed. Three  sets of capsule pairs f rom two 
alloys met  the requi rements  of method 1. The  range 
of the dual values was for each set wi th in  --+1.8, • 1.2, 
and __ 0.23% of the average  for the two capsules. As 
the magni tude  of the s tandard deviations, s and sT, 
was re laxed in methods 2 and 3, the spread in sur-  
face tensions became greater.  For  the 5g Pu /cc  Pu-  
Co-Ce with method 2, the range was -+ 13.4%. Method 
3 gave very  good results for 6 w / o  Co-Ce with  a 
range of ___ 0.43%. However ,  the range wi th  method 
3 for 8g Pu /cc  P u - C o - C e  was -+ 10.5%. These re -  
sults tend to indicate that  method 1 is sufficiently 
s tr ingent  to insure that  the shape being studied was 
formed by surface tension forces. However ,  some dis-  

95% Confi- 
No. of Range  of dence  i n t e r v a l  

su r face  surface for a v  v a l u e  h v  v a l u e  
No.  of  tens ion tensions of surface  of  surface 

Type  meni sc i  deterrnina- in  av,  tension,  tens ion,  
of a v  in  a v  tion in a v  d y n e s / c m  dynes / cra  d y n e s / c m  

1 1 4 408.0-440.0 -----22.8 423.0 
2 Ditto 
3 1 5 408.0-444.0 •  421.4 
4 None  
5 1 1 423.1 423.1 
6 1 1 423.1 423.1 
7 1 1 423.0 423.0 
8 1 1 423.0 423.0 
9 1 1 423.0 423.0 

Table V. Summary of surface tensions obtained from frozen menisci 

Sur f ace  95% 
M e t h o d  tension,  Confidence 

M a t e r i a l  No. d y n e s / e m  i n t e r v a l  

6 w / o  Co-94 w / o  Ce 3 685.0 -----38.2 
12 w / o  Co-88 w / o  Ce 1 644.5 ~7 .7  
18 w / o  Co-82 w / o  Ce 6 876 +51  
3 g / ce  P u - C o - C e  1 653.6 -+-14.9 
5 g/co Pu-Co-Ce 2 1125 • 
8 g /cc  P u - C o - C e  3 1019 ~ 1 1 8  

18 w / o  Ni-82 w / o  C e / N a K  1 423.0 ___22.8 
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Table VI. Comparison of surface tension values from capsules of comparable size which satisfy averaging methods 1, 2, and 3 

231 

Ave ra ge  values  A v e r a g e  values  
of sur face  of surface 

No. of menisc i  No. of A v e r a g i n g  tension for  tension for 
tes ted wi th  Radius  menisc i  m e t h o d  each capsule each capsule 

Mater ia l  s imi la r  rad i i  range ,  cm acceptable used accepted not accepted 

6 w / o  C0-94 w / o  Ce 3 0.47-0.57 2 3 682, 688 405 
12 w / o  Co-88 w / o  Ce 4 0.46-0.57 2 1 645,642 853, 1073 

2 1.21 2 1 654, 637 
18 w / o  Co-82 w / o  Ce 1 0.57 1 1 920 

2 1.21 0 808, 541 
3 g P u / e c - P u - C o - C e  5 0.46-0.48 2 ~-  ~ 8 , 6 4 4  303, 1360, 412 
5 g Pu / ec -Pu -Co-Ce  5 0.46-0.4B 2 2 1260, 962 1279. 629, 1137 
8 g P u / e e - P u - C o - C e  5 0.47-0.48 3 3 1121, 985, 937 510, 735 

tort ion in the meniscus can be expected if methods 2 
or 3 are used. 

A second test of averaging method 1 was made avai l -  
able by the data f rom the 12 w / o  Co-Co menisci. Here  
two sets of capsules wi th  significantly different radii  
met  the requi rements  of method 1. The shapes of 
these menisci  were  quite  different as indicated in 
Fig. 1 and 2, and their  thermal  cooling histories had 
to be very  different because of the different radii. As 
shown in Table VI, the average  values for these two 
sets of  capsules were  643 and 645 dynes /cm.  

Finally,  a surface tension value  was obtained by a 
capil lary rise exper iment  for the 6.2g Pu /cc  Pu-Co-  
Ce fuel. This value  was 1050 dynes / cm which falls 
r ight  be tween  the values obtained for the 5 and 8g 
Pu /cc  fuels as de te rmined  by methods 2 and 3. 

These calculat ional  and exper imenta l  results  show 
that  good surface tension values can be obtained 
f rom frozen menisci wi th  the comparison and res t r ic t -  
ing procedures utilized. However ,  the less s t r ingent  
averaging procedures,  methods 4 through 9, should 
be used wi th  care and should be uti l ized only to in-  
dicate the general  range of the surface tension for a 
given l iquid metal.  
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NOMENCLATURE 
g accelerat ion due to gravity,  cm/sec  2 
s sample s tandard deviat ion be tween calcu-  

lated and exper imenta l  heights at all N 
radia l  positions, cm 

s7 sample s tandard deviat ion be tween  calcu-  
lated and exper imenta l  meniscus heights 
at outside seven radial  positions, cm 

z height  of meniscus above da tum plane 
at radial  position r, cm 

Zo height  of meniscus above da tum plane at 
r =0, cm 

z'm-1/2(exo) exper imenta l  meniscus height  above hor i -  
zontal  tangent  plane, cm 

Z'm-1/2(num) numer ica l ly  calculated meniscus height  
above horizontal  tangent  plane, cm 

pl density of fluid, below meniscus, g /cc  
p2 density of fluid, above meniscus, g /cc  
8 angle between tangent  to surface tension 

~urve and horizontal  l ine at radia l  posi- 
tion r, radians 

0 e x o  exper imenta l  angles calculated f rom 
Z'm--1/2( exp ), radians 

~adj values of 0 on a smoothed curve through 
sinOex, points. Values f rom this curve  
when used for boundary  condit ion of sin~ 
give approximate ly  a constant va lue  of 7 
at all radial  positions tested 

r angle of tangent  to meniscus curve  at out-  
side of meniscus. This is the boundary 
condition requi red  in the numer ica l  com-  
putation, radians 

Cmln value of ~ at minimum in s or ST, radians 
Ca~ externa l  tangent  angle assumed for a 

computation,  radians 
7 surface tension, dynes /cm 
'~as surface tension assumed for a computa-  

tion, dynes / cm 
7cal surface tension calculated wi th  sum of 

mass res t ra int  dynes / cm 
7ootimum surface tension calculated wi th  sum of 

mass rest ra int  where  7as ---- 'Yeab dyn,es/cm 



Technical Notes 

The Application of Ultraviolet 
Analytical Techniques to Lead Acid Systems 

Thomas F. Sharpe 

Research Laboratories, General Motors Corporation, Warren, Michigan 

The use of ul t raviolet  (uv) spectrophotometric 
techniques to clarify the role of organic additives in 
electrolytic systems has been restricted to some extent  
because portions of the spectra of the organic materials  
have been obscured. In  studies of adsorption at cop- 
per, nickel, and silver electrodes, Barradas and Con- 
way reported (1) that  traces of metal  ions and /or  
complexes formed between the metal  ion and the 
organic compounds tended to distort the uv absorp- 
tion bands of the organic adsorbate. To minimize 
these effects, the s tudy was confined to alkal ine and 
weakly acidic solutions at electrode potentials near  
the reversible hydrogen potential  for the given solu- 
tion. 

Similarly,  the application of uv methods for s tudy-  
ing the reactions of conjugated organic compounds 
in exper imental  lead-acid bat tery  systems is l i m i t e d  
because of inorganic uv-absorb ing  materials  in the 
electrolyte. 

This paper  reports on attempts to characterize the 
various inorganic uv-absorb ing  consti tuents in  lead-  
acid cells to find ways to minimize their  interference 
with the evaluat ion of concentrat ion and s t ructural  
changes of the organic materials.  The exper imental  
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Fig. 1. The ultraviolet absorbance exhibited by 1.21 sp gr H2504 
so lut ions  c o n t a i n i n g :  ~ l ead  power ,  (a )  1 0  g / l i t e r ,  (b)  1 0 0  
g/liter, and (c) 500 g / l i t e r ; -  ~ ~ Pb02, (a) 1 g/liter, (b) 
10 g/liter, and (c) 100 g/liter; and . . . .  PbS04 (saturated). 

approach was to measure the uv absorbance of sul-  
furic acid solutions exposed to lead surfaces on open 
circuit and dur ing  polarization, and then to compare 
these results with the absorbance exhibited by lead 
and lead-an t imony corrosion products added to the 
acid as the reagent  grade chemicals. Absorbance mea-  
surements  were made with a dual  beam spectropho- 
tometer 1 using distilled water  as a reference. The sul- 
furic acid solutions were prepared by di lut ing the re-  
agent grade acid to the desired specific gravity with 
distilled water. The absorbance exhibited by these 
solutions was negligible throughout  the range 350-210 
m]z. 

The absorption spectra presented in Fig. 1 were ob- 
tained following the additions of pure lead powder, 
lead sulfate (PbSO4), or lead dioxide (PbOf) to 1.21 
sp gr H2SO4. To insure equil ibrium, the solutions were 
st irred thoroughly for several hours; then the excess 
solid mater ial  was allowed to settle before making the 
absorbance measurements.  

The magni tude  of absorbance exhibited by the 
PbSO4 is a t t r ibuted to the sparingly soluble Pb 2+ ion, 
since quanti t ies of PbSO4 greater than those required 
for saturat ion did not affect the absorbance. Increas-  
ing the amount  of excess PbO2, however, caused an 
increase in absorbance. Since PbO2 can oxidize the 
water  in the solution, the absorbance may be caused 
by Pb 2+ ion present  in greater  quant i ty  than  normal  
saturation, or by the formation of an oxygen-con-  
ta in ing complex, such as PbO'PbSO4. The absorbance 
of the acid exposed to the pure lead powder reached 
its m a x i m u m  in 18 hr and is similar to that  resul t ing 
from additions of PbOf. 

Since the increase in absorbance of H2SO4 solutions 
exposed to the lead may be caused by the reaction of 
lead with oxygen, some experiments  were conducted 
in  ni t rogen st irred solutions to determine whether  the 
absorbance was minimized. Electrodes (3.0 x 4.0-cm 
portions of a lead-3% an t imony  gauze) were polarized 
in an H- type  cell whose two electrode compartments  
were separated by a glass frit. Figure 2 shows the 
effect of both anodic and cathodic polarization on ab-  
sorbance of the acid determined by sampling the ap- 
propriate compar tment  of the H-cell  for spectropho- 
tometric analysis. 

No increase in  absorbance was found after an 18-hr 
open-circui t  exposure of the electrodes in  ni t rogen 
stirred solution. However,  anodic polarizat ion in  n i -  
trogen stirred solution, even at very  low current  den-  
sities, gave measurable increases in absorbance. 

Prolonged cathodic polarization in n i t rogen stirred 
solution at low current  density gave no increase in  
absorbance. However, when ni t rogen s t i r r ing was 
replaced by air s t i rr ing (without in te r rup t ing  the 
current) ,  the absorbance increased in a m a n n e r  sim- 
i lar to that  found in  the solution from the anode com- 
par tment .  In the presence of air, the absorption con- 

�9 Cary Model 15, Applied Physics Corporation, Monrovia, Cali- 
fornia. 
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Fig. 2. Effect of anodic and cathodic polarizations of lead-3% 
antimony electrodes an the absorbance of 1.30 sp gr H2S04. (Acid 
saturated with PbS04 before test.) 

t inued to increase even at much higher cathodic cur-  
rent  densities. 

The spectrum (broken line in Fig. 2) resul t ing from 
the addit ion of an t imony sulfate [Sb2(SOO8] to the 
acid suggests that  a substant ia l  port ion of the ab-  
sorbanee shown in Fig. 2 was because of dissolution 
of the ant imony.  It  appears that in ni t rogen stirred 
solutions the electrode potential  is sufficiently noble 
so that there is no metal  dissolution. However, in  the 
presence of oxygen (air) ,  even when applying a low 
cathodic current ,  the potential  is sufficiently active to 
allow metal  dissolution to take place. 

It  has been suggested that  an addit ional  cause for 
absorption is the possible formation of hydrogen per-  

oxide (H202) by reduct ion of oxygen (2) at the 
cathode. Small  quanti t ies  of H202 in H2SO4 give uv 
absorbance pat terns similar to those shown by the acid 
exposed to the lead surfaces. The m i n i m u m  quant i ty  
of H202 detectable" by the uv  method is 0.001%, which 
was established by  measur ing the absorbance of H~SO4 
solutions containing known  quanti t ies of H202. Dur-  
ing the exper iment  represented in Fig. 2, quanti t ies of 
solution in  the cathode compar tment  were checked 
periodicalIy for H202. Using the s tandard peroxyti tanic 
acid test (3), the presence of H202 was not indicated. 
Since this test is sensitive to < 0.001% H202, it ap- 
pears that  H202 is not  a contr ibutor  to absorption in 
these experiments.  The absence of H202 in  lead-acid 
systems is not surprising, however, since lead surfaces 
are reported (4) to be excellent  peroxide deeom- 
posers. 

To summarize, these experiments  indicate that  when  
ul traviolet  techniques are applied to lead-acid systems, 
conditions should be main ta ined  to minimize bui ldup 
of corrosion products of lead and lead-an t imony alloys. 
Therefore, the reactions of conjugated organic com- 
pounds at lead surfaces should be studied in ni t rogen 
stirred solutions at potentials more cathodic than  the 
corrosion potential  of the lead surface. 

Manuscript  received Nov. 1, 1966; revised m a n u -  
script received Dec. 7, 1966. 

Any  discussion of this paper will  appear in a Dis- 
cussion Section to be published in the December 1967 
JOURNAL. 
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Studies of Hydrocarbon Fuel Cell Anodes by the Multipulse 
Potentiodynamic Method 

IV. Effect of Various Electrolytes on the Behavior of Hydrocarbons 

on Conducting Porous Teflon Electrodes 

L. W.  Niedrach and M.  Tochner 1 

General Electric Research & Development Center, Schenectady, New York  

Impor tan t  variables in fuel cell studies are the elec- 
trocatalyst, electrode structure,  electrolyte, and  fuel  
structure.  A systematic s tudy of these variables us ing 
the mul t ipulse  potent iodynamic (MPP) method has 
been under  way in  this Laboratory (1-5). Previous 
papers in  the present  series have dealt  with the be-  
havior of methane,  ethane, and propane on Teflon 
bonded p la t inum black electrodes with a perchloric 
acid electrolyte (3, 4) and with methane through 
butane  wi th  a phosphoric acid electrolyte (5). 

Recent observations in fuel cell studies that higher 
current  densities can be sustained by hydrocarbons 
with a hydrofluoric acid azeotrope electrolyte than a 
concentrated phosphoric acid electrolyte (6) ini t ia ted 
the present  examinat ion  of the effects of various elec- 
trolytes. Of par t icular  interest  was any difference in 
behavior  that  could account for the higher, s teady- 
state current  densities that  can be supported in hydro-  
fluoric acid cells without  the appearance of voltage 
decay and oscillations. The electrolytes tha t  were 

1 P r e s e n t  add re s s :  S i l i cone  P r o d u c t s  D e p a r t m e n t ,  G e n e r a l  Elec-  
t r ic  C o m p a n y ,  Wate r fo rd ,  N e w  York .  

compared in this study were H3PO4, HC104, and HF at 
60~ Ethane served as the model hydrocarbon for 
the comparison. 

Experimental 
A three-compar tment  Teflon cell described else- 

where (3) was used in these experiments.  A minia ture  
version (0.2 cm diameter)  of a previously described 
(7) conducting-porous "Teflon" fuel cell electrode con- 
ta ining p la t inum black as the catalyst was employed. 
That  used in this work  was designated as ME-16. 

Both the hydrogen reference and counter  electrodes 
were platinized p la t inum flags. The hydrogen reference 
communicated with the working  electrode by a Lug-  
gin capillary. All  potentials are referred to this elec- 
trode. The cell was operated in an air thermostat  en-  
abl ing control of the tempera ture  to wi th in  0.1~ 

The acids employed in  the study were 4.3N per-  
chloric acid, 5N phosphoric acid, 36N (75%) phos- 
phoric acid, and 22N (azeotrope) hydrofluoric acid. 
All were prepared by di lu t ing reagent  grade acids 
with quartz distilled water. Electrolytic grade hydro-  
gen was used in the reference electrode chamber,  and 
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Fig. 1. Current-potential (time) traces for adsorbed ethane with 
various electrolytes. 

Phill ips research grade ethane was used as the fuel. 
Tank argon deoxygenated  by passage over  heated 
copper turnings was substi tuted for the fuel for ob- 
taining solvent blanks. Tank argon was also used for 
degassing the electrolyte.  

As in the ear l ier  work  l inear anodic sweeps were  
applied to the electrode to de termine  the behavior  of 
the ad- layer  as well  as the amount  of fuel  adsorbed 
after  equil ibrations at various potentials for vary ing  
times. Pr ior  to each equi l ibrat ion the electrode was 
pre t rea ted  with a series of potent ial  steps which have  
previously been found to result  in reproducible  con- 
ditions. The sequence of steps is shown in Fig. 1 and 
the details are discussed e lsewhere  (3). 

Briefly, oxidizable impuri t ies  are removed  from the 
electrode dur ing the per iod at 1.Tv. During the step at 
1.2v, oxygen evolut ion ceases, and free oxygen  is 
removed from the vicini ty  of the electrode. Adsorp-  
tion of fuel  is blocked at this t ime by "adsorbed oxy-  
gen" on the electrode. The  brief  excursion to 0.06v 
results in reduct ion of the "adsorbed oxygen"  layer  
at a potent ial  at which hydrocarbons are themselves  
not  adsorbed. The potent ial  is then stepped to that 
at which adsorption and performance  data are re-  
quired. Af te r  the desired equil ibrat ion t ime a l inear  
anodic sweep is applied in order  to de termine  the 
number  of coulombs associated with  oxidation of the 
carbonaceous ad-layer .  This informat ion is obtained 
by integrat ing the area be tween  the trace for the 
equi l ibrated electrode and that  obtained when argon 
is substi tuted for the fuel. In the la t te r  case the wave  
s tar t ing at about 0.Sv corresponds to the format ion 
of the adsorbed oxygen layer. When  fuel  is present  
on the electrode some ad-species may  be oxidized prior  
to the format ion of the oxygen ad- layer  while  others  
may  be oxidized concurrent ly  over  the same potent ial  
range. In the la t ter  case, the wave  obtained over  the 
potential  range 0.8-1.6v is enhanced over  that  obtained 
dur ing an argon blank. The final sharp rise in all  of 
the traces marks the onset  of oxygen evolution. 

Polarizat ion curves were  obtained by measur ing the 
currents  dur ing the longer  equi l ibrat ions  jus t  pr ior  
to application of the l inear  anodic sweeps. These 
curves, of course, differ in form from the cu r ren t -vo l t -  
age traces obtained dur ing l inear  anodic sweeps. The 
fo rmer  reflect quasi s teady-s ta te  per formance  whi le  
the lat ter  are associated with  complete  oxidation of 
all of the ad-species on the surface. I t  is to be noted 

that  the s teady-sta te  currents  are much smaller  than 
those flowing during the l inear  anodic sweeps. They 
therefore  introduce a negligible error  in the deter-  
minat ion of the charge associated with  oxidat ion of 
the ad-layer .  

Results and Discussion 
The general  form of the cur ren t -vo l tage  traces ob- 

tained with l inear anodic sweeps for adsorbed ethane 
in the presence of the four  electrolytes is shown in 
Fig. 1 after 10-rain equi l ibrat ions  at 0.3v. Traces ob- 
tained after shorter  and longer  equil ibrat ions were  
of the same form. In all cases the ad- layer  is oxidized 
over  a range of potentials.  With the perchloric  and 
hydrofluoric acid electrolytes two distinct waves can 
be detected. The first occurs at potentials  below those 
(approximate ly  0.8v) at which the surface itself is 
normal ly  oxidized. The second wave  exhibits  a flat 
m ax im um  which extends f rom 0.8v to oxygen evolu-  
tion potentials. In the case of the perchloric  acid elec- 
t rolyte  the first wave  has been at t r ibuted to the oxi-  
dation of C1 species and the second to C2 species (1-4). 

With the phosphoric acid electrolytes oxidat ion of 
the ad- layer  is again ini t iated at potentials below 
those requi red  for p la t inum surface oxidation, but  
the resolution of two discrete waves is less pro-  
nounced than with  the other  electrolytes.  I t  has been 
noted, however ,  that  at h igher  tempera tures  resolu-  
tion of the two waves  occurs (5). 

As the equi l ibrat ion potent ia l  is increased f rom 
about 0.2v the magnitudes of both waves decline, in-  
dicating that  the surface coverage with  the assorted 
species decreases (3, 5). This occurs in order  that  the 
rate  of adsorption may keep pace with  the increasing 
s teady-s ta te  currents  being d rawn from the electrode 
as the potential  increases (1-5). The change in cov- 
erages with equi l ibrat ion potential,  as reflected by 
changes in Q~I and QEtot, the charges requi red  for 
oxidation of the species of wave  1 and the ent ire  ad- 
layer, respectively,  are i l lustrated in Fig. 2 through 5. 
Because of the incomplete  identification of the precise 
oxidation states of the species involved,  it is not pos- 
sible to relate  these data to the actual number  of sur-  
face sites obscured. The values of QEtot were  obtained 
from linear anodic sweeps by integrat ing the area 
be tween the ethane trace and that  of the argon blank 
as described above. QE1 was obtained by a s imilar  in-  
tegrat ion to the left  of a perpendicular  at about 0.85v. 
In the cases of the perchloric  and hydrofluoric acid 
electrolytes this potent ial  corresponded to the min-  
imum on the fuel  oxidation trace. 
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Fig. 2. Polarization and surface charge curves for ethane with a 
perchloric acid electrolyte. 
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Fig. 4. Polarization and surface charge curves for ethane with a 
5N phosphoric acid electrolyte. 

Also shown in  Fig. 2 through 5 are polarization 
curves for the four electrolytes. The form of the po- 
larization curves is s imilar  for the four electrolytes. 
However the max imum currents  vary  strongly among 
them as shown by the data in Table I. In  all  cases 
the max imum currents  occur at potentials at which 
there is still adsorbed fuel on the electrode surface. 
Maximum surface coverage of the electrode occurs at 
0.2-0.3v in  all cases. 

Table I. Effect of electrolyte on maximum current 

Maximum current density 

Relative Electrolyte 
ma/cm ~ 
(geom,) 

1.0 
2.5 
0.7 
0.3 
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11.4 
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Fig. 5. Polarization and surface charge curves for ethane with 
a 36N phosphoric acid electrolyte. 

Summary and Conclusions 
Linear  anodic sweep data obtained with ethane as 

a model hydrocarbon with perchloric acid, hydrofluoric 
acid, and phosphoric acid electrolytes indicate that  in 
a qual i tat ive sense the behavior is similar with all of 
the electrolytes. In  view of the similarities of the be- 
haviors of ethane, propane, and butane  in  previous 
studies (3,5) it is anticipated that the present  obser- 
vations with ethane wil l  extend to higher hydrocar-  
bons as well. Quant i ta t ive effects therefore appear to 
account for the differences in performance of hydro-  
carbons in fuel cells employing different acidic elec- 
trolytes. These are probably associated with changes 
in the double layer  s tructure and may also reflect dif- 
ferences in the solubili ty of the hydrocarbons in the 
various electrolytes. 
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A New Air Electrode for Fuel Cells 

Haro ld  I. Z e l i g e r  1 

General Electric Research & Development Center, Schenectady, New York 

I t  is bel ieved that  a porous s t ructure  wil l  al low bet-  
ter  mass t ransport  of reactant  gases to the act ive sites 
of fuel cell electrodes and thereby give higher  per-  
formances. With the thought  that  the incorporat ion of 
high surface area iner t  mater ia l  would yield a highly 
porous structure,  electrodes containing silica were  
prepared and evaluated in fuel  cells. 

S tandard  Teflon bonded electrodes (1) (pressed at 
350~ were  prepared  incorporat ing silica. These 
electrodes were  ex t remely  hydrophobic,  showed no 
porosity when placed in fuel  cells, and would not per -  
form on hydrogen. They apparent ly  were  impervious  
to hydrogen. Leaching them with  sodium hydroxide  or 
hydrofluoric acid for periods of up to 3 days improved 
their  fuel  cell performances  only slightly. (Apparent ly  
the Teflon protected the silica f rom the leaching me-  
dia.) 

If, however ,  the electrodes were  pressed cold (room 
tempera ture)  the resul t ing structures were  highly 
porous and readi ly  wetable,  and the electrodes showed 
moderate  fuel  cell performance.  Fu r the r  exper imenta-  
tion led to an electrode fabricat ion procedure which 
gave ve ry  high performance electrodes. It is as follows: 

A mix was prepared consisting of 0.15g John  Cabot 
Cab-O-Si l  silica (surface area: 175-200 m2/g),  0.15g 
graphite,  2 0.12cc Dupont T-30 Teflon suspension (0.108g 
Teflon), 5 drops Rohm and Haas Tri ton X-100 wet t ing 
agent, the appropr ia te  quant i ty  of chloroplatinic acid 
(from Engelhardt  Industries,  40% pla t inum),  and suf- 
ficient wa te r  to give a free flowing slurry. The s lurry 
was applied on a l ternate  sides of a 17.7 cm 2 (1% in. 
d iameter)  45 mesh pla t inum screen (woven from 8 mi] 
wire)  wi th  a single quill  camel 's  hai r  brush or medi -  
cine dropper  and dried above a 350~ hot plate after 
each application. Four  or five applications were  re-  
quired on each side to get all the mater ia l  onto the 
screen. After  each application the mater ia l  was pressed 
into the screen by rol l ing a glass rod over  it wi th  a 
firm hand. Drying was carr ied out at 350~ so that  it 
could be accomplished quickly thereby prevent ing  the 
Teflon from settling out of the mix. 

A 1.6 mg/cm~ waterproofing Teflon film was sprayed 
onto one side of the electrode (1). Finally,  the chloro- 
plat inic acid was reduced under  a s t ream o2 hydrogen 
at room tempera ture  for 2 hr. 

By ini t ia l ly  incorporat ing chloroplatinic acid ra ther  
than pla t inum black into the electrode, the catalyst  
was not subjected to high tempera tures  which could 
cause sintering. A second advantage of adding the 
pla t inum in solution is that  more uni form distr ibu-  
tion of catalyst  in the final electrode s t ructure  is as- 
sured than if materials  of vary ing  densities were  
mixed together.  

Electrodes with varying pla t inum content s were  
prepared and evaluated on hydrogen,  oxygen, and air  
in ambient  temperature ,  5N sulfuric acid electrolyte  

1 P resen t  address :  Avco  Space  Sys tems  Division,  Avco Corpora-  
tion, Lowell,  Massachuset ts .  

The g raph i te  se rved  the dual  purpose of i m p a r t i n g  s t ruc tura l  
s tabi l i ty  and  conduct ing  cur ren t  in electrodes wi th  low p la t inum contents. 

8 With lower platinum loadings (<6 mg/cm -~ more graphite was 
used, e.g.. electrodes with 1.0 mg Pt/cm2 contained 0.3 g graphite. 

o .o  l do  2 ~ - -  o o 

Fig. 1. IR free performance curves for standard and new silica 
containing electrodes on air at ambient temperature. Anodes, 
standard electrodes with 34 mg Pt/cm2; cathodes, /X ~ new silica 
containing electrode with 10 mg Pt/cm 2, �9 ~ standard electrode 
with 34 mg/cm2; electrolyte: 5N H2SO~. 

fuel  cells. A Kordesch-Marko  (2) in te r rupter  bridge 
was employed to monitor  performance.  

Excel lent  performances  (0.8v IR free at 350 m a /  
cm 2) were obtained on hydrogen with  p la t inum load- 
ings of 1.0 m g / c m  2, and on oxygen with  pla t inum 
loadings of 4.0 m g / c m  2. It  was, however ,  as air  elec- 
trodes that  these new electrodes showed superiority.  
Figure  1 shows the IR free polarizat ion curves for a test 
electrode with  10 mg p la t inum/cme (also containing 
0.15g ~silica, 0.15g graphite, and 0.12 cc T-30) and for 
a representa t ive  standard electrode (1) containing 
34 mg p l a t i num/cm 2. At low cur ren t  densities (up to 
100 m a / c m  2) per formance  of the test electrode para l -  
leled those of s tandard electrodes, while  at h igher  
current  densities the per formance  of this electrode, 
was significantly better. This electrode had a l imit ing 
current  density of 800 m a / c m  2. 

At current  densities where  standard electrodes show 
major  polarization at t r ibuted to mass t ransport  l im-  
itations, this new electrode, with less than one third 
the catalyst  content, showed very  lit t le polarization. 
At  450 m a / c m  2 the IR free difference in potential  be-  
tween the two electrodes was 0.6v. 

This improved performance  is most probably at-  
t r ibutable  to a very  highly porous electrode s t ructure  
which allows for rapid mass t ransport  of air to the 
catalyt ical ly active sites. Incorporat ion of a high sur-  
face area mater ia l  such as silica into a fuel  cell  elec- 
trode makes the a t ta inment  of such a s t ructure  pos- 
sible. 

Manuscript  received Oct. 14, 1966. 

Any  discussion of this paper wil l  appear  in a Dis- 
cussion Section to be published in the December  1967 
JOURNAL. 
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Further Observations on the Oxidation of Zirconium 
in Dry Oxygen 

E. Hillner 
Bettis Atomic Power Laboratory, Westinghouse Electric Corporation, Pittsburgh, Pennsylvania 

In a previous invest igat ion on the h igh- t empera tu re  
oxidation performance  of pure zirconium, it was dem-  
onstrated that  crystal  bar (iodide process) z i rconium 
wil l  exhibi t  a transit ion in rate kinetics f rom cubic to 
parabolic behavior  after  extended exposure periods 
whereas  h igh-grade  sponge mater ia l  undergoes a 
cubic- to- l inear  change under  these same conditions 
(1). Both materials  were  found to behave in almost 
an identical  manner  in all other  aspects of the oxi-  
dation reaction. Fur the r  investigations were  under -  
taken at this laboratory in an a t tempt  to substantiate 
the previously observed var iance in posttransit ion be-  
havior  be tween sponge and crystal  bar  zirconium, and 
to init iate a l imi ted  parametr ic  study involving the 
possible origins of this deviation. 

Experimental 
The pr imary  concern associated with  the initial 

study (1) involved the choice of specimen geometry  
(0.05 cm diameter  wire) .  The present  invest igat ion 
employed platelet  specimens of both materials,  ~2.5 
x 1.25 x 0.38 cm. Due to the size and weight  of these 
coupons, the constant modulus helical  spring balance 
employed in the first study could not be used; instead, 
the new specimens were  placed in a molybdenum boat, 
in the center  of a tubular  zircon vacuum chamber,  
which in turn was ex te rna l ly  heated with the aid 
of a horizontal ly  mounted,  spli t- tube,  resistance- 
wound furnace. The loading and weighing of speci- 
mens was performed by two different schedules. In the 
first scheme, four specimens (two sponge and two 
crystal  bar zirconium) were  loaded into the boat, 
evacuated to below 10 -5 Torr,  heated in 400 Torr  pre-  
dried oxygen for a specified length of time, cooled to 
room temperature ,  weighed on a Met t ler  semi-auto-  
matic microbalance,  and re tu rned  to the vacuum 

i t - ^  

chamber  for additional exposure. Thus, this method 
of collecting kinetic data involved the repeated heat-  
ing, cooling, and weighing of the same specimens after  
various exposure times. Specimens handled in this 
manner  are hencefor th  designated as having under -  
gone "discontinuous weight  determinations."  In the 
second schedule, the specimens were  exposed for only 
one t ime cycle, cooled, weighed and then discarded. 
A freshly prepared group of platelets  was then em-  
ployed for  the next  exposure  time, etc. Data f rom this 
la t ter  group are indicated by the te rm "continuous 
weight  determinat ions."  In order  to expedi te  the com- 
parison of the current  informat ion with that  presented 
in (1), all test results genera ted  in this study have  
been obtained at the highest  test t empera ture  of the 
referenced experiments ,  i.e., 850~ Oxygen pressure 
was mainta ined at 400 Torr  for each exposure,  and at 
least two exper imenta l  runs were  carried out for each 
test condition. Detai led chemical  analyses of the two 
zirconium mater ia ls  are presented in (1). 

Results 
The kinetics of oxidation can be described by the 

empir ical  equation 
(~W)" = kt  

where  AW is the weight  gain per unit  area of original  
surface, t is the time, n and k are constants for a 
given tempera ture .  To de termine  the applicable rate  
equat ion f rom weight  gain data, the empir ical  equa-  
tion is more convenient ly  used in its logari thmic form 

log ~W = 1/n log k ~- 1/n log t 

in which case, a plot  of • against t on logari thmic 
coordinates yields a s traight  l ine having a slope of 
1/n. The average results for each test condition are 
plotted in this manner  in Fig. 1. The open symbols 
represent  specimens that  were  chemical ly polished in 

3 6 1 1 q l J q l ) l l l i  

I 2 5 I0 20 50 I 0 0  
TIME-HOURS 

Fig. 1. Oxidation of sponge and crystal bar zirconium, 400 Torr 
02, 850~ 0.38 cm thick specimens. 

32 0.262 mg/cm 2, HR "f 

28 0303 g / z ~  m cm, - 

2 '*  

~,e I / ~  12 

Zr, ~NUOUS WELCHING 
8 , ~  �9 ~ SPONGE Zr, CONTINUOUS WEIGHING 

j Q f  �9 = SPONGE Zr, DISCONTINUOUS WEIGHING t 

. __i~/..e _ I_ P o s t  
, . . . . . . . . .  - 

I I I o ~ 4'0 ' 20 ' : ,oo' ,,o' ,oo 
T~E .~OURS 

Fig. 2. Weight gain as a function of time for three of the four 
curves depicted in Fig. 1. 
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Fig. 3. Square of the weight gain as a function of time; con- 
tinuously weighed X-bar specimens. 

solutions of 45 v / o  HNO3 + 5 v / o  HF -t- 50 v / o  H20 
prior to exposure whereas  the "X" 's indicate the data 
generated with specimens whose surfaces were  ma-  
chined to a 64 rms finish, degreased and r insed in 
e thyl  alcohol before each test. The numer ica l  values 
indicate the calculated slopes on the log-log plot. 
Values for n in the pretransi t ion kinetic region were  
obtained direct ly f rom Fig. 1; kc was de termined  f rom 
a plot of the cube of the weight  gain against  time. 
The corresponding values for post transi t ion oxidation 
per formance  were  obtained by replot t ing the data on 
l inear coordinates (Fig. 2, 3). (One group of data, 
X-ba r  under  continuous weighing conditions, requi red  
a replot  of the square of the weight  gain against time.) 
Table I compares the results generated in this l im-  
ited study with  those of the parent  investigation. 

Discussion and Conclusions 
The data shown in Table I appear  to indicate no 

significant al terat ion in the oxidation characterist ics 
of the two materials  as a consequence of the change 
in specimen geometry.  At first glance it may appear 
that  the pretransi t ion rate  constants (kc) cluster into 
two groups; one group with  an average  value of 0.28, 
the other at approximate ly  0.47. It  should be recalled, 

however ,  that  the cubic rate  constant is obtained f rom 
the cube of the weight  change (AW~ ~ kct);  a var ia -  
tion in the weight  gain data of ~12% can account for 
the differences noted in the pretransi t ion rate  con- 
stants. Thus, the observed values are wi th in  the un-  
cer ta in ty  band associated wi th  data acquisit ion since 
i t  has been established previously  (1) that  the re-  
producibi l i ty in weight  gain data in this series of 
exper iments  was no bet ter  than 10-15%. The same 
discussion can be applied to the apparent  variat ions 
noted in the two posttransit ion parabolic rate  constants 
(kp) de termined  f rom the square of the weight  gain. 
A weighing bias of ~14% can account for the observed 
differences in the lat ter  values. 

Once again, it has been demonstrated that  for the 
method of continuous weight  gain determinat ion,  the 
pretransi t ion oxidation performances  of h igh-grade  
sponge zirconium and crystal  bar zirconium are alike 
in all respects. It  has also been substantiated that, 
for continuously weighed specimens, the post transi-  
tion kinetics of sponge zirconium wil l  fol low a l inear 
rate equat ion whereas  crystal  bar  zirconium ex-  
hibits parabolic rate  behavior.  It  has been postulated 
previously that  this dispari ty in post transi t ion oxida-  
tion behavior  may  be re la ted to the ini t ial  oxygen 
level  of the two mater ia ls  (1). Since the data gen-  
erated in ref. (1) were  obtained in 50 Torr  oxygen 
pressure and those of the present  study in 400 Torr  
oxygen, the oxidation performance  of ei ther  grade of 
zirconium appears insensit ive to oxygen pressure in 
the range 50-400 Torr. These results confirm the work  
of other  invest igators who found no pressure effect 
on zirconium oxidation (2, 3). 

The major  conclusion drawn from this l imited study 
involves the sensit ivi ty of crystal  bar zirconium in 
the posttransit ion kinetic region to the method of 
obtaining weight  change information.  Thus, the in-  
format ion presented in Table I and Fig. 1 clearly shows 
that  crystal  bar  zirconium will  oxidize in accordance 
with  a posttransit ion parabolic rate equat ion when  
weight  gain informat ion is obtained by ei ther  con- 
tinuous measurements  at test t empera tu re  (1) or by 
employing different specimens for each datum point. 
When a fixed group of identical  specimens was used 
to obtain the entire kinetic curve  by means of in te r -  
rupted weight  determinat ions  on the same samples, 
l inear posttransit ion behavior  was observed. The crys-  
tal bar pretransi t ion region and the ent ire  kinetic 
behavior  of sponge zirconium appears unaffected by 
the mode of weight  change measurement .  A possible 
explanat ion for this behavior  may involve  the en- 
hanced susceptibil i ty to oxide film breakdown due to 
the thermal  cycling imposed on those specimens sub- 
jected to repeated heat ing and cooling dur ing in ter -  
rupted weight  gain determinations.  

Table I. Comparison of the oxidation behavior of high-grade sponge and crystal bar (iodide) zirconium at 850~ 

Parameter  U n i t s  

S p o n g e  Z r * *  X - B a r  Z r * *  

0 . 0 5 6  0 . 3 8  0 . 0 5 6  0 . 3 8  
T y p e  of  c m  d i a  e r a  c r a  d i a  cra 

w e i g h t  g a i n  W i r e  T h i c k  W i r e  Thick  
d e t e r m i n a t i o n  (1)  p l a t e  (1)  p l a t e  

n ( p r e t r a n s )  * - -  C o n t i n u o u s  3 .1  2 . 9  3 . 0  2 .9  
n ( p r e t r a n s )  * D i s c o n t i n u o u s  - -  3 . 0  3 . 0  
k c  ( p r e t r a n s )  c u b i c  ( m g / c m - ~ )  3 .  r a i n  -1 C o n t i n u o u s  0 . 5 5  0 . 2 9  0 ~ 1  0 . 2 6  
k c  ( p r e t r a n s )  c u b i c  ( m g / c r a ' - ' )  ~ '  m i n  -1 D i s c o n t i n u o u s  - -  0 . 4 5  0 . 2 8  
AWTranB$ m g / c m  ~ C o n t i n u o u s  9 .0  8 .8  8 ~  8 .0  
AWTrans~ m g / c m  'z D i s c o n t i n u o u s  9 .2  8 .0  
t T r a n , $  h o u r s  C o n t i n u o u s  3 5 - -  34  3 2 -  3 4  
tTrans$ h o u r s  D i s c o n t i n u o u s  32  33  
n '  ( p o s t t r a n s )  * - -  C o n t i n u o u s  1 ~  1 2 2 
n '  ( p o s t t r a n s )  * D i s c o n t i n u o u s  - -  1 - -  1 
k L  ( p o s t t r a n s  l i n e a r ) *  m g / c m  ~ �9 h r  -1 C o n t i n u o u s  0 . 2 9  0 . 2 6  N / A  N / A  

D i s c o n t i n u o u s  - -  0 . 3 0  0 . 2 3  
k p  ( p o s t t r a n s  p a r a b o l i c ) *  ( m g / c m ' ~ )  ~ - h r  -1 C o n t i n u o u s  N / A  N / A  3"~ 1 .8  

D i s c o n t i n u o u s  - -  N / A  - -  N / A  

* F o r  p r e t r a n s i t i o n :  A W ~  = kct. 
F o r  p o s t t r a n s i t i o n .  AWn' = k L t  ( w h e n  n" = 1) o r  AW,~'  = kz, t ( w h e n  n' = 2 ) .  

"*  A l l  c h e r a i c a * l y  e t c h e d  s u r f a c e s .  
$ T r a n s - - a t  t r a n s i t i o n .  

N / A  = n o t  a p p l i c a b l e .  
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As a final observation, it can be seen f rom Fig. 1 
and Table I that  the quant i ty  of res idual  fluorides or 
other  contaminants  that  may  be associated wi th  the 
chemical  polishing of z i rconium surfaces does not affect 
the subsequent  long- te rm oxidation behavior  of the 
metal  to any significant degree. 
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The Diffusion Layer on a Rotating Disk Electrode 

John Newman 
Inorganic Materials Research Division, Lawrence Radiation Laboratory, 

and Department of Chemical Engineering, University of California, Berkeley, California 

In a recent ly  published work  (1), the author t rea ted 
the current  distr ibution on a rota t ing disk under  con- 
ditions where  ohmic potent ial  drop, surface overpo-  
tential, and concentrat ion variat ions near  the e lec trode  
must  all be taken into account. The diffusion layer,  
which is then characterized by a nonuniform current  
density and concentrat ion at the surface, was handled 
by a power-ser ies  expansion in r, the radial  distance 
f rom the axis of rotat ion 

c = c |  1 +  ~Am(r/ro)2m6m(~)]  [1] 
m ~ 0  

w h e r e  c is the concentrat ion of the reactant,  c~ is the 
bulk concentration, ro is the radius of the electrode, 
and 0m represents  ~functions of ~ --~ y (av/3D) 1/3~t~/~, 
where  y is the normal  distance f rom the disk, a = 
0.51023, v is the kinemat ic  viscosity, D is the diffusion 
coefficient, and 12 is the rotat ion speed of the disk. 

The functions 8m and, in part icular ,  the der ivat ives  
e,~'(0) at the surface were  obtained by a f inite-differ-  
ence solution of the differential  equations 

6n/" + 3~28m ' ~  6m~a,,, = 0 [2] 

subject  to the boundary conditions 

6,, = 1 at ~ = 0 and 8m : 0 at ~ ~ 

Subsequent  numerical  difficulties were  encountered 
which requ i red  accurate  values of the der ivat ives  
e,~'(O). 

As suggested by the work  of Rosner (2), one can 
use the equations in section 58 of Levich 's  book (3) to 
obtain the concentrat ion at the surface in terms of an 
integral  over  the concentrat ion der ivat ive  at the sur-  
face 

1 f r  J(r')r'dr' 
c(r,o) =co(r) ---- r ( 2 / 3 )  o (r~_r,3)2/3 [3] 

w h e r e  J(r) = --Oc/O~ at ~ : 0. Subst i tut ion of a 
power-ser ies  expansion for c into Eq. [3] yields an ex-  
pression for  era' (0) 

3 
era'(0) ----- - -  [4] 

3 

The gamma functions necessary to evaluate  6m'(0) 
f rom Eq. [4] are given (4) to 15 significant figures. 
Values of ~m'(0) are in sat isfactory agreement  wi th  
those tabulated in Table I of ref. (1). At  the same 
t ime direct use of Eq. [3] or its inverse  (2) provides a 
possibility of avoiding the numer ica l  difficulties en-  
countered in the ear l ier  work  (1). 
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Large Amplitude A-C Polarography of Aqueous Cd(ll) 
J. D. McLean and Andrew Timnick 

Department of Chemistry, Michigan State University, East Lansing, Michigan 

Theoret ical  t r ea tment  of a-c polarographic data has formulas  have been der ived for large ampli tudes for 
been l imi ted to the condition that  the ampli tude of the special case of ve ry  small  f requencies  (kh > >  ~D), 
the applied a-c voltage, aEp.p, be no larger  than 16/n but these are of ve ry  l imited use (2). Here, kh is the 
my peak to peak, n being the number  of electrons heterogeneous ra te  constant for e lectron transfer,  o, 
t ransferred in the reduct ion process (1). Severa l  is the angular  f requency of the applied a l ternat ing 
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potential,  and D is the diffusion coefficient. Recently,  
Smith extended the theoret ical  t r ea tment  to 70/n mv 
p - p  and der ived an expression by which currents  and 
phase angles could be calculated (3). No exper imenta l  
verification was presented. 

The work  reported in this note was in progress when  
the most recent  informat ion appeared (3). Even 
though this work  does not direct ly test Smith 's  equa-  
tions it was under taken to test the extent  of ap- 
pl icabil i ty of exist ing equations developed for  low 
amplitudes, by de termining the effect of large ampli -  
tudes on exper imenta l ly  de termined  kh values for 
aqueous solutions of Cd ( I i ) .  

All  data were  obtained at E1/2 R, the revers ible  d-c 
ha l f -wave  potential,  since max imum deviat ion in 
quanti t ies measured to evaluate  kh would  be expected 
at this d-c potential.  Severa l  support ing electrolytes 
were  employed, to obtain a var ia t ion in the value  
o f  kh .  

The solutions used were  prepared f rom A.C.S. re-  
agent grade chemicals wi thout  fur ther  purification. A 
0.0100M Cd(I I )  stock solution was prepared f rom 
Cd(NO3)2 �9 4H20 and standardized by EDTA t i t ra-  
tion (4). 

Current  and phase-angle  measurements  were  ob- 
tained at max imum drop size, with an a-c polarograph 
constructed in this laboratory using the circuits of 
Smith (5) with modifications in the phase-angle  de- 
tecting circuit  (6). A Hewle t t -Packard  Model 202A 
signai genera tor  provided all a-c potentials.  A Sargent  
S-30260 potent iometer  was employed to measure all 
d-c potentials applied to the cell. A Tekt ronix  Model 
502 oscilloscope was employed to measure  the ampl i -  
tude of the a l ternat ing potential  applied to the cell. A 
Sargent  Model S.R. recorder  was employed to measure  
the d-c currents,  rectified a-c currents,  and signals 
proport ional  to the phase angle. 

Phase angles were  corrected for the uncompensated 
solution resistance and double- layer  charging current  
of the support ing electrolytes according to the method 
of Bauer  and Elving (7). 

The polarographic cell was constructed so that  pre-  
purified nitrogen, which had been fur ther  purified by 
bubbling through an acid vanadous column, could be 
ei ther bubbled through the solution by way of a 
coarse fr i t  at the cell bottom or blown over  the top of 
the solution. The cell was equipped with  three  elec- 
trodes: dropping mercury  electrode, saturated calomel 
electrode, and a p la t inum wire  auxi l ia ry  electrode. 
The side arm of the reference electrode was separated 
f rom the polarographic  solution by an isolation com- 
par tment  wi th  a fine fl i t .  The auxi l ia ry  electrode was 
also separated f rom the polarographic solution wi th  a 
similar  isolation compartment .  The isolation compar t -  
ments contained the support ing electrolyte.  

All  measurements  were  made in a constant t empera -  
ture room which had an ambient  t empera tu re  of 
2 4 •  1 ~ 

Ins t rument  per formance  was tested at large ampl i -  
tudes through the f requency  range 30-1200 Hz by de- 
te rmining  the resistance and capacitance values for 
known value  components of a dummy cell. Tests were  
run at 10, 50, and 10O my  peak to peak, and all re-  
sults were  wi thin  an exper imenta l  error  of the order 
of 3%. The double- layer  capacity, Cdl, and uncompen-  

Table I. Experimental constants for evaluation of kh in various 
supporting electrolytes 

Cd.L, /~f Rf ,  o luns  D x l O  s , 
S u p p o r t i n g  E t / 2  tt v s .  em~/  
e lectro lyte  SCE, v 10 m y  lOO m y  10 m v  100 m v  sec* 

1.0M Na2SO~ --0.606 0.833 0.834 77.2 78.7 5.51 

1,0M I-IzSO~ -- 0.597 0.952 0.956 58.9 60.4 7.03 

1.OM KNO~ -- 0.585 1.14 1.14 76.4 78.0 10.20 

* D ~ D o ' D R  a w h e r e  r a n d  fl a re  t r a n s f e r  coefficients.  

Table II. Variation of heterogeneous rate constant with changing 
amplitude of applied a-c potential for 5.0 x 10-4M Cd (11) in 

various supporting electrolytes evaluated at Eli2 R 

1.0M Na~SO4 1.0M H2SO~ 1.0M KNO3 

Ep_p, s lope kh, s lope kh, s lope kh, 
m y  x 102 c m / s e c  x 10 ~ c m / s e c  x 10"~ c m / s e c  

I0 2.82 0.06 1.32 0 . t4  3.35 0.67 
20 2.32 0.07 1.36 0.14 2.27 1.00 
30 2.40 0.07 1.47 0.13 2.51 0.90 
40 2.30 0.07 1.41 0.13 2.48 0.91 
50 2.32 0.07 1.39 0.13 2.50 0.90 
60 2.24 0.07 1.28 0.15 2.20 1.03 
70 2.24 0.07 1.20 0.16 1.82 1.24 
80 2.15 0,08 1.23 0.15 1.46 1.55 
90 2.10 0.08 1.19 0.16 1.50 1.51 

100 2.11 0.08 1.06 0.18 1.13 2.00 

sated solution resistance, Rt, for  the support ing elec- 
trolytes 1.0M Na2SO4, 1.0M H2SO4, and 1.0M KNO3 
were  determined at both 10 and 100 my. The resist-  
ances and double- layer  capacitances measured at 10 
mv for the individual  support ing electrolytes did not 
vary  by more than 3% f rom those measured at 100 mv 
over  the f requency range investigated. The values 
measured at 10 and 100 mv  are listed in Table I, as 
well  as the ha l f -wave  potentials at which they were  
measured. The ~1/2 R for Cd( I I )  in each support ing 
electrolyte  was de termined  f rom the log ---- 0 intercept  
of a log ( i d - - i ) / i  v s .  Ed-c plot. The diffusion coefficients 
listed in Table I were  de te rmined  in this laboratory  
during a previous study (6) and were  calculated by 
the L ingane-Lover idge  equation (9). 

The dependence of the heterogeneous rate  constant 
on the applied a-c potent ial  is tabulated in Table II, 
for  various support ing electrolytes.  The heterogeneous 
rate  constants were  obtained by use of the expression 

1 
c o t e  = 1 4 - ~  (D~/2) 1/2 [1] 

kh 

where  @ is the corrected phase angle (8). This is the 
correct expression for the special case when Ed-c 

E1/2 R and under  the restr ict ion that  the ampli tude of 
the applied a l ternat ing vol tage be less than 16/n mv 
p-p. By plott ing cot @ vs. ~1/2 (see Fig. 1 and 2), one 
can read i ly  calculate kh f rom the slope of the l inear 

t I I 1 I I I I I I~ 

4 A 

3.00 _- ~ ,  
- 

0 

2.00 

- "  i I ) I I 1 I I ! 1.00 
0 20 40 covz 60 80 

Fig 1. Effects of increasing amplitude of the applied a-c potential 
on cot �9 vs. ~t/2 evaluated at Ell2 a for 5.0 x I 0 - 4 M  Cd(ll) in sulfate 
media. Curves A, B, and C are for 1.0M Na2S04: A, AEp_p = 10 
my; B, z&Ep.p ~ 60 mv; C, AEp.p = 100 my. Curves D, E, and F 
are far 1.0M H2S04: D, AEp.p = 10 my; E, AEp.p ~ 60 my; F, 
AEp.p = 100 my. 
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Fig. 2. Effects of increasing amplitude of the applied a-c poten- 
tial on plots of cot �9 vs. ~I/2 evaluated at Eli2 R for 5.0 x 10-4M 
Cd(ll) in 1,0M KN03. A, AEp_p = 10 my; B, AEp.p ~ 60 mv; 
C, AEp_~ ~- 100 my. 

portion of the plot, if a value for D 1/2 is known. The 
values used for the plots were  obtained by making 
phase-angle  measurements  on 5.0 x 10 -4 M Cd(I I )  in 
various support ing electrolytes at four teen different 
frequencies  between 30 to 1200 Hz and at the d-c po- 
tential  equal  to E1/2 R. 

From Table II it can be seen that, if kh is be tween 
0.05 and 0.20 cm/sec,  its value, as de termined by the 
low ampli tude equation, does not va ry  marked ly  to the 
l imit  of ampli tudes tested up to a f requency  of 800 Hz. 
Al though the kh values show good agreement,  some 
deviations in the data become apparent  above 60 mv  
as is shown in Fig. 1. These deviat ions occur as a 
distinct fal l ing off f rom l inear i ty  of the cot �9 vs. ~11~ 
plots at frequencies above 800 Hz, wi th  the magni tude  
of the er ror  increasing direct ly  wi th  the frequency.  
In all of these plots, the intercept  is cot �9 = 1 at 0 
frequency,  as is predicted by Eq. [1]. 

In  a recent  monograph (3), Smith  presents theo- 
ret ical  a-c polarograms and a-c polarographic phase 
angles for a specific hypothet ical  system for AEp_p of 
10, 40, 60, and 80 mv. He demonstrates  that  cot 
should decrease wi th  increasing values of IEp_p at the  
d-c potential  equal  to El/2 R. Although the magni tudes  
of these changes cannot be compared direct ly with 
our exper imenta l  values due to differences in constant 
parameters  involved,  one can see that  the changes fol- 
low the same pattern.  Smith 's  theoret ical  figures as 
wel l  as our exper imenta l  data indicate that  the 
changes are re la t ive ly  small  if the heterogeneous rate  
constant is in the range O.01 to 0.20 cm/sec  as is the 
case for Cd(I I )  in sulfate media. 
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Heterogeneous rate  constants for Cd(I I )  in 1.0M 
KNO3 calculated f rom slopes obtained f rom Fig. 2 
show much greater  var ia t ion than the values obtained 
in sulfate media. This is p r imar i ly  due to the fact 
that  the heterogeneous rate constant in this medium 
is considerably faster, and thus changes in the slope 
produce a much grea ter  change in the value of kh. 
Rate constants of the order  of 1.0 cm/sec  or faster  are 
difficult to de termine  accurately  by the a-c method 
we employ. Figure  2 data were  included to demon-  
strate what  might  be expected if large ampli tudes are 
employed on these systems. Al though the values of 
k~ show deviat ion as AEp.p increases, no deviat ion f rom 
theoret ical  behavior,  that  is l inear i ty  of the plot of 
cot �9 vs. sl/2 and intercept  of cot �9 ---- 1 as ~ -~  0, is 
observed unti l  AEp_p exceeds 60 mv. At this point, the 
cot r intercept  at w --> 0 becomes greater  than 1.00 in 
violat ion of theory. Again, the error  becomes increas-  
ingly large as ~d~p_p increases. 

The results obtained for the aqueous Cd( I I )  system 
indicate that  if the heterogeneous rate constant for the 
electron t ransfer  is between 0.05 and 0.20 cm/sec,  low 
ampli tude equations can be used to calculate kh values 
for aEp_p up to 70 my, which is considerably beyond 
the previously  predicted l imit  of AE~_p = 16/n my, 
which would be 8 mv  for Cd( I I ) .  
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Recrystallization of Supported Platinum 
J. F. Connolly, R. J. Flannery, and B. L. Meyers 

Research and Development, American Oil Company, Whiting, Indiana 

Measurements  of surface areas e lectrochemical ly  (1) 
and by x - r a y  diffraction show that  supported p la t inum 
crystall i tes grow rapidly when  in contact with a con- 
duct ing solution. This effect indicates that  the type of 
dispersion necessary to make  pla t inum an economic 
d i rec t -hydrocarbon- fue l -ce l l  catalyst  may  be difficult 
to maintain.  

The crystal l i te  growth was first observed dur ing 
at tempts to extend the conditions for  electrochemical  
p la t inum-area  measurements  (1) to higher  t empera -  
tures. Results are summarized in Table  I. P la t inum 
area losses range f rom 5 to 90% of the init ial  area 
depending on such factors as ini t ial  crystal l i te  size, 
temperature ,  and type of support. 

Area  losses are not due to poisoning because they 
are detected in roughly the same measure  by both 
x - rays  and the electrochemical  method. Fur thermore ,  
they cannot be a t t r ibuted to permanent  p la t inum dis- 
solution because: p la t inum determinat ions  made be- 
fore and after  t r ea tment  usual ly  agreed wi th in  the 
reproducibi l i ty  of the method (2%);  analyses of the 
soaking liquids after  the highest  t empera ture  runs 
showed a pickup of only 0.1% of the p la t inum origi-  
nal ly  in the samples; in tegrated x - r a y  diffraction in- 
tensities increased in all cases where  they were  mea-  
sured. 

There  are no detectable area losses due to heat ing 
in air or argon at these temperatures ,  or even 100~ 
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Table I. Summary of results 

S u p p o r t J  

I n i t i a l  
I n i t i a l  e l ec -  % P t  a r e a  lo s t  

S u p p o r t  x - r a y  t r o c h e m ,  e l e c t r o -  
a r e a ,  Wt ,  % c rys t .  P t  a r e a ,  c h e m -  
m e / g  P t  size,  k A m~/g  P t  x - r a y  I i c a l  m 

A C G  11 4.1 30 45 80 a 60 a 
A C G  11 8.6 40 45 65 a 70 a 
A C G  11 8.0 40 45 5 e 10e 
A C G  I1 8.6 40 45 70~ 90 t 
A C G  11 8.6 40 45 15g 10g 
A C G  11 16.6 30 25 75 a 60  a 
A C G  I I  16.6 30 25 85 b 80~ 

A C G  11 16.6 30 25 80c 75 c 
A C G  i i  16.6 30 25 90 d 90 d 
A C G  11 5.2 45 - -  50 i 
A C G  11 8.9 i 0 0  35 I0"  ~ a  
A C G  11 6.9 I00  35 20h 30 h 
ACC- 11 8.9 100 35 20 b 40~ 
SB 60 9.7 30 40 75 a 55" 
PC62 200 8.7 60 70 10 ~L 5" 
PC62  200 8.7 60 70 20 b 15 b 
B4C I I  I I . I  30 25 55 a 45 a 
S iC < 1  1.2 125 -- 10 c -- 

SiC < 1  1.2 125 -- 15 d - -  
AI~O~ 2 2.1 145 -- 40,' - -  
A1203 2 2.1 145 -- 55 ~l -- 

A1203 15 9.0 140 - -  30c - -  
AI.-C~ 15 9.0 140 - -  40 d -- 

Al2Oa 85 1.2 40 -- 40~ -- 

A b O s  85 8.9 80 -- 55~ -- 

A b O 3  85 8.9 80 -- 55 d -- 

a O p e n  c i r c u i t  in  95% I-hPO4 a t  150~ fo r  60 h r .  
b O p e n  c i r c u i t  i n  95% HaPO4 a t  190~ fo r  60 h r .  

O p e n  c i r c u i t  i n  50% CaC12 a t  150~ fo r  60 h r .  
d O p e n  c i r c u i t  i n  50% CaC12 a t  190~ fo r  60 h r .  
e O p e n  c i r c u i t  i n  90% I-I~PO~ as  105~ fo r  60 h r .  

O p e n  c i r c u i t  i n  65% CaC12 a t  150~ f o r  60 h r .  
g O p e n  c i r c u i t  i n  HsO (150 /~mho/em)  a t  165~ f o r  60 h r .  
h O p e n  c i r c u i t  i n  95% HaPO4 a t  150~ fo r  480 h r .  
1 0 . 1 0 - 1 . 0 v  in  85% I-IaPOt a t  145~ f o r  6 h r .  T h i s  s a m p l e  w a s  

b o n d e d  w i t h  40% Tef lon .  A l l  o t h e r  s a m p l e s  a r e  in  p o w d e r e d  f o r m .  
J A C G  --> A m .  C y a n a m i d  g r a p h i t e  (3) ,  SB  ~ S c h a w i n i g e n  B l a c k ,  

PC  -* S t a e k p o l e  C a r b o n  Co., B4C ~ B o r o n  c a r b i d e  f r o m  N o r t o n  Co., 
NC --* N a t i o n a l  C a r b o n  Co. 

k D i m e n s i o n  p e r p e n d i c u l a r  to 111 p l a n e ,  c a l c u l a t e d  f r o m  t h e  
S c h e r r e r  e q u a t i o n ,  e m p l o y i n g  t h e  W a r r e n  m e t h o d  fo r  i n s t r u m e n t a l  
b r o a d e n i n g  (2) .  T h e  d i m e n s i o n  p e r p e n d i c u l a r  to t h e  200  p l a n e ,  as 
m e a s u r e d  f o r  a f e w  s a m p l e s ,  w a s  a b o u t  20% less .  T h e  311 p l a n e  
w a s  u s e d  fo r  t h e  1.2% P t  on  A1203 s a m p l e .  

i 100 [ 1 - ( i n i t i a l  c r y s t a l l i t e  s i z e ) / ( f i n a l  c r y s t a l l i t e  s i z e ) ] .  
'" I00  [ 1- ( f inal  e l e c t r o c h e m i c a l  a r e a )  / ( i n i t i a l  e l e c t r o c h e m i c a l  a r e a )  ]. 

higher. Thus, the rate  of area loss is orders of mag-  
ni tude higher  than that  of the losses exper ienced in 
"sintering." A possible mechanism would be "elect ro-  
recrystal l izat ion,"  i.e., local cells may be formed be- 
tween large and small  p la t inum crystallites, wi th  the 
smaller  crystall i tes acting as anodes because of the i r  
higher  surface energies. Complex pla t inum ions would  
then be t ransported through the solution whi le  elec- 
trons pass through p la t inum-p la t inum contacts, or 
through a conducting support, or through both. The 
t ransport  of p la t inum complexes through the solu- 
tion with  no necessity for electron flow between crys-  
tallites would also be conceivable. 

Experimental 
The technique for making electrochemical  measure -  

ments  of the surface area of carbon-suppor ted  plat i -  
num (1) has been simplified by using powdered  
ra ther  than Teflon-bonded samples, and by subst i tut-  
ing a charge measurement  in the "double layer"  re -  
gion for the oxide arrest  as a measure  of the support  
effect. 

Teflon bonding of powders, in addition to being tedi-  
ous, requires  that  they be subsequent ly anodized ex-  
tensively (1) to react iva te  the p la t inum surface. We 
have found that  t ight ly  confining a powdered sample 
be tween porous tan ta lum plates (Kennameta l )  in a 
tan ta lum holder  gives reproducible  results for  samples 
wi th  supports l ike NC601 and ACG. 1 Hard  supports 
like PC621 and B4C may  be used in the same way, so 
long as a th ree -  or fourfold dilution with  a low-sur -  
face-area  graphi te  like NC60 is used to promote elec- 
tr ical  contact. The NC60 has pract ical ly  no effect on 
the measurement .  Because the holder  exposes only 0.8 
cm 2 of the porous tan ta lum plates (Fig. 1) the currents  

1 See  T a b l e  I f o o t n o t e  j .  

12 M I L  P O R O U S  Ta P L A T E S  

PLUS N C 6 0  D I L U E N T  

Fig. 1. Tantalum holder for powdered samples 

must be held below 20 ma to avoid excessive IR drops. 
IR drops are fu r the r  minimized by drawing 0.1-0.2 cc 
of electrolyte  through the holder  after  assembly to 
thoroughly wet  the sample and porous tan ta lum plates. 

The change f rom Teflon-bonded to powdered  elec-  
trodes resulted in the higher  area carbons giving 
somewhat  more 02 evolut ion act ivi ty  at 1.3-1.4v (vs. 
a revers ible  hydrogen electrode in the same solution) 
than is desirable. Therefore,  as a measure  of the sup- 
port  contribution, the charge consumption f rom 0.55 to 
0.35v was substi tuted for the charge consumption in 
the oxygen arrest. 2 We then obtain equations for plat i -  
num surface area analogous to Eq. [5] and [6] of ref. 
(1), i.e., 

v' = QC,D/Qc,H [1] 

Apt = ( r ' Q T , B -  Q T , D ) / ( r ' k B -  kD) [2] 

where  Apt is the p la t inum area in contact wi th  solu- 
tion, QC,D and Qc,n are charges consumed on the car-  
bon support  f rom 0.55 to 0.35v and 0.05 to 0.30v, Q T , D  

and Q T , H  a r e  the total charges consumed on the elec-  
trode from 0.55 to 0.35v and 0.05 to 0.30v, and k D  and 
k H  a r e  constants which give the charge consumption 
on p la t inum per square cent imeter  of p la t inum f rom 
0.55 to 0.35v and 0.05 to 0.30v. The quanti t ies QC,D and 
Qc,H are measured at the same d v / d t  (usually 10 to 
20 mv/sec)  on the nonplat inized carbon support  while  
Q T , D  and Q T , H  a r e  similar ly  measured on the plat i -  
nized electrode; kD and kn are measured on bright  
p la t inum of known roughness. 

For  the supports listed in Table I, r' ---- 1.00 ___ 0.05. Us-  
ing this value for r '  and k H  = 0.19 m c / c m  2 and k D  = 

0.005 m c / c m  ~ reduces Eq. [2] to 

A p t  ~ 5 . 4 ( Q T , H - -  Q T , D )  [ 3 ]  

Equation [3] was used to calculate the electrochemical  
areas in Table I. The potent ia l - t ime sequence for each 
measurement  is shown in Fig. 2. 

There is a mispr in t  in ref. (1). The equations for 
calculat ing the fractions of the total charge consump- 
tions which are due to the carbon support  should be 

Of  cour se ,  i n  t hose  cases  w h e r e  o x i d e  s t r i p p i n g  is s u i t a b l e  a n d  
t h e  h y d r o g e n  a r r e s t  i s  u n u s e a b l e  (e.g., p a l l a d i u m  a r e a  m e a s u r e -  
m e n t s  on  m o d e r a t e  a r e a  c a r b o n s ) ,  t h e n  a c h a r g e  m e a s u r e m e n t  in  
t h e  d o u b l e  l a y e r  r e g i o n  c a n  c o r r e c t  f o r  t h e  s u p p o r t  c o n t r i b u t i o n  in  
t h e  o x i d e  r e d u c t i o n  a r r e s t .  

1.3v 

3 -5  MIN 

,.3,, 

0MIN. 

.05v / ~ / ' ~ 0  MV/SEC 

0 MIN. ~ S W I T C H  TO i o 

TO GET QT, H [OR QC,H]  

m ~ 5 V ~ S W I T C H  TO i c TO GET QT.D{OR Qr 

ABOVE 
SEQUENCE 3~5 MIN. 

Fig. 2. Potential sequence for Pt surface area measurement 
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r 1 r - -  [4] 
QT,O kH QT,O kH 

r--  ko ) 
QT,H QT,H kH 

For the simplified procedure used in this note Eq. [4] 
has little meaning,  while Eq. [5J reduces to 

QC,H (~T,D 
QT,tt QT,H 

Reference (1) also contains the doubtful  claim: 
"there should be no lower l imit  on the size of the 
p la t inum crystallites which can be detected." How- 
ever, very small  crystallites probably grow at rates 
large enough to interfere  with electrochemical sur-  
face-area measurements  made at room temperature.  
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ABSTRACT 

Manganese-act ivated phosphors were prepared by solid state reactions 
throughout  the spinel crystal l ine solution region in the MgO-AI203-Ga203 sys- 
tem. The best ul t raviolet-exci ted phosphor examined, (Mg0.90,Mno.01)Ga2.o604, 
is characterized by a peak emission wavelength at 512 nm, a 50% peak in-  
tensi ty band  width of 36 nm, and a qua n t um efficiency equivalent  to that  of 
Zn2SiO4:Mn. Al~+ for Ga 3+ subst i tut ions in  MgGa204 lead to phosphors 
with improved cathodoluminescence, decreased photoluminescence, longer 
peak emission wavelength,  and longer cathodoluminescence decay character-  
istics. These data are discussed in  view of temperature ,  crystal  structure,  and 
related l i terature.  

The minera l  spinel, MgA1204, is only one of a large 
class of isostructural  AB204 compounds that  have be- 
come known  as spinels. Ideally the spinel s t ructure 
consists of a face-centered cubic close-packed array 
of oxygen anions with metal  cations filling the in ter -  
stices. The uni t  cell contains 32 oxygen ions or eight 
AB204 molecules. This gives rise to 96 interstices per 
un i t  cell of which 32 are octahedral (B) sites and 
64 te t rahedral  (A) sites. Normally only 16 of the B 
and 8 of the A sites are filled with cations. There are 
three general  classifications of spinels, the normal  spi- 
nel  in which the A ions are in te t rahedral  sites and 
the B in octahedral, the random or in termediate  spinel  
in which the A and B ions are randomly  distr ibuted 
in the 8 te t rahedral  and 16 octahedral sites, and the 
inverse spinel in which the 8 te t rahedral  sites are 
occupied by B ions and the 16 octahedral sites occu- 
pied randomly  by A and  B ions. It  is well  established 
that the equi l ibr ium cation dis tr ibut ion in spinels is 
dependent  on temperature  and pressure as well  as 
composition. 

Original ly it was the purpose of this invest igat ion 
to a t tempt  to incorporate Mn 2+ selectively in  octa- 
hedral  and te t rahedral  sites in basically the same 
spinel compound. A logical choice for this study was 
the crystal l ine solution series between the compounds 
MgGa204 and  MgA1204 in the MgO-AluO3-Ga208 
t e rna ry  system since Mn ~-+ has an octahedral  site 
preference larger than  Ga 3+ but  smaller  than either 
Mg 2+ or A1 z§ However, when the intense uv-exci ted 
green luminescence of MgGa204:Mn was observed, 
major  emphasis was shifted to the empirical  optimiza- 
t ion of formulat ion variables and characterization of 
spectral properties of phosphors throughout  the ter-  
na ry  system. 

Literature 
Moiler and King (1) prepared various gallate com- 

pounds, including MgGa204 spinel, and presented 
characteristic x - r ay  diffraction data. More recent ly 
Schmalzried (2) established the phase relationships 
in  the MgO-Ga20~ system. Twenty  mole % Ga203 
and 2 mole % MgO were found to be soluble in  
MgGa~O4 at 1200~ At  1000~ the solubil i ty of Ga20~ 

decreased to 10% and of MgO to about 1%. The popu- 
lat ion of Mg 2+ in octahedral sites in MgGa204 was 
found to vary  from 0.90 at 900~ to 0.84 at 1400~ 
indicat ing the influence of tempera ture  on cation dis- 
t r ibut ion in this spinel compound. More recent ly  Wei-  
denborner  et al. (3) determined the detailed s tructure 
of magnesium gallate from single crystals grown from 
a molten!  lead-oxygen-f luoride melt. Their  results 
confirmed the par t ia l ly  inver ted na ture  of MgGa204, 
that  it belongs to the space group Fd3m with ao = 
8.286 _ 0.003A, and that  16 • 2% of the Mg 2+ are in 
te t rahedral  sites and 81 • 1% in octahedral. Since the 
single crystals used in this study were annea led  slowly 
from 1200 ~ to 850~ the data must  be assumed to 
correspond to a temperature  of 850~ or slightly 
higher. 

The MgO-A1203 phase relations have been studied 
by several people (4-7). This system resembles the 
MgO-Ga203 system in that  considerable A120~ is solu- 
ble in MgA1204 spinel, but  only trace amounts  of MgO. 
Datta  and Roy (8,18) have reported that  the cation 
dis t r ibut ion in MgA1204 is a funct ion of tempera ture  
and pressure and becomes more normal  at high tem- 
peratures. Saalfeld (9) has found that the vacancies 
associated with the MgA1204 crystal l ine solution 
series in the MgO-A1208 system prefer to locate on 
octahedral  cation sites. Hummel  and Sarver  (10) pre-  
pared cathodoluminescent  phosphors by activating 
MgA1204 by Mn 2+ and isoelectronic Fe 3+. 

Hill et al. (11) established the phase relationships 
in the Ga203-A1203 system which showed extensive 
crystal l ine solution at high temperatures  and the for- 
mat ion of an in termediate  solid solution series below 
800~ Katz and Roy (12) studied the phase re la-  
tionships in the MgA1204-Ga203 b inary  join and found 
extensive crystal l ine solution of Ga203 in MgA1204. 
These data were used to estimate the extent  of crys- 
ta l l ine  solution wi th in  the t e rnary  system. 

Based on the above references, the probable phase 
relationships in  the MgO-A1203-Ga20~ system were 
constructed a s  shown in Fig. 1. 

Green-emi t t ing  ZnGa204:Mn is the only gallate 
compound reported by Leverenz (13) in  his extensive 
t rea tment  o f  luminescent  materials.  
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Fig. I. (a, b, c, d). 1400~ isothermal section of the MgO- 
Ga203-AI~O~ ternary system and probable T-X diagrams of associ- 
ated binary systems (2, 4, 5, 6, 7, 11, 12). 
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Experimental Procedure 
Sample ~eparation.--The r a w  m a t e r i a l s  used  i n  th i s  

invest igat ion consisted of luminescent  grade basic 
magnes ium carbonate,  MgCO3-Mg(OH)2, and manga-  
nese carbonate, MnCO3, a luminum hydroxide,  AlaO3" 
nH20, and 99.999% pure  gal l ium oxide, Ga2Oa. Weight  
loss measurements  were  conducted on the magnes ium 
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and a luminum compounds in order to compensate 
batch calculations for  sorbed water .  Appropr ia te  pro-  
portions of the raw mater ia ls  were  weighed to an ac- 
curacy of _0.1 mg on an analytical  balance. Each 
preparat ion was hand mixed  under  acetone in a glass 
mortar  and pestle for 10 to 20 rain and al lowed to 
air dry. Samples to be used for subsolidus equil ibria  
studies were  heat  t reated twice in air at the desired 
tempera ture  for 17 hr each, wi th  an in termediate  
l ight mixing. This procedure  was necessary to insure 
complete  react ion and homogeneity.  Preparat ions  used 
for luminescence studies were  hea t - t r ea ted  only once 
in air at the desired tempera ture  for 8 to 17 hr, then 
reheated at a sl ightly lower  tempera ture  for 1 hr in 
a ve ry  mildly  reducing atmosphere.  In all cases, fused 
silica or sintered alumina crucibles were  used. Noble 
meta l  containers were  unsat isfactory because the gal-  
l ium tended to amalgamate  wi th  the crucible metal. 

Compositions were  periodical ly analyzed quant i ta-  
t ively  by atomic absorption and wet  chemical  methods 
in order to confirm the formula ted  compositions. A 
typical result  is shown in Table I. 

A Norelco x - r a y  diffractometer  employing nickel-  
filtered CuK~ radiation, operat ing at 40 kv  and 15 ma 
was used with  a scanning ra te  of l ~  for rou-  
tine phase identification and 1 /8~  for more 
precise lattice parameter  measurements .  

Luminescence.--All fluorescence excitat ion and 
emission spectra and peak height  measurements  were  
obtained with a Pe rk in -E lm er  spectrofluorimeter  as 
previous ly  described (14). 

Cathodoluminescence spectra were  obtained using a 
demountable  ca thode-ray tube operat ing at 12 kv 
anode potent ial  and 6 ~a beam current  over  a 
s tandard scan TV raster  of 1 in. 2 area. Brightness un-  
der these conditions were  measured wi th  an eye-cor -  
rected Weston foo t -Lamber t  meter .  

Experimental Results 
The MgO-Ga20~ system.--Table II lists the compo-  

sitions, x - r ay  diffraction, and luminescence data for  
preparat ions throughout  the MgO-Ga203 system. In 
all cases the samples were  hea t - t rea ted  in two steps. 
The first hea t - t r ea tmen t  at 1400~ hr  in air 
formed the host lattice wi th  manganese incorporation. 
Qual i ta t ive data indicated that  the highest  practical  

Table I. Comparison of formulated and analyzed ingredients in a 
typical preparation 

W e i g h t  pe r  cen t  
A t o m i c  Chemica l  

E l e m e n t  F o r m u l a t e d  a b s o r p t i o n  ana lys i s  

M g  9.5 10.0 10.18 
G a  62,5 62.0 63.42 
M n  0.25 0.25 No da ta  
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Table II. Phase equilibria and luminescence data of phosphors prepared throughout the MgO-Ga203 system 
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a,  Of 
A~gGa~O~ R e l a t i v e  

Compos i t i on ,  mole  % sp ine l  f luorescence  
MgO GaeOa MnO Phase  a s semblages  phase ,  A peak  h e i g h t  

C a t h o d o l u m i n e s c e n c e  
B r i g h t n e s s ,  Color  coo rd ina t e s  

f t - L  x y 

99 1 #-Ga20~ 
9 90 1 ~-Ga2Os + MgGa20~es 8.27 3 
19 80 1 /~-Ga~Os + MgGa20 ,cs  8.274 18 
29 70 1 ~-Ga~Os + MgGa~O4,.s 8.272 39 
39 60 1 /~-GaeOs + MgGaeO4,.~ 8.271 75 
44 55 1 ~-Ga20~tr  + MgGa~O~r 8.272 89 
45 54 1 MgGa=O~r s 8.275 95 
46 53 1 MgGa~O~c s 6.277 100 
47 52 1 MgGa~O~c s 8.279 92 
49 50 1 MgGaeO~c s 8.282 70 
59 40 1 MgGasOacs + MgO 8.288 13 
69 30 1 MgGa_oO~cs + MgO 8.289 11 
79 20 1 MgGasO~c~ + MgO 8.290 9 
89 10 1 MgGa~O~cs + MgO 8.292 5 
99 -- 1 M g O  - -  -- 

reaction temperature  eventual ly  provided the br ight-  
est phosphors. Typical preparations at this point  had 
a pink body color and very weak green and red e m i ~  
sion bands when  excited by 253.7 nm radiation. 

The second heat - t rea tment ,  carried out at 1200~ 
hr in a 2% H2 --  98% N2 by volume gas mixture,  
provided preparat ions with a white body color and 
bright  b lue-green  luminescence. For max imum phos- 
phor brightness, it was found necessary to cool the 
samples to below 500~ in the protective atmosphere. 
Brightness was found to be dependent  on the time, 
temperature,  and atmosphere of the second heat-  
t reatment ,  with the conditions specified above being 
opt imum for 25g samples. 

It  is evident  from Table II that magnes ium gallate 
crystal l ine solution is the phase responsible for the 
luminescence in the MgO-Ga203 system. Manganese-  
activated MgO and ~-Ga203 are nonluminescen t  under  
these conditions of preparation.  It  is also evident  from 
Fig. 2 and Table II that  these phosphors are efficiently 
excited only by 253.7 nm radiation. Cathodolumines-  
cence measurements  indicated typical  light outputs 
of about 7.0 f t -L and color coordinates of x _--~ 0.110 
and y - -  0.670. 
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Fig. 2, Excitation end emission spectra of MgGo204:Mn 
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Fig. 3. Variation of fluorescence brightness and spinel lattice 
parameter Oo with composition in the MgO-Ga203 system. 

8.0 0.103 0.664 
8.0 0 . i01 0.671 
7.0 6 . i i i  0.671 
7.0 0.112 0.678 
5 . 5  0.112 0.678 

Table III. Comparison of fluorescence characteristics and 
efficiency of MgGa204:Mn with Zn2SiO4:Mn and MgW04 

Zn~SiO~:Mn MgWO~ 
NBS 1028 NBS 1027 MgGa204 :Mn 

P e a k  w a v e l e n g t h ,  n m  536 501 512 
B a n d  w i d t h  a t  1/2 Ira,x, n m  45 152 36 
R e l a t i v e  p e a k  h e i g h t  253 100 326 
Color  coo rd ina t e s  

x 0.277 0.234 0.116 
y 0.686 0.320 0.679 

% A b s o r p t i o n  a t  253.7 n m  94.2 96.0 84.7 
R e l a t i v e  q u a n t a  • 10-6 
[eg ]kolo($X] 2.78 7.57 1.93 
E m i t t e d  e n e r g y  
[eg ]p (k) dk] 1.12 3.58 0.87 
E n e r g y  eff ic iency 35 43 (19) 34 
Q u a n t u m  eff iciency 81 85 (19) 81 

The excitation and emission spectral energy distri-  
but ion curves for MgGa204:Mn are shown in  Fig. 2. 
It can be noted that the excitation spectrum peaks near  
253.7 nm making this phosphor especially suited for 
application in fluorescent lamps. The emission peaks 
sharply at 512 nm with a half width of 36 rim. Fol- 
lowing the method of Pa lumbo and Wisnieski (16), 
the fluorescence quan tum efficiency of MgGa204:Mn 
was found to be equivalent  to that  of NBS 1028 zinc 
orthosihcate (with high manganese  concentrat ion) 
as shown in  Table III. Also shown in Fig. 2, for sake 
of comparison, are the emission bands present  prior 
to the second heat - t rea tment .  The green emission is 
increased about 50 times by mild reduction, whereas 
the red band completely disappears. 

Figure 3 shows the var ia t ion  of the spinel  ao lattice 
parameter  and fluorescence peak height with com- 
position. The abrupt  breaks in both curves near  48 
and 62 mole % Ga203 signify the limits of MgGa204 
crystal l ine solution. These are in  good agreement  with 
Schmalzried's (2) data when  one realizes that  the 
preparat ions of the present  study contain 1 mole % 
manganese  activator. Opt imum fluorescence is ob- 
tained within  the crystal l ine solution region at ap- 
proximately 53 mole % Ga203. Crystal l ine solution of 
MgO in MgGa~O4 decreases the fluorescence more 
markedly  than Ga203 substitutions. The brightness 
curves outside of the crystal l ine solution region ap- 
proximates l inear i ty  because of di lut ion effects from 
the second phase. 

Table IV and Fig. 4 show the effect of manganese  
concentrat ion on phosphor brightness and peak emis- 

Table IV. Effect of Mn 2+ variations on MgGa204 phosphor 

Sam- C o m p o s i t i o n ,  
p le  m o l e s  
No. MgO Ga~Os MnO 

% Rel-  P e a k  % P e a k  
Moles  MnO a t i v e  w a v e -  h e i g h t  

peak  l eng th ,  decrease  
Moles  M g O +  MnO h e i g h t  n m  a t  100~ 

1 100 100 - -  
2 99 lOO 0.1 0.~1 ~ 51T.5 
3 98 100 0.5 0,005 96 510.5 
4 97 100 1.0 0.010 100 510.5 
5 96 100 2.0 0.020 77 513.5 
6 94 I00 3.0 0.030 53 514.5 
7 93 100 4.0 0.040 42 515.5 
8 92 100 5.0 0.050 29 516.5 

- 8 . 5  
11.0 
19.0 

>20 
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Fig. 4. Variation of peak wavelength (top) and brightness (bot- 
tom) with manganese concentration in MgGa204. 

sion wavelength.  Compositions were  adjusted for 
manganese additions so that  the Mn 2+ could sub- 
stitute for Mg 2+ (or Ga 3+) and mainta in  the same 
approximate  vacancy concentration. The top curve  in 
Fig. 4 shows the var ia t ion  of peak wavelength  with 
increasing manganese additions. The apparent  l inear 
relat ionship is not surpris ing in view of the isomor-  
phous MgGa204 and MnGa204 structures. The bot tom 
curve shows the var ia t ion of peak intensi ty wi th  
manganese content. Concentrat ion quenching, common 
to many Mn2+-act ivated phosphors can be observed. 
Opt imum fluorescence brightness is obtained at ap- 
proximate ly  0.01 moles MnO. 

The ex t reme r igh t -hand  column of Table IV shows 
the per cent peak height  decrease observed between 25 o 
and 100~ This proper ty  was obtained by mount ing a 
small furnace in the sample chamber  of the spectra-  
radiometer.  These data confirm the general  knowledge 
that  low Mn 2 + levels usually improve  the t empera tu re  
dependence of a phosphor. A very  slight emission 
broadening and peak wave leng th  shift ( towards 
shorter  wavelengths)  was observed, especially at high 
manganese levels. 

F igure  5 shows the tempera ture  dependence of 
MgGa204:Mn (sample 4, Table IV) measured up to 
400~ with a HPMV plaque tester  (17). The curve  
was found to be completely  revers ible  up to at least 
250~ el iminat ing the possibility of the brightness de- 
crease being caused by a chemical  reaction. 

These h igh- tempera tu re  data are impor tant  be-  
cause they indicate that  this phosphor, correct ly  for-  
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Fig. 5. Temperature dependence of MgGa204:Mn 

Table V. Compositions and luminescence and x-ray data for 
preparations throughout the spinel crystalline solution series 

in the MgO-Ga203-AI2Oa systems 

Lat- 
tice 

Composition, 253.7 n m  p a r a m -  
m o l e  % E x c i t e d  CR e x c i t e d  e t e r  

No.  M g O  AlcOa Ga203  M n O  P k  h t  P e a k  X F t - L  x y ao, A 

1 50 -- 50 0,5 I00 510.0 5.5 0.116 0.673 8.279 
2 45 -- 55 0.5 4.0 -- 
3 40 - -  60 0.5 3.7 0.102 0 . ~ 1  
4 35 ~ 65 0.5 3.0 -- -- 
5 30 -- 70 0.5 3.0 0.101 0.609 

6 50 I0 40 0.5 64 512.0 9.6 0.134 0.706 8.249 
7 45 12.5 42.5 0.5 8.8 0.123 0.692 
8 40 15 45 0.5 7.5 -- 
9 35 17.5 47.5 0,5 6.0 0.~6 0.682 

lO 30 20 50 0.5 4.5 - -  - -  
11 25 22.5 52.5 0.5 4.5 -- 
12 20 25 55 0.5 2.3 0.122 0 . ~ 7  

13 50 25 25 0.5 31 517.5 9.5 0.148 0.712 8.160 
14 45 27.5 27.5 0.5 10.0 - -  
25 40 30 30 0.5 10.2 0.146 0 . ~ 4  
16 35 32.5 32.5 0.5 I0.0 -- 
17 30 35 35 0.5 10.0 0.~2 0.696 
18 25 37.5 37.5 0.5 8.0 -- 
19 20 40 40 0.5 8.5 0.~6 0.702 

20 50 40 10 0.5 7 523.0 8.8 0.173 0.727 8.122 
21 45 42.5 12.5 0,5 8.8 -- 
22 40 45 15 0.6 9.0 0.~8 0.720 
23 35 47,5 17.5 0.5 9.0 -- 
24 30 50 20 0.5 9.0 0.~2 0.721 
25 25 52.5 22.5 0.5 i0.0 -- 
26 20 55 25 0.5 9.9 0 . ~ 5  0704 

27 50 50 -- 0.5 -- -- 8.0 0.225 0.724 8.083 
28 45 55 -- 0.5 8.9 0.216 0.730 
29 40 60 -- 0.5 7.1 -- 
30 35 65 -- 0.5 7.3 0.2-22 0.730 
31 30 70 - -  0.5 6.9 -- -- 

mulated,  can be used in fluorescent lamps (which gen-  
eral ly operate below 100~ without  significant 
changes in brightness or o ther  spectral  characteristics. 

The MgO-A1203 binary system.--Phosphors pre-  
pared throughout  the spinel crystal l ine solution region 
of this system were  exci ted only by cathode rays. The 
results of samples prepared at 1400~ are shown in 
Table V. Brightness appears to be m ax im um  at ap- 
proximate ly  (Mgo.90,Mno.ol)A12.0604, and there  is l i t t le 
change in color coordinates throughout  the series. In 
general,  these data are in agreement  wi th  those of 
Hummel  and Sarver  (10). 

The A1203-Ga203 binary system.--Manganese-acti- 
vated phosphors were  prepared throughout  the A120~- 
Ga20.~ system at 1400~ Significant luminescence was 
not observed. X- r ay  diffraction powder  data agreed 
essentially wi th  the phase d iagram of Hill  et al. (11). 
Compositions in the in termedia te  crystal l ine solution 
region were  not prepared because of their  l ow- t em-  
pera ture  stability range. 

The MgO-A1203-Ga203 ternary system.--The com- 
positions, lattice parameters ,  fluorescence, and catho- 
doluminescence data for preparat ions  throughout  the 

8.40 I I I I 
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Fig. 6. Variation of spinel lattice parameter ao vs. composition on 
the MgGa204-MgAI204 join. 
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spinel crystal l ine solution region in the MgO-A12Oz- 
Ga2Os te rnary  system are listed in Table V. Al l  com- 
positions were  hea t - t rea ted  at 1400~ hr in air and 
second fired at 1200~ hr in a 2% H2-98% N~ atmos- 
phere. The data plot ted in Fig. 6 i l lustrate  the var ia -  
tion of the a-axis  of the spinel uni t  cell wi th  composi- 
tion throughout  the MgGa2Od-MgA1204 join. The con- 
tinuous v a r i a t i o n _ o f  this pa ramete r  confirms the 
existence of a crystal l ine solution series. The decrease 
of'ao f rom 8.279A for MgGa204 to 8.0832k for MgA1204 
reflects the re la t ive  sizes of the t r iva lent  cations, e.g., 
the Goldschmidt  radius of Ga *+ is 0.62A and A1 ~+ is 
0.57A. The fol lowing luminescence results were  ob- 
tained: 

1. Photo luminescence . - -As  A18 + replaces Ga s + in 
the spinel structure,  the manganese-ac t iva ted  u l t ra -  
violet  exci ted peak wave leng th  increases and br ight-  
ness decreases (Fig. 7). Magnesium aluminate  is prac-  
t ically inert.  

2. Cathodoluminescence . - -The general  t rend of peak 
wave leng th  observed for u l t raviole t  exci tat ion is also 
evident  for ca thode-ray  excitation. (Brightness data 
are too errat ic for a t rend to be observed.) 
F igure  8 i l lustrates the var ia t ion  of brightness ( f t -L)  

and chromat ic i ty  coordinates (x ,y)  throughout  the 
te rnary  crystal l ine solution region. These results indi-  
cate (i) brightness is m a x i m u m  near  the center  of the 
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Fig. 7. Variation of ultraviolet excited peak wavelength (top) 
and brightness (bottom) with composition on the MgGa204-MgAI204 
join. 

Fig. 8. Cathodoluminescence brightnesses and chromaticity co- 
ordinates of phosphors prepared throughout the spinel crystalline 
solution region in the MgO-AI203-Ga208 system. 
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Fig. 9. Cathodoluminescence decay of phosphors throughout the 
MgGa204-MgAI204 join. 

region (e.g., near  40MgO, 30Ga203, 30A1203), and 
(ii) x and y increase as the A13+ content  increases. 

Figure  9 i l lustrates the effect of increasing MgA1204 
concentrat ions on the decay characterist ics of this 
phosphor. A persis tent  "tai l"  develops at about 50% 
MgA1204 and becomes progressively longer  at h igher  
MgA1204 concentrations. These decay curves were  
found to va ry  somewhat  depending on the composi- 
tion of the a tmosphere  of the second hea t - t rea tment .  

Discussion 
Although both MgGa204 and MgAI204 crystal l ize 

wi th  the spinel structure,  they differ in their  cation 
distributions as previously pointed out. The green 
emission of manganese in both of these compounds 
suggest te t rahedra l  oxygen coordination of Mn 2+. 
Fur thermore ,  the pink body color and absence of 
luminescence after  only air hea t - t rea tments  of 
MgGa204 suggest the possibility of manganese enter -  
ing the s t ructure  as Mn 8+. The presence of Mn ~+ after  
air hea t - t r ea tmen t  is s t rengthened by the reflectance 
spectra of MgGa2Od:Mn measured  before and after  
reduct ion as shown in Fig. 10. The broad absorption 
band in the b lue-green  region of the spectrum present  
only in the air-f ired sample appears to be similar  to 

I I I I I I I 
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i 
8 0  - -  

/ 
7 5  ~ / - -  
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Fig. 10. Reflectance spectra of MgGo204:Mn before and after 
reduction. 
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that  shown by Rabatin and Gillooly (15) to be charac-  
teristic of Mn 3+. Another  qual i ta t ive  indication of this 
mechanism was the significant green fluorescence de- 
veloped af ter  only air hea t - t rea tments  in preparat ions 
where  small  amounts  of Si 4+ or Ge 4+ were  substi- 
tuted for Ga 3+. This probably resulted f rom the te t ra-  
va lent  cations forcing more of the manganese into the 
divalent  state in order to balance the electrostatic 
charges. 

Jagodzinski  and Saalfeld (4) have shown that  va -  
cancies are distr ibuted only over  octahedral  sites in 
MgA1204. If it is assumed that  this is also the case 
for MgGa204, and that  the populat ion of Mg 2+ ions 
in octahedral  sites is about 0.84 at 1400~ (2), then 
the op t imum phosphor composit ion can be approxi-  
mated as follows 

2 +  3+  IV 2+  3+ VI 
(Mgo.o6,Gao.93,Mno.ol) (Mgo.s4,E]o.o3,Gal.13) O4 

Summary 
1. Magnesium gallate act ivated by divalent  m a n -  

ganese has been found to be an efficient u l t rav io le t  
exci ted phosphor wi th  a peak emission wave leng th  at 
512 nm. The opt imum phosphor composition was de- 
te rmined to be (Mg0.90,Mn0.01) (Ga2.06) O4. 

2. A1 ~+ for Ga s+ substitutions in the spinel lattice 
rapidly decrease the fluorescence brightness,  but  in-  
crease the cathodoluminescence l ight output. The peak 
emission shifts f rom 512 to 525 nm and the decay 
characterist ics become increasingly longer  wi th  A13+ 
substitutions. 
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Fluorescence of Eu § Garnets Containing 
Pentavalent Vanadium 

G. Blasse and A. Bril 
Philips Research Laboratories, N. lz. Philips" Gloeilampenfabrieken, Eindhoven-Netherlands 

ABSTRACT 

NaCa2Mg2VsO12 has garnet  s t ructure  and shows a broad emission band 
wi th  a m a x i m u m  at about 500 nm under  shor t -wave  uv excitation. Eu 3+ is 
introduced according to the substi tut ion Ca 2+ -t- Mg 2* -~ Eu 3+ + Li +. Un-  
like the emission of the usual Eu3+-act ivated garnets  (like YAG) the Eu s+ 
emission shows strong 5DoJF2 transit ions in this case. The energy t ransfer  
f rom the vanadate  group to the Eu 8 + ion is not  ve ry  efficient. This is ascribed 
to the small  va lue  of the over lap of the Eu 3+ and V 5+ orbitals, the  V - O - E u  
angles being 90 ~ and 120 ~ 

Rare ear th  act ivated garnets have been studied ex-  
tensively. Usual ly  the composition of the host latt ice 
is A3BsO12 ( h  ~ Y, Gd; B ---- A1, Ga).  The formula  
{Y~}[A12] (A13)O12 gives more  insight  into the crystal  
chemistry of the garnets:  { } represents  a dodecahedral  
site, [ ] an octahedral  site, and ( ) a te t rahedra l  site. 
Recent ly Bayer  (1) described garnets  containing 
pentava len t  vanadium, e.g., {Na Ca2} [Mg2] (V3) O12. 
Since a number  of vanadates  [e.g., YVO4 (2) and 
Caz(VO4)2 (3)] appear  to be suitable host latt ices 
for  ra re  ear th  act ivated phosphors, we studied 
the fluorescence of unact ivated and EuS+-act ivated 
NaCaaMg2V3OI2. 

Experimental 
Materials wi th  composition {NaCa2-~Eu~}[Li~Mg2-~] 

(V3)O12 were  prepared  by firing in t imate  mixtures  of 

Na2CO~, CaCO~, Eu203, Li2CO3, MgCO~, and NH4VO8 
at 750~ in 02 several  times. X - r a y  powder  diagrams 
were  obtained using CuKa radiation. 

The performance  of the optical measurements  has 
been described in detail  e lsewhere  (4). 

Results 
Compositions {NaCa~- ~Eu~} [Li~Mg~-a ] (V~) O12 proved  

to be s ingle-phased garnets up to 8 ~ 0.4. For  higher  
values of 5 a second phase wi th  zircon s t ructure  was 
found in the x - r a y  diagrams. These mater ia ls  were  
not studied further .  The latt ice paramete r  of the gar-  
net phase did not change more  than 0.01A going f rom 
8 ~ 0 to 8 ~ 0.4 and amounted to a = 12.45A for 

= 0, in good agreement  wi th  Bayer 's  results (1). 
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Fig. 1. Spectral emission under short wavelength u.v. excitation 
of NaCa~.9Euo.zLio.lMg~,9V~O~2. 

Under  shor t -wave  u.v. excitat ion NaCa2Mg2VsO12 
shows a whi te  emission at room tempera tu re  (quan-  
tum efficiency about 30%; this value  may be a lower  
bound due to the low react ion t empera tu re ) .  E v e n  
at the highest  Eu z+ concentrat ion (~ = 0.40), we ob- 
served this host lattice emission in addit ion to the 
characterist ic Eu ~+ emission. Figure  1 presents the 
emission for the composition with  ~ ---- 0.1O. Table I 
gives the rat io  of Eu a+ emission to total  emission for  
several  values of ~. The exci tat ion spectrum of the 
fluorescence and the diffuse reflection spectrum for the 
mater ia l  wi th  6 ---- 0.10 are given in Fig. 2. These 
spectra do not change wi th  the act ivator  concentration.  

Discussion 
Emission.- -Figure 1 shows the host lattice emission 

as well  as the act ivator  emission. The former  con- 
sists of a ve ry  broad band extending f rom approxi-  
mate ly  400 to 700 nm with  a m a x i m u m  at roughly  500 
nm, which must  be due to transit ions in the vanadate  
group. Vanadate  emission at room tempera ture  has 
been repor ted  ear l ier  for  compounds of the type 
M 2 V 2 0 ?  (iV~ = Mg, Zn, Cd, Ca, Sr, Ba) (5). 

The emission of the Eu ~+ ion consists of the wel l -  
known transit ions f rom ~Do down to the 7F manifold. 
It  is in teres t ing to note that  in the vanad ium garnet  
the red lines ( ~ D o -  VF2) have the strongest  intensity.  
In the a luminum and gal l ium garnets (e.g., YAG),  
however ,  the red and orange lines (~Do--VF~) have  
comparable  intensi ty (6), which is not surprising, be- 
cause the Eu ~+ ion occupies a site which has an ap-  
p rox imate  center  of symmetry ,  if only the nearest  
neighbors, viz., the eight  O~- anions are considered. 
For  a strict  center  of symmet ry  the red fluorescence 
due to the ~Do--VF2 transi t ion is forbidden. Blasse, 
BriI, and Nieuwpoor t  (7) have noticed that  the in-  
tensi ty rat io of the red and orange lines can be dras-  
t ically changed by chemical  var iat ions of the nex t -  
nearest  neighbors  of the Eu  ~+ ion. The present  re -  
sults are another  example  of this effect. Cont rary  to 
the situation wi th  the anions, the cation neighbors of 
the dodecahedral  site in the garnet  s t ructure  of 
YsAI~O,2 lack inversion symmetry.  In NaCa~Mg2VsO~2, 
where  the te t rahedra l  AlS+ ions are replaced by V ~+ 
ions and the octahedral  A1 ~+ ions by Mg ~+ ions, this 
lack of invers ion symmet ry  seems to be of more im-  
portance. 

Table I. Ratio of the quantum efficiency of the Eu 3+ emission to 
the total quantum efficiency for materials NaCa2Mg2V3012: Eu, Li 

Composit ion Rat io  

NaCa2Mg2V~OLe 0 
NaCal.geEuo, o4Lio.o4Mg1.~V3OL~ 0.I 
NaCal. 9Euo. iLio.:t Mgl, ~,VsO-~ 0.2 
NaC al.sEuo.2Lio. ~/WIgl.sV3012 0.4 
NaCaz.~Euo.4Lio. ~Mgl.oVsO~ 0.6 

~.o ~5c 

l 0~ ~ I I I I I I I I 
~00 360 320 2~0 220 

l (nm).~----  

Fig. 2. Relative excitation spectrum of the fluorescence and 
diffuse reflection spectrum of HaCal.9Euo.lMgl.9V3012. 

This is an indicat ion again tha t  the intensi ty a l ter -  
ations seem to be dependent  on the state of polariza-  
tion of the oxygen ions, as noted ear l ier  (7): in 
NaCa2NIg2V3012 the anions are much more strongly 
polarized than in YAG because in NaCa2MgaV3Olz each 
0 2- ion has one highly charged and small  V 5+ ion as 
one of its ne ighbors :  The crystal  field splittings are 
not s trongly influenced by this effect, as follows 
f rom a comparison of the Eu 8 + emission of YAG : Eu 
(6) and NaCa2Mg2V8012 : Eu, Li. The ~D:o - -  7F1 t ran-  
sition contains three lines and the 5Do - -  7F~ transi t ion 
four lines in both cases. The splitt ings are of the same 
order  of magnitude.  

In this connection we note that  the anomalous be-  
havior  of the Curie t empera ture  of VS+-substi tuted 
y t t r ium iron garnet  (the Curie t empera tu re  does not 
change if the paramagnet ic  ions are replaced by dia- 
magnet ic  ions) has also been ascribed to an influence of 
the V 5+ ions on the chemical  bonding (8). 

Excitat ion and rel~ectien.--Since the reflection spec- 
t ra  do not change very  much in the invest igated re-  
gion of 5(0-0.4), the absorption in the u.v. region is 
ascribed to the vanadate  groups of the host lattice. 
The exci tat ion is most efficient at the wavelength  of 
the absorption edge (see Fig. 2). F rom Table I it is 
seen that  the energy t ransfer  f rom vanadate  group to 
Eu 8+ act ivator  is not  ve ry  efficient. This is contrary 
to the energy t ransfer  f rom vanadate  group to Eu 3+ 
ion in Eu3+-act ivated YVO4 and Ca3(VO4)2, where  
the t ransfer  is ve ry  efficient (2, 3). Elsewhere  we 
have argued that  t ransfer  of this type is exchange-  
regula ted  and therefore  strongly dependent  on the 
crystal  structure,  the O 3- ions playing a role (9). 
Unfor tuna te ly  the s t ructure  of Ca3(VO4)~ is not 
known. In YVO4 : Eu the V - O - E u  angle is 170 ~ where -  
as in NaCa2Mg2V8012 : Eu,Li the V - O - E u  angle is 90 ~ 
or 120 ~ (10). This means that  the wave  funct ion over-  
lap of the vanad ium and europium ions is larger  in 
YVO4 than in NaCa2Mg2V~O12, ~-bonding being in-  
vo lved  in the 180 ~ case and x-bonding in the 90 ~ case. 
Therefore  the vanadate  -~ Eu ~ + ion t ransfer  should be 
more efficient in YVO4 than in NaCa2Mg2VsO12, in 
agreement  wi th  the exper imenta l  results. That  there  
is still considerable energy t ransfer  f rom vanadate  
group to Eu 3+ ion in the garnet  may be due to direct 
overlap of the orbitals of the V 5+ and Eu 3+ ion. Each 
V 5+ ion is surrounded by six dodecahedral  ions, of 
which two are at a distance equal  to one quar te r  of 
the cell edge, i.e., only 3.1A in the present  case. Direct  
overlap is a w e l l - know n  phenomenon in magnet ic  ex-  
change theories as is the angle-dependence  of the 
over lap of w a v e  functions of cations separated by 
anions (11). The strong magnet ic  interact ion be tween 
Cr s+ ions in ZnCr204, for instance, is ascribed to 
direct  over lap of t2g wave  functions of the Cr ~+ ions 
(Cr 8+ - -  Cr 8+ distance 2.9A). 

Manuscript  received Aug. 8, 1966; revised manu-  
script received Oct. 17, 1966. 

Any  discussion of this paper wi l l  appear  in a Dis- 
cussion Section to be published in the December  1967 
JOURNAL. 
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Fluorescence and Cathodoluminescence of Eu 

in Some Alkali and Alkaline Earths-Yttrates 

and Gadolinates as Hosts 
L. H. Brixner 

Pigments Department, Experimental Station, 

E. I. du Pont de Nemonrs & Company, Wilmington, Delaware 

ABSTRACT 

Efficient fluorescence of Eu +3 was measured  in alkali  y t t ra te  and gadolin-  
ate hosts of the type ABO2, where  A is Li or Na; B, Y or Gd, under  both 
ul t raviole t  and electron excitation. The opt imum Eu +3 concentrat ion was 
determined for each host; the concentrat ion vs. fluorescent intensi ty curves 
are presented,  as wel l  as some fluorescent emission spectra. Some alkal ine 
earth compounds were  also studied as hosts. 

Al though the fluorescence of Eu +3 in such hosts as 
Gd203 and CaWO4 was studied as ear ly  as 1909 by 
Urbain (1), it was not  unti l  the advent  of the laser 
concept that  europium has been more  ex tens ive ly  in-  
vest igated in all conceivable solid hosts as wel l  as 
in l iquid systems. St imulated emission was first ob- 
served f rom Eu +3 in a chelate (2) and later  also in 
Y203 (3) as a solid state host. In some of our own 
exper iments  (4), we fai led to observe laser action 
f rom Eu +a in Ca3(VO4)2, despite the fact that  en- 
ergy exchange between the host lattice and Eu +3 
was demonstrated.  Van Uiter t  (5) showed that  en-  
ergy exchange also occurs in the host GdVO4. This 
composition, or ra ther  the isostructural  YVO4, became 
of interest  recent ly  when Levine  et al. (6) found that  
europium in this type of host also shows very  efficient 
cathodoluminescence.  It  was probably this finding 
which ini t iated a renewed  search for other novel  host 
s tructures for Eu. 

Most previous work  was ei ther done wi th  composi- 
tions where  the rare  earths (Y or Gd for instance) 
have a cationic funct ion (vanadates,  molybdates,  
tungstates,  etc.) or wi th  the rare  ear th  oxide itself. 
A number  of rare earth compounds where  the ra re  
ear th  constitutes the anionic portion, such as SrY204 
(7) or LiYO2 (8), have been described recently,  and it 
was the purpose of this study to invest igate  these 
compounds as hosts for  Eu +3. 

E x p e r i m e n t a l  
The const i tuent  components were  general ly  of the 

best commercia l ly  avai lable  pur i ty  and were  g iven no 
fur ther  purification t reatment .  The  prepara t ion  tech-  
niques were  essential ly identical  to those described in 
detail  in (9). Occasional analyt ical  checks were  car-  
r ied out for compositions af ter  complete  react ion em-  
ploying x - r a y  fluorescence techniques.  X - r a y  powder  
pat terns  were  taken to confirm the structures obtained 
with  those wel l  documented in the l i tera ture;  only 
minor  lattice pa ramete r  deviations could be observed 
when appreciable port ions of y+a  were  subst i tuted 

by Eu +a. For  the Gd hosts, the parameters  were  es- 
sential ly unchanged when  Eu was introduced. The 
procedures for obtaining the spectra upon optical ex-  
citation have a l ready been described (9). To study the 
emission characterist ics under  electron excitat ion we 
used an available electron microprobe analyzer.  The 
advantage here  was the fact that  as many  as 11 sam- 
ples could be excited and studied under  absolutely 
identical  conditions. These were  general ly  an exci ta-  
tion current  of 0.002 ~A, a vol tage of 20 kv, using a 
S-11 response- type detector  tube (No. 6199) together  
with a red filter. The samples were  powder  compacts 
pressed into 1/8 diameter  holes of a 1 in. d iameter  
brass support  plate. The inspection area was approx-  
imately  540 ~2. 

The first system which was studied in detail  was 
LiYl-xEuxO2. As can be seen f rom Fig. 1, the op- 
t imum fluorescent emission occurred around 6 tool % 
Eu +3 for both ul t raviole t  and electron excitation. Al-  
though different in gradients,  the two curves show 

8oo s 

o 

2 ~  .2 

I I . 2  .02 .04 . (~ .(~B .ll l l l l 

X 

Fig. 1. Intensity of fluorescent emission on electron excitotlon (o) 
and on u.v. excitation (x) as o function of X for the LiEuxY1-x02 
system. 
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Fig. 2.  Intensity of fluorescent emission on electron excitation (o) 
and on u.v. excitation (x) as a function of X for the LiEuxGdl-xO2 
system. 
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Fig. 3. Intensity of fluorescent emission on electron excitation (o) 
and on u.v. excitation (x) a s .  function of X for the EuxYl-xNaO2 
system. 

Table I. Comparison of peak emission for some Li and Na yttrates 
and gadolinates 

Opt .  i n t en .  Opt .  i n t e n .  
u n d e r  u v  u n d e r  
e x c i t a t i o n  e l e c t r o n  

C o m p o s i t i o n  (2537A) e x c i t a t i o n  % E u  L u m / o  

LiEuo.o~Yo.o40~ 570 1.24 6:93 82.25 
LiEuo.osGdo.950~ 540 1.35 3.88 139.20 
NaEuo.o~Yo.~30~ 350 0.85 7.17 48.81 
NaEuo.0sGdo.~O~ 660 2.30 5.74 115.00 

location of the peak emission of all compounds is at 
about 613 m~ as specifically demonstrated for 
LiEu0.07Y0.9302 in Fig. 5. The halfwidth of the pre-  
dominant  613 m~ line nar rowed to 3A at 77~ 

Concerning ternary  compositions between the alka- 
line earth oxides and Y20~ and GduO3, Schwarz (7) 
had already demonstrated that  only SrO and BaO 
formed compounds of the types AB204 (A = Sr +2, 
Ba+2; B = y+3, Ln+3). In  our own experiments,  we 
also failed to form compounds with CaO or with MgO, 
ZnO, and CdO. For these reasons, we studied only 
SrY204 and BaY204 as host compositions for Eu +~. 

Although the subst i tut ional  elements are the same 
as in  the previously discussed compounds, due to the 
different envi ronmenta l  symmetry  as well  as the differ- 
ent crystal field influence on the Stark splitting, the 
fluorescent emission spectra for Eu +3 in these hosts 
could be expected to be different and therefore it 
seemed of interest  to study it. The most s t r iking differ- 
ence becomes apparent  in Fig. 6, where a complete 
reversal  of the in tensi ty  in the 590 and 610 m~ region 
can be observed. Such shifts of the bulk of the emis- 
sion intensi ty are, of course, associated with the cor- 
responding change of symmetry.  Unfor tuna te ly  the 
structures of nei ther  host are well  enough known to 
establish from group theory the number  of possible 
components which each t ransi t ion would be allowed 
to have. Under  monoclinic symmet ry  the 5]:)o -> 7F1 

% 
500 < 

~.  o 4OO 

~ 5 0 0  er 

2oo o 

o2 ~ ,  & & ', ' ' ' ' 
X 

F i g .  4 .  Intensity of fluorescent emission on electron ex- 
citation (o) and on u.v. excitation (x) as a function of X f ~  the 
NaEuxGdl-xO2 system. 

fundamenta l ly  the same characteristics of a steep 
rise to the opt imum emission point and then gradual  
drop of emission in tens i ty  unt i l  eventual ly  complete 
concentrat ion quenching occurs. Figures 2, 3, and 4 
show the same results for the corresponding systems: 
LiGdl-xEuxO2, NaYl-xEUxO2, and NaGdi-xEuxO2. All  
at tempts to prepare any compositions be tween both 
Y2Os and Gd~O8 and the alkali  oxides of K, Rb, and 
Cs failed completely. 

For  the purpose of a comparison, the peak in ten-  
sities of the investigated compositions are summarized 
in Table I. In  the last column marked  Lum/o,  we 
have something of a "Figure of Merit," giving the 
efficiency based on the equivalent  Eu concentration. 
The term is derived from the over-al l  in tens i ty  di-  
vided by the % Eu present  in this composition. The 
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transit ion can, for instance, exhibi t  a max im um  of 
three components,  all of which are c lear ly  resolved in 
the spectrum of Gd0.sEu0.sNbO4 (10). For  this case, 
the bulk of the emission also shifts f rom the ~Do --> 
7F2 transi t ion to the 5Do -> ~F1 transi t ion in going to 
the more symmetr ica l  Ba2La0.gEu0.1NbO6. Simi lar  ob- 
servations have also been made for organic Eu com- 
pounds (11). F igure  7 shows the corresponding spec- 
t rum for BaEu0.14Yl.s604 where  the same type of re-  
versal  can be seen. The  over -a l l  intensities were  also 
much weaker  than in the a lka l i - ra re  ear th  oxide hosts. 
For the purpose of a comparison we did determine  the 
complete fluorescent emission characterist ics as a func-  
tion of the Eu concentrat ion in both hosts. In 
BaEuxY2-xO4, the opt imum occurred at x ---- 0.14, and 
in SrEuxY2-zO4, at x ~ 0.20. The observed intensities 
of emission at the op t imum x were  78 for the Ba and 
52 for the Sr compounds, compared with  570 for 
LiEuo.06Y0.9402. 

In summary,  we can state that  the Li and Na rare  
ear th  oxides of Y203 and Gd203 make interes t ing and 

efficient hosts for Eu +8, but  the location of the emis-  
sion prevents  them from being useful  as good red 
phosphors. The alkal ine ear th  compounds SrY204 and 
BaY204 showed complete ly  different fluorescent emis-  
sion characterist ics and were  fu r the rmore  substan- 
t ial ly less efficient as hosts for Eu +3. 

Manuscript  received June  3, 1966; revised manu-  
script received Oct. 24, 1966. 

Any discussion of this paper  wil l  appear  in a Dis- 
cussion Section to be published in the December  1967 
J O U R N A L .  
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Resistivity Inhomogeneities in Silicon Crystals 
R. G. Mazur 

Research Laboratories, Westinghouse ELectric Corporation, P~ttsburgh, Pennsylvania 

ABSTRACT 

The extent  of small-scale  radial  resist ivi ty inhomogenei ty  in several  n - type  
silicon crystals has been quant i ta t ive ly  determined with  high spatial resolution 
by the spreading resistance resis t ivi ty measurement  technique. Typical  results 
for Czochralski, float-zone refined, crucible-less,  web-g rown  and vapor -de -  
posited epi taxial  silicon are given, showing that  appreciable n0nuni formi ty  
in local resist ivi ty exists in many  crystals. The usefulness of the spreaamg 
resistance technique in rapid evaluat ion of the degree of resis t ivi ty inhomo-  
geneity of individual  silicon samples is i l lustrated. 

In the last few years a number  of publications have 
dealt  wi th  a var ie ty  of microdefects  and inhomogen-  
cities in silicon single crystals. This work  has recent ly  
been rev iewed by John, Faust, and St ickler  (1). The 
various crystal lographic defects have  been extensively  
studied wi th  high spatial resolution by several  tech- 
niques. Optical and infrared microscopy, scanning elec- 
t ron microscopy, and x - r a y  diffraction microscopy 
have given a l inear spatial resolution on the order 
of 10 -4 cm, whi le  transmission electron microscopy 
has uti l ized a much higher  spatial resolution capabil-  
i ty of about 10-~ cm. 

Resist ivi ty or impur i ty  concentrat ion inhomogen-  
cities have also been observed qual i ta t ive ly  wi th  10 -4 
cm l inear resolut ion using several  preferent ia l  etching 
and plat ing techniques. However ,  quant i ta t ive  meas-  
urements  on electr ical ly act ive inhomogeneit ies  have 
been l imited by the spatial resolution of the s tandard 
potent ial  probe resist ivi ty measurement  techniques. 
While certain situations allow a high l inear spatial 
resolution through a one-dimensional  approach, e.g., 
the study of diffusion profiles by incrementa l  etch and 
four-poin t  probe (2), the general  case is strongly af-  
fected by the fact that  resist ivi ty is a vo lume property.  
Standard potent ial  probe l imitat ions are most obvious 
when min imum volumes sampled are compared with  
those of the "visual"  techniques ment ioned above. 
Light  microscopy, scanning electron microscopy, and 
x - r a y  diffraction microscopy all provide a volume res- 
olution of ca. 10 -13 cm 3 and transmission electron mi-  
croscopy utilizes a vo lume resolution of 10 - i s  cm 3 or 
better. In contrast, the incrementa l  anodic oxidation, 
etch and four-point  probe technique involves a mini -  
mum volume of about 5 x 10 -8 cm 3. The one- or two-  
point potential  probe technique requi r ing  a ba r - sam-  
ple of at least 5.0 x 10 -2 x 10 -2 cm 2 cross-sectional 
area gives an average resis t ivi ty over  a vo lume of 5 x 
10 -7 cm 3, if the probes are moved in 1 x 10 -2 cm in- 
crements along the length of the bar. There is ob- 
viously a difference of several  orders of magni tude  in 
the spatial resolution of resist ivi ty fluctuations by the 
standard methods as opposed to the essentially visual 
techniques. Recent  developments  in the spreading re-  
sistance resist ivi ty measurement  technique (3) have 
enabled  us to begin a study of fine-scale resis t ivi ty 
fluctuations in silicon with  a sampling volume of 10 - l ~  
cm 3 or less. This paper provides pre l iminary  data on 
fine-scale resist ivi ty inhomogeneit ies  observed in typi-  
cal Czochralski, float-zone refined, crucible-less,  web-  
grown and vapor-deposi ted  epi taxial  silicon, showing 
that  significant variat ions do exist in many  crystals. 
The data also suggest a tenta t ive  procedure  for assess- 
ing the microscale qual i ty  of silicon by the spreading 
resistance technique. 

The data reported are not considered extensive 
enough for a judgment  of the re la t ive  wor th  of ma-  
ter ial  produced by the various growth processes as 
the total number  of samples examined to date is small  

and the degree of correlat ion be tween  raw mater ia l  
fine-scale resis t ivi ty homogenei ty  and final device 
performance  is not accurately established. 

Experimental 
All of the mater ia l  examined to date has been n- type  

silicon. The samples used were  not especially selected 
in any way so that, aside f rom their  l imited number,  
they represent  a good cross section of single crystal  
silicon commonly available. Sample  resistivit ies ranged 
f rom a few tenths of an ohm-cen t imete r  to several  
hundred  ohm-cent imeters .  This init ial  study has been 
l imited to radial  resis t ivi ty var ia t ion as much as it is 
possible to do so on the scale involved.  

Spreading resistance resis t ivi ty measurements  can be 
made by measur ing the resistance between a pair  of 
probe-contacts  (obviat ing the need for any other  con- 
tacts to the sample) or with a single spreading re-  
sistance probe and some form of re la t ive ly  l a rge-a rea  
contact to the sample for cur ren t  return.  This la t ter  
mode provides m ax im um  spatial resolution, and all 
data reported here  were  obtained with a single probe. 
The base contact used was ul t rasonical ly  soldered 
t in- indium (50:50). Base contact resistance was sep- 
ara te ly  checked for each sample to insure that  it was 
negligibly small compared to the spreading resistance 
on that  sample. 

Each sample was polished with  0.3~ alumina in a 
water  s lurry on a rough glass plate to produce the sur-  
face finish for which the cal ibrat ion curve  relat ing 
spreading resistance and sample resist ivi ty had been 
previously  established. Certain samples were  also 
checked after several  minutes etching in CP4A. 1 

Af ter  preparat ion each sample was probed radial ly  
at intervals  of 0.1 mm over  a span of 5.0 mm located 
approximate ly  midway  between the center  and edge of 
the crystal. A second set of measurements  was then 
made, cover ing a 0.5 mm in te rva l  midway  in the first 
5 mm span in steps of 0.01 mm. The raw values of 
measured spreading resistance were  then  computer  
processed to 

(i) convert  the local spreading resistance values to 
local resistivit ies (pl), using a p rede te rmined  cal ibra-  
tion curve;  

(ii) calculate the average resis t ivi ty of each set of 
measurements  (pi) ; 

(iii) calculate the s tandard deviat ion (s ~- 
~/zni=l(~i--pi)2/n--1) of the n individual  values  of 
resist ivi ty pl about  the average pi; 

(iv) tabulate  the individual  deviations of the pi 
from pi; 

(v) re jec t  any raw data which led to a deviat ion 
(pi - -  pl) greater  than 4s; 

(vi) if such reject ion of "spurious" data was neces- 
sary, the amended data was reprocessed through steps 
(i) to ( iv) ;  

1 120 ec 40% H F ,  120 cc a c e t i c  a c i d ,  200  cc H N 0 3 .  
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Fig. 1. Typical radial resistivity inhomogeneity in f loat-zone sili- 
con, plotted as pi/pi vs. relative radial position, where pi is in each 
case the local average resistivity. (o) Standard potential probe 
profile; (b), (c), (d), spreading resistance probe profiles; (b) 0.1 mm 
scale; (c) and (d) 0.01 mm scale. 

(vii) calculate values of the ratio of local resistivity, 
pl, to the average resistivity, ~, for each point probed 
(in order to allow direct comparison of resist ivity 
fluctuations in samples of vary ing  nomina l  resistivity) ; 

(viii) plot these values of p~pi vs. the radial  position 
(ix) calculate s /~  for each sample, in  an at tempt to 

characterize the various materials checked by a single 
quant i ta t ive  parameter  as well  as by the pictorial re-  
sults produced by the digital plotter. 

R e s u l t s  a n d  D i s c u s s i o n  
Figure 1 is an i l lus t ra t ion of some results obtained 

with the procedure described above. The sample is a 
ra ther  typical float-zone crystal of 1 ohm-cm aver-  
age resistivity. Figure l a  is a radial  resist ivi ty profile 
obtained by a s tandard one-point  t ravel ing potential  
probe technique covering a span of 18 mm more or 
less centered on the crystal. The potential  probe was 
moved in 0.5 mm increments.  The average resistivity 
of these 0.5 mm sections is seen to va ry  from about  
0.9 to 1.2 times the over-al l  average resist ivity of the 
crystal. Figure lb  gives a spreading resis tance-de-  
rived resistivity profile on the same sample as in  Fig. 
la. The arrows indicate the section of the la  sample 
examined. The spreading resistance probe measure-  
men t  was made at intervals  of 0.1 mm. The resul t ing 
values of pl/~ show that  the resist ivity fluctuations in 
this mater ia l  are more extreme than was indicated by 
the s tandard t ravel ing probe potential  profile, with 
local resistivities ranging from 0.7 to > 1.3 times the 
average resistivity of the mater ia l  probed in Fig. lb. 
Figure lc and ld  are plots of p'Jpi of two separate 
sections of the mater ia l  covered in Fig. lb, now at 
intervals  of 0.01 mm. 

Figure 2a is a plot of p J ~  for a 10 ohm-cm Czochral- 
ski crystal, probed at 0.1 mm intervals  over a span 
of 5 mm. It can be seen that the local resist ivi ty varies 
from about 0.85 to about 1.15 times the average re-  
sistivity of this 5 m m  section of the crystal. For  the 
data in  Fig. 2a, s/~ = 0.067. Thus, local resistivities 
6.7% greater or less than  the average resist ivity in 
this 5 ram section of silicon have a probabi l i ty  of 
occurrence of 0.32; with 1% of the volumes sampled 
then having a probable resist ivity 2.5 (s/~O or about 
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Fig. 2. p#pi  vs. relative radial position in a 10 ohm-era Czachral-  
ski crystal. (a) 0.1 mm scale, s/p~ ~--- 0.067; (b) 0.01 mm scale, 
s / ~  = 0.031. 

17% greater or less than the sample's average re-  
sistivity. 

Figure 2b gives the values of pJ~  measured in  the 
central  region of the 2a sample with a 0.01 mm spac- 
ing. The local resist ivity var ia t ion on this finer scale 
is seen to be less than  that  observed on the 0.1 mm 
scale. The lesser range of local resistivity values on 
the 0.01 m m  scale is reflected in  a smaller  value of 
fractional s tandard deviat ion of 0.031 for the data in 
Fig. 2b. 

Another  Czochralski crystal, a 14 ohm-cm (average 
resistivity) sample, clearly i l lustrates in Fig. 3 sev- 
eral  features of this type of measurement .  While  the 
fine-scale data of Fig. 3b, as well  as the point - to-  
point var iat ion of pi/~ in Fig. 3a, show the mater ia l  
to be relat ively uni form on the fine-scale, a long- 
period and very large var ia t ion in resist ivi ty is ap- 
parent  from the data of Fig. 3a, which shows a var ia-  
tion of almost a factor of two in resist ivity over a 4 
mm span of this crystal. This type of profile is also in -  
dicated nonpictorial ly by the relat ive values of frac- 
t ional s tandard deviation, these being 0.024 for the 
0.01 mm scale data of Fig. 3b and 0.185 for the 0.1 m m  
data in  Fig. 3a, a ratio of s/~ (0.1 mm) to s/~i (0.01 
ram) of about 8. 

An interest ing point  i l lustrated by the sample de- 
picted in  Fig. 3 is that, while the fractional  s tandard 
deviation obviously fails to characterize accurately 
the mater ial  in detail completely, it fails safe; that  is, 
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the mater ia l  is c lear ly  indicated to be defect ive or 
quest ionable in some way  by a high value  of s/F~ on 
any scale. 

F igure  4 is a plot of fine-scale (0.01 mm probe in- 
tervals)  made  on a sample of 175 ohm-cm Czochral-  
ski crystal  before and af ter  etching the sample for 
several  minutes in CP4A. The purpose of this exper i -  
ment  was to determine  how much of the fine-scale, 
po in t - to-poin t  spreading resistance var ia t ion was due 
to inherent  fluctuations in resist ivi ty in the mater ia l  
and how much was the result  of scratches or o ther  pol- 
ishing artifacts on the a lumina-pol ished surface. F ig-  
ure  4a (the polished surface) apparent ly  has the same 
scatter as that  of the etched sample (Fig. 4b). The 
quant i ta t ive  measure  of homogenei ty,  the fract ional  
s tandard deviation, bears out the qual i ta t ive picture:  
values of  s/~i of 0.038 (for the polished surface) and 
0.032 (for the etched surface) are not  significantly dif-  
ferent.  Thus, the observed fine-scale fluctuations in 
resist ivi ty are not due to the surface finish. 

Figure  5 shows some results obtained on a 0.7 ohm- 
cm float-zone crystal. F igure  5a is the 0.1 mm scale 
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Fig. 4. p'~pi vs. relative radial position in a 175 ahm-cm Czochral- 
ski crystal as a function of surface finish. (a) alumina-polished sur- 
face, 0.01 mm scale, s/pi = 0.038; (b) chemically polished sur- 
face, 0.01 mm scale, s/pi = 0.032. 
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data, wi th  s/~ = 0.06; Fig. 5b gives the 0.01 mm scale 
data on the center  section of the polished sample 
shown in Fig. 5a, wi th  s/~ = 0.022; Fig. 5c shows 0.01 
mm scale data  on a sample of this same mater ia l  
etched for several  minutes  in CP4A. The value  of s/~i 
= 0.029 for the etched sample of Fig. 5b again demon-  
strates that  the variat ions in resist ivi ty observed in 
this work  are real  and do not reflect a var iable  sur-  
face finish. 

F igure  6 i l lustrates an ex t reme situation. This is a 
250 ohm-cm float-zone crystal  which has a 0.1 mm 
scale f ract ional  s tandard  deviat ion of 0.37; wi th  a cor-  
responding range of local resistivit ies va ry ing  by a 
factor of about 6. Figure  7 shows a small  section of 
this mater ia l  on the 0.01 mm scale. While the resis t iv-  
i ty fluctuation over  distances of a few tenths of a 
mi l l imeter  is quite  small, the beginning of a high 
p region at the end of the section shown leads to an 
over -a l l  value of s/pi = 0.42. As before, i t  is apparent  
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tha t  the  v a l u e  of the  f r a c t i ona l  s t anda rd  dev i a t i on  of 
pz is a " f a i l - s a f e "  p a r a m e t e r  in e v a l u a t i n g  c rys ta l  q u a l -  
i ty  in tha t  i t  is necessa ry  for  the  m a t e r i a l  to be u n i -  
f o r m  on bo th  the  macroscop ic  and  microscopic  scale  
to sa t is fy  t he  condi t ion  s/~i << 1. 

F i g u r e  8 shows  a sample  of c ruc ib l e - l e s s  s i l icon w i t h  
a r e s i s t iv i ty  of 44 o h m - c m .  H e r e  the  f r ac t i ona l  s t and -  
a rd  dev i a t i on  of t he  0.1 m m  scale da t a  is 0.079. The  
f r ac t i ona l  s t anda rd  dev i a t i on  of t he  0.01 m m  scale 
da ta  (Fig.  8b) is 0.037. F r o m  this  and  o the r  spec imens ,  
i t  is a p p a r e n t  tha t  the  c ruc ib le - l e s s  si l icon, in this 
respect ,  as in m a n y  others ,  is o f ten  m i d w a y  b e t w e e n  
the  f loa t -zone  and  Czochra l sk i  crysta ls .  

F i g u r e  9 shows a w e b  sample  w i t h  a r e s i s t iv i ty  of 
0.31 o h m - c m .  F i g u r e  9a shows a 3 m m  sect ion of the  
m a t e r i a l  p robed  at  0.1 m m  in te rva l s ,  w i t h  a f r ac t i ona l  
s t anda rd  dev i a t i on  in the  r e s i s t iv i ty  va lues  of 0.039. 
F i g u r e  9b shows  the  f ine-sca le  d a t a  t a k e n  at 0.01 m m  
i n t e r v a l s  w i t h  a f r a c t i ona l  s t a n d a r d  dev i a t i on  of  0.027. 
These  da t a  ind ica te  t ha t  this  w e b  m a t e r i a l  is at l eas t  
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~i o o 

L 
0 . 8 [  I I I [ 

10.0 11.0 12.0 13.0 14.0 15.0 
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Fig. 10. p~pi  vs. d iamet rn l  posit ion coord inate  in a 2 8  o h m - c m  
vapor -depos i ted  ep i tax ia l  crysta l :  (a) 1.0 mm scale,  s/p i  ----- 0.039; 
(b) 0.1 mm scale,  s/pi  = 0.023, (c) 0.01 mm scale,  s / ~  = 0.025. 

as u n i f o r m  as the  f loa t -zone  m a t e r i a l  on  the  coarse  
scale and  is as u n i f o r m  or m o r e  u n i f o r m  t h a n  e i t he r  
f loa t -zone  or  Czochra l sk i  m a t e r i a l  on the  f ine-scale .  
No te  also the  n e a r  u n i t y  v a l u e  of the  ra t io  s/~i 
(coarse)  to s/pi ( f ine -sca le ) .  

F i g u r e  10 shows  a s a m p l e  of  28 o h m - c m ,  n - t y p e  
ep i t ax ia l  s i l icon p r o d u c e d  in our  l abora tor ies .  I t  m a y  
be seen  tha t  the  ep i t ax i a l  sample ,  at leas t  p r o d u c e d  
u n d e r  the  condi t ions  used  here ,  is v e r y  u n i f o r m  in 
res i s t iv i ty ,  bo th  across the  w h o l e  of the  d i a m e t e r  of 
a 25 m m  slice, and on the  f ine-sca le  as wel l ,  w i t h  t he  
to ta l  sca t te r  of  a l l  of t he  r e s i s t iv i ty  va lues  ly ing  in  
the  r a n g e  of plus  or  m inus  7%. 

W h e r e  a compa r i son  m a y  be made ,  these  resu l t s  
ag ree  w i t h  those  of Benson  (4) r e l a t i n g  to r ad i a l  r e -  
s i s t iv i ty  va r i a t ions  in Czochra l sk i  crystals�9 T h e y  also 
p rov ide  e x p e r i m e n t a l  suppor t  for  a m o d e l  i n v o l v i n g  
convec t ion  cu r ren t s  in the  l iqu id  as the  p r i m a r y  cause  
of r e s i s t iv i ty  i nhomogene i t i e s  in m e l t - g r o w n  si l icon 
(5) .  If  this  m o d e l  is i n d e e d  an  accu ra t e  one, t he  
g r ea t e r  r e s i s t iv i ty  h o m o g e n e i t y  of s i l icon w e b  and 
ep i t ax ia l  s i l icon m a y  be t h e n  unde r s tood  as the  r e -  
sul t  of the  r ap id  g r o w t h  r a t e  of w e b  f r o m  its s u p e r -  
cooled  m e l t  and,  in the  case of the  v a p o r - g r o w n  ep i -  
t ax ia l  ma te r i a l ,  as due  to the  comple t e  absence  of a 
l iqu id  phase.  

S u m m a r y  a n d  C o n c l u s i o n s  

The  q u a n t i t a t i v e  resu l t s  of these  m e a s u r e m e n t s  a re  
s u m m a r i z e d  in Tab l e  I. N o t e  espec ia l ly  the  v a l u e s  
g i v e n  for  the  ra t io  s (0.1 m m  scale)  to s(0.01 m m  
scale) .  The  t a b u l a t e d  da ta  sugges t  tha t  two  p a r a m e t e r s  

T a b l e  I .  Q u a n t i t a t i v e  results  of  m e a s u r e m e n t s  

Growth process 

Over-all 
average 

resistivity, 
(ohm-cm) 

s/p~, s/p~, 
0 .1mmscale  0 .01mmscale  Surface finish 

s, 0.1 m m  scale 

s, 0.01 mm scale 

Czochralski 10 0.067 0.031 
Czochralski 14 0.185 0.024 
Czochralski 175 0.038 
Czochralski 175 0.032 
Float-zone 0.7 0.929 
Float-zone 0.7 0.060 0.022 
Float-zone 250 0.37 0.42 
Crucible-less 44 0.079 0.037 
Web 0.31 0.039 0.027 
Vapor-deposited 28 0.023 0.025 

Alumina polish 
Alumina polish 
Alumina polish 
Chemical polish 
Chemical polish 
Alumina polish 
Alumina polish 
Alumina polish 
Alumina polish 
Alumina polish 

2.2 
7.7 

2.7 
0.88 
2.1 
1.4 
0.92 
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may be convenient ly  used to establish crystal qual i ty 
insofar as resist ivi ty inhomogenei ty  is concerned. 
These are the fine-scale (0.01 m m  scale) fract ional  
s tandard deviation of resistivity and the ratio of the 
coarse-scale value of fract ional  s tandard deviation to 
the fine-scale value. With these parameters  deter-  
mined  in accordance wi th  the procedures used in  this  
work, a low value of s /~ (0.01 mm scale) and a nea r -  
un i ty  value of the ratio of s/~i (0.1 ram) to s/~i (0.01 
ram) indicates uni form resist ivity silicon. It  is essen- 
t ial  to note that  both criteria must  be met  to rate ma-  
terial  as t ru ly  homogeneous. 

In  conclusion, while this work cannot support  a 
final judgment  of the relat ive worth of mater ia l  pro-  
duced by the various growth processes, it does show 
that significant variations in local resistivity do exist 
in at least some silicon samples and that  the spread- 
ing resistance technique may be used to advantage in 
invest igat ing the problem of resist ivity inhomogenei ty  
in silicon. Fur ther  work must  be done, especially in 
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comparing device yields to crystal "quali ty" as de- 
fined above, to determine the real importance of these 
measurements.  

Manuscript  received Aug. 18, 1966; revised m a n u -  
script received Oct. 24, 1966. This paper was pre-  
sented at the Cleveland Meeting, May 1-6, 1966. 

Any  discussion of this paper will  appear in a Dis- 
cussion Section to be published in the December 1967 
JOURNAL. 
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The Solidification of Bi2Te3 and Its Solid Solutions with 
Bi Se3and Sb2Te3 under the Influence of Ultrasonic 

Agitation 
H. E. Bates and Martin Weinstein 

Tyco Laboratories, Inc., Waltham, Massachusetts 

ABSTRACT 

The effect of ultrasonic agitation dur ing solidification was studied for 
three systems: Bi2Te3, 0.8 Bi2Te3-0.2 Bi2Se3, and 0.25 Bi2Tes-0.75 Sb~Te3. Re- 
duction in  grain size was most pronounced in 0.8 Bi2Te3-0.2 Bi2Se3; the other 
compositions showed relat ively li t t le refinement.  A definite tendency for 
a l ignment  of acicular grains with low intensit ies of ultrasonic i rradiat ion was 
noted in all three systems. Compressive fracture stress was increased by agi- 
tat ion for all three systems with considerable anisotropy of strength, relat ive 
to the growth direction, occurring in agitated and unagi ta ted material.  High- 
est fracture s t rength was found in 0.8 Bi2Te~-0.2 Bi2Se3, 7000 vs. 5000 psi for 
unagi tated material.  Reduction in length was about equal at 3%. Seebeck 
coefficient and resist ivity were measured as functions of temperature  and 
found to exhibit  a difference between agitated and unagi tated mater ial  which 
correlated with the amount  of grain  ref inement  observed. This is a result  
of the crystallographic anisotropy of electrical properties in Bi2Te3 alloys, 
reflected by the degree of misorientat ion caused by ultrasonic agitation. 

Dur ing  the course of invest igat ing the effects of u l -  
trasonic energy on the solidification of thermoelectric 
materials  (1, 2), experiments  were carried out with 
Bi2Te3 and some of its technologically interest ing al-  
loys. It  was of specific interest  to observe the effect of 
ul trasonic agitation on the solidification behavior  of 
these materials  because of their  highly anisotropic 
nature.  

Other investigators (3-5) have observed coarsening 
of acicular crystallites in solidified eutectic structures 
with sonic and ul trasonic vibrations.  These are the 
only instances of the effects of v ibrat ion on the solid- 
ification of crystals having strong acicular growth 
habits. In addition Bi2Te3 alloys are susceptible to 
segregation dur ing  freezing, requir ing either elaborate 
zone-level ing techniques to produce homogeneous in -  
gots or preparat ion of thermoelements  by powder met-  
allurgical techniques which introduce a number  of 
difficulties with contaminat ion (6) and s inter ing and 
grain size effects (7, 8). The results of our invest iga-  
tions with PbTe materials  indicated the possibility of 
considerably enhancing the mechanical  properties and 
improving the homogeneity of cast ingots of BiaTe3 
and related alloys. 

Thus, the purpose of the present  work was to ex- 
plore the effect of ultrasonic agitat ion d u r i n g  solid- 

ification of a class of alloys exhibi t ing highly aniso- 
tropic growth and to observe the consequences of this 
method of preparat ion on the mechanical  and elec- 
trical properties of these alloys. 

Experimental 
The exper imental  procedures and apparatus have 

been described in  detail  previously (1, 2). The as- 
sembly used to solidify the melts with ultrasonic agi- 
tation is shown in  Fig. 1. 

A charge of 50-75g was sealed under  vacuum in the 
quartz tube. A resistance furnace was lowered over 
the tube and heated unt i l  the charge had melted, as in-  
dicated by a thermocouple attached at the base of the 
tube. After a short period at a tempera ture  30~ ~ 
above the mel t ing point, the piezoelectric transducer,  
epoxied to the base of the quartz pedestal, was en-  
ergized. The furnace was then raised by a motorized 
hoist so that  solidification proceeded upward  from the 
bottom of the ingot at a rate defined by the rate of 
removal  of the furnace. As the freezing interface 
moved upward, the input  f requency to the piezoelec- 
tric crystal was varied slightly to main ta in  a resonant  
condition. The input  power was also increased grad- 
ual ly to compensate for increasing a t tenuat ion of the 
ultrasonic energy in  the solidified port ion of the 
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Fig. 1. Piezoelectric transducer, quartz concentrator, and crucible 

assembly. 

Fig. 3. Microstructure of directional|y solidified 0.8 Bi2Te3-0.2 
Bi2Se3. Magnification ca. 35X. 

melt. Energy intensities var ied  f rom 1-9 w / c m  ~ at 
f requencies  of approximate ly  21 and 33-35 kc. Solidifi- 
cation rates were  var ied  f rom 6.3 x 10 -3 to 14.1 x 
10 -2 mm/sec.  

Results 
The effect of ul trasonic agitat ion dur ing solidifica- 

tion was to cause some reduct ion in grain size in all  
three materials.  The most interest ing resul t  was the 
vary ing  responses to agitat ion of three mater ia ls  of 
identical  structure. Bismuth  te l lur ide is rhombohedra l  
with atoms ar ranged in a sequence T e - B i - T e - B i - T e  
�9 . . Te with  adjacent  Te atoms probably bonded only 
by van der Wall 's forces (9). This s t ructure  accounts 
for the anisotropic t ransport  processes and easy c leav-  
age of Bi2Te3. Bismuth selenide and ant imony te l lur ide 
form complete  isomorphous pseudobinary solid solu- 
tions wi th  Bi2Te3. 

Macrophotographs (Fig. 2) show the gross s t ructure  
of two ingots of 0.8 Bi2Te~-0.2 Bi2Ses, the one on the 
left  direct ional ly solidified, the one on the r ight  di- 
rect ional ly solidified with  8 wa t t s / cm 2 of ultrasonic 
agitation for approximate ly  two- th i rds  of its length. 
Both were  grown at the same rate  of 1.1 iphr. The 
coarse acicular grain s t ructure  of the unagi ta ted ingot 
is plainly visible, whi le  in the lower  half  of the 

Fig. 2. Macrostructure of 0.8 Bi2Te3-0.2 Bi2Se3 ingots: (a) 
directionally solidified; (b) directionally solidified with ultrasonic 
agitation. Magnification 1V2X. 

Fig. 4. Ultrasonically agitated 0.8 Bi2Te3-0.2 Bi2Se3. Magnifica- 
tion ca. 35X. 

agitated ingot the grains cannot be resolved. The 
various bands in the agitated ingot are the result  of 
changes in the f requency of the ul t rasound to main-  
tain resonance and of turn ing  off the ultrasonic input  
for a short period at one point. The microstructures  
of these ingots are shown in Fig. 3 and 4. It  is interest-  
ing to note here that  the ve ry  finest grains found in 
the agitated mater ia l  were  still basically acicular. 
F igure  3 is not  t ru ly  representa t ive  of the s tructure 
of the unagi tated mater ia l  since none of the very  large 
grains are shown. The bismuth te l lur ide-b ismuth  sel- 
enide showed the greatest  reduct ion in grain size of 
all  three  systems�9 The average  grain size ( length)  in 
the agitated mater ia l  was approximate ly  30 times less 
than that  of the unagitated,  direct ional ly  solidified ma-  
terial. 

The  structure of the unagi ta ted Bi2Te3 was v i r tua l ly  
identical  to that  of the Bi2Te3-Bi2Se3 shown in Fig. 3. 
A t ransverse  section at the bot tom of an agitated in-  
got of Bi2Te3 is shown in Fig. 5. The ul trasonic en-  
ergy intensi ty was approximate ly  6 w / c m  2 and growth 
rate  1.1 iphr. It  is obvious that  while the grains here  
are fa i r ly  long, they are considerably more "blocky" 
than those in the Bi2Te3-Bi2Se3. The top of an ingot  
s imilar ly prepared is shown in Fig. 6; the grains are 
ve ry  needle- l ike  here. The top ends of the ingots, 
which were  1.5 to 1.75 in. long, received substantial ly 
less agitat ion than the bot tom portions because of in-  
creased at tenuat ion in the solidified port ion of the 
ingot. The intensi ty applied to the top section may 
have  been about l w / c m  2 or less. This is a clear ex-  
ample of the application of increasing ultrasonic en-  
ergy tending to promote,  an increasingly equiaxed 
structure.  Grain size reduct ion in the lower  portions 
of agitated ingots was of the order of I0 or 12:1. An  
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Fig. 5. Microstructure of Bi2Te3 solidified with ultrasonic agita- 
tion; bottom section of ingot. Magnification ca. 35X. 

Fig. 8. Microstructure of directionally solidified 0.25 Bi2Te3-0.75 
Sb2Te3. Magnification ca. 35X. 

Fig. 6. Microstructure of top section of Bi2Te3 of Fig. 5, trans- 
verse section. Magnification ca. 35X. 

Fig. 7. Macrostructure of Bi2Te3 ingot showing crystallite align- 
ment by low intensity vibrations in top section. Magnification 1V2X. 

interest ing phenomenon was observed in  the top sec- 
tions of agitated ingots of all three materials,  par t icu-  
lar ly b ismuth  tel luride and b i smuth -an t imony  tel-  
luride. An  example from Bi2Te8 is shown in  Fig. 7. 
The grains in this case tend to l ine up with their  long 
axes roughly parallel  to the circumference thus giv- 
ing the somewhat spiral appearance to the gross struc- 
ture. This was apparent ly  the result  of low intensi ty  
radial  vibrat ions of the system. Such an effect of low 
intensi ty  vibrat ions could be of benefit in producing 
an oriented s t ructure  in the materials  so as to take 
advantage Of the anisotropic thermoelectric properties. 

B i smuth-an t imony  telluride, when solidified quickly, 
grows in acicular grains which are severely segregated 

Fig. 9. Ultrasonically agitated 0.25 Bi2Te3-0.75 Sb2Te3. Mag- 
nification 35X. 

on a microscale. We found this in water -quenched ma-  
terial and to some extent  in ingots grown at more 
than two inches/hr.  Solidification at 0.9 iphr produced 
the microstructure of Fig. 8. This unagi ta ted ingot 
exhibited a wide range of grain sizes, the major i ty  
tending to a l eng th /d iameter  ( l /d)  ratio of about 
three. Significant grain  ref inement  was difficult to 
achieve in this system. Figure 9 shows the microstruc-  
ture of the agitated material.  (Ultrasonic energy in-  
tensi ty was 8-9 w/cm2.) The grains re ta in  approxi-  
mately the same 1/d ratio, while a reduction in average 
size of about 6-8:1 has occurred. A tendency to greater 
ratios of length to width in the grains of the top sec- 
t ion was found in  both agitated and unagi ta ted  ingots. 
The grains of the agitated ingots showed an a l ignment  
with the side of the crucible similar to that  in Bi2Tes. 

Colnpressive strength.--The compressive fracture 
strengths were measured on samples cut paral lel  and 
perpendicular  to the growth direction of the ingots 
as shown in  Table I. Samples were main ly  in the 
shape of rec tangular  blocks about  0.25 in. on a side by 
0.4-0.5 in. long. A Hounsfield Type W Tensometer  
was used for the tests. The agitated mater ia l  showed 

Table I. Compressive fracture strength parallel to growth direction 

Compressive Total strain 
f racture  strength,  at  f rac ture ,  

Mater ia l  psi in / in  

Bi~Te3 (agitated) 3,500 0.03 
Bi2Te3 (unagitated) 2,500 0.02 
0.8 Bi,2Te-0.2 BiaSes (agitated) 7,000 0.030 
0.8 Bi2Tes-0.2 Bi2Se3 (unagitated) 5,000 0.026 
0.25 Bi~Tes-0.75 SbeTe3 (agitated) 6,500 0.016 
0.25 Bi~Te~-0.75 Sb~Te~ (unagitated) 2,300 0.08 
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a definite increase in s t rength over the unagi ta ted  
for all  three materials.  

Considerable anisotropy of s t rength was found in 
all the materials.  Fracture  s trength perpendicular  to 
the growth direction was 50-60% of that paral le l  to 
the growth direction in unagi ta ted samples. I n  the 
agitated samples s trength perpendicular  to the growth 
direction was 70-80% of that  parallel.  Grains grow in  
these materials  as a rule with their  cleavage planes 
parallel  to the heat flow. In  the unagitated,  direction- 
ally solidified ingots the grains were general ly  aligned 
with the growth direction. Thus, compression paral lel  
to the growth direction was also paral lel  to the cleav- 
age plane. 

Compression perpendicular  to the growth direction 
is averaged over all  angular  orientations of the cleav- 
age plane with respect to the compression direction. 
Thus in compressing perpendicular  to the growth 
direction some favorably oriented grains reach the 
critical shear stress for slip or cleavage in  the basal 
plane at a fair ly low over-al l  stress level. In  com- 
pressing paral lel  to the growth direction, where the 
cleavage planes are essentially all paral lel  to the stress 
axis, the over-al l  stress level must  approach the crit-  
ical shear stress for slip and/or  cleavage. The samples 
of agitated material ,  however, with decreased orienta-  
t ion of the grains with the growth direction, exhibit  
strengths more near ly  equal in the two directions. 
That  the agitated materials  showed general ly  higher 
strengths may be a t t r ibuted to their  finer grain sizes. 
A fine grain  size increases the s t rength by l imit ing the 
propagation of slip or cleavage in any given grain 
through the interference of the more numerous  grain  
boundaries.  

Electrical properties.--Measurements of the Seebeck 
coefficient and resist ivity as functions of temperature  
were made paral lel  to the growth direction on all in -  
gots. The results of these measurements  are shown as 
a2/p (volt2/~ - -  ohm cm) in Fig. 10-12 for 0.8 Bi2Te3 
- -  0.2 Bi2Se3 + 0.04% CuBr (n- type) ,  Bi2Tes + 0.04% 
Pb (p- type) ,  and  0.25 Bi2Te3 - -  0.75 Sb2Te3 + 0.05% 
Pb + 0.03% Cd (p-type) .  The values shown are in  
general ly  good agreement  with those reported by most 
other authors for these materials.  

The curves reflect the effect of the ultrasonic agita-  
tion in dis turbing the or ientat ion of the grains with 
the growth direction. With the cleavage planes gen-  
erally oriented in the growth direction, the unagi -  
tated materials exhibit  higher electrical efficiency fac- 
tors. Madigan (10) predicted a reduct ion of 28% in 
the figure of meri t  of r andomly  oriented polycrys-  
tal l ine rods of Bi2Te3 vs. oriented single crystals, 
while Piwkowski  (8) finds differences of 25-60% in 
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the figure of meri t  of single crystal compared with 
pressed and sintered Bi2Te3. 

The sharper decrease of c~2/p with increasing tem- 
pera ture  for the unagi ta ted B i 2 T e ~ -  Bi2Ses and Bi2Te8 
--Sb2Te3 can be at t r ibuted to somewhat poorer chem- 
ical homogeneity than the agitated material .  This is 
u l t imately  reflected in a less regular  behavior  than  
that  exhibited by the agitated material.  

Conclusions 
1. Significant grain ref inement  was obtained in the 

Bi2Te8 --  Bi2Se3 system by ul trasonic agitat ion of the 
melt  dur ing solidification. Litt le ref inement  was ob- 
served in  the Bi2Te3 and Bi~Te~ - -  Sb2Te3 systems. 

2. A tendency for a l ignment  of acicular grains paral -  
lel to the crucible wall  was noted at low ultrasonic 
intensities. 

3. The Seebeck coefficient and resist ivi ty as a func-  
t ion of temperature  exhibit  a difference between agi- 
tated and unagi ta ted mater ia l  which correlates with 
the amount  of grain refinement.  This is a resul t  of 
the crystallographic anisotropy of electrical proper-  
ties in Bi2Te8 alloys, reflected by  the degree of mis-  
or ientat ion caused by ultrasonic agitation. 
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Nucleation and Growth of Crystals in Gels 
J. Dennis and H. K. Henisch 

Materials Research Laboratory, The Pennsylvania State University, University Park, Pennsylvania 

ABSTRACT 

Because the crystals in any  one-growth system grow competitively, nu -  
cleation control is one of the keys to the practical exploitat ion of the gel- 
growth technique. The paper discusses some of the principal  factors on which 
nucleat ion in gels depends and shows how nucleat ion can be controlled by 
programming of the reagent concentrations, by trace impurities,  and by va ry-  
ing the gel structure. Multiple reseeding procedures are described which 
permi t  the growth of larger crystals than  can be obtained wi th  single growth 
stages. 

Studies of nucleat ion have in the past  been ham-  
pered by the lack of sufficiently simple systems on 
which meaningful  experiments  could be performed 
and by the general  difficulty of controll ing the proc- 
esses involved. For such studies, the gel method (1, 2) 
offers new opportunities. The crystals grow wi th in  the 
gel, in the same localities in which they nucleate and 
in chemical envi ronments  which can be locally an-  
alyzed. Once nucleat ion has taken place, the growth 
has been shown to be diffusion controlled (2). This 
paper describes the results of nucleat ion experiments  
and shows how they can be at least qual i ta t ively un-  
derstood in terms of critical radius theory. It  also pro- 
vides an explanat ion for the photonucleat ion phenom- 
ena previously reported (1) and describes procedures 
which promote orderly growth through nucleat ion 
control. 

The growth procedures are simple, even though the 
associated chemical and diffusion processes are not. 
Gels of 1.06 g/cm ~ density are made from solutions of 
sodium metasilicate, in the presence of vary ing  acid 
concentrations. The acid i n  question may be one of 
the reagents par t ic ipat ing in the formation of the 
crystal material .  The other reagent  is placed as a 
solution on top of the gel and allowed to diffuse. Al-  
ternatively,  a nonacid reagent  may be added to the 
sodium silicate solution before gelling, in addit ion to 
an acid which then serves only to adjust  the pH. There 
are various possibilities, as the following examples 
will make clear: 
(a) Growth of calcium tar t rate  crystals: 

Present  in the gel: tartaric acid, ( ini t ial ly pH 2.7), 
Diffusing into the gel: calcium chloride ( ini t ial ly 
IN).  

(b) Growth of lead iodide crystals, PbI2: 
Present  in the gel: lead acetate and acetic acid, ( ini-  
t ial ly pH 4.0), Diffusing into the gel: potassium 
iodide ( ini t ia l ly  0.1N, increasing to 0.5N). 

(c) Growth (3) of lead hydroxy iodide crystals, 
PbI  (OH) : 

Present  in the gel: acetic acid and potassium iodide 
( ini t ial ly pH 8.5), Diffusing into the gel: lead ace- 
tate ( ini t ial ly 0.2N). 

It has already been shown that  a var ie ty  of crys- 
tals suitable for solid-state exper imenta t ion  can be 
produced in similar ways. The method is especially 
useful for substances which, because of their  low solu- 
bilities or low dissociation temperatures  (or both) 
cannot readily be grown by other methods. Since the 
crystals in any one growth system grow competitively, 
control of the nucleat ion process is in many  cases a 
key to the practical ut i l i ty  of the method. 

Heterogeneous and Homogeneouv N~cleation 
The most readily accountable form of nucleat ion is 

"heterogeneous," in the sense that  it depends on the 
presence of foreign substrates. It  is easy to demon- 
strate (e.g., by dispersing iner t  crystall ine powders) 
that  it can take place in  a gel. There is no reason for 
expecting heterogeneous nucleat ion in  a gel to be 
generically different from corresponding process in  
simple solution, but  the f requency of its occurrence 
is not the same. Thus, most of the accidentally present  
dust grains which would ordinar i ly  be eligible as 
nuclei  in solution are immobilized by the presence 
of the gel, perhaps because they are embedded in  
small  cells. In  such circumstances, very  thin layers 
of crystal may grow on them, but  insufficient mater ial  
would be available to permit  growth beyond submi-  
croscopic size. Alternat ively,  since the gell ing process 
itself is believed to depend on the presence of foreign 
nucleat ion centers, most of the available substrates 
may be used up by the t ime gelling is complete. What  
ever the mechanism, the immobilization of unwan ted  
nucleat ion centers is believed to be one of the im-  
por tant  factors governing the success of the gel 
method. 

Heterogeneous nucleat ion can be util ized for epi- 
taxial  growth and may become impor tant  in con- 
nection with the growing interest  in heterojunctions.  
In  passing, heterojunct ions of P b I J P b I ( O H )  and 
CaC4H406/CuC4H406 have been  gel-grown in this way. 

There are, however, reasons for bel ieving that  
much and sometimes most of the nucleat ion observed 
in reasonably low dust content  gel media is "homo- 
geneous," i.e., that  it depends on the formation of critical 
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Table !. Effect of concentration programming on crystal size 

Typical  sizes: largest  l inear dimensions,  m m  
Crystal 

Without  p r o g r a m m i n g  With p r o g r a m m i n g  

Calcium ta r t ra te  ~12  ~12  
Cuprous t a r t ra te  1 3 
Lead  iodide 3 15 
Thal l ium iodide 0.5  1 .5  
Calcium carbonate  

(aragonite  spherulites) 0.5 1.5 
Cadmium oxalate 2 5 

Fig. 1. Experiments oa nucleation control: 1, 2, 3, 4, calcium 
tartrote, 5, 6, lead iodide; 1, 2, pH 3.5; 3, pH 2.5; 4, pH 2.8; 5, 6, 
pH 4.1. Artificial nuclei present in tubes 2, 3, 4 and 6; the round 
objects in tube 5 are bubbles. 

nuclei. This follows in par t  from the enormous super-  
saturations which prevail  in the gel, from the dis- 
t r ibut ion of crystals in any given growth system, and 
from the t ime-sequence of their  appearance. If n u -  
cleation were heterogeneous, the final dis t r ibut ion 
should in the normal  way be uniform, corresponding 
to a uniform dust-dis tr ibut ion,  but  this is not  in fact 
observed. There is, in principle, the possibility (4) 
that  the diffusing reagent  may create its own foreign 
substrates by react ing with impuri t ies  in the resident  
reagent, thereby creat ing a nonuni form distr ibution of 
nuclei. However, this would involve ra ther  specialized 
conditions and, as a general  mode of operation, seems 
unlikely.  Epitaxial  growth on a foreign substrate gen- 
erally calls for lower supersaturat ions than homoge- 
neous nucleation, and a corresponding demonstrat ion 
is shown on Fig. 1. Tubes 1 and 2 contain, above the 
gel, the same solution of CaClz. The gel in tube  1 is 
free of del iberately added foreign nuclei  and is seen 
not to support  any crystal formation because the CaC12 
concentrat ion is too low. Some accidental unwan ted  
dust grains are undoubtedly  present  but  are evident ly  
immobilized by the gel. Tube 2 contains heterogeneous 
nuclei in the form of fine t i t an ium dioxide dust and 
supports copious nucleation. The n u m b e r  of crystals 
formed is still much smaller  than the total number  of 
TiO2 grains present, showing that, in the presence of 
very  high dust concentrations, the gel cannot  immo-  
bilize all the potential  nucleat ion centers. Tubes 5 and 
6 provide the same demonstrat ion for PbI2. A similar  
difference can be observed by vary ing  the pH in  the 
gel. One would expect the homogeneous nucleat ion of 
calcium tar t rate  to be sensitive to the acidity of the 
gel, considering that  the mater ial  is appreciably solu- 
ble in tartaric acid. In  fact, crystal  formation in a 
clean system is rare below pH 3. In  the presence of 
artificial nuclei,  pH is still  an  impor tan t  factor bu t  
crystals appear in gels which are considerably more 
acidic. Tubes 3 and 4 on Fig. 1 show this, the acidities 
being 2.5 and 2.8, respectively. 

Nucleation Control through 
Concentration Programming 

The above considerations lead (in low dust-content  
gel media) to a simple method of nucleat ion control. 
The concentrat ion of the diffusing reagent  is ini t ia l ly  
kept  below the level at which nucleat ion is known  to 
occur. It is then increased in a series of small  steps, 
which can be optimized for any system as regards 
magni tude  and timing. At some stage, a few nuclei  
begin to form. As the concentrat ion of the diffusant 
increases, these nuclei  act as sinks, and  the resul t ing 
establ ishment  of radial  diffusion pat terns reduces con- 

centrat ions and appears thus to inhibi t  the formation 
of addit ional nuclei. Subsequent  increases of reagent  
concentrat ion lead to faster growth but  not, in  general, 
to new nucleation. The existing crystals are thus able 
to grow noncompeti t ively and  their qual i ty  is cor- 
respondingly good. It  has been found empirical ly that 
f requent  small  steps are more beneficial than a few 
large concentrat ion increases. The method has been 
successfully applied to the control of nucleat ion in sev- 
eral systems (Table I) ,  and has yielded crystals of 
larger size and a higher degree of perfection than 
those produced wi thout  programming.  The size in -  
crease amounts to approximately a factor of 3, ex- 
cept for calcium tar t rate  for which nucleat ion is rare 
enough even without  programming to reduce the im-  
portance of the competitive growth limitation. 

I t  remains  to be shown that  the method can be more 
general ly applied, the present  indications being that 
it can. 

E~ect of Trace Impurities and Molecular Volume 
The theory of homogeneous nucleat ion via critical 

nucleus formation in  solution is still only imperfectly 
understood (5, 6). Under  the simplifying assumptions 
envisaged by the Kelvin  equation and the Gibbs- 
Duhem relationship, the radius rc of the critical nu -  
cleus forming in  a solution would be given by 

2aVs 
r c ~ - -  

kTS 

where Vs is the molecular  volume of the solute, S the 
supersaturation,  and ~ the surface energy per un i t  area 
(closely related to the surface tension and identical  
with it under  simplest conditions).  By analogy with 
other interface parameters,  ~ is expected to be selec- 
t ively sensitive to the presence of contaminants,  espe- 
cially since the free energy of nucleus formation (7) 
depends on o ~. It is cer ta inly true that solution proc- 
esses can be affected sensit ively by the presence of 
contaminants  in  the low ppm range (8). For  the cal- 
cium tar t ra te  system, the most potent contaminant  
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Fig. 2. Effect of iron contamination of the growth medium on the 
nucleation and composition of calcium tartrote crystals. 
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was found to be iron. Results which show its effect 
are given in  Fig. 2 and the relationship is evident ly  
not simple. A very small  concentrat ion of ferric ions 
promotes nucleat ion;  larger concentrat ions inhibi t  it, 
whereas the uptake of iron by the crystal  itself (spec- 
troscopically determined)  increases un i formly  as ex- 
pected. That  the growing crystals become enriched in 
contaminant  appears  to be a peculiar i ty associated 
with iron. There is, of course, infinite scope for in -  
vestigations of this kind, using different combinations 
of crystals and potential  contaminants .  General  pre-  
dictions cannot as yet be made. 

The previously reported observations of photonu-  
cleation can, in all likelihood, be understood in similar  
terms, i .e. ,  as an indirect  effect of l ight on ~. It  has 
long been known (9) that light (especially uv)  dis- 
sociates tartaric acid with the production of CO~, 
which can easily be shown to enhance the nucleat ion 
of calcium tar t rate  crystals. This can be demonstra ted 
convincingly by comparing a series of growth systems, 
main ta ined  in darkness, bu t  with different amount  of 
CO2 additive in  the gel. 

In a m a n n e r  similar to that  demonstrated above, a 
correlat ion can be established be tween nucleat ion fre-  
quency and the molecular  volume of the solute, as 
suggested by the approximate calculation of the crit i-  
cal radius. For  this purpose it is actual ly convenient  to 
use, as an index of comparison, not  the probabil i ty  of 
nucleat ion as such, but  the normal i ty  of the acid on 
the gel which is jus t  sufficient to suppress nucleation.  
Its correlation wi th  the ionic radius of the metal  is 
shown in Fig. 3 for a series of tar trates grown under  
otherwise identical  conditions. The radius may  be 
taken as a relative measure of molecular  volume. 

Effect of Ge~ Structure  
If the views expressed above are correct, then one 

would expect nucleat ion to be more difficult in  gels 
of smaller cell size. In  order  to test this, it  is necessary 
to have some method whereby gels can be compared 
from this point  of view, at least in a semiquant i ta t ive  
manner .  Quant i ta t ive  work on hydrogels is, of course, 
hampered by their complicated s t ructure  and, in  par -  
ticular, by the fact that  not only the mean  cell di-  
mensions but  also the size dis t r ibut ion about this mean  
can vary. However, by al lowing a compound of large 
molecular  volume to diffuse, an empirical  relat ive 
measure of effective cell size can be obtained. In  the 
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Fig. 4. Effect of alumina content on the diffusion of methyl blue 
and iodine in sodium metasilicate aluminate gels, assessed by optical 
absorption measurements. 

present  case, this was done by observing the diffusion 
of methy l -b lue  in gels of vary ing  Si:A1 ratio. The 
diffusion process is monitored by making  light ab-  
sorption measurements  as a function of distance from 
the gel surface. As Fig. 4 shows, diffusion becomes 
more difficult as the amount  of A1 increases, and it  
is reasonable to conclude that  this is due to progres- 
sively diminishing cell sizes. A1 certainly has this effect 
on the cell dimensions of dehydrated gels, as P l ank  
and Drake (10) have demonstrated. 

Table II Shows how, under  a s tandard set of condi- 
tions, the n u m b e r  of crystals nucleated depends on 
gel composition and thus evident ly  on the cell size. 
The expected correlation is observed and Table II, in-  
cidentally, gives an impression of the extent  to which 
the results vary  between growth tubes of the same 
composition and thermal  history. It  is, however, neces- 
sary to check that  the various gels used do not  present  
different diffusion conditions to the reagents involved 
in crystal formation. When the diffusants are very  
small  compared with the cell size, the cell size should 
have no mater ial  effect on the diffusion process. 
Figure 4 shows that  (for iodine) this is indeed correct, 
and the comparison implied by Table II is therefore 
valid. 

Reseeding Procedures 
Once nucleated, the crystals grow unt i l  they reach a 

constant  size. It  has already been shown that  this size 
is determined by the progressive exhaust ion of the re-  
agents (1). Replenishment  of at least one (the diffus- 
ing) reagent  is a simple matter ,  bu t  the removal  of 
the waste products of the reaction is not. If, therefore, 
a crystal of larger size is required, it must  be re -  
seeded into another  gel. This is done first by gell ing a 
small  amount  of sodium metasilicate in  a tube, rest ing 
the seed on the gel surface thus formed, and covering 
it first with addit ional  sodium metasilicate solution 
and, after second gelling, with the diffusing reagent. 
In  ~he course of t ransferr ing the crystal from one 
growth system to another, its surfaces are general ly 
damaged and possibly contaminated,  resul t ing in poly- 
crystal l ine growth. To prevent  this, the tempera ture  is 

Table II. Standard set of conditions. 

Crys ta l  0% AI 3% AI 5% AI 6% A1 8% AI 

Ca lc ium t a r t r a t e  65, 75, 107, 93 30, 14, 19, 24 7, 0, 13, 6 0, 0, 0, 2 
Coppe r  t a r t r a t e  536, 324, 342, 441 67, 57, 78, 30 13, 5, 44, 22 
L e a d  iodide  B, 7, 7, 10 3, 4, 0, 0 0, 0, 0, 0 0, 0, 0, 0 
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Table III. Weights of three crystals each of calcium and copper 
tartrate after re-seeding 

Weight in mg 
1st 2rid 3rd 4th 

Crystal Initial Seeding Seeding Seeding Seeding 

Calcium 137.2 354.0 820.5 939.2 1104.0 
tartrate 175.6 401.4 873.5 1083.1 1204.1 

139.4 347.0 685.4 803.1 952.3 
Copper 21.2 43.3 63.5 78.4 96.3 
tartrate 18.7 37.8 69.6 84.4 101.1 

18.4 30.2 66.0 81.7 103.4 

raised immedia te ly  after reseeding in order  to dissolve 
a port ion of the seed, as is usual in all seeding pro-  
cedures. When the t empera tu re  is subsequent ly low-  
ered, growth proceeds in the normal  way unti l  the 
reagents  are once again exhausted.  The process can 
then be repeated.  In a series of steps it is thus possible 
to grow considerably larger  crystals than can ordi-  
nar i ly  be obtained in a single growth system. The 
method has not yet  been widely  applied, but the pr in-  
ciple is i l lustrated below on the basis of calcium and 
copper tartrate.  Table III shows the weights  of par-  
t icular  crystals af ter  successive reseeding stages. 
With care, their  high degree of optical perfect ion can 
be ful ly  mainta ined throughout  this procedure. 
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Characteristics of the Surface-State Charge 
of Thermally Oxidized Silicon 

B. E. D e a l ,  M .  Sk lar ,  A .  S. Grove,  and  E. H.  Snow 

Research and Development Laboratories, Fairchild Semiconductor, Palo Alto, California 

ABSTRACT 

The nature  of the surface-s ta te  charge (Qss) associated with  the rmal ly  
oxidized silicon has been studied exper imenta l ly  using MOS structures. The 
effects of oxidation conditions, silicon orientation, anneal ing t reatments ,  oxide 
thickness, and electric field were  examined,  as well  as the physical  location 
of the surface-s ta te  charge. The results indicate that  the surface-s ta te  charge 
can be reproducibly  control led over  a range 1010-1012 cm -2, and that  it is an 
intrinsic proper ty  of the silicon dioxide-s i l icon system. I t  appears to be due 
to an excess silicon species int roduced into the oxide layer  near  the silicon 
dur ing the oxidation process. 

In much of the ear ly  work  on the propert ies  of 
semiconductor  surfaces, exper imenta l  results were  in-  
terpreted within  the f r amework  of two quantit ies:  fast 
and slow surface states (1). "Fast  surface states" are 
electronic states wi thin  Che forbidden gap of the semi-  
conductor, located at the surface, which are in good 
electrical  communicat ion with  the semiconductor  bulk. 
Because of this, they can act as surface recombinat ion 
centers. Their  density per  unit  area for both clean 
germanium and silicon surfaces has been general ly  
found to be of the same order  as the surface atom den-  
sity. If the semiconductor  is covered by an adsorbed 
layer, or an oxide, the density of fast states has been 
found to decrease to 1011-101~ cm-2.  "S low states," in 
contrast, have  been at t r ibuted to ionic contaminat ion 
within  an oxide covering the semiconductor  surface. 
Because of their  re la t ive ly  large distance f rom the 
semiconductor,  they are in poor electrical  communi-  
cation with  it. Their  density is a s t rong function of 
the ambient  and surface t rea tment  of the sample, but 
general ly  ranges in the neighborhood of 1012-1013 
a m - 2  

In the past several  years, the the rmal ly  oxidized 
silicon surface has been invest igated very  intensively,  
par t ly  due to its ex t reme technological  importance and 
par t ly  to the ease wi th  which its characterist ics can 
be studied (2). As a resul t  of these investigations,  a 
detai led picture  of this system has emerged which 

is not explainable  strictly wi th in  the f r amework  of 
fast and slow surface states. 

SiOz 

SILICON 

(e) SURFACE-  STATE 
CHARGE, Qss 

No + Na + Na + No + 
SiO2 

Na + 
Ne + Na + 

SILICON 

(b) MOBILE IMPURITY  
IONS 

SiO 2 

X X X X X X 

S IL ICON 

(c) FAST SURFACE 
STATES 

SiO z 

+ + + -.p + + 
+ -I- -t- + + + 

SIL ICON 

(d)  TRAPS IONIZED 
BY RADIATION 

Fig. 1. Charges or states associated with the silicon dioxide- 
silicon system. 
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An idealized representat ion of the current  picture 
of the the rmal ly  oxidized silicon system is depicted in 
Fig. 1. Fast  surface states have  been identified, but  
in many cases their  density has been found to be less 
than 5 x 10 TM cm-2  (3), considerably lower than in 
other  systems, thus leading to the low surface recom- 
bination veloci ty of passivated silicon devices (4). 
While slow surface states, in the customary sense, 
have not been evident,  ionic space charges wi thin  the 
oxide have been observed. These were  found to result  
f rom ei ther  contaminat ion by re la t ive ly  mobile ions 
such as sodium (5, 6), or f rom exposure to ionizing 
radiat ion (7). They are evident ly  in poor electr ical  
contact wi th  the under ly ing silicon even when located 
very  near  the oxide-si l icon interface. 

These charges wi thin  the oxide, which have gen-  
eral ly been found to be positive, induce a negat ive  
charge in the silicon, and thereby lead to the tendency 
of thermal ly  oxidized silicon surfaces to be n-type,  as 
observed a l ready in the earl iest  exper iments  (8). On 
the other  hand, it has been shown (3) that  even oxides 
grown in such a manner  that  ionic contaminat ion was 
precluded are characterized by a positive charge, ap- 
parent ly  located in the oxide, near  the oxide-si l icon 
interface. This charge, which has been designated the 
surface-s ta te  charge, and whose density per uni t  area 
is denoted by Qss (3), is the subject  of the present  
paper. 

The characterist ics of the surface-state  charge as 
established in the ear l ier  study, were  the following: 
(i) Its density Qss is reproducible.  For  one par t icular  
set of conditions [oxidation at 1200~ in dry O~; (111) 
silicon orientat ion] its density is ~2  x 1011 cm -2. (it) 
Its density is independent  of the impur i ty  concentra-  
tion in the silicon, and of the oxide thickness over  a 
wide range. (ii~) Its density is independent  of the 
band bending or surface potent ial  in the silicon over 
at least the middle 0.7 ev of the energy gap. (iv) Its 
density is stable under  elevated t empera tu re - -b ias  
test conditions of the kind that would lead to re-  
a r rangement  of sodium contaminat ion in the oxide, or 
to anneal ing of radia t ion- induced space charges. 

These characterist ics are difficult to reconcile wi th  
the conventional  picture of slow and fast states at a 
semiconductor surface. Therefore,  a study was under -  
taken to examine  in detail  the nature  of the surface-  
state charge. The present  paper  contains a summary  
of an extensive exper imenta l  invest igat ion dealing 
with the effect of oxidation conditions, silicon ori-  
entation, anneal ing t reatments ,  oxide thickness, and 
electric fields on Qss and with its spatial distr ibution 
in the oxide. The p r imary  means of evaluat ion was 
the capaci tance-vol tage method  of analysis using 
meta l -oxide-semiconductor  (MOS) structures. 

Experimental 
Materials.---Silicon used in these studies was single 

crystal  Czochralski type. It  was obtained f rom the 
Kollstan Semiconductor  Elements  Company of West-  
bury, New York, in the form of circular  slices approxi-  
mate ly  2 cm in d iameter  and lapped on both sides to 
a thickness of 250~. Dislocation count was specified to 
be less than 100 cm -2. Both p- and n - type  dopants 
(boron and phosphorus) were  included, the concen- 
trations being ~10 TM cm-3  for most of the experiments .  
Various surface orientat ions were  studied, including 
(111), (110), and (100). 

A luminum used for  field plates and back contacts 
was obtained f rom Cominco Products,  Inc., Spokane, 
Washington, and was specified as 99.9999% pure. A 
separate analysis indicated the sodium content  was 
1 ppm or less. Gases used for  oxidation and anneal ing 
(02, N2, and argon) were  obtained in a l iquid form 

from Air  Reduction Company, Richmond, California. 
Total  wa te r  content was less than 5 ppm in each gas. 
Special tests indicated other  impuri t ies  such as hydro-  
carbons or hydrogen were  ex t remely  low, i.e., less 
than 2 ppm. A molecular  sieve trap was used to re-  
move any excess wate r  or hydrocarbons in all gases. 

Deionized water  used for r insing samples and for wet  
oxidations had a resis t ivi ty at 25~ of 16 megohm-cm 
and an init ial  sodium content  of less than 0.002 ppm. 
Al though this la t ter  value increased upon storage in 
the Pyrex  or quartz bubbling flask, the analysis of the 
distil late f rom the exit  end of the oxidation tube indi-  
cated 0.030 ppm Na or less. 

Procedure.--Immediately prior to oxidation, the 
silicon slices used for MOS device fabricat ion were  
cleaned in b o t h  organic and inorganic solvents using 
ultrasonic agitation. They were  then chemical ly pol-  
ished in a 4HF: 10HNO3 solution fol lowed by a quench 
in acetic acid. Approximate ly  50~ per side were  re-  
moved during this operation. Appropr ia te  deionized 
water  rinses were  used be tween the various cleaning 
and polishing steps. Samples used for thickness mea-  
surements  were  mechanical ly  polished resul t ing in the 
removal  of 30~ per side. The same cleaning as men-  
tioned above was carr ied out fol lowing mechanical  
polishing. 

The oxidat ion procedure  was essential ly the same as 
described earl ier  (9). Slices were  placed flat on a thin 
quartz  boat and inserted in a tube furnace with  sep- 
arate systems being used for n-  and p- type  samples. 
Ei ther  dry oxygen or wet  oxygen (oxygen bubbled 
through 95~ H20) was used as the oxidizing ambient,  
wi th  the t ime and tempera ture  of oxidation depending 
on the specific experiment .  Various pull ing rates were  
employed, the standard one being very  rapid (less 
than 3 sec through the 50 cm from the center  of the 
furnace to the end of the tube) .  

In certain cases, the samples were  annealed in ei ther 
ni t rogen or argon fol lowing oxidation. Each oxidat ion 
contained a slice for thickness evaluat ion in addition 
to those samples used for MOS device fabricat ion and 
evaluation.  Oxide thicknesses were  determined on the 
special test slices using mult iple  beam in te r fe romet ry  
(10). Accuracy of this method was found to be +_40A for 
oxides greater  than 2000A and --+_20A for  thicknesses 
less than 2000A. Af ter  oxidation or annealing, the back 
oxide was removed f rom selected samples and MOS 
capaci tance-vol tage plots obtained using a gold pres- 
sure contact probe. The other  samples were  meta l -  
lized with a luminum on the top surface after  first 
r emoving  50-100A of oxide in a 10:1 H20: HF solution 
to el iminate contamination.  The thickness of the alu- 
minum field plate was 2000-5000A. The back oxide was 
then removed and a luminum evaporated on the bare 
silicon. Top field plates 375~ in diameter  on 1250~ 
centers were  then prepared  by photoresist  operations. 
Finally,  the slices were  heat  t reated at 550~ for 2-5 
rain in dry nitrogen. Most electr ical  measurements  
were  made on the slice but in certain cases the slices 
were  scribed and broken into individual  dice 1250~ 
square. 

Evaluatio~.--The major i ty  of the electrical  evalua-  
tions in this invest igat ion involved  the determinat ion 
of the surface-s ta te  charge density Qss. This measure-  
ment  was accomplished by de termining  the shift  of an 
exper imenta l  MOS capaci tance-vol tage curve  along 
the vol tage axis f rom the ideal theoret ical  curve  cal-  
culated on the basis of assuming no fast surface states 
or oxide charges and no work  function difference be-  
tween meta l  and semiconductor.  The resul t ing vol tage 
shift AV is re la ted to Qss by the expression (3) 

Xo 
~V ---- Qss - -  ~MS 

go~o 

where  Q~s is the surface-s ta te  charge density per  uni t  
area, Ko~o/Xo is the oxide capacitance per  uni t  area, 
and ~MS is the meta l -semiconductor  work  function or 
barr ier  energy difference. The la t ter  va lue  for a lu-  
m inum /S iO 2 /n - type  silicon (10 TM cm -8) is --0.25v, 
while  for a luminum/S iO~/p- type  silicon (10 TM cm - s )  
it is --0.95v (11). In the major i ty  of the experiments ,  
the exper imenta l  C-V curve was identical  in shape to 
the theoret ical  curve so that  the shift along the vol t -  
age axis was paral le l  wi thin  exper imenta l  error.  
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In  general, C-V plots were obtained on a number  
of units  from each slice. The measurements  were made 
by automatical ly plott ing capacitance vs. voltage on 
an X-Y recorder. Capacitance measurement  f requency 
was about 100 kc and measurements  were at 25~ Re- 
producibil i ty of Qss/q values was always better  than 
5 x 10 l~ cm -2 for a part icular  condition of sample 
preparation.  

Results 

Oxidation condi t ions . - -The t empera ture  of oxida- 
tion in dry oxygen was found to affect the value of 
Qss significantly. A certain reproducible value of Q s s  
was obtained at any given temperature.  This was the 
case whether  the oxide was prepared at that  par t icu-  
lar temperature,  e.g., 1000~ or prepared at another 
temperature  and then given a final t rea tment  in dry 
oxygen at 1000~ This effect was observed with both 
n - type  and p- type silicon. 

Typical MOS C-V plots for samples prepared by 
dry 02 oxidation of n - type  silicon at four different 
temperatures  are shown in  Fig. 2. The effect of oxi- 
dation tempera ture  on Qss is clearly demonstrated by 
the displacements of the different plots from the theo- 
retical curve. More complete data showing the effect 
of tempera ture  on Qss are shown in  Fig. 3. Both n- type  
and p- type  values are included for temperatures  
ranging from 550 ~ to 1250~ All oxide thicknesses for 
this part icular  graph are 0.20~. Above 920~ the oxides 
were prepared at the temperature  indicated. Below 
920~ the oxides were first prepared at 1200~ and 
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Fig. 2. Capacitance-voltage characteristics of MOS structures 
prepared by oxidation in dry oxygen at various temperatures [Xo = 
0.20~; ND ~ 1.4 x 10 TM era-3; ( I I I )  orientation]. 
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Fig. 4. Effect of oxidation temperature on the surface-state 
charge density Qss--wet oxygen (95~ H~O) [Xo = 0.20;~; NA, ND 
= 1.4 x 10 TM cm-~; (111) orientation]. 

then immediately subjected to the lower tempera ture  
for a sufficiently long time (previously determined) 
that the steady state value of Qss was reached. This 
t ime varied from less than 10 min  at 900~ to near ly  
1 hr at 550~ It should be re-emphasized that the 
values presented in Fig. 3 were obtained by quench-  
ing the oxidized silicon slice from the oxidation tem- 
perature as described previously. 

The effect of oxidation temperature  on Qss for the 
case of oxides prepared in wet oxygen (95~ H20) was 
not near ly  so pronounced: Q~s was found to be near ly  
unchanged between 700 ~ and 1200~ increasing only 
slightly with decreasing temperature.  Typical  data are 
shown in Fig. 4. Note that at the higher temperatures  
the Qs~ values for wet  02 are considerably higher than  
those for dry 02 oxides, bu t  dry  O2 values are higher 
below 900~ Results identical  to those shown in Fig. 
4 were obtained by oxidat ion in  wet argon (95~ 
H20).  By oxidizing under  bias in order to exclude 
contamination,  Goetzberger (12) found Qss/q = 4 x 
1011 cm -2 for 1000~ steam oxidation, in agreement  
with these data. 

The increased values of Qs~ at lower oxidation tem-  
peratures (for dry O2 oxidation) are directly related 
to another  effect, namely,  the dependence of Qss on 
pull  rate from the oxidation furnace. Typical data are 
given in Table I for various pull  rates from a 1200~ 
oxidation in dry oxygen. It  is evident  that the slower 
the rate of pull,  the higher the Qss value. These ob- 
servations are easily explained by the fact that  the 
slower the rate of pull, the more t ime the sample is 
exposed to oxygen in the lower temperature  range, 
which results in increased Qss values. The rapid pull  
(t < 3 sec) evident ly  does not permit  sufficient ex- 
posure of the samples to oxygen in  this tempera ture  
range and therefore results in the Qss value corre- 
sponding to the oxidation temperature.  

Silican orientat ion.--I t  has been shown (13-15) that  
silicon orientat ion affects the surface-state charge den-  
sity Qss of MOS devices, i.e., the value of Qss de- 
creases in the order (111)>(110)>(100) .  Results ob- 
tained in the present  study, which are in agreement  

Table I. Dependence of surface-state charge density (Qss) on pull 
rate in dry 02 following thermal oxidation 

(Samples  we re  ox id i zed  a t  lgOO~ for  60 min .  xo = 0.2/~. S i l i con  
was  p - type ,  b o r o n  doped ,  CB = 1.4 X 10 le c m ~ ,  (111) o r i en t a t i on .  
D i s t ance  f r o m  cen te r  to e n d  of t u b e  was  54 cm.) 

P u l l i n g  t i m e  P u l l i n g  rate  Qss/q 
(min)  (era/ ra in)  (crn -~) 

<0.05 >1065 1.9 x 10 ~z 
0.167 319 2.8 
0.50 106 5.6 
1.0 53.3 7.3 
2.8 19.0 8.9 

34.0 1.6 9.8 
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Table II. Dependence of the surface-state charge density and 
the linear oxidation rate constant on silicon orientation 

T e m p  S i l i con  Q s s / q  B / A  
Oxide  t y p e  (~ o r i e n t a t i o n  (cm-~) (/~/hr) 

Dry Oe 1200 ( I I I )  1.7 x 104 1.12 
(110) 0.6 0.00 
(100) 0.2 0.56 

Dry O~ 920 (111) 4.7 0.021 
(110) 2.1 0.018 
(100) 1.7 0.012 

W e t  O~ (95"C H~O) 1200 (111) 4.0 14.40 
(110) 1.7 12.0 
(100) 1.2 7.2 

We t  O~ (95~ H~O) 920 (111) 5.6 0.400 
(110) 3.6 0.37 
(100) 3.4 0.21 

, i 

with those of ref. (13-15), are summarized in Table II, 
for  both dry and wet  02 oxidation at 1200 ~ and 920~ 

A similar effect of or ientat ion on oxidat ion kinetics 
was noted in ear l ier  invest igat ions (9, 16). In par t icu-  
lar, it is now known (17) that  the silicon orientat ion 
influences the l inear  rate  constant B/A,  which is pro-  
port ional  to the chemical  react ion rate  constant at the 
oxide-si l icon interface (17-19). This effect is also in-  
dicated in Table II. It  is evident  that  the values of 
B /A  and of Qss for the three orientat ions fol low simi-  
lar trends. 

Annealing treatments.--A wide var ie ty  of anneal ing 
effects on the surface condition of  thermal ly  oxidized 
silicon has been reported (20-25). 

The  effect on Qss due to anneal ing in oxygen at 
tempera tures  other  than that  of init ial  oxidat ion was 
already described above. This effect is summarized in 
Par t  A o f  Table III. Here, values of Qss are l isted for 
three conditions of oxygen anneal  af ter  1200~ oxi-  
dation: slow pull  in O2, anneal  at 900 ~ and at 550~ 
These results  are  compared with the 1200~ standard. 
Both (111) and (100) orientations are included. It 
can be inferred f rom earl ier  work  (21, 24) that  the 
h igher  Qss values resul t ing after  certain oxidation con- 
ditions can be significantly reduced by anneal ing in an 
inert  ambient.  The inert  ambient  effect is shown in 
Par t  B of Table  III. Data are presented for both wet  
and dry oxygen  oxidations fol lowed by iner t  am-  
bient anneals for two silicon orientations. It  can be 
noted that  regardless of the original  oxidizing ambient,  
the final Qss value wil l  be approximate ly  that  of 
1200~ dry O2 if the sample is subsequent ly  annealed 
in dry argon or nitrogen. 

Par t  C of Table III also demonstrates  the fact  that  
the final oxidat ion or anneal ing t rea tment  determines  
the Qss value. In this case samples have  been given 
combination oxidat ion treatments,  i.e., first dry O2 
fol lowed by wet  02 or conversely  wet  02 and then dry  
02. S tandard  dry 02 and wet  02 data are also included 
for comparison. In each case the value  of Qss was 
characterist ic of the final oxidizing ambient. 

These results are best summarized by reference  to 
the "dry oxygen t r iangle"  i l lustrated in Fig. 5. Here  

Table III. Dependence of 
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Fig. 5. Illustration of the reversibility of heat treatment effects 
on the surface-state charge density Qss. 

Qss is plotted against oxidation temperature .  As tem- 
pera ture  decreases, Qss increases and we may move 
in ei ther direction along the diagonal line labeled 
"dry O2." Thus, an oxidized sample may be prepared 
at any tempera ture  and then subjected to dry  oxygen 
at any o ther  temperature ,  wi th  the resul t ing value  of 
Qss being that  associated with the final temperature .  
The t ime requi red  for at taining steady state increases 
wi th  decreasing temperature ,  being less than 5 rain at 
1200~ and approximate ly  1 hr  at 550~ 

Another  characterist ic of the "dry oxygen t r iangle"  
is that  associated wi th  anneal ing  in an iner t  ambient.  
As is indicated in the figure by the lower plot marked  
"N2 or Argon",  any Qss value  resul t ing f rom a previ -  
ous oxidation at a given t empera tu re  can be reduced 
to a constant value approximat ing  that af 1200~ dry 
oxygen. This is accomplished by subsequent ly anneal-  
ing the s t ructure  in dry high pur i ty  ni t rogen or argon 
for times characterist ic of the par t icular  temperature .  
These times are s imilar  to those ment ioned above for 
oxygen. Both of these effects are reversible.  

The lines shown in Fig. 5 are based on data for 
(111) p - type  silicon; the effect wi th  n - type  silicon is 
approximate ly  the same. A similar  relat ionship exists 
for (100) silicon, where  the Qss values are reduced 
by a factor of 2-3 f rom that  of an MOS structure  
prepared  from (111) silicon under  identical  conditions. 

The puri ty of the gases used in the anneal ing ex-  
per iments  was found to be ex t remely  critical, espe- 
cially in the case of the iner t  ambients  argon or ni-  
trogen. For  instance, gaseous sources of argon gave 
nonreprodueible  increases of Qss values at the lower 
temperatures .  This was bel ieved to be due to con- 
taminat ion of the gas, al though the impuri t ies  in- 
volved were  not identified. Only by use of freshly 
evaporated l iquid argon were  reproducible  results ob- 
tained. 

surface-state charge density on annealing treatments and silicon orientation 

O x i d a t i o n  
O x i d e  t e m p e r a t u r e  
t y p e  (*C) 

A n n e a l i n g  
A n n e a l i n g  t e m p e r a t u r e  A n n e a l i n g  Qss/q (cm -2) 
a m b i e n t  (~ t i m e  (111) (100) 

(A) D r y  O~ 1200 

Dry O2 1200 

D r y  02 1200 
Dry 02 1200 

(B) D r y  Os 1200 
Dry O~ 1200 
Dry 02 020 
Dry 02 920 
W e t  O~ 920 
Wet 02 920 

(C) D r y  02 1200 
Dry O= 1200 
Wet O~ 1200 
Wet 02 1200 

- -  ~ Std.  f a s t  p u l l  
( < 3  see) 1.7 • 10 n 0.2 • 1011 

02 ~ S l o w  p u l l  
(2 ra in)  7.4 2.0 

02 900 10 m i n  4.6 1.7 
02 550 90 ra in  10.0 4.2 

- -  - -  Std.  f a s t  pu l I  1.7 0.2 
N~ 1200 10 m i n  1.8 0.0 
- -  ~ Std.  f a s t  p u l l  4.7 1.7 

A r g o n  920 30 ra in  1.9 0.7 
- -  - -  Std.  f a s t  p u l l  5.6 3.4 
N~ 920 20 rn ln  2.0 0.8 

- -  ~ Std.  f a s t  p u l l  1.7 - -  
We t  02 1200 1 ra in  5.0 - -  

- -  - -  Std.  f a s t  p u l l  4.7 - -  
D r y  O2 1200 20 rn in  2.1 - -  
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Table IV. Values of Qss for various thickness of dry 02 oxides 
prepared at 1200 ~ and 920~ 

T w o  or i en ta t ions ,  (111) a n d  (100) for  b o t h  p-  a nd  n - t y p e  s i l i con  
( lO zs c m  -8) a re  i n c l u d e d .  

( I I I )  O r i e n t a t i o n  (iOO) O r i e n t a t i o n  
O x i d a t i o n  

t e m p e r -  Ox ide  Ox ide  
S i l i con  a t u r e  t h i c k -  Qss /q  t h i c k -  Q s s / q  

t ype  (~C) ness  (/D (cm -~) ness  (/D (cm-2) 

P - t y p e  1200 0.205 1.7 x 1011 0,195 0.2 X 1011 
0.415 1.9 0.410 0.2 
0.635 1.8 0.630 0.1 

p - t y p e  920 0.061 4.0 • lO n 0.030 0.9 x 1011 
0.109 4.6 0.980 1.4 
0,205 4.9 0,181 1.4 
0,263 4.7 0,201 1.9 
0,331 4.6 0.258 1.6 

n - t y p e  1200 0,200 1.4 x 10 t l  0.195 O 
0.405 1.7 0.400 O 
0.620 1.8 0.610 0 

n - t y p e  920 0.205 3.8 X lO I1 0.154 0.4 • lO u 

Table V. Values of Qss for various thicknesses of wet 02 (95~ 
H20) prepared at 1200 ~ and 920~ 

Two o r i en t a t i ons ,  (iii) a n d  (1OO), fo r  bo th  p-  a nd  nmtype s i l i con  
(10 ~Q c m  -8) are  i n c l u d e d .  

(111) O r i e n t a t i o n  (100) O r i e n t a t i o n  
O x i d a t i o n  

t e m p e r -  Ox ide  Oxide  
S i l i con  a t u r e  t h i c k -  Q~s/q t h i c k -  Qs~/q 

t y p e  (~ ness  (~r (cm-~) ness  (/D (cm-~) 

P - type  1200 0.200 4,0 x 1011 0.180 1.1 • 10 n 
0.410 4,5 0.400 1.7 
0,620 6.3 0.600 1.4 

p - t y p e  920 0.082 4.6 X 10 n 0,056 1.9 • 10 n 
0.170 5.4 0,120 2,6 
0.345 6.7 0.245 3.6 
0.550 8,6 0.415 3.5 

n- tyPe  1200 0.200 3.3 • 1011 0.190 0.6 • 10 ~1 

n - t y p e  020 0,185 3/'/ 0.127 1.7 x 16 t l  

Oxide thickness.--Measurements of the effect of 
oxide thickness on Qss were  extended to include sam- 
ples prepared in both dry and wet  oxygen at 1200 ~ and 
920~ and for (111) and (100) or iented p-  and n - type  
silicon. Oxide thicknesses ranged f rom less than 0.01~ 
to over  0.6~. The resul t ing Qss values are given in 
Tables IV and V. I t  can be noted tha t  the values  of 
Qss are re la t ive ly  constant  over  the ent ire  thickness 
range. 

The or ienta t ion effect is again quite  evident  f rom 
the data in Tables IV and V, with the Qss ratio be- 
tween (111) and (100) samples being approximate ly  
2-3:1 for any given condition. 

It  should be emphasized that  unless the correction 
for work  funct ion difference ~MS is made, an er rone-  
ous dependence of Qss on thickness would  be obtained. 
That  this correction is necessary is evident  f rom Fig. 
6 where  the vol tage shift AV is plot ted as a funct ion 
of oxide thickness for  four  different oxidat ion condi- 
tions. I t  is evident  that  conditions (A),  (B) and (D) 
have  wide ly  different  slopes reflecting the different 
Qss values, but  that  they have  identical  intercepts,  
i.e., ~MS values. Conditions (B) and (C) have  identical  
slopes, i.e., Qss values, but  different intercepts,  r e -  
flecting the difference in r for p-  and n- type  sili- 
con (11). These results are in close agreement  wi th  
data presented by Ko and Locher  (26) who demon-  
s trated the constancy of Qss wi th  oxide thickness and 
the effect of meta l  work  function in a similar  manner.  

Electric )s has been shown that  ionic con- 
taminat ion within the SiO,2 l ayer  can be rear ranged  in 
minutes  at 150~ (5). On the other  hand, the char-  

1 T he  p h e n o m e n o n  d i scussed  i n  t h i s  s ec t ion  has  loca l ly  been  re-  
f e r r e d  t o  a s  D r i f t  VI.  
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Fig. 6. Displacement AV between experimental and theoretical 

capacitance-voltage characteristics as a function of oxide thick- 
ness xo. In each case the slope is proportional to Qss while the 
intercept equals "-~Ms. 

acteristics of MOS structures prepared as described 
above have been demonst ra ted  to be stable at 150~ 
under  applied fields of •  v /~  for 3600 hr  (3), and 
also under  various other  test conditions (27). Re-  
cently, an apparent  increase in Qss has been  reported 
(28,29) due to application of negat ive  fields (metal  
negat ive)  at higher  temperatures .  This effect was in-  
vest igated in fur ther  detail. 

Negat ive fields of 50 to 275 v /~  were  applied across 
the oxide at t empera tures  of 300~176 for times 
of 2 rain or more. Typical  results are shown in Fig. 7, 
where  the plots in Fig. 7(a) are for a 0.2/~ dry oxide 
on p - type  silicon, whi le  Fig. 7 (b) is for the same type 
of oxide on n - type  silicon. In each case, the theo-  
ret ical  curve is labeled (A) ,  the original exper imenta l  
curve  is labeled (B) whi le  the curve  resul t ing after 
application of the negat ive  field is labeled (C). It can 
be noted that  for each conduct ivi ty  type the resul t ing 
curve  displays a sharp break  near  the intrinsic point. 
Other  exper iments  using cur ren t -vo l tage  measure-  
ments  on gate-control led  p -n  junct ion diodes (4) 
have definitely re la ted this phenomenon to an in- 
crease in fast surface state densi ty  Nst. The approxi-  
mate  Nst values can be est imated as indicated in Fig. 
7 to be about 5 x 1011 cm -2, while  the resul t ing in- 
crease in Q~s values are about 5-7 x 1011 cm -2. If no 
fast states were  observed after  application of the 
negat ive field, the resul t ing curves (due only to a 
change in Qss) would  be represented by the dotted 
lines in Fig. 7, labeled (D).  

Severa l  in teres t ing observations were  made con- 
cerning the effect of negat ive  fields on the C - u  char-  
acteristics of MOS structures. These effects were  simi- 
lar for p- or n - type  silicon with  (111) or (100) ori-  
entations, and for  we t  or dry oxides prepared  at h igh 
or low temperatures .  First,  an increase in Qss was 
general ly  accompanied by an increase in Nst of about 
equal  magnitude.  Second, the total  change of C-V 
characterist ics would saturate in 1 to 3 rain at 400~ 
for a given applied field. At  300~ the t ime required 
to reach the same saturated or s teady-state  value  was 
about 8 hr. These t imes are about four  orders of mag-  
ni tude longer  than those requi red  for the rea r range-  
ment  of sodium contamination.  Third, the total  change 
in C-V characterist ics at a given field was proport ional  
to the init ial  Qss value. Finally,  the results obtained 
wi th  different oxide thicknesses show the effect to 
be proport ional  to the applied field ra ther  than the 
applied voltage. 

Examples  of some of the above observations are 
indicated in Fig. 8 and 9. In Fig. 8, the steady state 
values of Qss/q + Nst, corresponding to the total dis- 
p lacement  of the midpoints  of the C-V plots f rom the 
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1.4 x 1016 cm-~] .  

theoret ical  value  [see Fig. 7 (a)]  are shown .for four 
structures as a funct ion of applied field. The l inear  
dependence of change in the C-V curve with  applied 
field is readi ly  seen, as wel l  as the dependence on the 
init ial  Qss value. In Fig. 9, similar plots are shown for 
oxides of three different thicknesses on n - type  silicon. 
Here  the total  change in C-V characterist ics reflects 
only ~Qss, but  the ANst t e rm would just  double the 
change. I t  is obvious f rom this plot  that  the change is 
dependent  on field, not  voltage, across the oxide. 

An a t tempt  was made to move  the charge in the 
opposite direction by application of a posit ive field. 
Small  decreases in Qss were  indeed noted, even on 
structures wi th  low init ial  Qss values. It  was also 
noted that  in cases where  the C-V characterist ics had 
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Fig. 9. Steady-state values of Qss/q as a function of applied field 
for MOS structures with various oxide thicknesses [1200~ dry O~ 
oxidation; (111) orientation; n-type, ND ~ 1.4 x 1016 cm-~] .  

been shifted by a negat ive field, they could be par t ia l ly  
recovered toward the original  value  by the application 
of a positive vol tage or by short ing the field plate to 
the silicon at 400~ 

Spatial distribution of Qss.--The spatial distr ibution 
of Qss wi thin  the oxide can be inferred f rom etching 
exper iments  in which the conductance of an inver ted  
surface is measured as a function of the amount  of 
oxide removed.  2 However ,  one must  use great  care in 
the in terpreta t ion of these experiments .  In particular,  
it should be noted that  the inversion layer  conductance 
wil l  decrease as the oxide is removed even if Qss is 
located ent i re ly  at the oxide-si l icon interface. The 
reason for this is that, because of the finite width  of 
the surface deplet ion region in the silicon, Qss wi l l  
induce part  of its image charge on the outer  surface 
of the oxide and only part  in the silicon. As the oxide 
becomes th inner  compared to the deplet ion region 
width, more and more  of the image charge wil l  be in-  
duced on the outer  surface and correspondingly less in 
the silicon. This is c lear ly  t rue in the case of a meta l -  
lized surface where  the charge at the outer  surface is 
in the form of electrons in the metal. In the case of a 
bare oxide, it is reasonable to assume that  the charge 
at the outer  surface is in the form of ions adsorbed 
onto the surface f rom the etch solution. 

If we assume Qss to be uni formly  distr ibuted over  
some finite width d near the oxide-si l icon interface, 
then the charge distr ibution in an oxidized, high re-  
sistivity p- type  silicon surface wil l  be as shown in 
Fig. 10 where  QG is the charge per unit  area induced 
on the outer  surface of the oxide, Qn is the charge 
per  uni t  area in the inversion layer, s Q B  is the charge 
per  uni t  area in the surface depletion region and Xd max 
is the deplet ion region width.  The condition of charge 
neut ra l i ty  requires  that  

QG + Qss + Q,  + QB = 0 

and the condition of zero vol tage drop across the sys- 
tem requires  that 

Qaxo Qssd QBXd max 
- - - ~  0 

Ko 2Ko 2Ks 

S i m i l a r  e x p e r i m e n t s  h a v e  been  u sed  to d e t e r m i n e  the  spa t i a l  
d i s t r i b u t i o n  of  s o d i u m  ions  (5) a n d  of  r a d i a t i o n - i n d u c e d  space-  
cha rge  (30). 

s Mos t  os the  i n v e r s i o n  l aye r  cha rge  w i l l  be w i t h i n  a d i s t ance  
f r o m  the  Si-SiO~ in t e r f ace  of  the  o rder  of  (~ w h e r e  Es = 
O~/K~eo is  the  su r face  field. Fo r  the  case cons idered ,  th i s  d i s t ance  is 
a b o u t  30A a n d  is  t h e r e f o r e  neg l i g ib l e .  
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oxide thickness. Theo~ is based on various assumed spatial distribu- 
tions of Qss; experimental points are based on channel conductance 
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If QG is e l iminated between these two equations, we 
obtain for the charge in the inversion layer  

( .... 
--Qn = Qss 1 -  --2Xo -t- QB 1 + 2Ksxo 

Since QB and Xd max can be calculated for  any given 
doping level  (3), one can plot a family  of theoret ical  
curves o f - - Q n  vs .  Xo with  d as a parameter .  This is 
done in Fig. 11 for the case of Q s s / q  = 8.5 x 1011 cm -2 
and NA = 10 ~5 cm -3. 

Exper imenta l ly ,  Q,  can be de termined  direct ly  
by measur ing the smal l -s ignal  source-dra in  con- 
ductance of an MOS transistor which is given by 
g = --~e~f Q n Z / L ,  where  Z / L  is a known geometr ical  
factor and /~eff is the effective invers ion layer  mobil i ty  
which has been previously  determined (31). Exper i -  
ments have been per formed  in which Qn was measured 
as the oxide was etched away in steps. Some typical 
results are plot ted in Fig. 11 along wi th  the corre-  
sponding theoret ical  curves. By compar ing exper i -  
ment  and theory it can be concluded that  d lies be- 
tween 0 and 200A, al though the method is not suffi- 
ciently sensit ive to allow a more precise determination.  

Similar  results were  obtained on other samples wi th  
Q s s / q  values ranging between 2 x 1011 and 1 x 10 TM 

cm -2. These findings are not  in agreement  wi th  the 
results of a similar  exper iment  by L indmayer  (25). 
The discrepancy appears to be due to his neglect ing 
the factors discussed above. 

Discussion 
On the basis of ~he above exper imenta l  results, it 

is possible to enumera te  certain characteristics of the 
surface-state  charge. 

Its density Qss is independent  of the band bending 
or surface potent ia l  over  at least the middle 0.7 ev  of 
the energy gap. This can be concluded f rom the fact 
that  exper imenta l ly  observed capaci tance-vol tage 
characteristics are displaced in a para l le l  manner  
f rom the ideal theoret ical  characterist ics (3). 

Its density is stable under  moderate  tempera ture-  
bias tests (3). 

i ts density is pract ical ly independent  of the im-  
pur i ty  type and concentrat ion in the silicon in the 
range 1014 to 101~ cm -3 (3), al though n- type  Si shows 
a sl ightly lower  density than p- type  (see Fig. 3 
and 4). 

Its density is independent  of the oxide thickness for 
a given preparat ion condition (see Tables IV and V 
and Fig. 6). 

Most of the charge is located within  not  more  than 
200A of the oxide-si l icon interface as demonst ra ted  
by etching exper iments  (see Fig. 11). 

Its density can be significantly, reproducibly,  and 
revers ibly  var ied by changing the ambient  ( i .e . ,  dry  
oxygen or wa te r  vapor)  and tempera ture  of oxidation. 
The surface-state  charge density is dependent  only on 
the final oxidation step (see Fig. 5). 

Heat  t rea tment  in iner t  ambients  reduces Qss to ap-  
p rox imate ly  its lowest value,  that  found af ter  oxida-  
tion in dry oxygen at 1200~ (see Fig. 5). 

The orientat ion of the silicon influences Qss signifi- 
cantly (13-15). The var ia t ion follows approximate ly  
the var ia t ion of the surface react ion ra te  constant for 
oxidation (see Table II) .  

Under  negat ive fields applied at tempera tures  wel l  
in excess of that required to move sodium contamina-  
tion in the oxide, Qss can be increased (28-29). This 
increase saturates at a value  proport ional  to both the 
initial Qss and the applied field (see Fig. 8 and 9); and 
it is also accompanied by an apparent  increase in the 
density of fast surface states (see Fig. 7). 

The most important  conclusion that  can be made on 
the basis of these facts is that  the surface-s ta te  charge 
is not  an extraneous contamination, such as sodium 
ions, but is a phenomenon intr insical ly connected with  
the silicon dioxide-si l icon interface. This is supported 
by the re la t ive  immobi l i ty  of the surface-s ta te  charge, 
and more important ly,  by its high degree of repro-  
ducibility. 

The lack of var ia t ion of this charge wi th  surface 
potential  taken together  wi th  the observat ion that  the 
charge is located wi th in  200A of the interface indi-  
cates that this charge must  be related to energy 
levels which are outside of the middle 0.7 ev of the 
silicon energy gap. It  is quite possible, in fact, that the 
energy levels are outside of the entire silicon energy  
gap, but are located within  the forbidden gap of the 
silicon dioxide as i l lustrated in Fig. 12. 

The fact  that  the charge is pract ical ly independent  
of doping type and concentrat ion rules out the possi- 
bil i ty that  it is due to doping impuri t ies  f rom the sili- 
con being incorporated into the oxide dur ing its for-  
mation. On the contrary,  the silicon orientat ion de- 
pendence strongly suggests that  it is a silicon species 
in the oxide that  is responsible for the surface-state  
charge. 4 

F o r  t h e  p u r p o s e s  of t h i s  d i s cus s ion ,  w e  m a k e  no a t t e m p t  to dis -  
t ingu i sh  b e t w e e n  a n  excess  of  s i l i con  a n d  a de f ic i t  of  o x y g e n .  I t  
s h o u l d  be  n o t e d  t h a t  o x y g e n  v a c a n c i e s  g e n e r a t e d  as  a r e s u l t  of  
r e a c t i o n  b e t w e e n  t h e  m e t a l  g a t e  e l e c t r o d e  of a n  M O S  s t r u c t u r e  
a n d  t h e  s i l i con  d i o x i d e  l a y e r  h a v e  b e e n  p r o p o s e d  i n  art e n t i r e l y  
d i f f e r e n t  c o n t e x t  as a n  e x p l a n a t i o n  f o r  t h e  l o w  t e m p e r a t u r e  i n s t a -  
b i l i t y  (32) .  
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Fig. 13. $chemotic illustration of the proposed distribution of 
excess species in on oxide film during formation. 

This possibility is fur ther  supported by the fact that  
the strongest effect on Qss is due to variat ions in  the 
oxidation conditions. Although it is well  known  that  
thermal  oxidation of silicon proceeds by the inward  
motion of an excess of the oxidizing species, there 
must  be an excess of silicon present  near  the oxide- 
silicon interface in order to react with the oxidant. 
Should this excess silicon be ionic, 5 i t  could indeed 
lead to a positive charge near  the interface with 
many  of the observed characteristics. 

This possibility makes the variat ion of Qss with 
oxidation conditions plausible. It is also consistent 
with the observed increase in surface-state charge 
density on application of a negative field at high 
temperatures:  it is known  (35) that  dur ing anodic 
oxidvtion it is the silicon species that moves, under  the 
influence of negative fields, toward the outer oxide 
surface. It  might  be then that  in this case also, the 
negative field near  the interface aids the ent ry  of ex- 

6 Ion i zed  s i l i con  was  one  of  s e v e r a l  poss ib i l i t i e s  s u g g e s t e d  in  t h i s  
c o n t e x t  b y  D o n o v a n  (2) a nd  b y  Revesz  (33). W i t h o u t  s p e c i f y i n g  
the  s p e c i e s  l e a d i n g  to  the  s u r f a c e - s t a t e  charge ,  L i n d m a y e r  (34) 
d e v e l o p e d  a m o d e l  w h i c h  t rea t s  t he  i n t e r f a c e  b e t w e e n  ox ide  a n d  
s i l i con as  a h e t e r o j u n c t i o n .  Thi s  mode l ,  a l t h o u g h  a p p e a l i n g ,  seems  
i n c o n s i s t e n t  w i t h  t h e  e x p e r i m e n t a l  r e su l t s ;  t he  h e t e r o j u n c t i o n  p ic-  
t u r e  l eads  to  t h e  conc lus ion  t h a t  the  c h a r g e  t r a n s f e r  f r o m  o x i d e  
to s i l icon s h o u l d  be a f u n c t i o n  of  t he  i m p u r i t y  c o n c e n t r a t i o n  and  
t ype  in  the  s i l icon m u c h  as is  the  case i n  an  o r d i n a r y  p - n  j u n c -  
t ion .  This ,  h o w e v e r ,  is  in  c o n t r a d i c t i o n  to t h e  e x p e r i m e n t a l  obser -  
va t i ons .  

cess silicon into the oxide. This would be consistent 
also wi th  the resul t ing increase in fast surface state 
density:  vacancies in  bulk silicon are known  to act as 
recombinat ion centers. Thus, should silicon be injected 
from the interface into the oxide, an enhanced con- 
centrat ion of vacancy-l ike irregularit ies would result  
which might lead to increases in  surface recombinat ion 
rates and in  fast surface state densities. 

It  is interest ing to note that a similar hypothesis has 
been advanced by Brody and Handy (36) in order 
to resolve discrepancies in measurements  on tunne l  
sandwiches involving the A1-A1203 interface. Also, 
Heine and Sperry (37) have shown evidence for the 
existence of excess ionic a luminum incorporated into 
the a luminum oxide near  the oxide-metal  interface. 

Thus, in  summary,  it appears that  the surface-state 
charge (Qss) can best be explained as being due to 
excess silicon ions in  a nar row region next  to the sili- 
con, which are introduced into the oxide, as i l lustrated 
schematically in Fig. 13, dur ing  the process of oxida- 
tion. 
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A Nitric Oxide Process for the Deposition of Silica Films 
Myron J. Rand 

Bell Telephone Laboratories, Inc., Allentown, Pennsylvania 

ABSTRACT 

A new process for vapor  depositing thin films of silica on a heated  sub- 
strate is described. The reagents  are  hydrogen (~95% ) ,  nitric oxide (1-4%),  
and silicon te t rachlor ide or te t rabromide (0.1-1%). The chloride system is 
useful at 950~176 and the bromide at 775~176 so that  the lat ter  may 
serve to coat Ge as wel l  as Si. The over-a l l  reaction is bel ieved to be 2NO ~- 
2H2 -~ SiX4 -> SiO2 -~ N2 -~ 4HX and is probably most ly homogeneous. For 
the more commonly used film thicknesses the nitric oxide process is three to 
five times more rapid  than ei ther  the steam or carbon dioxide reactions. Rate 
curves are presented for various tempera tures  and concentrations. The ap- 
parent  t empera ture  coefficient of deposition rate  decreases marked ly  in the 
upper  par t  of the t empera tu re  range for both the C1 and Br systems. Improved  
film thickness uni formi ty  may be obtained as a practical result.  The films 
produced are transparent ,  vitreous, smooth, and t ight ly adherent.  Physical  
tests indicate they are amorphous silica wi th  less shor t - range  order  than in 
thermal  oxides. Fi lms f rom the chloride system regular ly  produce Si surface 
charges of 3-6 x I011/cm2 in MOS capacitor tests. Breakdown voltages equal  
those of steam oxides. Limited bias-aging exper iments  have shown shifts 
similar  to those of steam oxides. The films are satisfactory masks for boron 
and phosphorus diffusions; Kodak Photoresist  adheres ve ry  well. 

In principle, deposition of silicon dioxide films f rom 
the vapor  phase has several  advantages in planar  
semiconductor  device processing over  the more con- 
vent ional  thermal  oxide formation by reaction of a 
silicon substrate surface with steam or wet  oxygen. 
Since no silicon is consumed, junct ion movemen t  is 
minimized, as is pileup or depletion of dopants at the 
subst ra te-oxide  interface. It  is easier to produce thick 
films by vapor  deposition, since the rate  is not dif-  
fusion-l imited.  The process is also more practical  for 
producing doped films for diffusion sources. Finally,  
mater ia ls  other than silicon may be coated; an ex-  
ample is the deposition of silica for an etching mask 
with  nonfluoride-containing etches. 

Nevertheless,  deposited oxide film processes are un-  
common in device production, wi th  the exception of 
l ow- t empera tu re  pyrolyt ic  oxides f rom organosilanes 
used by necessity for ge rmanium coating. Recent ly  
there  has been exper imenta l -sca le  interest  in oxides 
f rom the hydrogen-carbon  dioxide-si l icon te t rahal ide  
system (1-4). The slow acceptance of deposited oxides 
from this (and other) systems appears to arise f rom 
the difficulties of producing uniform thicknesses, the 
fact that  growth rates are not significantly faster  
than for thermal  oxides for the more useful film thick- 
nesses, the possibility of introducing carbon into the 
film or substrate, the evidence for some substrate 
etching react ion occurring, and unfami l ia r i ty  wi th  film 
quality. 

This paper presents a novel system for silica film 
deposition f rom mixtures  of hydrogen,  nitric oxide, 
and silicon te t rachlor ide  or te trabromide.  It  was origi-  
nal ly  devised to improve  two of the five conditions 
ment ioned above, those of growth rate  and possible 

carbon contamination. As it happens, the other  three 
are affected favorably  also. This repor t  summarizes  
some sixty runs in apparatus ranging f rom a single- 
slice ver t ical-f low tube to a ten-sl ice machine with  
provision for continuous rotat ion of each substrate 
independently.  Fi lms up to 1.5~ thick have  been de-  
posited. 

The NO-H2 System 
Silica vapor  deposition employing oxides of ni t ro-  

gen was invest igated pr imar i ly  because of the large 
free energy change avai lable to drive the reaction. In 
addition, any trace codeposition of silicon ni tr ide 
which may occur should be tolerable, since it is a good 
insulator and diffusion barr ie r  also. Nitric oxide, 
ra ther  than N20 or NO2, was chosen for superior 
thermal  stabil i ty to confine the reaction to a zone 
very  close to the heated substrate and thus avoid de- 
position of part iculate  silica both on the slice and in 
the cooler parts of the system. NO has an additional 
advantage:  it is a good in termedia te  in chain react ion 
mechanisms because it is readi ly  ei ther  oxidized or 
reduced. As an example,  it is known that  NO may 
t ransform the chain init iat ion or terminat ion steps in 
the H2-C12 reaction f rom heterogeneous to homogene-  
ous (5). 

The standard free energy change for the NO proc-  
ess is shown in Fig. 1, wi th  the corresponding re -  
actions for the COs process included. At all t empera -  
tures the NO process has much greater  dr iv ing energy. 
The react ion as wr i t ten  assumes that  the u l t imate  
reduct ion product of the NO is nitrogen. Other  possi- 
bilities are N20, hydroxylamine ,  ammonia,  and hydra -  
zine; in ~--95% hydrogen ambient  at the 800~176 
used in this work  only ammonia  is considered a rea-  
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Fig. 1. Standard free energies of nitric oxide and carbon dioxide 
process reactions at various temperatures. 

sonable a l ternat ive  to nitrogen, and even ammonia  is 
extens ively  dissociated at equi l ibr ium at these tem-  
peratures.  

The NO-H2 reaction has been invest igated at t em-  
peratures  below 500~ (6, 7), where  it must be cata- 
lyzed and where  substantial  amounts of ammonia  may 
be formed. At the other  ex t reme it has been studied 
extensively  under  conditions providing an abundance 
of atomic hydrogen,  in flames (~1500~ or wi th  mer -  
cury photosensit ization; here the reaction is homo-  
geneous. The only recent  study of the in termedia te  
zone is that  of Graven  (8) in the range 850~176 
The react ion was predominant ly  homogeneous;  a com- 
plex rate  expression was proposed, but  the react ion 
mechanism could not be de termined  unequivocal ly.  

The mult isl ice deposition apparatus used for much 
of the work  repor ted  here employed an r . f . -heated 
molybdenum susceptor as the ma jo r  hot surface. By 
monitor ing the moisture content  of the exhaust  gases, 
the react ion between hydrogen and 2% NO in this 
apparatus was observed to begin at 400~176 and 
increase steadily as the tempera ture  was raised. At  
1000~ at a flow rate which would displace the re-  
actor vo lume about once a minute,  the mois ture  con- 
tent  of the exhaust  was 5000 ppm, or a reaction "effi- 
ciency" of 25%. By scrubbing the exhaust  gas wi th  
dilute HC1 and back- t i t ra t ing  it was established that  
less than 2% of the NO present  was reduced to am- 
monia. 

At present  we bel ieve that  in excess hydrogen NO 
reacts at 800~176 to produce ni t rogen and water ;  
that  the reaction is most ly homogeneous,  wi th  some 
surface catalysis possible in the lower  part  of the 
range;  and that  it is a chain react ion of unknown 
mechanism, proceeding by unstable intermediates  
probably including atomic hydrogen, N20, n i t roxyl  
(HNO),  and perhaps HO2. Needless to say, the addi-  
tion of the silicon te t rahal ide  mult ipl ies  the com- 
plexity.  The nitr ic  oxide process for  silica film dep- 
osition may be regarded as 

2HeO + SIX4-> SiO2 + 4HX [2] 

only if it is borne in mind that  there  are many  possi- 
ble routes to SiO2 other than react ion [2] 
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Nothing in the foregoing discussion should l imit  the 
process to silicon halides; it should be adaptable to 
oxide deposition in any system with  volat i le  meta l  
halides. To date only silica deposition has been at-  
tempted. 

Exper imenta l  
The deposit ion area of the apparatus most f requent ly  

used has a l ready been described (4); in any event,  
the reactor  design is not impor tant  to the success of 
the process. Each apparatus geometry  has different gas 
dynamics and should be cal ibrated for the effect of 
total flow rate. Nitric oxide (Matheson Company) con- 
tained ~0.1% each of N2, N20, and NO2. When passage 
through Ascarite (which removes  NO2) and a --78 ~ 
trap did not influence deposition rates the gas was 
thereaf ter  used wi thout  purification. Reactant  concen- 
trations ranged f rom 0.25% NO-0.05% SiX4 to 4.2% 
NO-1.0% SIX4. Total  flow rates were  such as to dis- 
place the reactor  volume about once a minute.  The 
bromide system was studied over  the range 790 ~ 
950~ the chloride system 950~176 Substrates 
coated include Si and Ge of various resistivities, Mo, 
Ta, and fused silica. 

Instead of br inging the substrates to t empera ture  
in hydrogen and then introducing the other  reactants,  
it was found advantageous to adjust  the gas ambient  
first and then heat  the substrate. Using this method 
the substrate etching which often plagues the carbon 
dioxide process was not observed. There are several  
possible etching reactions, but at tempera tures  at 
which their  rates become significant the ni tr ic  oxide 
process has a l ready sealed the surface with  a con- 
t inuous silica film. With any method of ambient  ad- 
justment ,  however ,  the NO process definitely gives less 
t rouble wi th  etching than the CO2 process. 

Deposition Rates 

Figures 2 and 3 are Arrhenius  plots showing rates 
of silica film deposition for typical  reactant  concen- 
trat ions for the chloride and bromide systems. Rates 
for the CO2 process f rom ref. (1,2,4) are included 
also. Act ivat ion energy for the C1 system is 65 kcal  
(2.8 ev ) /mole ,  and for the Br  system 55 kcal  (2.4 e v ) /  
mole. Since act ivat ion energies for the NO-C1 and 
CO~-C1 processes are about the same, it is possible that  
the ra te -de te rmin ing  slow step for the two is the same. 
If so, this could only be the gas-phase hydrolysis of 
SIC14. It  would then be a mistake to assume that  this 
reaction, at e levated temperature ,  is very  rapid simply 
because it is rapid in the l iquid phase at room tem-  
perature.  

Fig. 2. Deposition rates of silica from the H2-NO-$i(::I4 system. 
The shaded area shows the range of results for the C02 process 
from ref. (1), (2). 



276 J. Electrochem. Soc.: S O L I D  S T A T E  SCIENCE M a r c h  1967 

'~176 

e.i e'.s 5.0 9.5 

Fig. 3. Deposition rates of silica from the H2-NO-SiBr4 system 

Table I compares the t ime required to grow a 5000A 
film by steam, CO2, and NO processes at various tem-  
peratures.  The NO process has a speed advantage of 
3 to 5 times over  competing processes under  usual 
operat ing conditions. 

The shape of the Arrhenius  plots requires  comment.  
In the lower  parts of the tempera ture  ranges studied 
the expected l inear dependence of log ra te  vs. 1/T is 
found. Results are l i t t le affected by t ransport  rate, 
i.e., total flow rate, and should thus be close to true 
kinetic rates. However ,  at h igher  tempera tures  the 
deposition rate  levels off to an extent  which is in-  
fluenced by concentration. Here  there  is evident ly  
serious depletion of silicon halide in the react ion 
zone, and the react ion is becoming diffusio~_-controlled. 
At still higher  tempera tures  the apparent  rate actual ly 
decreases, and par t iculate  silica is embedded in the 
deposited films. The interpreta t ion is that  now the 
react ion zone has moved out far enough from the sub- 
strate to allow some of the silica formed to escape 
deposition and instead be carried away by the gas 
flow. 

The tendency of the deposition rates to level  off may 
be used to advantage in improving  the thickness uni-  
formi ty  of oxides f rom the NO system. If nonuni -  
fortuity is due to t empera tu re  inhomogenei ty  of the 
substrate,  i t  may be minimized by operat ing under  
conditions where  the apparent  t empera tu re  coeffi- 
cient of deposition rate  is low. An oxide thickness 
var ia t ion of only •  across a 1 in. d iameter  slice 
may be obtained, for example,  at 950 ~ in the bromide 
system. The same equipment ,  used for the CO2 process 
under  identical  conditions, produced ___17% var ia t ion 
in oxide thickness. The deposition of par t iculate  silica 
imposes an upper t empera tu re  l imit  to the use of this 
expedient.  Fi lm uniformity  is also aided by high total 
flow rate  and by low reactant  concentrations. 

Fil~r~ Properties 
The nitric oxide process re l iably produces clear, 

vitreous, t ight ly  adherent  silica films which are amor-  

Table I. Time (minutes) required for a 5000A SiO2 film 

T e m p e r -  2 . 5% 0 .25% 1% 0 .1% 1% 0 .1% 
a t u r e ,  ~ S t e a m  CO~-SiCI~ N O -  S i C h  C O f - S i B r 4  N O - S i B r ~  

825 - -  - -  - -  143 30 
900 - -  - -  - -  58 12 
950 112 > 3 5 0  114 38 11 

1050 44  83 17 - -  - -  
1100 35  28  7 - -  - -  
1200 19 5 3.2 - -  - -  

phous by electron diffraction. Electron microscopy 
shows fewer  surface features  than wi th  any other  
process yet  examined;  the NO-Br  system film appears 
par t icular ly  smooth. 

Some other  film propert ies  are given in Table II. 
The etch rate and residual halogen content  are of the 
same order as those of CO2 process oxides. The slightly 
high refract ive  index, considered along with  the ab- 
sorption spectrum, opens the possibility that  the 
films are slightly oxygen-deficient.  (The high refrac-  
t ive index of the NO-Br  system film can be accounted 
for by its Br  content, however . )  The SiO stretching 
vibrat ion appears at a f requency lower than in ther -  
mal  oxides, and the absorption band is considerably 
broadened. The NO oxide is evident ly  more  t ru ly  
amorphous, i.e., has less shor t - range  order. Instead of 
oxygen deficiency, an a l ternat ive  explanat ion is that  
the films contain small amounts  of codeposited silicon 
nitride. The absorption m a x i m u m  of the ni tr ide is 
~850 cm -1, and its ref rac t ive  index near  2.0. 

No hydroxyl  has been detected in the C1 system 
films; small amounts  are sometimes seen in the Br 
system films, but  this is common in films made at 850 ~ 
by any deposition process where  water  is a possible 
product. 

Kodak KPR Photoresist  adheres ve ry  wel l  to NO 
process oxides. Pat terns  etched in the silica and ex-  
amined at 500X have shown no evidence of resist-f i lm 
l if t ing at the edges. 

The electrical  propert ies  given in Table II have 
been measured on three MOS capacitors on each of 
16 slices, these made in ten separate runs. The NO-C1 
oxides, as made, produce a lower Si surface charge 
than does rout inely  produced steam oxide. NO-Br  
oxides run about twice as high as steam; these have 
not yet  been subject to exper iments  on t rea tments  to 
reduce the charge. Both systems produce films with  
acceptable insulat ing properties.  Breakdown vol tage is 
not polar i ty-dependent ,  and is usual ly sharp. A few 
capacitors showed "channels"  (current  l imit ing)  which 
did not then break down fur ther  up to 2 x 107 v /cm.  

Tests as masks against  boron and phosphorus dif-  
fusion have been made with  pat terns  etched in 0.4-0.5~ 
thick films made with  1% NO-0.1% SIC14 at  1100 ~ . 
Conditions for the B diffusion w e r e :  B 2 0 3  predeposi-  
tion 18 rain, 870 ~ in N2, later  fol lowed by 135 min 
dr ive- in  at 1200 ~ in 90% N2-10% 02. For  phosphorus 
P 2 0 5  in O2 for 45 min at 1040 ~ was used. Junct ions 
were  del ineated by angle- lapping and staining. There  
was no instance of dopant leaking through t h e  film, 
or of any mechanical  film failure. 

P lanar  transistors made with  the NO process film as 
the first oxide were  indist inguishable f rom those wi th  

Table II. Properties of NO-process silica 

S t e a m ,  1050" N O - S i C h ,  1100 ~ N O - S i B r ~ ,  850" 

R e l a t i v e  e t c h  r a t e ,  P e t c h *  1 1.8 3 .8  
H a l o g e n  c o n t e n t ,  % 0 0 .5  2.6 
R e f r a c t i v e  i n d e x ,  546 m ~  1 .455-1 .460  1 .48-1 .50  1 .49-1 .51  
W a t e r  c o n t a c t  a n g l e  35 -40"  40"  55" 
I . r .  t r a n s m i s s i o n  m i n i m u m ,  c m - l * *  1009 1065 1064 
H a l f - b a n d  w i d t h ,  c m  -1 85 110-170  113-121 
M O S  c a p a c i t o r  r e s u l t s :  

S u r f a c e  c h a r g e / c m ~ * * *  5-8  x 1011 3 - 5  • 10 ~ 1-2 • 10 ~ 
A v .  d i e l e c t r i c  c o n s t a n t  0.5 m c  3.9 3.7 3 .8  

B r e a k d o w n  v / c m  6-8  x 106 5 -10  • 10~ 5-7  • 10 ~ 

* Res (9) .  
** 0.6/z t h i c k  f i l m .  

*** A s  m a d e ,  i , e . ,  n o  s u b s e q u e n t  h e a t - t r e a t m e n t .  
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conventional  processing in such tests as breakdown 
voltages, leakage currents,  gain, capacitance, f requency 
cutoff, and saturat ion voltage. Extended aging tests 
are not yet  available. A limited study of drift  in films 
1700-2100A thick was made using MOS structures. 
After  1 hr at 100~ with a field of 108 v /cm (field 
plate positive),  the surface charge density was in-  
creased by 2-4 x 1011/cm 2. Freshly grown 1050 .0 steam 
oxides with field plates deposited in the same evap- 
oration equipment  showed increases of 3-4 x 1011/cm2 
under  the same drift  conditions. 
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Physical Description of the Anisotropic Stress Effect 
in the Silicon P-N Junction Cantilever Transducer 

Lewis K. Russell and Wilhelm H. Legat 
Components D~vision, Semiconductor Operation, Raytheon Company, Mountain View, California 

ABSTRACT 

A silicon p-r, junct ion device using the anisotropic stress effect has been 
constructed. The device exhibits a change in reverse leakage cur ren t  on ap- 
plication of a bending force. The device consists of a nar row bar  of silicon 
into which a sharp notch is cut electrolytically. On the opposite surface, a 
shallow p -n  junct ion  is produced by diffusion. Sensi t ivi ty to bending is 
achieved when mechanical  damage is produced at the surface of the shallow 
junct ion in a controlled fashion. The corresponding change in the forward 
and reverse characteristics of the device after scribing is described. Methods 
of testing the device and changes in operating characteristics are discussed. 

A theory of device operation is proposed. This theory presents a model of 
generat ion of dislocation loops from Frank-Read  sources produced dur ing the 
plastic deformation phase. The dislocation loops, on application of stress, enter  
the depletion region of the junct ion  creating a generat ion current  according to 
the Sah-Noyce-Shockley genera t ion-recombinat ion  theory. A mathematical  
model of the device is developed. Operat ing characteristics are then com- 
pared with the mathematical  model. The sensitizing operation produces noise 
sources within the device. The spectrum of these sources is described and the 
in tensi ty  is compared to device sensit ivi ty dur ing  the scribing operation. De- 
vice noise is reduced by a decrease in the emit ter  perimeter.  Operat ing char-  
acteristics of the device are discussed. These include l inear i ty  of the stress- 
leakage current  curve, change of sensit ivi ty with voltage, deflection with ap-  
plied force, a-c impedance, junct ion capacity, mechanical  stiffness, effective 
minor i ty  carrier lifetime, and fundamenta l  v ibrat ion frequency. 

In  1962, Wilhelm Rindner  reported extreme changes 
in  the electrical characteristics of p - n  junct ions when 
they were anisotropically stressed by a d iamond 
stylus (1). He called the effect "the anisotropic stress 
effect" (ASE).  Similar  stress on the emit ter-base junc -  
tion of transistors wil l  drastically modify the collector 
characteristics causing a large decrease in current  
gain (2). Indeed, any solid-state device where in  a 
shallow junc t ion  is anisotropically stressed wil l  show 
changes in operat ing characteristics. Besides t ransis-  
tors, the devices which have been investigated include: 
4- layer  diodes (3) and avalanche transistors which 
showed changes in their  negative resistance regions, 
field-effect transistors (3) where large impedance and 
t ransconductance changes were seen, and tunne l  diodes 
(4) where large excess current  changes were observed, 

A distinct and separate stress effect was reported 
by Goetzberger and F inch  (5) who observed a re-  
versible change in diode breakdown voltage when  the 
shallow junct ion  was stressed by a stylus of mater ia l  
softer than  silicon. Like Rindner,  Goetzberger and 
Finch used a stylus to apply force to the junction.  

Description oS the Device 
ldigure 1 shows a sketch of a stress t ransducer  that  

does not require  the use of a stylus but  depends en-  
t i rely on the stress created at the junct ion by bending  
the device about a sharp notch r unn i ng  beneath  the 

Fig. I. Structure of the silicon p-n junction stress transducer 
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junction area. When one fastens one end of the device 
and bends the free end down, tension wil l  be created 
at the shallow junction,  (~0.5# deep).  Bending in the 
opposite direction wil l  create compression at the 
junction. Exper imenta l ly ,  it was seen that  the bend-  
ing occurred only in the vicini ty  of the notch. The high 
stress necessary for the anisotropic stress effect is thus 
produced. The range of reverse-bias  operat ion of the 
device is controlled completely  by the choice of s tar t -  
ing mater ia l  resistivity. If a low vol tage device is 
desired which has vol tage variat ions about a reference  
level  of 1-2v, a mater ia l  resis t ivi ty of about 0.01 
ohm-cm is necessary as indicated in Fig. 1. Other de- 
vices were  made having mater ia l  resistivit ies as high 
as 50 ohm-cm. These devices were  bet ter  suited for 
s tudy of the effect whereas  the low resist ivi ty devices 
have bet ter  noise propert ies  and are bet ter  suited for 
practical  applications. A complex relat ionship exists 
be tween device sensit ivi ty (current  change per uni t  
bending moment ) ,  applied voltage, and substrate re-  
sistivity; it has been determined empir ical ly  f rom 
measurement  of many samples to be S ---- 2.4V 15~ p-0.s 
where  S is sensit ivi ty in #a/gcm, V is in volts, and p is 
resist ivi ty in ohm-cm. 

The junct ion was formed by diffusing phosphorus 
into n - type  silicon or boron into p - type  silicon to a 
depth of roughly  %#. Sui table  metal l ic  contacts were  
sintered into the n-  and p-regions to form ohmic con- 
tacts. Gold wires  of roughly 1 rail d iameter  were  bal l -  
bonded onto the meta l  contacts leaving enough lead- 
length  to permi t  easy testing. 

The bridge of silicon runn ing  above the apex of the 
notch is typical ly  25~ thick. This thickness and even 
the notch shape may be var ied  to meet  the demands of 
sensi t ivi ty and mechanical  stiffness. A typical  notch 
shape is shown in Fig. 2. Depth to wid th  ratios of 2.5 
are easily obtained by electrolytic etching. One can 
see in the figure the presence of a thin oxide layer  
wi th  a 25# window. Etching occurs through this win-  
dow which  acts as a v i r tua l  cathode in that  all ionized 
particles must  pass through this window. By vary ing  
the electrical  field intensi ty  one may  va ry  the notch 
shape. The notch shape may  also be var ied  by chang- 
ing the window size and the length of t ime of etching. 

Sensitization 
Early  in our work  to develop the intrinsic stress 

transducer,  we discovered that  no measurable  aniso- 
tropic stress effect could be produced by stress concen- 
t rat ion alone (6). At  about the same t ime it was 

discovered that  physical damage occurred to the sur-  
face of p -n  junctions that  were  stressed by diamond 
stylii. It thus seemed reasonable that  some method of 
sensitization was requi red  to produce the desired effect. 
Various methods of t reat ing the surface of the junc-  
tion were  at tempted,  including damage by high-speed 
electrons, damage by sandblasting, damage by ul t ra-  
sonic scribing, and damage by scribing wi th  a dia- 
mond stylus under  a controlled pressure. Of these four 
methods the last was most satisfactory and most con- 
trollable. 

The damaged area shown in Fig. 1 is produced by 
scribing with a diamond stylus under  a controlled 
pressure while displaying the characterist ics of the 
diode on a Tekt ronix  575 curve- t racer .  Scribing is 
continued unti l  a given degradat ion of the reverse  
characteris t ic  of  the diode is obtained. Figure  3 
shows a drawing of the reverse  characterist ic of a 
typical  diode with  a high resis t ivi ty before and after  
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Fig. 5. Multiple exposure oscillograph of the reverse character- 
istics of a transducer diode under forward loads of O, 9,000, 12,000, 
14,500, and 17,000 dynes at a distance of 2 mm from the notch. 
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Fig. 6. Linearity of the transducer diode under static test. 

scribing. Before scribing the leakage current  is very  
small;  af ter  scribing a large leakage current  is seen. 
We have del iberate ly  destroyed some of the rect i fying 
propert ies  of the diode, principally,  the high im-  
pedance in the reverse  bias condition. F igure  4 shows 
that  the fo rward  current  increased by about  an order 
of magni tude  up to an applied forward  potent ia l  of 
about 15 ev /kT.  In both fo rward  and reverse  bias 
conditions, the amount  of change is proport ional  to 
the amount  of damage sustained by the junction. With 
l i t t le damage, there  would  be l i t t le change in the 
operat ing characteristics.  

Response 
Figure  5 shows a mul t ip le  exposure  oscil lograph of 

a typical  t ransducer  under  forward  loads of f rom 9,000 
to 17,000 dynes. The top curve  is the zero load curve. 
Fo rward  load refers  to the fact  that  bending occurs in 
such a way  as to produce compression at  the junction. 

Under  reverse  load, tension would  be created at the 
junction, and the characteristics of the device under  
load would  fall  above the zero load line. Thus, for-  
ward  load produces an increase in reverse  current  and 
reverse  load produces a decrease in reverse  current.  
Figure  6 best i l lustrates the difference. Here, reverse  
current  is plotted against gram force at a distance of 
2 mm from the notch. One notices that  a reverse  cur-  
rent  of 50 ~a at 100v bias is obtained when the device 
is unstressed. At a forward  load of 9800 dynes, re-  
verse  current  has risen to 67 ~a. The corresponding 
reverse  load produces a reverse  current  of 32 ~a. 

In the earliest  devices made, we could obtain an 
init ial  sensit ivi ty of about 2 ~a/dyne-cm.  Under  test-  
ing and high current  heating, this sensit ivi ty dropped 
to about 0.86 nanoamp/dyne-cm.  This represents  a 
factor of 2000 change. At this final sensit ivity l i t t le 
fur ther  sensit ivi ty degradat ion of the device was seen. 
More recent  devices have not shown this much de- 
crease of sensitivity, but  some anneal ing is observed 
after the sensitizing process. We have also seen ex-  
per imenta l ly  that  tempera tures  on the order  of 500~ 
will  accelerate this anneal ing process. Complete  an- 
nealing, however ,  is not possible even at t emper -  
atures up to 800~ and usual ly 0.17% of the init ial  
sensit ivi ty remains at this temperature .  

Figure  7 shows a typical graph of the reduct ion of 
reverse  leakage current  over  a period of continuous 
testing at high dissipation levels. The device was re-  
verse biased at 100v. The top curve shows the init ial  
cur rent - force  characteristic. The slope of this curve 
f rom 1 to 31/2g force shows a 25 ~a/g sensitivity. The 
40 m w  dissipation is shown by the arrow. After  2 hr  
of testing, the sensit ivity dropped to 16 ~a/g. The 
20 m w  power  dissipation point is shown by the ar row 
on this curve. Af te r  6 hr  of continuous testing, the 
sensit ivity had dropped to 5 ~a/g. Af te r  10 hr, the 
sensit ivi ty was 2 ~a/g, and fur ther  reduct ion of de- 
vice stress sensit ivi ty was slight. The 5 m w  point is 
shown on the diagram. 

This sensit ivi ty degradat ion or anneal ing of the 
anisotropic stress effect was at first considered to be 
a serious flaw in the device design. However ,  af ter  
the initial anneal ing is accomplished, the character-  
istics remain  stable over  long periods of time. This 
type of Joule  heat  anneal ing has also been shown to 
exist in ge rmanium tunnel  diodes which were  de-  
graded by indentat ion with  a stylus and by 2 Mev 
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continuous testing at high dissipation levels (]OOv reverse bias). 
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electrons (7). Stabil i ty was tested by bending the 
device in  forward and reverse directions cont inuously 
at 120 Hz for a period of 11 months. During this t ime 
fur ther  degradation of the device characteristics was 
not observed. This test was performed at room temper-  
ature. Temperatures  up to 100~ did not seem to 
cause fur ther  deter iorat ion of the device character-  
istics, i.e., sensitivity. 

Theory o] Device Operation 
Several  models of the anisotropic stress effect have 

been proposed up to this t ime (4, 8, 9). These models 
include piezoresistance, in terna l  field emission, band 
bending, and generat ion-recombinat ion.  These models 
have all been examined in detail by Rindner  (3, 10). 
The piezoresistance and in terna l  field emission models 
predict a reverse current  change with applied force 
having the wrong temperature  dependence, whereas 
band bending has been shown (9) to produce a smaller  
effect in the reverse bias condition of silicon (111) di- 
odes than is seen experimental ly.  As stated earlier, 
no stress sensit ivi ty was detected by using the notch 
alone; sensit ivi ty was seen only after the sensitization 
was accomplished. The fact that ASE sensit ivity can 
be annealed out s t rongly  suggests that  the major  
mechanism contr ibut ing to the effect is one that is also 
affected by high temperature.  The best model having 
the correct temperature  dependence and strong stress 
sensit ivi ty is the genera t ion-recombinat ion  model. 
This model was first proposed by Rindner  in 1963 (8) 
and is the model which best describes the results ob- 
tained with the present  transducer.  

In the early work using the diamond stylus visible 
damage was seen on the surface of the semiconductor 
even at very low forces. Rindner,  in his discussion of 
stylus type anisotropic effect, also indicates a l imit  to 
complete reversibi l i ty of the effect, i.e., when a cer- 
tain load on the stylus was exceeded, the zero stress 
curve had shifted in  the direction of increasing cur-  
rent.  Thus the junct ion  and the electrical character-  
istics of the junct ion show permanen t  deterioration. 
Surface damage of this type is very l ikely to produce 
dislocations which extend deep into the body of the 
semiconductor material.  These dislocations have been 
postulated to be loops which are pinned to the damage 
at the surface or to in terna l  defects. Annea l ing  of the 
damaged surface at the plastic flow temperature  and 
subsequent  etching with CP4 shows the typical rosette 
pa t te rn  of dislocation loops attaching to p inn ing  points 
at the surface (11). These rosette pat terns have long 
been known to exist in l i th ium fluoride crystals which 
have been indented by small  particles (12). 

Pariiski, Landau,  and Startsev investigated the 
jumping  of dislocation loops in LiF single crystals 
when  the p inn ing  points were etched away (13). They 
found that  energy was stored in the dislocation loops, 
and when the p inn ing  points were removed the loops 
would reduce in size, collapsing toward the center, 
unt i l  the loop intersection with the surface encounters  
another  p inn ing  point  or blocking point  which retards 
fur ther  jumping.  Jumping  occurs with subsequent  
etchings unt i l  the dislocation loop completely ann ih i -  
lates itself. These specimens were etched at room 
temperature  without  application of any external  load 
to the crystal. These researchers determined a lower 
l imit  of the dislocation velocity dur ing  the jump. 
This m i n i m u m  velocity was given as about 500 ~/sec. 
They conclude that the velocity might  be much higher 
than this. 

Chaudhur i  et al. (14) have investigated the velocity 
of dislocations in semiconductors. They propose an 
activation energy for dislocations in silicon of 2.17 ev 
which appears to be independent  of stress level and 
temperature.  Using the equation for the velocity of 
a dislocation held by p inn ing  points (locks) proposed 
by van  Bueren  (15) and reasonable stress values, one 
would predict velocities of from 3 to 3000 cm/sec at 
room temperature.  For example, a loop 1000A in 
length and a stress level of 1.075 x l0 s dynes /cm 2 

(less than two orders of magni tude  below the theoret-  
ical yield s trength of silicon) would produce a veloc- 
i ty of 250 cm/sec. Detailed calculation of dislocation 
velocity using van Beuren 's  equation may be found 
in the appendix. 

Direct exper imental  measurement  of these velocities 
are made extremely difficult because the loops are, 
first of all, quite small, and second, they encounter  ob- 
stacles in the form of other loops and flaws which 
again pin the moving loop and retard or stop its for- 
ward motion. Celli et al. (16) have proposed a model 
of dislocation motion which considers the effect of 
dragging points. With reasonable assignment of pa ram-  
eters the theory is able to agree with exper imental  
values of dislocation velocity. Although dislocation 
velocities of the magni tude  proposed here have not 
been observed by direct experiment,  some indirect  evi- 
dence does exist that  very high dislocation velocities 
are achieved in crystals at room temperature,  e.g., in  
LiF. The exper imental  difficulties of growing suffi- 
ciently pure dislocation free silicon crystals have re- 
stricted all experiments  to crystals having a high 
densi ty of dragging points and hence quite low dis- 
location velocities. Since we have been unable  to de- 
tect any significant ASE due to bending stress alone, 
we have been forced to conclude that  damage, and 
hence dislocations, have a key role in the effect. To our 
knowledge we know of no other experiments  wherein  
anisotropic stress has been applied to a shallow p -n  
junct ion in the absence of damage and where the ASE 
has been demonstrated. If one now assumes the exist- 
ence of such dislocation loops pinned to the surface 
at the damaged region created by the scribe l ine (the 
results of Rindner  seem to indicate this is possible), 
one may extend or diminish the loop size by com- 
pressing or extending the mater ia l  between the pin-  
n ing  points as shown in Fig. 8. Kabler  (17) has in-  
dicated that the loop is probably a hal f -hexagon where 
loop growth is accomplished by motion paral lel  to 
the surface of the 60" segments and motion perpen-  
dicular to the surface of the bottom segment. In Fig. 
8, 9, and 10 the depletion layer  is shown as roughly 
symmetr ical  about the junction.  This corresponds to 
the low-voltage t ransducer  design wherein  a shallow 
diffusion is made into an already heavily doped crystal. 
The .dimensions are not accurate since the figures are 
in tended to i l lustrate the dislocation motion only. 

Another  mechanism by which dislocations may en-  
ter the depletion region is as follows. Deformation 

Fig. 8. Motion of dislocation loops created by plastic deformation 
(scribing): (a) no stress; (b) compression at surface; (c) tension 
at surface. 
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Fig. 9. Motion of slip bands created by plastic deformation: (a) 
no stress; (b) tension at surface. 

The two theories of reversible movement  of dis- 
locations in and out of the depletion region may not 
be the only ones possible. In  creating the anisotropic 
stress effect, both theories of dislocation movement  
may apply. The movement  of dislocation lines and 
loops is fur ther  complicated by Franke l  defects and 
foreign atoms lying inside the crystal bulk. Thus the 
theories presented here are not complete answers but  
merely  steps toward solving a complicated phenom- 
enon. A third theory involves a merging of the two 
previous theories. In  Fig. 9 the parallel  dislocation 
lines may, under  stress, rotate forming dislocation 
loops. Pairs of dislocation lines may act as double-  
ended F rank-Read  sources (18). After plastic deforma-  
tion, dislocation loops may already have been gen- 
erated by the dislocation l ine pairs. Many of these 
loops enter  the depletion region causing the degraded 
reverse characteristic. Figure 10 shows a diagram il- 
lus t ra t ing the process. Under  compression the loops 
radiate fur ther  outward and more loops are formed 
by the l ine pairs. When the compression is relieved, 
the dislocation loops collapse toward the F rank-Read  
sources as in the diagram. Tension causes fur ther  col- 
lapse of the loops and even the collapse of rings that 
have been formed. This pulls more loops and rings 
out of the depletion region. This effect is known  as the 
Bauschinger effect (19). When the device is under  
forward pressure, compression is applied to the 
scribed area and an increase in reverse leakage cur-  
rent  is observed. This corresponds to an increase in 
the n u m b e r  of dislocation loops in the depletion re-  
gion. In Fig. 10 only one double-ended F rank-Read  
source is shown. In  reality, there may be many  F r a n k -  
Read sources packed close together unde r  the scribe 
line, the densi ty of sources being proport ional  to the 
amount  of plastic damage sustained by the crystal 
dur ing  the sensitizing process. One must  recognize that  
this theory is very incomplete and has not been proven 
by an extensive program of metal lurgical  experiments.  

We have endeavored, using x - r ay  diffraction studies, 
to determine whether  room tempera ture  scribing with 
a diamond stylus would produce any dislocations in 
silicon. The silicon slices were cut from an ingot doped 
with an t imony to a resist ivity of roughly 0.01 ohm-cm. 
They were lapped to 15 mils thickness and chem- 
ically polished to a final thickness of 11 mils. Scrib- 
ing was performed in the (110) direction and per-  
pendicular  to the (110) direction with forces of 2000, 
4000, and 8000 dynes. X- ray  micrographs were taken 
following scribing with the diffracting plane lying in  
the (1(}1), (110), and the (0 i l )  planes of the slice. 
If the Burgers vector of a generated dislocation lies in 
the diffracting plane it  wil l  almost disappear from the 
micrographs, whereas if it is perpendicular  to the dif-  

Fig. 10. Motion of dislocation loops and rings emanating from a 
double-ended Frank-Read source: (a) no stress; (b) compression at 
surface; (c) tension at surface. 

bands are known to be generated by plastic deforma- 
tion. These bands are formed mostly in crystals by  
compression or tension ra ther  than in  bending or 
twisting. Slip bands are formed across the deforma- 
tion bands without  in te r rup t ion  apart  from bending 
to follow the curvature  of the lattice as shown dia-  
gramatical ly in  Fig. 9. On forward bending,  com- 
pression is created at the surface, and the slip bands, 
under  compression, migrate  deeper into the body of 
the material .  Thus more dislocations enter  the deple- 
t ion region 9f the p -n  junction.  Reverse bending 
causes tension at the junc t ion  as shown. The slip bands 
migrate toward the surface pul l ing the dislocation 
lines out of the depletion region. As seen in  Fig. 9, 
the number  of dislocations at any point  is proport ional  
to the radius of curvature  at that  point. An increase 
in  the radius of curvature  at the surface wil l  cause 
the dislocations to pul l  in toward the scribe line. 

Fig. 11. X-ray micrographs of a silicon wafer scribed with a 1~ 
diameter diamond hemisphere under forces of 2000, 4000, and 
8000 dynes along the < 1 1 1 >  direction and perpendicular to the 
< 1 1 1 >  direction. Diffractiongraphs were taken with the plane of 
diffraction parallel to the (101), (110), and (011) planes of the 
crystal. 
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fract ion plane i t  wi l l  exhibi t  m a x i m u m  contrast .  F igu re  
11 shows the existence of dislocations due to room 
t empera tu re  scribing. In the center  mic rograph  the 
short  2000 d y n e / c m  s l ine has al l  but  d isappeared.  The 
diffraction p lane  is here  a lmost  pa ra l l e l  to the dislo-  
cation Burgers  vector. In  the  two side micrographs  the 
diffraction p lane  lies a t  30 ~ to the Burgers  vector  of 
the long lines. Here  the  2000 d y n e / c m  2 line shows 
much reduced contrast .  Fu r the r  diffraction exper i -  
~nents have been completed  and wil l  be r epor ted  in 
the near  fu ture  (20). 

I t  is known tha t  dislocations act as acceptors in 
silicon producing  t r app ing  levels in the forb idden re -  
gion be tween  the valence band and the conduct ion 
band. Depending  on the posi t ion of the  Fe rmi  level,  
the acceptor  sites a re  filled to some degree,  and  the 
dislocation l ine is nega t ive ly  charged.  This negat ive  
l ine charge is neut ra l ized  by  a cy l indr ica l  space charge 
of fixed donors a round  the dislocation. I t  has been 
confirmed (21) that  dislocations produce  recombina-  
t ion centers  in ge rman ium and tha t  the minor i ty  car -  
r i e r  l i fe t ime is d ras t ica l ly  decreased by  the exis tence 
of these recombinat ion  centers. Indeed,  a t  room tem-  
pera ture ,  p - t y p e  ge rman ium has a l i fe t ime of 
�9 =0.7/Nd. In n- type ,  the  l i fe t ime is 1;=2.5/Nd where  
Ng is the dislocation density.  One would  expect  s im- 
i la r  re la t ionships  to exist  for silicon. 

Up to now the a rgument  has been to l ink  the re -  
vers ible  motion of dislocation loops wi th  revers ib le  
changes in the leakage  cur ren t  of the  back  biased 
diode. Just i f icat ion for this l inkage can be made  by  
using the Sah-Noyce -Shock ley  model  of car r ie r  gen- 
era t ion and recombina t ion  in p - n  junct ions  and its 
effect on p - n  junct ion character is t ics  (22). for medium 
to large  reverse  bias (V > kT/q)  the  generat ion cur-  
rent  is given by  Eq. [1]. 

qni W 
Jgr = 

2\/1;no 1;po 

1;no J [1] 
[ cosh { (, ES E' )+,n V ""~ -I 

where  W is the space charge layer  width,  �9 equals 
minor i ty  car r ie r  l ifet ime, Et the energy  level  of the  
traps,  and Ei the energy of the in t r ins ic  F e r m i  level.  
1;no and Tpo are  the e lect ron and hole minor i ty  ca r r i e r  
l ifet imes.  When  the t rap  levels lie a t  m i d - b a n d  the 
first t e rm in the hyperbol ic  cosine is 0 and the t e rm 
in square bracke ts  is given by express ion [2]. 

cosh { In V 1;P~ ~ ---- 1/2 ( e x p  [ l n  ~ 1;P~ 1 
1:I10 J - -  " t 'nO J 

+ exp [ - - i n d  =,,'2 ( d  "~176 + 1;~176 ) 
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[2] 
As a s impl i fy ing assumption,  let  us consider  this to 

be t rue  (Rindner  has found the effective t r app ing  
leve l  in ge rman ium to be 0.09 ev f rom the in t r ins ic  
Fe rmi  leve l ) .  Using this s impl i fy ing assumption,  Eq. 
[1] now becomes ') 

Jgr = Jr  J r -  [ 3 ]  
Tpo "['no 

We see that  the genera t ion  recombinat ion  cur ren t  is 
dependent  upon deple t ion  layer  wid th  and l ifet ime. 
Inves t iga tors  of ASE in J apan  have been successful 
in demons t ra t ing  up  to a 30% decrease  in minor i ty  
car r ie r  l i fe t ime under  both un iax ia l  and anisotropic  
stress for  both  ge rman ium and si l icon (23, 24). They 
a t t r ibu ted  the reduct ion  in l i fe t ime to s t ra in  fields and 
expressed to ta l  l i fe t ime as a funct ion of two com- 
ponents,  the stress independen t  and the stress de-  
penden t  l ifet imes,  in the fol lowing fashion:  

1 1 1 
- -  _ _  J r  - -  
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Fig. 12. Reverse characteristics of a typical transducer diode 
under stress. 

where  r~ has the fol lowing dependence  

1 

vAN 
where  v is the the rmal  veloci ty  of minor i ty  carr iers ,  
cm/sec  -1, A the capture  cross section for  minor i ty  
carr iers ,  cm 2, and N the n u m b e r  of recombina t ion  
centers, cm -3. 

Assuming  v and A constant  th roughout  our measu re -  
ments  we may  obta in  Jgr as a funct ion of N. Thus for 
an N- type  subs t ra te  wi th  a p - t y p e  diffusion the l i fe-  
t ime of minor i ty  carr iers  in the surface layer  wil l  be 

1; . . . . . . . .  J r  vAN 
1 ; n o  

Since the p -n  junct ion is fo rmed by  using a con- 
s tant  impur i ty  source h igh - t empera tu r e  diffusion for  
a ve ry  short  t ime, i t  wi l l  closely approx ima te  a step 
junction,  especial ly  at  the h igher  voltages and for 
shal low junctions.  For  a 0.5~ junct ion  the vol tage at  
which  the cube root  dependance  becomes a square  root  
dependance  is about  2v (26). Using the s tep- funct ion  
equat ion for deple t ion  l aye r  wid th  given by  Eq. [4] 

W = [  2~eoV, ]1/2 

q (ND -- NA) [4] 

and considering only the effect of the change of mi -  
nor i ty  ca r r i e r  l i fe t ime given by  the equat ion above 
we have 

= + vAN [5] 
Jgr T q(ND--NA)  1;no 

where  V' is the  appl ied  vol tage  plus  the  bu i l t - i n  
voltage. 

Thus, for reverse  vol tages  grea te r  than kT/q  the 
genera t ion- recombina t ion  cu r ren t  is p ropor t iona l  to 
the dens i ty  of recombina t ion  centers  in the  deplet ion 
region and propor t iona l  to the square root  of the ap -  
pl ied voltage. F igure  12 shows the square  root  vol t -  
age dependence  for  our device under  var ious  fo rward  
and reverse  load condit ions and for  reverse  bias. F ig -  
ure  6 shows c lear ly  tha t  the  cur ren t - fo rce  re la t ion-  
ship was quite l inear  which would  suggest  tha t  r e -  
combinat ion center  dens i ty  is l inear ly  p ropor t iona l  to 
the appl ied  bending  moment .  Note tha t  an app rox i -  
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Fig. 13. T ransducu  noise measurement set-up 
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mate square-root  vol tage dependence is mainta ined 
for both forward  and reverse  bending moment  for 
voltages above 5v. Below this voltage the slope changes 
somewhat  for the reverse  moment  curves in the di- 
rection of lower resistance approaching an inverse 
cube-root  dependence. 

For the moment  it is not clear whe the r  the change 
in ~ is due to a change in A or a change in N. Cer-  
ta inly  a strain field would change A, but  on the other  
hand dislocation loops have  been shown to exist  in 
silicon, they have been shown to move  rapidly as a 
function of the motion of the pinning points in LiF, 
and we show here  that  ASE is seen in the bending 
mode only when damage is present. With this as- 
semblage of facts it does not  seem too unreasonable  
to postulate that  the change in 1/T~ is due to N, and 
that  the change in N is due to the revers ible  movemen t  
of dislocation loops into the depletion region as pre-  
viously discussed. 

Noise 

Electr ical  noise generated at the junct ion was in- 
vest igated using the apparatus shown in Fig. 13. The 
t ransducer  diode was biased at its normal  operat ing 
voltage (around 1.0v for the low-vol tage  var ie ty  and 
45.0v for the h igh-vol tage  type) .  Using this se t -up 
the noise cur ren t - f requency  spectrum was found to 
be approximate ly  ( l / f )  f rom 1 to 100 kHz both before 
and after the sensitizing operat ion al though scribing 
increased the noise current  over  the ent ire  range by 
roughly  a factor of 10 as shown in Fig. 14. Indeed, 
scribing changes the noise current  f rom about 6 na 
to about 60 na on typical  units as may  be seen f rom 
Fig. 15. The oxide layer  offers some protection as can 
be seen by the increase of noise after  oxide removal .  
Much of the noise e l iminated by the oxide layer  is 
below 100 Hz and is due to slow states in the thin air 
grown oxide present  af ter  the remova l  of the ther-  
mal  oxide. The noise current  generated by scribing 
is ( l / f )  flicker noise due to reverse  leakage current.  
As was ment ioned earlier,  scribing degrades the re -  
verse characterist ic lower ing  the resistance, and in-  
creasing the leakage. Fonger  (27) has shown that  this 
type of noise current  is direct ly  proport ional  to leak-  
age current.  We have  observed this type of behavior  
as may be seen f rom Fig. 16. 
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Fig. 14. Noise current spectrum of a typical transducer diode 
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Fig. 16. Variation of diode noise current with reverse leakage 
current. 

With the protect ive oxide present  the t ransducer  is 
insensit ive to gaseous ambients.  Gas cycles using dry 
N2, we t  N2, 02, and air were  applied to the surface 
wi thout  a change in noise current.  CC14 was also t r ied 
as an atmosphere,  but  i t  did not change the ( l / f )  
spectrum or intensity.  Contact noise has been shown 
to be responsible for flicker noise by Montgomery  
(28). 

An exper iment  involv ing  four  ohmic contacts on 
the diode showed that  contact noise was responsible 
for only 20% of the total  ( l / f )  noise. About  half  of 
the total  noise is located at the per imeter  of the 
junct ion where  it  intersects the. oxide layer.  Reduc-  
tion of this pe r imete r  correspondingly reduced the 
( l / f )  noise. This noise is also leakage noise generated 
by channel ing under  reverse  bias. 

Since the sensi t ivi ty of the t ransducer  increases with 
scribing as wel l  as the noise it was at first thought  
that  the s igna l - to-noise-cur ren t  rat io might  remain  
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Fig. ]7. Change in signal-to-noise ratio as a function of diode 
reverse resistance. 

constant dur ing the process. However, an exper iment  
revealed that  the s ignal- to-noise ratio actually slowly 
increased with scribing as shown in Fig. 17. In  the 
figure the reverse resistance is the slope of the reverse- 
biased current-vol tage  trace taken at the operating 
voltage. The increase in S/N ratio is perhaps due to 
the relat ive decrease in importance of nonscribe-  
related noise sources. A device with 75db signal- to-  
noise ratio was obtained under  a 5000 dyne-cm var ia-  
tion. 

An analysis of stress created at the junct ion  in a 
direction paral lel  to the surface and perpendicular  
to the notch indicates a stress max imum of 3.6x109 
dynes /cm 2 for a bending moment  of 5000 dyne-cm. 
Beyond this stress the more fragile uni ts  would frac- 
ture. The pressure and shape of the notch seriously 
complicates an analysis of the stresses at the junct ion  
itself although methods of analysis exist (29). A typ-  
ical notch had a mechanical  stiffness of 3.3x105 dynes /  
s  

A recent analysis of dislocation velocity (14) in sil- 
icon indicates a room temperature  velocity for these 
stress levels above 100 cm/sec. For a movement  of 
0.1~ a f requency of 10 MHz is theoretically possible. 
The max imum frequency of v ibrat ion of the free end 
of the t ransducer  is however related to the geometry 
of the device. Typical units  had a 10 kHz self-res- 
onance, and no at tempt  was made to increase this 
value. Mechanical stiffness for the 10 kHz resonance 
was about 3 x 105 dynes/cm. 

Effective junct ion  lifetime using the method of 
Lederhandler  and Giacolleto (30) was found to be 
in  the range of 1 ~sec before stress was applied. One 
must  remember  here that  this already represents the 
lifetime of a seriously degraded junction.  This l ifetime 
corresponds to that  obtained by Matsuo (31) using a 
stylus pressure of almost 30g. A simple equivalent  
circuit of the diode under  reverse bias is a variable  
resistor with a zero-stress resistance of 500 ohms in 
parallel  with a capacitor of about 200 pf capacity. 
Impedances calculated using this  model are in  close 
agreement  to measurements  taken on a typical  t rans-  
ducer diode from d.c. to 1 MHz. 

Manuscript  received Nov. 22, 1965; revised m a n u -  
script received Oct. 14, 1966. This paper was presented 
at the San Francisco Meeting, May 9-15, 1965. 

Any  discussion of this paper will  appear in  a Dis- 
cussion Section to be published in  the December 1967 
JOURNAL. 
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APPENDIX 

Calculation of dislocation velocities at room tem- 
perature under high stress.--Van Bueren has derived 
an expression for the velocity of a dislocation line 
p inned between two points in  a crystal l ine lattice (15). 
The resul t ing expression is given below. 

v = vob exp ( - -E/kT)  sinh (Tb21/kT) 

where ~o is the lattice vibrat ional  frequency, b the 
distance of l ine travel  (min imum of one lattice con- 
s tant) ,  �9 stress level, l length of dislocation l ine be-  
tween p inning points, and E activation energy for the 
motion of a dislocation; k and T have their  usual  
meaning.  

When b21 ~ kT we have sinh (rb~I/kT) ~ Y2 exp 
(Tb~I/kT) and our equat ion becomes 
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v~ I Tb2t E 
v = 2 exp kT kT 

Consider a dislocation loop 1000A long between the 
two pinning points. If  we subject  the loop to a stress 
of 10 s dynes /cm 2 the resul t ing dislocation veloci ty 
should be found as shown below: 

for b = 5.4 x 10 -8 cm; b 2 ---- 2.916 x 10 -15 cm 2 
v o =  kOo/h = 1.376 x 1013 (sec) -1 (0o = Debye 

tempera ture )  
k----1.38 x 10 -16 e r g s / ~  ---- 8.625 x 10 -5 e v / ~  
T = 300~ kT ---- 4.14 x 10 -14 dyne-cm ~ 0.0258 

e v  
E = 2.17 ev (14) 

Since ~b21/kT ---- 70.42 and E/kT  = 83.86, the ex-  
ponential  t e rm equals 8.23 x 10 -3. 

Also vob/2 ~ 3.72 x l0 s which yields v z 3.06 cm/  
sec. 

If we increase the stress level  sl ightly (say by only 
1%) a large increase in dislocation velocity results. 

We now have  
T ---- 1.01 x l0 s dynes /cm 

Tb21/kT ~ 71.121 

and the exponent ia l  te rm becomes 8.83 x 10 -6. This 
gives a resul tant  v ---- 3.28 cm/sec,  i.e., almost a 10% 

increase in velocity. Calculations of 5, 7.5, and 10% 
increases in stress yield velocities as shown below: 

% Increase Velocity, cm/sec  

1.0 3.28 
5.0 18.0 
7.5 250.0 

10.0 3.120.0 

Since T and l exhibi t  the same behavior  in the equa-  
tion, a slight change in the length of the dislocation 
loop would produce the same effect on the dislocation 
velocity. We also observe that  the distance of t ravel  
of the loop (b) profoundly affects the dislocation 
velocity. The distance of t ravel  wil l  of course be l im- 
ited by crystal l ine imperfect ions prevent ing  its for-  
ward  travel.  When such an imperfect ion is encoun- 
tered by a loop, a great  deal more energy is needed 
to overcome this barr ier  than is necessary for simple 
unhindered  forward  travel .  

The veloci ty calculated above is instantaneous 
velocity be tween imperfect ions as opposed to average 
velocity taken over  large distances and times. Average  
veloci ty is the quant i ty  repor ted  in exper iments  on 
various materials.  Chaudhuri  et al. (14) repor t  that  
the distances over  which the dislocations accelerate 
before encounter ing imperfect ions are small  com- 
pared to the distances necessarily involved in making 
an exper imenta l  measurement  of dislocation velocity. 

Chemical Etching of Germanium in the 
System HF-H20 -H O 

B. Schwartz 1 

Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 

ABSTRACT 

The etching of ge rmanium in the system HF-H202-H20 has been studied, 
and comparisons are made with  results obtained f rom the HF-HNO3-H~O 
system. Strong crys ta l -or ienta t ion influences and re la t ive ly  high apparent  
act ivation energies are observed; surface react ivi ty  and subsequent  r emova l  
of react ion products are consequent ly proposed as rate  l imit ing in the etch-  
ing reaction. On the basis of equi l ibr ium in the adsorption-dissociat ion steps, 
an equat ion is der ived which describes the rate  data obtained over  the entire 
concentrat ion and tempera tu re  ranges studied. Evidence is presented to show 
that  divalent  ge rmanium is the pr ime oxidation state leaving the (100) and 
( I l l )  surfaces. GeOF2 is postulated as one of the react ion products leaving 
the ( l l 0 )  surface. 

The use of semiconductor  materials  in the fabr ica-  
tion of active electronic devices has resulted in much 
work  on the chemistry of these materials.  Most of 
the effort has been spent on the problems of impur i ty  
content, stoichiometry, and thermodynamics  in the 
formation of single crystals of these mater ia ls  (1-3). 
Another  impor tant  aspect is the etching of the single 
crystals to obtain the desired electr ical  and geo- 
metr ical  characterist ics (4). 

When an e lementa l  semiconductor  is etched in an 
aqueous system, somewhere  in the process oxidation 
of the e lement  must occur in order to produce a re-  
movable  product. For  that  reason, an oxidizing agent 
is always present  in the solution 2 when  ei ther  silicon 
(6, 7) or ge rmanium (8-11) is etched. In most cases 
nitric acid is used as the oxidizing agent and hydro-  
fluoric acid is added as the means of forming  a soluble 
or gaseous react ion product  (6, 8, 11). However ,  the 
etching of ge rmanium in the system HF-HNO3-H20 
is beset wi th  many difficulties, such as uncontrol lable  
induction periods and passivat ing films (9, 11). An-  

1 T h e  data  u s e d  in  t h i s  p a p e r  we re  o b t a i n e d  w h i l e  the  a u t h o r  
w a s  e m p l o y e d  at  H u g h e s  A i r c r a f t  C o m p a n y .  

A l t h o u g h  i t  has  b e e n  o b s e r v e d  t h a t  w a t e r  w i l l  d i s so lve  ger-  
m a n i u m ,  H a r v e y  a n d  G a t o s  (5) d e t e r m i n e d  t h a t  i t  was  necessa ry  
to h a v e  d i s s o l v e d  o x y g e n  i n  the  w a t e r  or t he  e t c h i n g  w o u l d  no t  
p r o c e e d .  

other etching system for germanium that  has found 
practical  application is HF-H202-H20 (10). This pa-  
per  reports  the results of a study of the etch rate  of 
s ingle-crystal  ge rmanium in aqueous solutions of HF 
and H202 as a function of the composition and tem-  
pera ture  of the etchant. The influence of crysta l -  
lographic orientat ion and conductivi ty type of the ger-  
manium specimens on the etch rate is discussed. A 
kinetic model  is developed, based on adsorpt ion-dis-  
sociation isotherms, which describes mathemat ica l ly  
the e tch- ra te  data obtained. A comparison is made of 
equi l ibr ium constants for both peroxide and fluoride 
adsorption and dissociation reactions. F rom the order 
of the reaction, re la t ive  to H202 and HF concentrations, 
postulations of the desorbing species are made. 

Experimental Procedure 
The etch rates were  determined by measur ing the 

decrement  in thickness of both n -  and p- type  ger-  
manium dice of approximate ly  3 ohm-cm resist ivi ty 
af ter  subject ing them to the etchant  under  the chosen 
conditions of t ime and temperature .  The thickness of 
each die was measured at its center  wi th  a double-  
pointed micrometer  that  could be read to ___0.0001 in., 
and the reading was est imated to the next  decimal 
place. Three dice were  etched s imultaneously in each 
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exper iment ;  all three were  of the same conduct ivi ty  
type, but  the major  faces of each displayed only one 
of the three low- index  planes. All  of the dice were  
approximate ly  0.025 in. thick, but  the surface areas 
were  1.25x10 -2, l x l 0  -2, and 1.6x10 -2 in. 2 for  the 
(111)-, (110)-, and (100)-or iented samples, respec-  
tively. All  dice were  pre-e tched  in a solution of H F -  
HNO3-H20-HC2H~O2 to produce a specular surface 
free of work  damage. 

The etching solutions were  prepared by weighing 
out the requi red  amounts of the reagents in poly-  
e thylene bottles. Al though it has been found that  
solutions so made and stored are stable (8), no solu- 
tions were  al lowed to stand overnight ,  and all solutions 
were  used within  u hr  to 4 hr  af ter  preparation.  In 
order  to ensure an adequate  supply of reagents  of 
constant concentration, several  1-1b bottles of the 
specific reagent  (HF or H202) were  thoroughly  mixed  
in a large container.  The concentrat ions of these 
master  batches were  determined,  and the original  
bottles were  then refilled f rom these master  batches. 

Since H202 is catalyt ical ly decomposed by many  
metals and metal l ic  ions, it was considered necessary 
to take precautions to exclude these f rom contact 
wi th  the etching solutions. Thus nei ther  p la t inum nor 
stainless-steel  equipment  could be used, and all ex-  
per iments  were  conducted in polyethylene  ware. The 
etchant  was al lowed to equi l ibrate  thermal ly  in a con- 
stant t empera ture  bath before any samples were  in-  
troduced. The quoted t empera tu re  was the ini t ial  t em-  
pera ture  of the solution and, unless otherwise stated, 
was 25~ Because of the poor hea t - t ransfe r  charac-  
teristics of polyethylene beakers, the exper iments  were  
run  under  essentially adiabatic conditions. 

All  of the samples were  contained in a small, per -  
forated basket, which was agitated violent ly  while  
immersed  in the etching solution. Quenching was 
achieved by rapidly  t ransfer r ing  the basket to a large 
beaker  containing 250 ml  of water.  Approx imate ly  
20 ml of etchant  was used for each measurement  and 
was discarded immedia te ly  af terward;  fresh solution 
was used for each determination.  The conditions of 
etching were  chosen such that  the concentrat ions of 
reagents  in the etching solution were  depleted to a 
negligible extent.  

Exper imental  Results 

Figure  1, a plot of thickness change as a function 
of time, using differently or iented specimens, shows 
that  there  are no apparent  induction periods in this 
system; thus, explicit  e tch- ra te  numbers  can be quoted. 
In general,  the rate numbers  obtained in this work  
were  comparable,  to wi th in  ___5%, to the numbers  ob- 
tained by Bloem and van Vessem (10). 
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Fig. 1. Thickness change as a function of time, using o solution of 
50% HF, 50% H202. The samples were n-type and were [ ]  (10O), 
0 (i10),  and a (111)-oriented, respectively. The solutions were 
made using 49.05% HF and 29.0% H202. 
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Fig. 2. Etch rote, in mi]s/mln, as a function of etch composition. 
Samples were n-type, (]|1)-orlented, and the inifia| temperature 
was 25~ 
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Fig. 3. Etch rate, in mils/rain, as a function of etch composition. 
Samples were n-type, (]]])-oriented, and the initial temperature 
was 25~ 
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Fig. 4. Etch rote, in mils/min, as a function of etch composition. 
Samples were p-type, (111)-oriented, and the initial temperature 
was 25~ 

Figures  2, 3, and 4 are t r iaxia l  plots of etch rates 
at 25~ as a funct ion of e tchant  composition, using 
( l l l ) - o r i e n t e d  specimens. For  ease in displaying the 
data, 3 the axes were  lef t  in we igh t -pe r  cent units and 
normal ized to 100% of the concentrated solutions used. 
The H20 axis represents  added water ,  not  total  wa te r  
in the system. Also it should be noted that  both 
s tandard-concent ra ted  H~O2 (29.0% in Fig. 2) and 

C o n v e r s i o n  o f  t h e  s c a l e s  t o  r e a l  f r a c t i o n  u n i t s  c o m p r e s s e s  t h e  
r e g i o n  o f  r e p r e s e n t a t i o n  c o n s i d e r a b l y  b u t  y i e l d s  b a s i c a l l y  t h e  s a m e  
i s o e t c h - r a t e  c o n t o u r s .  
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Fig. 5. Etch rotes vs. normalized etch composition, using only the 
zero-added-water data. The solid curves were obtained using 49.05% 
HF, 48.67% H202 solutions, end the dashed curves were obtained 
with 49.05% HF, 29.0% H202 solutions. Orientations were 0 (110), 
[ ]  (100), /k (111), and all samples were p-type. 

special h igh-concentra t ion H202 (48.67% in Fig. 3 and 
4) were  used as reagents  for this study. Figures 2 and 
3 show that a change f rom 29 to 49% H202 had prac-  
t ically no effect on the isoetch-rate  contour but  
changed only the magni tude  of the etch rates. A 
comparison of the data in Fig. 3 and 4 shows that, 
wi thin  exper imenta l  error,  n -  and p- type  germanium 
of the same crystal lographic orientat ion etched at the 
same rate  in comparable  etching solutions. 

When all of the t r iaxial  plots are examined,  it is 
seen that  in the regions of high H202 concentrat ions 
the isoetch-rate  curves are essential ly paral le l  to con- 
stant HF  lines. Conversely,  in regions of high HF con- 
centrat ions the isoetch-ra te  curves indicate that  the 
H202 concentrat ion is the impor tant  ra te-cont ro l l ing  
factor. 

A 

0 13 0 311 3~2 313 314 3!5 3 6 
i000/T'K 

Fig. 6. Influence of temperature on the etch rate of n-type 
samples. The curves were obtained using 10% HF, cj(~% H202. The 
solution was made from 49.05% HF and 48.67% H202. Orienta- 
tions were �9 (110), [ ]  (100), and A (111). 
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Fig. 7. Influence of temperature on the etch rate of (100)- 
oriented, n-type samples. Solution concentrations were: �9 15% 
HF-55% H202-30% H20; e, 55% HF-1S% H202-30% H20; [~, 
20% HF-80% H202; X, 80%HF-20% H202; A ,  35% HF-65% 
H202. Solutions were made using 49.05% HF and 48.67% H202. 
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Fig. 8. Temperature dependences, in kcal/mol, as a function of 
solution composition. 

Whereas  Fig. 3 and 4 show that  conduct ivi ty  type 
had no apparent  effect on the etch rate, Fig. 5 shows 
that  or ientat ion influences the etch rate  strongly in 
both the 49 and the 29% I-I202 systems. 

A study of the influence of t empera ture  on the etch 
rate  yielded curves shown in Fig. 6 and 7. "Although 
the different orientat ions etch at different rates, the 
slopes of the lines drawn through the points in Fig. 6 
are essentially the same. The breaking curves of Fig. 
7 are typical  of data obtained when  there  appears to 
be a shift in the ra te-cont ro l l ing  step. A summary  of 
the "apparent"  act ivat ion energies as a function of 
etch composition is given in Fig. 8. The magni tude of 
the tempera ture  dependences (9-13 kca l /mol )  and the 
effect of orientat ion on the etch rates, together  wi th  
the fact that  etch rates in this system are much lower  
than in the HNO3 system (11), suggest that  over  the 
entire composition region the etching react ion is sur-  
face controlled and not diffusion controlled. 

F igure  9 is a plot of the effect of dilution wi th  water  
on the etch rate  of ( l l 0 ) - o r i e n t e d  dice; it is a two-  
dimensional  representat ion of the three-d imensional  
e tch- ra te  surface obtained with  these reagents. The 
line drawn is the curve of 2:1 mol ratio of HF to 
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Fig. 10. Influence of acid diluent on the etch rate of (110)- 
oriented, n-type samples. Curve I, 20% added glacial HC2H302; 
II, 20% added concentrated H2SO4; III, 20% added H20; IV, 10% 
added H20; V, zero added H20. Reagent concentrations were 
49.05% HF and 48.67% H202. 

I0 20 30 4 0  50  60  70  80 90  
COMPOSITION OF ETCHANT (%HzO2) 

Fig. 9. Influence of added water on the etch rate of p-type, (110)- 
oriented germanium. Dilutions were �9 zero; [7, 10%; A,  20%; 
0 ,  30%; and e, 40% added water. Reagent concentrations were 
49.05% HF and 48.67% H202. 

H202, and it appears to agree very  wel l  wi th  the etch- 
rate  maxima.  This might  indicate the fol lowing stoi- 
chiometry 

Ge + 2HF + H202--> GeF2 + 2H20 [1] 
or  

Ge + 4HF -t- 2H202 -> GeF4 + 4H20 [2] 

as the ove r -a l l  reaction equation. However ,  as can be 
inferred f rom Fig. 5, the line that  could be d rawn 
through the max ima  of the (111) and (100) etch rates 
would be displaced to mol ratios greater  than 2: 1. 
An analysis of the raw data showed that  the ratios 
could be as high as 3:1, as indicated by Bloem and 
van Vessem (10). This ratio would then suggest the 
s toichiometry 

Ge + 6HF + 2H202--> H2GeF6 + 4H20 [3] 

Miul ler  and his co-workers  (12), studying the dis- 
solution of germanium in acidic and basic solutions of 
hydrogen peroxide, found that  the etching rate in-  
creased with increasing acid or base concentration. 
The dissolution rate  passed through a m a x i m u m  and 
then decreased as more addit ive was put in the etch- 
ing solution. In fact, if enough acid or base was added 
to the solution, the etching action would  cease. Supin 
(13) has also studied the dissolution of germanium 
in hydrogen peroxides of various pH and found similar  
effects. 

In order that  the influence of an acid di luent  on 
the etch rate  in this system might  be seen, a compar i -  
son was made between the etching rates of n - type  
( l l 0 ) - o r i e n t e d  germanium in solutions that  were  di- 
luted wi th  pure water,  glacial acetic acid, or concen- 
t rated sulfuric acid. F igure  I0 shows the results of 
these experiments:  curve I resulted when  20% acetic 
acid was added; curve II shows the effect when 20% 
sulfuric acid was added; and curve  III  indicates the 
effect of 20% added water ;  curve  I V s h o w s  the effect 
of adding only 10% water ,  and curve V is the etching 
ra te  wi th  no added diluent. Note the s imilar i ty  of 
curves II and V; the etch rate appears to remain  the 
same whether  the solution was diluted wi th  H2SO4 or 
not. However ,  dilution with  acetic acid results in a 
definite increase in the etch rate. In both cases of di lu-  
tion in acid, though, more  etching was achieved than 
with  an equiva len t  wa te r -d i lu ted  system. I t  appears 

that  the e tch- ra te  surface generated by the com- 
posi t ion-rate  plot for acid-di luted HF-H202 etches 
would probably have less of a gradient  in the 
direct ion of the di luent  unti l  cri t ical  added-acid con- 
centrations were  reached. Then a very  marked  de- 
crease in etch rates would occur owing to the presence 
of large concentrations of di luent  in the system. 

Discussion of the Kinetics Model  
In the introduction it was noted that  dissolution of 

an e lemental  semiconductor  proceeds in stepwise 
fashion: oxidation of the e lement  fol lowed by com- 
plexing of the oxidized form. Laidler  (14) points out  
that  a heterogeneous react ion occurr ing on a solid 
surface involves five consecutive steps: 

1. Diffusion of the react ing molecules to the surface. 
2. Adsorption of the reactants  on the surface. 
3. Reaction on the surface. 
4. Desorption of the products. 
5. Diffusion of the desorbed products into the main 

body of the surrounding medium. 
Since the present study deals wi th  the dissolution of a 
solid in a liquid, these five steps must  be considered. In 
the system Si -HF-HNO3-H20 it was shown (6, 7) that, 
in a specific e tchant-composi t ion region, diffusion was 
the dominant  kinetic factor in the dissolution. In the 
system Ge-HF-HNO3-H20 it was observed (11) that  
control by diffusion was only of secondary importance,  
and it was postulated that  step 4 was the most im-  
portant  part  of the sequence. In the system G e - H F -  
H202-H20 the h igh- tempera tu re  dependence and 
strong crystal lographic or ientat ion effects clearly in-  
dicate that, over  the entire composition region studied, 
the ra te-control l ing factors are involved in one or 
more of steps 2, 3, and 4, while  steps 1 and 5 play only 
minor  roles. 

Camp (8) considered the system of r -sequent ia l  
steps involved wi th  rate control  at a Ge -HF  -]- H202 
solution interface and der ived a relat ionship which 
fitted his t empera ture  data quite  wel l  

1 
R = [4] 

eEi/kT 

aiCivi 
1 

where  R = etch rate, Ei = act ivation energy of i th 
step, C~ = concentrat ion of reagent  involved  in ~th 
step, p~ = power to which Ci enters i th reaction, a~ = 
constant associated with  ith reaction, k = Bol tzmann 
constant, T = absolute temperature .  For  his der ivat ion 
Camp used the expression 

Rj = ~ajCjp~ exp ( - - E J k T )  [5] 



Vol .  114, No.  3 

where  0~ was the fract ion of the surface on which the 
jth or ra te - l imi t ing  react ion took place; he assumed 
ra te  control by only one reagent  at a time. 

It  was found that  Eq. [4] qual i ta t ive ly  fitted the 
tempera ture  data shown in Fig. 6 and 7 and also the 
data displayed in Fig. 5, which were  obtained by va ry -  
ing the reagent  concentrations and holding the t em-  
pera ture  constant. However ,  if the data of Fig. 2, 3, 
and 4 are conver ted  to mol fraction or molal i ty  units 
and replot ted as a function of vary ing  only one re-  
agent at a t ime (Fig. 11 and 12), then Eq. [4] no longer  
describes the shapes of the curves obtained. 

Laidler  (14) has considered the case where  a di- 
atomic molecule  is first adsorbed and then dissociated 
on a surface 

A2 + 2S ~ - 2 ( S - -  A)  [6] 

He found that  at equi l ibr ium the fraction of surface 
sites covered, 0, was 

aoCA21 /2  
0 = [7] 

1 -}- a0CA21 /2  

where  a0 = constant of proportionali ty.  His analysis 
can be extended so that  if there are two diatomic 
molecules s imultaneously in equi l ibr ium with  acti- 
vated surface sites, i.e. 

Kx 
X2 -t- 2S ~ 2 ( S - -  X) [8] 

Ky 
Y2 + 2S.~ 2 ( S - -  Y) [9] 

then the fractions of the surface covered by each acti- 
vated species would be 

KX1/2Cx21/2 
0x = [10] 

1 -}- gx1/2eX21/2 -~- gy1/2CY21/2 

Ky1/2CY21/2 
Oy [11] 

1 ~ Kxl/2Cx21/2 ~- Ky1/2CY21/2 

and the fraction of unoccupied sites would be 

1 
( I  - -  O x - -  ey)  ---- [12] 

1 -~- Kx1/2Cx21/2 -~- Ky1/2CY21/2 

Laidler  (14) also considered the general ized bimo- 
lecular surface-catalyzed gas-phase react ion 

A + B -~ S2.~ABS2--* reaction products [13] 

and he ar r ived  at the expression 

R = k'CACBCs2 [14] 

where  k' = rate  constant, CA ~ concentrat ion of re-  
agent  A, CB = concentrat ion of reagent  B, Cs2 ---- con- 
centrat ion of bare dual sites at adsorpt ion-desorpt ion 
equil ibrium. 

The fol lowing is an a t tempt  to apply the surface 
adsorption-dissociation concepts to the aqueous system 
under  study here.  If we assume an n-component  sys- 
tem in steady state wi th  the surface react ion or de- 
sorption step as rate  limiting, then an equat ion analo- 
gous to Laidler 's  expression for the j t h ,  o r  ra te -con-  
trolling, step can be wr i t t en  as 

Rj  = aje-Ej /kT CSm II CiPi 4 [ 1 5 ]  
1 

where  Ci ~ concentrat ion of each of the reagents  in 
solution, p~ = stoichiometry with  which each of the 
reagents is involved in the ra te - l imi t ing  step, Csm : 
a surface-concentra t ion function that  describes the na-  
ture of the surface on which the jth reaction takes 
place (the adsorption and dissociation steps on the 
surface are assumed to be in equi l ibr ium wi th  the 
reagents  in solution).  

For  the system Ge-HF-H202-H20,  Eq. [15] becomes 

R ~- a'[H202]"I[HF]~2Csm [16J 

4 I t  s h o u l d  be  n o t e d  t h a t  a ~ e x p ( - - E ~ / k T )  is e q u i v a l e n t  to k" of 
Eq. [14] b y  the  A r r h e n i u s  equa t ion .  
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where  a' contains the water  and the act ivat ion terms, 
which are assumed to be constant factors at constant 
temperature .  Note that  Eq. [15] reduces to Camp's 
original  expression, Eq. [5], if indeed the reaction 
steps are sequential  and the ra te-contro l l ing  step in- 
volves only one reagent.  Therefore  Laidler ' s  surface-  
concentrat ion function should be Camp's fract ion of 
the surface on which the ra te - l imi t ing  react ion can 
proceed and 

R = 0a' [ H 2 0 2 ]  Pl [HF] P2 [ 17 ] 

Let  us assume that  X2 and Y2 in Eq. [8] and [9] 
represent  the peroxide and fluoride reagents,  respec- 
t ively;  the pair of adsorption and dissociation steps 
might  then be 

K1 
H202 + 2Ge.~ 2 ( G e - - O H )  [18] 

and 
Kz 

HF2-  ~ 2Ge ~ (2Ge �9 HF2) - 5 [19] 

For  constant [HF],  and if we assume that  H202, 
the ra te - l imi t ing  reagent,  acts only on the unoccupied 
surface sites, then Eq. [17] becomes 

R = (1 - -  01 - -  02)a"[H202]Vl[HF]v2 [20] 

Subst i tut ion of corrected Eq. [12] into Eq. [20] re-  
sults in 

a"[H202]"l [HF],2 
R = 6 [21] 

1 --~ Kll /2[H202] 1/2 --~ K21/2[HF] 1/2 

For constant [H202] and if we assume that  HF, the 
ra te - l imi t ing  reagent,  acts only on the oxidized surface 
sites, then Eq. [17] becomes 

R = ola"[H202] , I [HF]"2 7 [22] 

Substi tut ion of corrected Eq. [10] into [22] results  in 

a'"K11/2 [HF],2 [H202] ,1 + 1/2 
R [23] 

1 -]- K11/2[H202] 1/2 ~ K2I/2[HF] 1/2 

Al though Eq. [15] is the general  rate  expression 
governing the over -a l l  system, the assumption that  
there  are two different ra te - l imi t ing  situations re-  
sults in two specific rate equations. In that  part  of the 
etchant composition region where  [H202] is rate l imit -  
ing, it is the oxidation of bare germanium that  is as- 
sumed to be the impor tant  step and Eq. [21] is be-  
l ieved to be the rate  expression describing the situa- 
tion. When [HF] is rate  determining,  Eq. [23] is 
bel ieved to be the appropriate  rate  expression. One 
approach to the generat ion of a single relat ionship 
which describes the ent ire  system is to use the mathe-  
matical  technique of l inear combination of the com- 
ponent parts. This results in 

b [H202] , I [HF] ,2  
R 

1 + Kll/2[H202] 1/2 ~ K21/2[HF] 1/2 
b'Kll/2[H202] ,2+ 1/2[HF] p2 

+ [24] 
1 -b Kll/2[H202] 1/2 + K21/2[HF] 1/2 

o r  

R = (b ~- b'Kll/~[H202] 1/2) 
[H202] ~1 [HF] ~2 

[25] 
1 -F K11/2 [H202] 1/2 Jr K21/2 [HF] 1/2 

6 A c c o r d i n g  to S i d g w i c k  (16}, t he  p r e d o m i n a t i n g  an ion i c  species  
in hyd ro f luo r i c  ac id  so lu t i ons  is HF2-. The  s y m b o l  (~Ge.HF.~)- is 
to be r e g a r d e d  as an  a b b r e v i a t i o n  fo r  a poss ib le  b r i d g e d  s t r u c t u r e  
of  the  f o r m  G e . F - H - F . G e - .  

Q Note  t h a t  [HF] has  been  u sed  in  the  d e n o m i n a t o r  in  o rde r  to 
s i m p l i f y  the  ana lys i s .  The  f luor ide  species  of  i m p o r t a n c e  is no t  
r e a l l y  k n o w n .  A m o r e  r i go rous  d e r i v a t i o n  m i g h t  r e q u i r e  use 
of [HF2-] or [H2F2], h u t  th i s  w o u l d  m e r e l y  he  a co r rec t ion  of K2 
by  a f ac to r  of 20 or 2, r e spec t ive ly .  The  f o r m e r  n u m b e r  comes  
f r o m  the  fac t  t h a t  t he  c o n c e n t r a t i o n  of  the  b i f luor ide  i on  is ap-  
p r o x i m a t e l y  5% of  the  t o t a l  h y d r o g e n  f luor ide  in  so lu t ion .  

7 The  r eason  a" and  a '~ are  used  a n d  are to he d i s t i n g u i s h e d  
f r o m  the  g e n e r a l i z e d  a" is  t h a t  n o w  two  d i f f e ren t  r a t e - c o n t r o l l i n g  
r e a g e n t s  a re  b e i n g  c o n s i d e r e d  s e p a r a t e l y  a n d  the  specif ic  r a t e  con-  
s t an t s  for  these  r eac t ions  do no t  neces sa r i l y  h a v e  to  he  equa l .  
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Let us now consider the results of applying some 
specific sets of conditions to Eq. [25]. 

Case / . - - I f  [HF] is held constant at different para-  
metr ic  values and [H202] is considered to be the inde- 
pendent  variable,  then  

(A) when  
1 -~ Kll/2[H2Ou] 1/2 << K21/2[HF] 1/2 [26] 

and if b'~/K1 [H202] is also small  then 

R cr [I-I202]pl [27] 
(B) when  

1 -I- K21/g[HF] 1/2 < <  Kll/2[H202] 1/2 [28] 

and if b' is small then 

R oc [ H 2 0 2 ] P 1 - I / 2  [29] 

Case II . - -I f  [H202] is held constant  at different 
parametr ic  values and [HF] is considered to be the 
independent  variable,  then 
(A) when  

1 Jr K21/2[HF]l/2 << K11/2[H202]l/2 [30] 
then 

R cc [HF]p2 [31] 
(B) when 

1 -p Kll/2[H202] 1/2 << K 2 1 / 2 [ H F ] I / 2  [32] 
then 

R cc [HF]p2-1/2 [33] 

Application oF the Kinetics Model 
It is readi ly  seen that  the curves in Fig. 11 can 

be expressed by the relationships shown in Eq. [26] 
through [29] if Pl is unity. Similarly,  the curves of 
Fig. 12 can be expressed by the relationships shown 
in Eq. [30] through [33] if P2 is greater  than uni ty  
but  less than 2. s And finally, the data in Fig. 5 can be 
described by Eq. [25] since, when the concentrat ion of 
ei ther  of the reagents  is zero, the rate  is zero. 

Considerat ion of the appropriate  data on all three 
orientat ions studied made possible an evaluat ion of p~ 

s W h e n  the  d a t a  in  c u r v e s  IV, V, a n d  VI of F ig .  12 are  used ,  p~ 
ap pea r s  to be  a b o u t  1.3. 
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Fig. 11. Etch rate as a function of H202 concentration at con- 
stant HF concentration. The HF mol fractions were: I, 0.05; II, 
O.09-0.11; III, 0.14-0.16; IV, 0.18-0.21; V, 0.23-0.26; and Vi, 
0.28-0.31. Samples were p-type, (100)-oriented. 
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Fig. 12. Etch rate as a function of HF concentration at constant 
H20~ concentration. The H202 real fractions were: I, 0.03; II, 
0.06; III, 0.08-0.09; IV, 0.11-0.12; V, 0.15; and VI, 0.18. Samples 
were p-type, (100)-oriented. 

and P2 as a function of orientat ion;  the results are 
shown in Table I. 

Equat ion [29] and the data f rom Table I lead to the 
prediction that  at low [HF] and re la t ive ly  high [ H 2 0 2 ]  

the etch rate for the (100) surface should vary  as the 
square root of the peroxide  concentration. When the 
data f rom curves I and II of Fig. 11, which are an ap- 
proximat ion to these reagent  concentrat ion conditions, 
are used, the predicted square- root  dependence is in-  
deed obtained. In a similar  manner ,  Eq. [33] predicts 
a (P2- -1 /2 )  dependence of the etch rate  on [HF] at 
low [H202]. F rom curve I of Fig. 12, the etch ra te  is 
found to be dependent  on [HF] to the 0.7 power,  in 
excel lent  agreement  wi th  the value predicted using 
the (100)-data in Table I. 

Al though Eq. [25] appears to express the over -a l l  
e tching situation, it contains at least four  parameters  
that  can be manipula ted  in any a t tempt  at a detailed 
quant i ta t ive  evaluation.  Since the raw data are l imited 
in quant i ty  and precision, it is s impler  to take Eq. 
[21] and [23] and a t tempt  o rde r -o f -magn i tude  calcu-  
lations to determine  if the assumptions made in the 
analysis are reasonable. With  each of the two equa-  
tions considered separately as the work ing  re la t ion-  
ship, the e tch- ra te  data for all three orientat ions of 
the p- type  series were  analyzed using an IBM 7094 
computer  10 to determine  the best values for a, K1, and 
K2. The computer  analysis consisted of de termining 
the roo t -mean-squa red  deviat ion of calculated f rom 
measured  etch rates for each of the exper imenta l  con-  

Table I. Results of evaluatio@ 

Orien ta t ion  Pl  P2 

(I00) i >i 

(III) 1 >I 

(Ii0) >I >i 

9 I n  m o s t  cases t he  v a l u e  fo r  P2 was  a p p r o x i m a t e l y  1.2 -- 1.3. 
F o r  t he  (110) o r i e n t a t i o n  Pl is  i d e n t i c a l  to P2. W h e n  b o t h  H F  a n d  
H20~ c o n c e n t r a t i o n s  w e r e  s i m u l t a n e o u s l y  h i g h ,  i t  was  o b s e r v e d  
t h a t  P2 cou ld  go as h i g h  as 1.9. 

lo The  en t i r e  c o m p u t e r  p r o g r a m  a n d  ana ly s i s  we re  d e v e l o p e d  by  
M. Y a m i n .  
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Table II. Summary of results 

F r o m  use  of F r o m  use of 
Eq.  [21] Eq. [23] 

O r i e n t a t i o n  a ~ Kx /K~  a ' "  Kx]K,~ 

(100) 2 X 10~ 3 1 X 10~ 10 

(111) 2 X 10~ 3 1 X 102 10 

(110) 2 X 10~ 3 2 X 10~ 5 

ditions. This computat ion was performed for 1000 
combinations of a, K1, and K2, covering a predeter-  
mined range for each constant. The par t icular  com- 
binat ion of a, K1, and K2 which minimized the root- 
mean-square  deviation was selected. The parameter  
ranges were determined ini t ial ly by a hand calculation 
where the data from two exper imental  points were 
used in solving a pair  of s imultaneous equations. Table 
II summarizes the results of the computer analysis. 
These results show that  in all cases the peroxide ad- 
sorption reaction is favored over the fluoride adsorp- 
tion reaction. It  is also seen that a" > >  a'" by two 
orders of magnitude,  and this is consistent with the 
assumption that b > ~ b'. 

The agreement  between exper iment  and theory can 
be seen in Fig. 13 and 14, which are computer -gen-  
erated plots of calculated vs. measured etch rates for 
the ( l l l ) - o r i e n t e d  specimens using Eq. [21] and [23], 
respectively. On the basis of any  normal  standards for 
predict ing rates in heterogeneous kinetics, this is a 
surpris ingly good correlation, considering that all 45 
points covering the entire composition region studied 
are being examined in each case. The predicted rate 
is less than a factor of two away from the exper imen-  
tal ly measured value at any given point. 

The data of Table I indicate that for the (100) and 
(111) orientat ions the etch rate is first order with 
respect to the hydrogen peroxide concentration. This 
means that the ra te-control l ing step involves forma- 
t ion or removal  of divalent  ge rmanium on or from the 
surface, as described, for example, in  Eq. [1]. For the 
(110) orientation, the superl ineari ty,  evidenced by 
the higher value of Pl, indicates that  some te t ravalent  
germanium is also being formed. However, the fact 
that  for the (110) orientat ion Pl and Io2 were equal 
and greater  than 1 but  less than 2 leads to the postu-  
lation of the reaction stoichiometry 

Ge + 2HF + 2H202--> GeOF2 ~- 3H20 [34] 

GeF2 as a chemical enti ty has been isolated and identi-  
fied (16,17), but  the existence of GeOF2 has never  
been demonstrated;  the analogous GeOC12 has been 
obtained (17). In  all cases it is believed that  once the 
reaction product leaves the surface of the solid and 
diffuses into the bu lk  of the solution, continued fluori- 
dation to the GeF4 or H2GeF6 form takes place. 

Earl ier  in this paper, in discussion:of Fig. 9, comments 
were made about reaction stoichiometry based on the 
max imum etch rate and solution concentration. Al- 
though at first it would appear that  these results were 
being contradicted by the stoichiometries resul t ing 
from the kinetics analysis, in real i ty  they are two 
different situations. The former relationship is the 
efficiency of the system as a funct ion of concentration. 
The lat ter  relationship is the ra te- l imi t ing  process 
taking place only on the surface and therefore should 
be considered as t ru ly  kinetics limiting. 

It  has been shown that  Eq. [15] can be reduced to 
Camp's original expression, Eq. [5]. Using an analysis 
similar  to his, it is possible to obtain a tempera ture-  
dependence relationship of the form 

1 
R = [35] 
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Although the ~th reaction may be the ra te - l imi t ing  
step at a given temperature,  it does not necessarily 
hold that  this step is rate l imit ing at all temperatures.  
In fact, another  step in the sequence could become the 
slow step at an elevated tempera ture  and the rate 
l imitat ion would shift from the ~th to the k th step. In  
order for this to occur there would have to be a higher 
activation energy 11 associated with the k th step than 
with the jth step, and breaking curves of the form 
observed by Camp and also seen in  Fig. 7 would then 
result. 

R e a c t i o n  M e c h a n i s m  

The question na tu ra l ly  arises as to what  is the actual 
mechanism by which the above-described surface re-  
actions take place. Unfor tunately ,  no answers can be 
provided at this time. In  fact, the existence of the 
intermediate  reaction products hypothesized above 
still needs to be verified experimental ly.  It  is in ter -  
esting to speculate, however, about certain aspects 
of the mechanism implied by the kinetics postulated. 
Why is the "adsorbed fluoride" not  the final form of 

xx I t  is i n t e r e s t i n g  to  no t e  t he  r e l a t i o n s h i p  b e t w e e n  ra te  a n d  
a c t i v a t i o n  e n e r g y  in  Eq. [35]. Because  of the  i n v e r s e - s u m  effect,  
t h e  t e m p e r a t u r e  d e p e n d e n c e  of  t h e  r a t e  becomes  l ow  w h e n  t h e  
a c t i v a t i o n  e n e r g y  is  h igh .  T h i s  is  a good  e x a m p l e  of h o w  d a n g e r o u s  
i t  i s  to a t t e m p t  to  ge t  a t r u e  a c t i v a t i o n  e n e r g y  f r o m  a s e m i -  
l o g a r i t h m i c  p l o t  of  ra te  vs .  r ec ip roca l  of t e m p e r a t u r e ,  
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the intermediate? A suggested answer (18) might  be 
that  u l t imately  at least two fluorine atoms are needed 
on each germanium atom and the adsorption of the 
charged anionic form of the fluoride reduces the pos- 
sibili ty that  a second fluorine may come to that site. If 
this is so, then it is possible that  the acid-di lut ion 
effects seen in  Fig. 10 are in  real i ty  merely  influencing 
the concentrat ion of HF2-  ions, which in t u rn  influence 
the concentrat ion of "inactive" sites on the surface. 
However,  this approach to the possible reaction mech-  
anism still does not give any unders tanding  of why the 
par t icular  orientations act the way they do. 

Conclusions 
The major  conclusion reached in  this study is that  

the Ge-HF-H202-H20 etching system is e tch-rate  
l imited by a surface-reaction or product desorption 
step. The application of Laidler 's  gas-phase adsorp- 
t ion-dissociation isotherm concepts to this l iquid sys- 
tem yields results qual i ta t ively in agreement  with the 
exper imental  data, and consistent with the re la t ion-  
ships previously obtained by Camp. 

Evidence has been presented which shows that di- 
valent  germanium is the major  reaction product leav-  
ing the surface. There is also strong kinetic evidence 
for postulating the formation of GeOF2 as a reaction 
product leaving the (110) surface. However, it is be-  
lieved that the ul t imate  reaction product found in 
solution would probably be GeF4 or H2GeF6. 

A comparison of the equi l ibr ium constants for the 
peroxide and bifluoride adsorption-dissociation reac- 
tions shows that the peroxide reaction is favored over 
the bifluoride reaction. 

Although different orientat ions appear to have dif-  
ferent  reaction stoichiometries, no firm mechanism 
explaining these results can be presented at this time. 
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R = RI = R2 = R3 . . . . . .  Rr  (a) 
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R = - -  R~ (b) 
r I 
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Reflection X-Ray Topography of GaAs Deposited on Ge 
Eugene S. Meieran 

Fairchild Semiconductor, Division of Fairchild Camera & Instrument Corporation, Palo Alto, California 

ABSTRACT 

Reflection x - r ay  topography is well  suited to the study of defects in  epi- 
taxial  films deposited on single crystal  substrates. In  particular,  since GaAs 
and Ge have lattice parameters  that  are almost, but  not quite equal, certain 
reflecting planes can be used with suitable radiat ion to allow separate topo- 
graphs of the GaAs epitaxial  film and Ge substrate to be taken. In  this 
way, the various types of defects appearing in the epitaxial  film can be ana-  
lyzed to show whether  or not they were influenced by growth conditions or 
by substrate preparation.  During our investigation, growth pyramids due to 
imperfections or contaminat ion in the substrate, and dislocation networks, 
probably due to mismatch between film and substrate lattice parameters,  were 
observed. The lat ter  were observed in  both the film and substrate, but  oc- 
curred only for films more than  about 2~ thick. 

Ge rman ium is s t ruc tura l ly  an ideal substrate mate-  used to characterize, separately and nondestruct ively,  
r ial  for the epitaxial deposition of GaAs, since single both the substrate Ge and the epitaxial  GaAs film. The 
crystal  Ge is relat ively inexpensive,  the technology of comparison of topographs of the film and substrate can 
wafer  preparat ion is well  known,  and the lattice pa-  aid in unders tanding  the propagation of defects into 
rameter  is wi thin  0.1% of that of GaAs. Several  types the film from the substrate, or the formation of defects 
of epitaxial  reactors for such deposition have been in the film or substrate separately. 
described in  the l i terature  (1,2). In  addition, studies 
by means of optical microscopy of the perfection of Experimental 
the GaAs layer  have been conducted (3). It  is the pur -  Sa~nple preparatio~.--The GaAs films were grown 
pose of this paper  to describe how x - r ay  topography, by the water  t ransport  method (5) on chemically 
using reflection Berg-Barre t t  geometry (4), can be polished (111) Ge wafers, doped with As to a carrier  
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Fig. 1. Crystal alignment for taking (333) and (044) topographs 

concentrat ion of about 1 x 1019/cc. All  films described 
in this paper were doped to about 1 x 1018 carriers/cc 
and ranged between 1 and 15~ thick. The surface of the 
wafer after deposition consists of a central  region 
covered with single crystal GaAs deposition, a nar row 
surrounding region covered with polycrystal l ine GaAs, 
and pure Ge on which no deposition took place. 

X-ray technique.--The difference in  lattice param-  
eters ao between GaAs and Ge, 5.6576 vs. 5.6534A, is 
the impor tant  parameter  in the x - ray  technique. Ac- 
cording to Bragg's law 

= 2d sin 0 

AO Ad Aa 

tan 0 d ao 

SO 

- -  tan o = 7.42 • 10 -4 tan o 

and transposing 

Aa 0.0042 
AO ----- tan 0 

ao 5.65 

where d is the in te rp lanar  spacing of the crystal  and 
20 the angle between incident  and diffracted beams. 
Consequently,  for any par t icular  set of reflecting 
planes, in order to take separate topographs of Ge and 
GaAs, A0 should be as large as possible. For  this rea-  
son, and because surface defects only rather  than bulk  
defects are to be studied, CuK~I radia t ion is used with 
reflection geometry. For  convenience in comparing the 
topographs to normal  optical micrographs, the topo- 
graphs should be as undistorted as possible, while for 
max imum resolution, the diffracted beam should be 
normal  to the recording film. For all these reasons, 
(333) symmetric  and  {044} asymmetric  reflections are 
useful. All  the per t inen t  data for these two reflections 
are given in  Table I, and the geometries involved for 
(111) wafers are shown in Fig. 1. The geometries nec~ 
essary for other wafer orientations, such as {100} or 
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{110}, can be derived similarly. For  intensi ty  purposes, 
the (333) reflection is more useful and allows faster 
topographs to be taken, while from the point of dis- 
tortion, the {044} is more useful. 

It  is seen from Table I that a beam divergence of 
less than 5 min  of arc is needed to resolve the four 
peaks due to the K~I K~2 doublets from both GaAs and 
Ge. Therefore, the divergence slits were set to 3 min  of 
arc. Then, in  order to examine large regions of the 
sample, both the sample and recording film (film 
firmly at tached to the sample) were translated 
through the direct beam, in a manner  s imilar  to Lang 
scanning (6). 

The actual apparatus used was a Lang camera, 
modified for taking reflection topographs. Since the 
counter  window used for al igning the sample is wide, 
the 20 setting of the counter  arm need only be ap- 
proximate. However, the actual sample sett ing is criti- 
cal and must  be set to wi thin  a few seconds of arc. 
The a l ignment  of the wafer for (333) reflections does 
not depend on the rotation of the wafer about its 
normal,  since the reflecting planes are paral lel  to the 
wafer surface. However, for asymmetric  reflections, 
where the reflection planes must  be rotated to the ver-  
tical position, a Laue photograph is useful. For  the 
purposes described here, a 100~ spot focus and Cu 
target  of a Jarre l l  Ash Microfocus x - ray  uni t  was used, 
operat ing at 35 kv  and 6.5 ma. The beam divergence 
slits were set to 0.5 mm wide, and were placed 50 cm 
from the focal spot of the x - ray  tube. Ilford nuclear  
plates emulsion L-4, 50~ thick, were used and required 
an exposure time of about 1 hr for 1-cm scan. 

Results 
The optical micrograph of a thick film chosen to 

i l lustrate some of the defects observed is seen in Fig. 
2a. Pyramida l  defects and "fish scale" are seen, as is 
the polycrystal l ine boundary  between the single crys- 
tal film and the film free region. The film-free area at 
the bottom of the micrograph is almost defect free. 
Figure  2b shows the (333) reflection topograph using 
only the beam diffracted from the Ge, while Fig. 2c 
shows the (333) reflection topograph using only the 
GaAs. The polycrystal l ine boundary  region between 
the single crystal GaAs and the undeposited region is 
clearly seen in both Fig. 2b and 2c, as are the py ram-  
idal defects which appear as white dots. As reported 
elsewhere for Si (7, 8), it appears that  the pyramids 
nucleate at the epitaxial  f i lm-substrate  interface and 
grow larger as the film grows thicker. Also seen in  
both topographs is evidence of slip in the Ge and 
Ga:A_s along the three <110> directions in the (111) 
surface plane. (The < 1 1 0 )  directions do not  seem to 
meet  at 60 ~ due to distortion in angles, as seen in Fig. 
la.) None of this slip corresponds to the "fish scale" of 
Fig. 2a. The region of Ge free from film appears defect 
free, in agreement  with Fig. 2a. 

For comparison purposes, Fig. 2d is an (044) topo- 
graph of the same region of the sample. For this topo- 
graph, the divergence slits were opened slightly so 
that  both the GaAs and Ge peaks record s imul tane-  
ously. Again, the various types of defects ment ioned 
above are visible. As schematically shown in Fig. lb, 
there is very little angular  distortion in  this topograph. 

The question of whether  the strain field in the Ge 
is plastic, due to slip in the Ge, or elastic, due to the 
slip in the GaAs and the adherence of the GaAs to 
the Ge, can be answered by Fig. 3. Figure 3a shows 
the surface of a Ge wafer from which the deposited 
GaAs film was etched away in a small region. Again, 
numerous  pyramidal  type defects can be seen both 

Table I. Interplanar spacings and 2o values for (333) and (044) reflections from Ge and GaAs, for CuK~ 1 and CuK~ 2 radiation 

a, da~ 20~, K~ z 20~8, K=~ do~4 20o44, Ka~ 20o4~, K ~  

GaAs 5.6534 1.0880 90 ~ 8.3' 90 ~ 25.3' 0.9994 1O0 ~ 50.4' 101 ~ 10.8' 
Ge 5.65"/6 1.0888 90 ~ 3.1' 90" 20.3' 1.0001 100" 44.4' 101 ~ 4.8' 
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Fig. 4. GaAs deposited on (111) Ge substrate, with GaAs film 
etched away from part of the sample and step.s etched into the Ge. 
a (left) optical micrograph; b (right) (333) Ge topograph. Mag- 
nification ca. 15X. 

Fig. 2. GaAs deposited on (111) Ge sabstrates: a (top left) op- 
tical micrograph; b (top right) (333) Ge topograph; c (bottom left) 
(333) GaAs topograph; d (bottom right) (044) GaAs and Ge topo- 
graph. Magnification ca. 5X. 

Fig. 3. GaAs deposited on (111) Ge: a (left) optical micrograph; 
b (right) (044) GaAs and Ge topograph. Magnification ca. 5X. 

in  the r emain ing  film and on the Ge. Figure  3b shows 
an (044) topograph which records both GaAs and Ge 
peaks. The strain in the Ge remains  even though the 
GaAs has been removed, and is therefore plastic strain. 
This is in agreement  with the work of Amick (3), who 
by optical techniques saw strain pat terns in the Ge 
substrate which resembled those seen in Fig. 2 and 3. 

The depth of s train field in the Ge was estimated by 
taking a wafer, removing the GaAs film, and then 
etching steps about  8~ deep into the Ge itself, as 
shown in the optical micrograph Fig. 4a. The Ge topo- 
graph, Fig. 4b, shows that  the strain lines disappear 
after about 15~ of Ge is removed, so that the depth of 
the s t ra in in  Ge corresponds roughly to the thickness 
of the epitaxial  film, about 15~ thick in this example. 

It is apparent  that  the s t ra in is due to large amounts  
of plastic deformation or slip that occurs dur ing  either 
film growth or sample cooling from the deposition 
temperature.  The slip is probably  due to mismatch in 
lattice parameters  between substrate and film. This 
was indirect ly confirmed by taking x - r ay  topographs 
of GaAs deposited on GaAs, where the film and sub-  
strate resistivities corresponded roughly to the GaAs 
on Ge case. No evidence of large-scale slip was ob- 
served. Unfor tunate ly ,  a comparison of theoretical 
values of dislocation densi ty necessary to accommodate 
mismatched lattices (10) wi th  exper imental  observa-  

Fig. 5. GaAs deposited on (111) Ge substrate by HCI transport. 
(333) Ge -i- GaAs topographs: a (loft) 1~ thick film; b (right) 15~ 
thick film. Magnification ca. 10X. 

tions is not possible. This is due to the lack of resolu- 
tion of the x - r ay  technique (~2~) in comparison to 
the required theoretical dislocation spacing of less than 
0.1~. However, it  can be stated that the dislocations 
forming the networks observed in Fig. 2, 3, and 4 are 
spaced much closer than 2~ apart, since individual  
dislocations cannot  be resolved. These lat ter  observa-  
tions were confirmed by transmission electron micros- 
copy. A sample with a thick GaAs film was etched to 
remove the film and chemically th inned from the 
backside to enable t ransmission samples to be made 
which showed the strained surface. The electron mi-  
crographs showed dislocation clusters in which the 
dislocations were spaced ~0.1~ apart. The dislocations 
ran  in the ~110~  directions. 

No dislocation networks were observed in films less 
than about 2~ thick, in agreement  with theoretical 
considerations proposed by Van der Merwe (10). For 
example, Figs. 5a and 5b are topographs of the GaAs 
layer  deposited on two identical  Ge substrates. Figure 
5a shows a film about 1~ thick, while Fig. 5b shows a 
15~ thick film, made under  identical  deposition con- 
ditions except for durat ion of deposition. No slip is 
seen in Fig. 5a while slip similar to Fig. 2, 3, and 4 
is seen in Fig. 5b. These two films were deposited by 
HC1 transport  ra ther  than H20 transport,  but  no struc- 
tural  differences in films have been observed to depend 
on the t ransport ing medium. 

Conclus ions 
1. Reflection x - ray  topography can be used to image 

separately and nondest ruct ively  the GaAs films and 
the Ge substrates on which they have been deposited. 

2. For  films thicker than a few microns both the 
substrate  and film contain dislocation networks,  prob- 
ably due to the mismatch be tween lattice parameters.  
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3. In  cases where slip occurs, the depth of the strain 
in the Ge is of the same order of magni tude  as the 
thickness of the epitaxial  film, about 15g. 
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Technical Notes 
Chemical Polishing of Cadmium Sulfide 

M. V. Sullivan and W.  R. Bracht 

Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 

The usual  crystal  form of CdS is the wurtzi te  struc- 
ture which is in the hexagonal  crystal system. When 
crystal faces, which are perpendicular  to the c axis, 
are examined one notices s tr iking differences in some 
of the physical, electrical, and chemical properties. 
These differences may be at t r ibuted to the fact that  on 
one face the surface Cd atoms have only three S atoms 
as nearest  neighbors, whereas the S atoms have four 
Cd atoms as nearest  neighbors. On the opposite face 
the order is reversed. Thus, one face appears to be 
rich in Cd, whereas the other appears to be rich in S. 
The Cd-rich face (00.1) is commonly referred to as 
the A face. The opposite face (00.1) appears to be 
rich in  S and is referred to as the B face. The differ- 
ence in etching characteristics of these two faces has 

A 

8 

Fig. 1. Schematic arrangement of electropolishing equipment: 
A, dropping funnel containing etchant; B, light; C, heat absorber; 
D, rotating disk; E, polishing block holding 3 or more specimens; 
F, support rod for polishing Mock; G, motor drive; H, drip pan. 

been noted many  times (1-4). Although several etch- 
ants for CdS are described in the l i terature,  none 
produces a high polish on the B face. 

It  is well  known that s t i rr ing of the etchant often 
influences etching rates. Advantage has been taken of 
this effect in order to improve the flatness and smooth- 
ness of polished semiconductor surfaces (5,6).  A 
known etchant is selected and fed between the semi- 
conductor being polished and a large flat surface 
moving parallel  to the semiconductor. The result  is a 
s t i rr ing action which accelerates the etching on ele- 
vated areas of the surface being polished and thus 
produces a relat ively flat, smooth surface. The present 
work describes the application of this polishing tech- 
nique to CdS. 

Experimental 
A schematic drawing of the equipment  is shown in 

Fig. 1. It  is s imilar  to that  developed for polishing 
other semiconductors (5, 6). Undoped CdS in the range 
of 1-10 ohm-cm with a Hall mobil i ty of 300-380 cm2/v - 
sec was cut perpendicular  to the c axis, producing 
A (00.1) and B (00.1) faces, and perpendicular  to the 
a axes producing the six equivalent  sides of the 
hexagonal  un i t  prism. The A and B faces can be 
dist inguished from each other by a 60-sec etch in  
50% I-IC1.1 This produces a mat  finish on the B face 
and a bright  finish on the A face. The slices were 
mounted  on block E as shown in Fig. 1 and lapped 
with 5~ A1203. Disk D is 12 in. in diameter  and covered 
with PAN-W Pel lon cloth. The HC1 etchant is fed at 
the rate of about 15 cc /min  from supply A to the 
region between the dr iven disk (rotat ing about 50 
rpm) and the f r ee - runn ing  polishing block E. Light, 
if required, is supplied by a Sylvania  Sun  Gun,  B, and 
the major i ty  of the radiant  heat  is removed in the 
water-fi l led flask C. 

Results and Discussion 
The etching rate as a funct ion of concentrat ion is 

shown in Fig. 2. In  the lower range (10-20%) the re-  
moval  rate was inconvenient ly  slow, and near  the 
upper  l imit  (40-50%) the intensive st i rr ing could not 
control the rapid etching rate and preferent ial  etch- 

A l l  c o n c e n t r a t i o n s  o f  HC1 a r e  e x p r e s s e d  as  a v o l u m e  p e r  c e n t  of  
the  s tandard 3"/-38% assay  HC1. 
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Fig. 2. Etch rate for CdS in various concentrations of concen- 
trated (37-39%) HCI and H20. 

ing appeared. This preferent ia l  etching occurred on 
the A-face  (00.1) at a sl ightly lower HC1 concentra-  
tion than on the B-face  (00.1) or on any of the six 
equivalent  faces of the hexagonal  uni t  prism. A 
practical  concentrat ion l imit  for rout ine work  seems 
to be 30% HC1 since this composition can be used on 
all of the principal  faces wi th  excel lent  results. F igure  
3A illustrates an A-face  polished in a high concentra-  
tion of tIC1 while  Fig. 3B is typical of any face pol- 
ished in the 30% composition. 

Figures 4A and 4B are in terference photographs of 
the A and the B face, respectively,  of a slice of CdS 
polished in 30% HC1. A major  port ion of the surfaces 
is fiat to wi th in  +_0.1 mil  (_2.5~). Figures  5A and 5B 
are profiles of the same surfaces taken on at Talysurf ,  
model  3. I r regular i t ies  in the surface of the A-face  are 
consistently less than 500A and on the B-face  less than 

Fig. 3B. The A (00.1) face polished in 30% HCI. The B (00.T) 
face and the six equivalent faces of the hexagonal unit prism 
appear similar to the A (00.1) face when polished in 30% HCI. 
The field of view in Fig. 3A and 3B is about 0.O17 x 0.019 in. 

250A. Occasionally it is more difficult to polish the 
A-face  of a par t icular  crystal  of CdS, but  only rare ly  
is any difficulty encountered on any other crystal  face. 

The data in Fig. 2 indicate that  there  may be a 
slight effect of l ight on the etch rate  as calculated f rom 
thickness measurements .  On two faces there  was an 
increase in rate  and on the third face a sl ight de- 
crease. I l luminat ion on the A face appeared to pro-  
duce a slight bevel ing effect indicating a grea ter  etch 
rate at the edges of the slice. 

In the chemical polishing of GaAs (6) it was found 
that  the etch rate  var ied direct ly  wi th  pressure. Since 
polishing is usual ly a slow process, this acceleration 
due to pressure was very  desirable. In the case of CdS, 
any significant increase in pressure over  that  requi red  
to maintain the polishing block close to the wheel  

Fig. 3A. Interference contrast photograph of an A (00.1) face 
polished in 50% HCI. Preferential etching results in poor polishing 
at this concentration of HCI. 

Fig. 4A (top) Interference photograph using thallium light of 
a polished A (00.1) face. Each fringe represents 2700~ difference 
in elevation and the field of view is about 0.25 x 0.36 in. Fig. 4B 
(bottom) Same for the B (00.1) face. 
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Fig. 5A. Profile of the specimen from Fig. 4A as taken on Taly- 
surf Model 3. 

Fig. 5B. Profile of the specimen from Fig. 4B as taken on Taly- 
surf Model 3. 

(about 50 g / cm 2) caused scratching of the surface. 
The epi taxial  films which have been grown on CdS 

polished in this manner  are more perfect  than those 
which have been grown on mechanical ly  polished or 
chemical ly polished (HC1 wi thout  "planar  intensive 

st i rr ing")  CdS. 
Summary 

The chemical  polishing of CdS with  HC1 ordinar i ly  
gives a br ight  surface on the A face and a satin finish 
on the B face, but  nei ther  surface has the "polished" 
finish which is most desirable for device applications. 
The addit ion of planar  intensive s t i r r ing to the chemi-  
cal polishing has resulted in smooth, fiat damage- f ree  
surfaces on all  of the principal  faces including both 
the ~A and the B faces. The recommended  polishing 
solution is 30% concentrated (37-38%) HC1 in water .  

Manuscript  received Oct. 24, 1966; revised manu-  
script rece ived  Nov. 21, 1966. 

Any  discussion of this paper  wi l l  appear  in a D i s -  
cussion Section to be published in the December  1967 
JOURNAL. 
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Addendum to 
Precipitates Induced in GaAs by the In-Diffusion of Zinc 

J. F. Black and E. D. Jungbluth 
General Telephone & Electronics Laboratories, Bayside, New York 

(Vol. 114, No. 2, pp. 181-187) 

The purpose of this communicat ion is to clarify 
some of the procedures and qual i fy  several  of the re-  
sults described in this recent ly  publ ished paper (1). 

The infrared (IR) absorption (more accurately 
called IR at tenuation) of diffused samples was f re-  
quent ly  referred to in terms such as "strong IR ab- 
sorption," or "reduced IR transmission," or "opaque 
to IR." These phrases were  in tended to denote IR at- 
tenuat ion over  and above that  which could be at t r ib-  
uted to free carr ier  absorption. 

A progressive increase in (excess) IR at tenuat ion 
was described for several  samples listed in Table I of 
the paper. This increase in IR at tenuat ion was ascribed 
to increasing degrees of precipitation. Under  i l lu- 
minat ion normal  to the plane of diffusion the different 
thickness of the diffused layers in these samples would, 
alone, have caused strong differences in IR at tenua-  
tion. Therefore,  in this work  comparisons of the IR 
at tenuat ion were  conducted on polished profile sec- 
tions of equal  thickness (75~) cut f rom each sample. 
These comparisons were  made with  the aid of slotted 
masks, positioned and fixed under  the microscope, 
over  each profile section so that  only the diffused layer 
was exposed to the IR il lumination. When these masks 
were  not  used, or when  they were  not  proper ly  po-  
sitioned, the IR radiat ion passing through the rela-  
t ively  t ransparent  undiffused port ion of the section 
in ter fered  with  the observations of IR transmission 
through the diffused layer. Recent  measurements  have 
shown, however ,  that  the concentrat ion of zinc at the 
boundary of the precipi tate containing layers var ied 
significantly f rom sample to sample (these measure-  
ments are described below).  Consequently,  the var ia-  
tion in IR at tenuat ion through the diffused layers can 
only be approximate ly  equated with variat ions in the 
degree of precipi tat ion in each sample. 

Diffused samples were  sectioned normal  to the dif- 
fusion plane for junct ion del ineat ion by etching. Since 
etching did not general ly  produce a sharp line at the 
pW p junct ion (for 600 X magnification),  it was usu-  
al ly difficult to resolve a separat ion as small  as 1~ 
be tween  p~- p and p-n  junctions. This meant  that  even 
though a pW p junct ion occurred at a zinc concentra-  
tion greater  than 1 x 10 TM a toms/cm 3 in an n-doped 
sample, if the p~- p junct ion was no more than 1~ 
away from the p-n  junct ion it would appear that  only 
one junct ion was present.  In such a case, for example  

in our 5.9 x 10 TM n-doped samples, the p~- p junction 
would be judged  to occur at the same concentrat ion as 
the p -n  junction;  5.9 x 10 TM a toms/cm ~. This amplifica- 
tion of our previous comments  shows that  our data 
are consistent wi th  other  recent  measurements  (2) 
of etched profile sections of p ~  p and p-n  junctions in 
zinc diffused GaAs. Extrapolat ion of these other  junc-  
tion measurements  suggests that the P-t- P junction in 
zinc diffused GaAs occurs at a zinc concentrat ion of 
about 2 x 1019 a toms /cm 3. 

Addit ional  determinat ions  of diffusion profiles per-  
formed with  the electron beam microprobe showed 
somewhat  h igher  zinc values at the p ~  p boundary 
than before. On three additional samples the zinc 
concentrat ion at the boundary of the layer  of high 
etch pit density was 8 x 10 TM a toms/cm ~ (24 hr at 
700~ ), 1.2 x 1019 a toms/cm 3, (2 hr at 800~ and 1.0 
x 10 TM a toms/cm 3 (2 hr at 900~ On each analysis the 
ins t rument  "noise" level  was equivalent  to ~ 5 x 10 TM 

zinc a toms/cm 3. These analyses were  obtained with  a 
Philips Model AMR-3 Electron Probe Microanalyzer  
using a flexible mica crystal  to achieve opt imum fo- 
cussing of characterist ic x - rays  and a 30 kv beam, at 
a sample current  of 0.18 ~a and counting over  a period 
of 100 sec. 

The discussion (1) of the excess IR at tenuat ion in 
the diffused layers led to the conclusion that, for a 
zinc concentrat ion of 5 x 10 is a toms/cm 3 at the bound- 
ary of the layer,  the excess IR at tenuat ion amounted 
to more than 300 cm -1, This excess was proposed to 
be due to the presence of the submicroscopic precipi-  
tation. It would  appear that  the magni tude of this ex-  
cess absorption must  now be revised downward  be- 
cause the boundary zinc concentrat ion may in general  
be higher  than 5 x 10 TM a toms /cm 3. However ,  even if 
the zinc concentrat ion were  as high as 2 x 1019 a toms/  
cm 3, which seems possible according to recent  mea-  
surements,  we must  still account for excess IR at-  
tenuation amount ing to about 200 cm -1. 
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Study of Impurity Heterogeneities in InSb by Means of a 
Permanganate Etchant 

A. F. W i t t  

Department of Metallurgy and Center for Materials Science and Engineering, 
Massachusetts Institute of Technology, Cambridge, Massachusetts 

Heterogeneities of the impur i ty  dis t r ibut ion in semi- 
conductors (coring and striations) can be revealed by 
several different techniques like autoradiography, re-  
sistivity measurements ,  and etching. Of these, etching 
is the method most f requent ly  used because of its re la-  
tive simplicity and the good resolut ion that  can be ob- 
tained. 

In InSb impur i ty  striations are commonly invest i -  
gated with dilute or modified CP-4 etchants. This re-  
agent gives good resolution if the semiconductor sur-  
face is properly prepared and adequate optical faci l -  

Fig. I. Vibrational tellurium striations in InSb 

ities are available. Like most etchants it suffers from 
a major  disadvantage: the etching process is accom- 
panied by gas evolution which f requent ly  leads to 
severe pit t ing and demands careful control if opt imum 
resolution is to be obtained. The background of the 
etched surface is not  very smooth and thus requires 
relat ively long exposure times for microphotography 
with a resul t ing deterioration of the photographic 
resolution. 

A permanganate  nongas-evolving etchant  was de- 
veloped (1 HF, 1 CH3COOH, 1 KMnO4 0.05M) which 
has str iking advantages over modified CP-4 etchants. 
For  opt imum results the semiconductor surface to be 
investigated is either immersed into the etchant or 
a l ternate ly  the etchant  is applied with a cotton appli-  
cator for a period of 4 to 6 min. (Heating or agitation 
is not required.) Since the oxidation process with 
KMnO4 is not  accompanied by any gas evolution the 

Fig. 2. Impurity striations in InSb as revealed with perman- 
ganate etch on a (211) plane. 

etching time is not critical and pit t ing is completely 
absent. This part icular  etching solution leads to a very 
smooth background and reveals striations with ex- 
t remely high resolution. From our investigations we 
conclude that the ul t imate  resolution of striations is 
l imited by the resolution of the optical system (about 
0.2~) rather  than by that of the etchant. As a conse- 
quence of the increased reflectivity of the specimen 
(smoothness) it is possible to decrease the exposure 
times for microphotography from several minutes  to 
fractional seconds and thus to preserve opt imum reso- 
lution. 

Figures 1 and 2 show two typical  instances of InSb 
surfaces etched with the new nongas-evolving etch- 
ant. Resolution of this magni tude  could not  be 
achieved with the standard etchants. It  is most l ikely 
that the same etchant or some modified composition 
could be used for other materials.  

Manuscript  received Dec. 12, 1966. 

Any  discussion of this paper will  appear in a Dis- 
cussion Section to be published in  the December 1967 
JOURNAL. 
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ELECTROCHEMICALscIENCE 
On the Electrolytic Conductivity of Electrolytes Simulating Those 

Found in Silver Chloride-Magnesium, Sea 
Water Activated Batteries 

Duane W. Faletti and Michael A. Gackstetter 

Applied Physics Laboratory, University of Washington, Seattle, Washington 

ABSTRACT 

Exper imenta l  determinat ions  were  made at temperatures  of 5~176 of the 
electrolytic conductivi ty of simulated sea wate r  act ivated AgC1-Mg bat tery 
electrolytes formulated f rom 4.5 to 19 ~ (parts per thousand) chlorini ty 
artificial sea water  with 0-70g MgCI., added per l i ter  of sea water.  

The Applied Physics Laboratory,  Univers i ty  of 
Washington, is conducting studies of the magnes ium-  
silver chloride electrochemical  couple in a sea water  
electrolyte.  Because these studies requi re  a knowledge 
of the voltage drop resul t ing f rom the electr ical  re -  
sistance of the electrolyte,  an invest igat ion was made 
of the electrical  conductivi ty of sea water  electrolytes.  

If pure magnesium is used as the anode of a mag-  
nes ium-s i lver  chloride cell, two simultaneous reac-  
tions take place during the discharge: the electro-  
chemical  reaction 

2AgC1 W Mg-> MgCI., -b 2Ag [1] 

and the corrosion reaction 

Mg -p 2H20-> Mg(OH)2 W H2 [2] 

which gives magnesium its anode efficiency of ap- 
p rox imate ly  70%. Therefore,  the cell reaction modifies 
the electrolyte  through the addition of soluble MgCI2, 
part icles of insoluble Mg(OH)2, and hydrogen gas. 

In order to s imulate the electrolyte  conditions that  
occur during normal  operat ion of a sea water  act ivated 
Mg-AgC1 battery,  the chlorinity, temperature ,  and 
added MgC12 concentrat ion of the electrolyte  were  
varied. Three basic electrolytes having chlorinities of 
4.5, 9.0, and 19.0 o/oo were  studied. The solution hav-  
ing a chlorini ty of 19 o/oo follows the artificial sea 
water  formula  of Lyman  and Fleming (1940) taken 
from ref  (1) and presented in Table I. 

Since the chlorini ty  is a measure of the concentra-  
tion, per kilogram, of the ions found in sea water ,  the 
other  two basic electrolytes represent  dilutions of the 
19 o/oo chlorini ty by weight  factors of 2.111 (19.0 o/oo/  
9.0 o/oo) and 4.222 (19.0 ~ o/oo) to give chlo- 
rinities of 9.0 o/oo and 4.5 o/oo, respectively.  The tem-  

Table I. Composition of artificial sea water of 19 ~ chlorinity 

Sa l t  g / K g  

NaC1 23.476 
MgClc 4.961 
Na,.,SO ~ 3.917 
CaCl~ 1.102 
KC1 0.664 
NaHCO~ 0.192 
K B r  0.096 
H3BO~ 0.026 
SrCl~ 0.024 
N a F  0.003 

34.481 

perature  and added MgC12 concentrat ion of each basic 
electrolyte  were  var ied over the ranges of 5~176 
and 0-70g MgC12 per l i ter  of a base electrolyte  at 25~ 

Apparatus and Procedure 
The a-c impedance bridge employed in the conduc- 

t iv i ty  program is an Electro-Scientif ic  Industries Cor-  
poration Model 250 DA and operates at a f requency of 
1000 cps. On the basis of measurements  of reference 
(___0.05%) resistors, the manufacturer ' s  guaranteed ac- 
curacy of ___0.3% is considered to be conservative.  
Compensation for cell reactance was achieved in the 
usual manner  by placing a var iable  air capacitor in 
paral lel  with the variable  resistance arm of the bridge. 

A dip- type conductivi ty cell, Industr ia l  Instruments,  
Inc., Model CEL-H50, was used. By measurement  of 
the standard KC1 conduct ivi ty  solutions of Jones and 
Bradshaw (2-4), the cell constant was found to be 
49.95 • 0.20 cm -1 over  a t empera ture  range of 5 ~ 
80~ 

All  of the electrolytes studied were  made up f rom 
ACS reagent  grade salts and distil led wate r  having a 
measured conductivi ty of less than 4 x 10 -6 mhos/cm.  
All  weighings were  made in air, and, wi th  the excep-  
tion of MgC12, all of the salts were  weighed out in 
crystal l ine form. Since the degree of hydra t ion  of 
MgC12 is difficult to de termine  accurately,  MgC12 �9 
6H20 was dissolved in distil led wate r  to form stock 
solutions which were  analyzed for lYIgC12 content. 

All  conduct ivi ty  measurements  were  made wi th  the 
conductivi ty cell suspended in a Dewar  flask contain-  
ing the electrolyte.  Appropr ia te  precautions were  ob- 
served to avoid contaminat ion or dilution of the elec- 
t rolyte  and to insure tempera ture  equi l ibr ium between 
the cell and the electrolyte.  

Each electrolyte  sample was tested first at 25.0 ~ and 
then consecutively at 5.0 ~ 50.0 ~ and approximate ly  
75~ An immers ion heater  was used for the 25 ~ runs, 
and precooling or preheat ing of the electrolyte  in 
closed containers for the low- and h igh- t empera tu re  
runs. In order  to minimize evaporat ion of the solvent 
water,  no a t tempt  was made to allow each preheated  
electrolyte  to approach exact ly  75 ~ in the open Dewar  
flask. Instead, the tempera ture  and cell  resistance were  
recorded as soon as the bridge reading stabilized, 
indicating tempera ture  equi l ibr ium between the elec- 
t rolyte  and the cell. The tempera tures  so obtained 
var ied  f rom 71 ~ to 80~ 

All  t empera ture  measurements  were  obtained with  
cal ibrated par t ia l  immers ion mercury  thermometers  
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and with est imated accuracies of • at 5 ~ 25 ~ 50 ~ 
and _0.2 ~ at 71"-800C. 

Tests were  made to determine  the reproducibi l i ty  of 
the measurements  and to check for errors  in the high-  
t empera ture  data  caused by water  evaporation.  Re-  
producibi l i ty was determined by test ing at 25* several  
careful ly  stored electrolytes both at the t ime of p repa-  
rat ion and at intervals  up to approximate ly  40 days 
after  preparation.  Errors due to water  evaporat ion 
were  determined by again taking measurements  of 
some electrolytes at 25 ~ after  each of the 50 ~ and 75 ~ 
runs and comparing these wi th  the init ial  25 ~ mea-  
surements.  The results of these tests are discussed in 
the fol lowing paragraphs. 

Discussion of Results 
The specific conductivit ies measured for the 4.5, 9.0, 

and 19.0 o /o ,  chlorini ty electrolyte  series (MgC12 
added in amounts  of 0-70 g / l i t e r  of base electrolyte  
at 25~ are given in Tables II, III, and IV, respec-  
tively. 

It  should be noted that  the data for high t empera -  
tures given in Tables I I - IV are repor ted  at 75.0 ~ , 
whereas  the exper imenta l  data were  taken at t emper-  
atures of 71"-80~ Pre l iminary  plots of measured 
conductivit ies vs. t empera ture  were  very  near ly  l inear  
over  50 ~ for each electrolyte.  For  convenience  in re-  
port ing the data in tabular  form, the 71"-80" data 
were  ext rapola ted  (or interpolated)  to 75.0 ~ by ut i l iz-  
ing the slopes of the pre l iminary  plots in the region 
between 75.0* and the exper imenta l  temperatures .  The 
error  introduced by this procedure is est imated to be 
less than __+0.1% and is considered to be negligible 
compared to the other  sources of error  discussed be-  
low. 

By means of the tests described above, the 25 ~ 
data were  found to be reproducible to wi th in  __+0.3%, 
and the 50 ~ and 75 ~ data  were  found to be subject  to 
evaporat ion errors of zero to +0.3% and zero to 
+0.7%, respectively.  

Uncertaint ies  in measured temperatures  and MgC12 
stock solution concentrat ions lead to est imated m a x -  
imum errors of • and • respectively.  

Adding these errors to the • for the cell  con-  
stant and the •  for the bridge, the over -a l l  m a x -  
imum possible errors in the repor ted  data are esti-  
mated to be •  at 5* and 25*, +1.5% to --1.2% 
at 50*, and +1.9% to --1.2% at 75*. 

To the authors '  knowledge,  no other  data exist in 
the l i tera ture  for sea water  wi th  augmented  MgC12 
content. However ,  the agreement  wi th  l i tera ture  

Table II. Specific conductivities of 4.5 ~ chlorinity 
electrolyte series* 

T e m p e r a t u r e ,  ~ 
G r a m s  MgCI~ a d d e d  

pe r  l i t e r  a t  25"C 5.0 25.0 50.0 75.0 

O 0.875 1.41 2.15 2.95 
11.I0 2.01 3.21 4.92 6.72 
22.23 3.00 4.79 7.32 9.98 
36.27 4.15 6.52 10.01 13.69 
70.00 6.32 10.03 15.27 20.88 

Table III. Specific conductivities of 9.0 ~ chlorinity 
electrolyte series* 

T e m p e r a t u r e ,  *C 
G r a m s  MgCI :  added  

pe r  l i t e r  a t  25~ 5.0 25.0 50.0 75.0 

0 1.66 2.65 4.05 5.51 
11,07 2.71 4.31 6.57 8.94 
22.21 3.65 5.81 8.84 12.00 
36.26 4.72 7.49 11.43 15.50 
70.00 6,80 10.77 16.36 22.24 

Table IV. Specific conductivities of 19.0 ~ chlorinity 
electrolyte series* 

T e m p e r a t u r e ,  ~ 
G r a m s  MgCI :  added  

per  l i t e r  a t  25~ 5.0 25.9 50.0 75.0 

0 3.28 5.19 7,93 10.75 
10.98 4.19 6.60 10.04 13.54 
22.12 5.00 7.88 11.96 16.30 
36.15 5.96 9.40 14.26 L9.33 
70.00 7.78 12.27 18.67 25.28 

* The  specific eondue t i v i t i e s ,  in  m h o s / e m  t imes  100, are  g i v e n  in  
the  tables .  

values of this study's data for the basic electrolytes 
(artificial sea water  wi th  chlorinities of 4.5, 9.0, and 
19.0 o/oo) is wel l  wi th in  the es t imated exper imenta l  
error, e.g., they differ f rom the data of Thomas et al. 
(5) by + 0.7 to --0.4% at 5 ~ and 250C. 
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Solubility and Diffusion of Hydrogen in Strong 
Electrolytes and the Generation and Consumption 

of Hydrogen in Sealed Primary Batteries 
Paul Riietschi 

Leclanch~ S.A., Yverdon, Switzerland 

ABSTRACT 

Exper imental  means to measure the H2 generation of negative electrodes 
are described. Results obtained with Zn electrodes in KOH solution show that 
H2 generation is decreased by the addition of K2ZnO2 at KOH concentrat ions 
above 2N, but  is increased at concentrations below 2N. These findings are 
interpreted in terms of ZnO or Zn(OH)2 film formation and dissolution. Elec- 
trochemical consumption of hydrogen wi th in  the cells may be achieved on 
catalyzed auxi l iary electrodes, held at a suitable voltage level by a regulat ing 
device, such as a diode. 

A major  reason for the deterioration of dry cells on 
storage is drying out (1). Loss of water  by evapora- 
tion leads to shrinkage of the immobil ized electrolyte 
and to the creation of cracks and channels, allowing 
access of air to the zinc electrode. The resul t ing elec- 
trochemical oxidation and dissolution of zinc is ac- 
companied by an equivalent  consumption of a i r -oxy-  
gen. 

In  order to avoid loss of water  by evaporation, as 
well  as leakage, dur ing long- term storage or operation 
the cells must  therefore be sealed. For applications in 
outer space a hermetic seal is imperative. However, 
those negative electrode materials  which have the 
most desirable characteristics with respect to power 
output  per uni t  volume and per uni t  weight, such as 
zinc or magnesium, are thermodynamical ly  unstable  
in common aqueous electrolytes and thus evolve hy-  
drogen according to 

M ~- 2H20-> M(OH)2 ~- H2 [1] 

which leads to pressure bu i ld-up  wi th in  the cell. The 
rate of reaction [1] increases exponent ia l ly  with tem- 
perature. While the self-discharge of the cell due to 
reaction [1] can be of insignificant proportions, the as- 
sociated pressure bu i ld-up  might  become very  annoy-  
ing. 

In  the past, it has been recognized that the long- term 
storage of Leclanch~-type dry cells (1-5) is closely 
related to the problem of gassing. A convenient  way 
of measur ing the corrosion of zinc due to reaction 
[1] is by placing an appropriate sample in a closed 
vessel containing the electrolyte and by following the 
hydrogen generat ion volumetr ical ly  (6-8). 

If complete Leclanch~-type dry cells are enclosed in 
glass or metal  containers, analysis of the gas evolved 
indicates that  it consists largely of H2 and CO2. Prac-  
tically no oxygen is found since the latter is con- 
sumed by the zinc electrode in a manne r  correspond- 
ing to the "oxygen cycle" in sealed n ickel -cadmium 
cells. The percentage of CO2 depends strongly on the 
type of MnO2 used, electrolytic and chemically ac- 
t ivated ores producing a much greater quant i ty  of 
CO2. Aufenast  and Miiller (8) suggest that  the CO2 
stems from the oxidation of sugars contained in the 
starches employed for the pastes. However, some of 
the CO2 probably comes from carbonates contained in 
the ores or electrolytes employed. Some COs evolu- 
tion is also observed in sealed lead acid batteries as a 
result  of the oxidation of separator mater ia l  and sus- 
pended organic matter.  In  alkal ine cells any CO2 pro- 
duced is absorbed by the electrolyte. On the other 
hand, H2 evolution might  pose a serious problem in 
sealed alkal ine pr imary  cells. 

The rate of hydrogen generat ion is governed by the 
overvoltage. The extremely strong effects of impur -  
ities have long been recognized and investigated (8). 
In  Leclanch~-type cells the order of increasing cata- 
lytic action on hydrogen evolution is 

Pb ~ Mn < Fe < Cu < Mo < As ~ Sb [2] 

To reduce "local action" the technique of amalgama-  
tion has been practiced over 100 years. I t  is par t icu-  
lar ly  effective in  reducing hydrogen evolution on zinc 
electrodes in  alkaline electrolytes (9). However, in 
dry cell electrolytes of pH 5-6, par t icular ly  at elevated 
temperatures,  amalgamat ion tends to increase hydro-  
gen evolution. 

Organic and inorganic inhibitors have been util ized 
to decrease hydrogen evolution in dry cells (6). 
Chromate films on zinc electrodes have found com- 

Fig. I. Cell for the study of hydrogen evolution of negative 
electrodes. 
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mercial  use as inhibitors (10). The type of starch used 
in the paste has a strong influence on charge retention. 
Vinal  reports that  colloidal proteins, as found in wheat  
flour, are good inhibitors. 

Hydrogen Generation 
In  the present  study the simple, but  effective, volu-  

metric device i l lustrated in Fig. 1 has been used to 
measure the rate of hydrogen evolution. A sample of 
the electrode mater ia l  under  study, e.g., amalgamated 
zinc, was placed in the 20 ml  round flask and the elec- 
trolyte level adjusted to the zero mark  of the 10 ml 
calibrated capillary. The cell was immersed in a con- 
stant  temperature  bath. The glass tube sur rounding  
the capil lary served as thermal  insulation. Hydrogen 
accumulated in the top of the spherical portion and 
displaced an equivalent  volume of electrolyte into 
the capillary. Readings were corrected for water  vapor 
pressure of the electrolyte, temperature,  atmospheric 
pressure, and hydrostatic head. The gas volumes were 
expressed in  terms of cubic cent imeters  at STP. Re- 
sults obtained with this apparatus are shown in Fig. 
2-5. These results refer to samples of 0.300g of amal-  
gamated zinc powder in potassium hydroxide elec- 
trolyte. The samples were pretreated in the corre- 
sponding electrolyte for 2 to 20 hr, depending on the 
temperatures  involved, to achieve steady-state condi- 
tions. 

Figure 2 demonstrates the we l l -known effect of 
amalgamation,  substant ia t ing the findings of Snyder  
and Lander  (9). 

Of part icular  interest  is the dependence of the hy-  
drogen evolution rate on electrolyte concentration. 
Figures 3 and 4 i l lustrate corresponding results at 60~ 
with and without  zinc oxide addition to the potassium 
hydroxide electrolyte, respectively, after an ini t ial  
condit ioning period of 20 hr. For  zincate-free electro- 
lytes the KOH concentrat ion was determined by 
acidmetry using phenolphthale in  as indicator. The 
carbonate concentrat ion was smaller than 0.55 g/1 in 

r l j 1 / 2  i i F i i 
/ 

/ / o75 M K z Zn 02 
i / 98.7 o C 

1s - -  �9 ~ _ _  
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Fig. 2. Effect of amalgamation of zinc electrodes (1, 2.5, 5, 
7.5, and 10% Hg) on hydrogen generation in potassium hydroxide 
at 98.7~ 
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Fig. 3. Effect of electrolyte concentration on hydrogen evolution, 
The numbers on the curves refer to the electrolyte compositions 
given in Table I under KOH -I- K2ZnO2. 
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Fig. 4. Effect of electrolyte concentration on hydrogen evolution. 
The numbers on the curves refer to the electrolyte compositions 
given in Table I under KOH pure. 
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Fig. 5. Hydrogen evolution rate (cm 3 STP/hr) as a function of 
electrolyte concentration at various temperatures. Black dots refer 
to solutions containing zincate. Open circles refer to pure KOH 
solutions. The abscissa is the "free" KOH concentration in all 
cases. 

all cases. For electrolytes containing ZnO, the concen- 
trat ion of "free" KOH was determined by acidimetric 
titration, using methylorange,  and by subt ra t ing  the 
normal i ty  of the zincate concentration,  as determined 
by complexometric t i tration. Compositions of the elec- 
trolytes used are listed in Table I. The zinc samples 
contained 5% Hg. Gassing rates are summarized in 
Table II. 

In  Fig. 5 the gassing rate is plotted against the free 
potassium hydroxide concentrat ion at three different 
temperatures.  It  is apparent  that  in  relat ively dilute 
electrolytes, that  is below 2N KOH, the presence of 
KeZnO2 increased the gassing rate, whereas above 2N 
KOH, the presence of K2ZnO2 strongly decreased the 
gassing rate. This result  is in  accord with the practice 
of alkal ine mercury  celI manufac ture  (11), bu t  is at 
variance with the findings of Snyder  and Lander  (9). 

Under  the exper imental  conditions used by these 
authors, the electrolyte in the vicini ty of the zinc 
electrodes became saturated with ZnO and its concen- 
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Table I. Electrolyte compositions at 25~ 

SOLUBILITY OF HYDROGEN IN ELECTROLYTES 

K O H  p u r e  
No. K O H  eonc, K,CO3 conc, 

g/1 M/1 g/1 

1 42.6 0.760 0.21 
2 84.2 1.50 0.21 
3 193 3.45 0.14 
4 339 6.03 0.41 
5 513 9.15 0.41 
6 796 14.20 0.55 

K O H  + K2ZnO~ 
No. Free  K O H  conc, K.oZnO~- conc, 

g/1 M/ I  M/1 

1 37.3 0.665 0.0195 
2 77.5 1.380 0.0980 
3 173 3.08 0.235 
4 285 5.08 0.400 
5 437 7.80 0.750 
6 653 11.60 0.980 

Table II. Hydrogen evolution rates (cm 3 STP/hr )  of amalgamated 
Zn (0.3g) in alkaline solutions, Electrolytes I - 6  of Table I 

T e m p e r -  K O H  + K.~ZnO..,, K O H  pure ,  
a ture ,  ~ No. c c / h r  c c / h r  

98.5 I 0.120 
2 0.095 
3 0.0237 
4 0.0222 
5 0.039 
6 0.060 

80 1 0.070 0.0075 
2 0.040 0.016 
3 0.010 0.033 
4 0.007 0.068 
5 0.0115 0.14 
6 0.017 0.16 

60 1 0.0115 0.001 
2 0.0005 0.002 
3 0.0025 0.013 
4 0.0027 0.026 
5 0.0035 0.053 
6 0.0065 0.066 

40 I 0.0001 
2 0.0002 
3 0.0032 
4 0.0070 
5 0.0149 
6 0.0220 

t rat ion correspondingly decreased with time in accord- 
ance with the process 

Zn -}- 2KOH--> K2ZnO., -t- H~ [3] 

The results of Fig. 5 indicate that for zincate-free 
electrolytes the hydrogen evolution rate increases with 
KOH concentration. The reaction appears to depend 
on the rate of dissolution of the interfacial  ZnO or 
Zn(OH)2 film, formed by spontaneous reaction be- 
tween the zinc and the water of the electrolyte. The 
zinc oxide solubili ty strongly increases with increasing 
KOH concentration. 

The relat ively high evolution rate in dilute KOH 
solutions containing zincate may then be explained 
by the presumption that  the interfacial  ZnO or 
Zn(OH)2 layer  formed on immersion of a fresh zinc 
electrode in  such electrolytes is th inner ,  or less com- 
pact and less protecting (12) than in zincate-free elec- 
trolyte. 

From a practical point  of view it is of importance to 
consider the question how the hydrogen, once gener-  
ated, is removed from the negative electrode surface. 
Bubble formation will  occur only if the adjacent  elec- 
trolyte layer is saturated with hydrogen. At very  low 
evolution rates a substant ial  port ion of the hydrogen 
will  thus be removed by molecular  diffusion. The 
shorter the diffusion path, that  is, the th inner  the 
electrolyte layer covering the negat ive electrode, the 
higher is the diffusion rate. In ordinary  dry cells with 
immobilized or gelled electrolyte hydrogen removal  
by diffusion, without  bubble  formation, is desirable, 
since evolving hydrogen bubbles may create channels  
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for the access of air to the zinc electrode, resul t ing 
in rapid corrosion. 

Hydrogen Consumption 

For operation of p r imary  batteries in a hermetical ly  
sealed condition over prolonged periods of time hydro-  
gen-consuming means wi th in  the cell may be em- 
ployed. While it is known that  hydrogen can be oxi- 
dized to water  by homogeneous reaction with electro- 
lyte solutions containing copper and silver salts (13), 
it is believed that electrochemical oxidation through 
heterogeneous reaction at an electrode surface could 
offer a practical solution. The use of catalytically ac- 
tive electrode surfaces for the removal  of hydrogen in 
sealed cells was first suggested by Dassler (14). 

It is known today that electrochemical reactions on 
diffusion electrodes take place on locations covered 
with a thin, wett ing electrolyte film (15). For the 
process of hydrogen oxidation to take place, the hy-  
drogen must  dissolve in  the electrolyte, diffuse across 
the liquid film, and react electrochemically at the elec- 
trode interface. Therefore, both hydrogen solubili ty 
as well as diffusion rate may play decisive roles in 
governing the speed of the over-al l  process. 

The solubili ty of hydrogen is greatly decreased in 
strong, concentrated electrolytes, due to sal t ing-out  
effects. Ions with large hydrat ion shells are part icu-  
la r ly  effective in salting-out.  Hydrogen solubili ty is 
therefore lower in KOH than in  H2SO4 or NH4CI. 

The solubil i ty of hydrogen, as determined recent ly 
(16) is shown as a funct ion of electrolyte concentra-  
tion in Fig. 6. 

The diffusion coefficient of hydrogen may be ob- 
tained from l imit ing diffusion currents  to a rotat ing 
p la t inum disk electrode. According to the equation of 
Levich (17) 

id : 0.62 nFA c ~,-1/6 D2/3 o)1/2 [4J 

where n is the number  of electrons, F the Faraday,  A 
the electrode area, c the concentrat ion (solubili ty of 
hydrogen),  ~, the kinematic  viscosity, D the diffusion 
coefficient, and ~o the rotat ional  speed. New results 
derived in this m a n n e r  are shown in Fig. 7. 

20|  I I r I [ [ I 
Ft~ H 2 SOLUBILITY 

~-15~-~o% IN KOH AND H2SO 4 AT 
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] I I 
0 2 4 6 8 10 12 1~ 16 

CONCENTRATION (N) 

Fig. 6. Hydrogen solubility as a function of electrolyte normality. 
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Fig. 7. Dependence of the hydrogen diffusion coefficient on 
electrolyte normality. 
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The electrochemical hydrogen ionization rate de- 
pends on electrolyte concentration, as demonstrated 
in  Fig. 8, where the exchange current  io of a platinized 
p la t inum electrode is plotted against electrolyte nor -  
mality. These results were derived from current -vol t -  
age plots near the equi l ibr ium potential  of high-speed 
rotat ing disk electrodes. The decrease of the exchange 
current  at high electrolyte concentrat ion had been 
noted for alkaline solutions by Vielstich (18). The 
present  result  indicates a similar decrease at high acid 
concentrations. 

At highly positive electrode potentials, that  is above 
500 to 900 mv vs. H2 in the same solution, depending 
on the na ture  of the anions present, the electrochemi- 
cal ionization of H2 on p la t inum and similar materials  
is strongly inhibi ted by anion or oxygen adsorption 
(19). Although there has been reported consumption 
of H~ on silver oxide electrodes in alkal ine solutions 
at not insignificant rates (20, 21) and on nickel oxide 
electrodes (22) at very low rates, the results obtained 
so far with oxide electrodes are erratic (23) and seem 
to depend on factors which are not yet ent i rely unde r -  
stood. On the other hand, high rates of hydrogen con- 
sumption may be achieved consistently with auxil iary 
electrodes containing p la t inum metals, Raney nickel, 
or other H2-catalysts, whose potentials are kept at a 
constant  level between +100 and +400 mv with re-  
spect to a reversible He electrode in the same solution, 
by applying voltage regulat ing means such as diodes 
(24, 25). An ar rangement  of this k ind is shown for a 
pr imary  Ag20-Zn cell in Fig. 9, where R signifies a 
high resistance in the order of 105/C ohm (C being the 
capacity of the cell in ampere hours) and where D 
is a forward or backward diode with a voltage drop in 
the order of 1v. The t iny current  flowing through the 
resistor keeps the voltage of the auxi l iary electrode 
at its working level even if temporari ly no hydrogen 
should be present  in the cell. 

A practical th ree- te rmina l  construction of a small 
sealed cell is indicated in Fig. 10. 

H2EXC.A.O  CUrrENT __ 
/  ENS,TY O. AT 30oc 

2 4 6 8 10 12 14 16 
CONCENTRATION IN) 

Fig. 8. Exchange current of a Pt-catalyzed hydrogen electrode 
as a function of electrolyte normality. 
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Fig. 9. Schematic representation of the generation and consump- 
tion of hydrogen in a sealed silver-zinc primary battery with auxil- 
iary electrode. 

Fig. 10. Construction of a small sealed cell with auxiliary H2- 
consuming electrode: 1, positive cell con; 2, positive electrode; 
3, grommet seal; 4, side wall serving as auxiliary electrode ter- 
minal with crimp-seals; S, auxiliary porous electrode; 6, negative 
electrode; 7, negative cell can; 8, diode; 9, resistor. 

If the hydrogen-consuming electrode is barely 
wetted, ohmic drops, caused by ionic current  flow in 
the thin electrolyte films, will  cause certain parts  of 
the electrode to exhibit  a local potent ial  near  that  of a 
reversible H2 electrode. Anionic inhibi t ion is then less 
of a problem even at relat ively high external  anodic 
potentials. 

Under  these conditions the following equation ap- 
plies, up to relat ively high anodic potentials, for the 
case of l imit ing H~ diffusion across the thin, wett ing 
film on a porous part ly wetted electrode 

Ia = ( 2DZmFkus2/p) 1/2 pl/2 ~lal/2 [5] 

where Ia is the cur ren t  dens i ty /cm 2 of projected porous 
electrode surface; D the diffusion coefficient of H2; F 
the Faraday number ;  kh the Henry  solubili ty constant  
of H2; s the in terna l  surface area (cm2/cmS); p elec- 
trolyte specific resistance; p part ial  H2 pressure; ~a the 
applied electrode potential  with respect to a reversible 
H2 electrode in the same solution; and Zm the elec- 
trons required per molecule (2 for H2). 

If the rate is controlled by the speed of electrochemi- 
cal ionization at the interface, the current  becomes 

Ia = (2ToS2kokh/pr 1/2 pl/2 exp ( ~ J 2 )  [6] 

where ~o is the effective electrolyte film thickness, ko 
the electrochemical rate constant, and, r = anF/kT.  In 
either case the current  is proport ional  to the square 
root of in ternal  partial  H2 pressure. 

In  conclusion, it can be stated that  means are avail-  
able to l imit  the generat ion and to accelerate the con- 
sumption of hydrogen in pr imary  batteries, al lowing 
the lat ter  to be hermetical ly sealed. 

Manuscript  received Sept. 12, 1966. This paper was 
presented at the Phi ladelphia Meeting, Oct. 9-14, 1966'. 

Any discussion of this paper will  appear in a Dis- 
cussion Section to be published in the December 1967 
JOURNAL. 

REFERENCES 
1. G. W. Vinal, "Pr imary  Batteries," p. 126, John  

Wiley & Sons, Inc., New York (1950). 
2. W. J. Hamer,  J. P. Schrodt, and J. W. Vinal,  Trans. 

Electrochem. Soc., 90, 449 (1946). 
3. C. G. Birdsall, Proc. 10th A n n u a l  Power Sources 

Conference, p. 1 (1956). 
4. A. G. Hellfritzsch, Proc. l l t h  A n n u a l  Power  

Sources Conference, p. 27 (1957); L. D. Warbur -  
ton, ibid., 17th, p. 138 (1968). 

5. J. Davis, "Proceedings of the 4th In terna t ional  
Symposium on Batteries," p. 233, Collins, Editor, 
Pergamon Press, Oxford (1965). 

6. C. K. Morehouse, W. J. Hamer, and G. W. Vinal, 
J. Research Natl. Bur. Standards, 40, 151 (1948). 

7. F. G. Stickland, J. Appl. Chem., 1960 155. 
8. F. Aufenast  and J. Miiller, "Proceedings of the 3rd 

In terna t ional  Symposium on Batteries," p. 325, 
Collins, Editor, Pergamon Press, Oxford (1963). 



Vol. 114, No. 4 S O L U B I L I T Y  O F  H Y D R O G E N  I N  E L E C T R O L Y T E S  305 

9. R. N. Snyder  and J. J. Lander,  Electrochem. Tech- 
nol., 3, 161 (1965). 

10. G. W. Vinal, "Pr imary  Batteries," 3rd ed., p. 97, 
John Wiley & Sons, Inc., New York (1950). 

I1. S. Rubens, U. S. Pat. 2,422,045, June  10, I947. 
12. K. Huber,  This Journal, 10O, 376 (1953); M. Eisen- 

berg, H. F. Bauman,  and D. M. Brettner,  This 
Journal, 108, 909 (1961); N. A. Hampton,  M. J. 
Tarbox, J. T. Lilley, and J. P. G. Farr,  Electro- 
chem. Technol., 2, 309 (1964). 

13. A. H. Webster  and J. Halpern,  J. Phys. Chem., 
61, 1239, 1245 (1957). 

14. A. Dassler, German Pat. 602,702 (1934); U. S. Pat. 
2,104,973 (1938). 

15. F. Will, This Journal, 110, 145 (1963); P. Riietschi 
and J. B. Ockerman, Submit ted for publication. 

16. P. Riietschi and R. F. Amlie, J. Phys. Chem., 70, 
718 (1966). 

17. B. Levich, Zhur. Fiz. Khim., 18, 335 (1944); Dis- 
cussions Faraday Sac., 1, 37 (1947); E. A. Aika-  

zyan and A. I. Fedorova, Dokl. Akad. Nauk., 86, 
1137 (1952). 

18. W. Vielstich, "Brennstoffelemente," p. 50, Verlag 
Chemie, Weinheim-Bergstr .  (1965). 

19. A. N. F r umk i n  and E. A. Aikazyan, DokL Akad. 
Nauk. SSSR, 100, 315 (1955); Izv. Akad. Nauk. 
SSSR, 2, 202 (1959). 

20. J. J. Lander  and J. A. Keralla, Tech. Rept. RTD- 
TDR-63-4029, Air Force Systems Command, 
Wright-Pat terson,  Air Force Base, Ohio, 31 Oct. 
1963. 

21. F. Bachmann,  U. S. Pat. 3,117,033, Jan. 7, 1964. 
22. H. B. Lunn  and J. Parker,  "Batteries," p. 129, Col- 

lins, Editor, Symposium Publicat ions Division, 
Pergamon Press, London (1965). 

23. A. Fleischer, "Proc. 13th Ann. Power Sources 
Conf." USASRDL, p. 78 (1959). 

24. P. Riietschi et al., U.S. Pat. 3,080,440, March 5, 1963. 
25. P. Rfietschi and J. B. Ockerman, Electrochem. 

Technol., 4, 383 (1966). 

Kinetics of the Attack of High-Temperature Molybdenum 
and Tungsten by Atomic Oxygen 

Daniel E. Rosner and H. Donald Allendorf 
AeroChem Research Laboratories, Inc., a subsidiary of Ritter PIaudler Corporation, Princeton, New Jersey 

ABSTRACT 

Using microwave discharge, fast-flow system techniques coupled with re-  
sistance heat ing and monitor ing of the reacting specimens, the true kinetics 
of metal  atom removal  for polycrystal l ine molybdenum and tungsten fila- 
ments attacked by atomic oxygen have been obtained in the nominal  tempera-  
ture range 1000~176 at oxygen atom pressures in the range 10 -3 to 5 
x 10 -2 Torr. Under  these conditions the oxides of molybdenum and tungsten  
essentially volatilize as rapidly as they are formed, leaving the metal  surface 
vulnerable  to direct oxygen atom attack at constant (time independent)  rates. 
Reaction probabili t ies are found to be up to 140 times those for O.~ attacking 
the same surface, are independent  of O-atom part ial  pressure, and exhibit  a 
much weaker  temperature  dependence than those for 02. These observations 
are in accord with a Rideal- type mechanism in which O atoms from the gas 
phase strike chemisorbed oxygen, leading either to product formation and de- 
sorption, or surface-catalyzed oxygen atom recombination. 

Owing to the rapidi ty of the chemical reactions in-  
volved and the desirabil i ty of measur ing product  dis- 
t r ibutions using existing mass spectrometer techniques, 
most fundamenta l  studies of the oxidation kinetics of 
refractory metals that  form oxides which are volatile 
at the reaction tempera ture  have been carried out at 
very low O2 pressures, typically much less than 10 -3 
Torr (1-3). Under  these conditions one finds that the 
observed reaction probabili t ies and product dis t r ibu-  
tions can be understood only in  terms of the inferred 
populat ion of adsorbed atomic oxygen (2, 3), i.e., oxy- 
gen atoms arr iving as part  of oxygen molecules which 
are not dissociatively adsorbed on impact are denied 
any role in subsequent  events leading to product for- 
mation-desorption.  This being the case, the average 
reaction probabil i ty  cannot  exceed the "sticking" (dis- 
sociative adsorption) probabili ty,  which itself can be 
quite small  (<10 -2) on crystall i te surfaces already 
part ial ly covered with chemisorbed oxygen (4, 5). 
Clearly the si tuation is quite different if the at tacking 
gas is already dissociated, and it is of fundamenta l  i n -  
terest to inquire  as to the consequences of prior dis- 
sociation on the observed rates of such heterogeneous 
reactions, par t icular ly  at high oxygen pressures. 

This question is also t imely in view of recent  ad- 
vances in aerospace technology since, as discussed in 
the Appendix,  vehicle speeds are now high enough to 
cause significant dissociation of diatomic oxygen in  the 
air  wet t ing such vehicIes. Yet re levant  exper imental  
data and detailed consideration of the role of atomic 
oxygen in the degradation of h igh- tempera ture  ma-  
terials is conspicuously absent from most recent  oxi- 

dation (or "ablation") studies, a situation which, in 
part, motivated the present work. In addition, regions 
of the earth's atmosphere (>I00 km) in which atomic 
oxygen is naturally present due to solar-induced 
photodissociation are being rocket-probed with in- 
creasing frequency, again raising questions about the 
response of materials in such environments. 

Accordingly, the experiments reported herein were 
designed to provide the first high-temperature data on 
the attack of polycrystalline molybdenum I and tung- 
sten by atomic oxygen under conditions such that the 
observed reaction rates: (a) would not be falsified by 
reactant or product diffusional limitations and thermal 
accommodation effects, and (b) could be directly 
compared with oxidation rates for diatomic oxygen 
attacking the same metal surfaces using the same ex- 
perimental techniques, at reactant partial pressures of 
aerospace interest. Despite the rapidity of the O-atom 
attack, this has been accomplished at surface tempera- 
tures up to 2200~ by combining the conditions of low 
total pressure, high pumping speed, and small speci- 
men size, as described below, using a microwave dis- 
charge to dissociate oxygen. 

Experimental 
The techniques and equipment  used here are similar 

to those developed in connection with our previous 

1 T h e  p r e s e n t  w o r k  c o n s i d e r a b l y  e x t e n d s  ( f r o m  1500 ~ to 2600~ 
the  p r e l i m i n a r y  r e s u l t s  f o r  m o l y b d e n u m  r e p o r t e d  b y  the  au th o rs  in  
(6) a n d  p r e s e n t s  for  the  first t ime  the  c o r r e s p o n d i n g  o x i d a t i o n  b e -  
h a v i o r  f o r  t u n g s t e n  a n d  s o m e  o b s e r v a t i o n s  o n  o n e  i n d u s t r i a l l y  
i m p o r t a n t  a l loy  of  m o l y b d e n u m  ( T Z M ) .  E x t e n s i v e  resu l t s  for  th e  
reac t ion  o r d e r  i n  02 a r e  also p r e s e n t e d  he re ,  
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Fig. 1. Filament oxidation apparatus (schematic) 
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Fig. 2. Effect of dissociation on the oxidation rote of molybdenum 

studies of the attack of h igh- tempera ture  graphite and 
molybdenum by atomic oxidizers (6-9). Significant 
details are given here to facilitate an unders tanding  
of the results presented below. 

Atom production.--As indicated schematically in 
Fig. 1, the apparatus consists of a Vycor discharge 
tube-Pyrex  vacuum flow system coupled to a pair  
of mechanical  pumps (not shown) providing a maxi-  
mum capacity of about 25 1/sec. Metered diluent-O., 
gas mixtures  (usually Ar/O~, dilute in 02) are passed 
through a 2450 MHz, 125w microwave-powered dis- 
charge cavity ~ 28 cm downstream of which the gas en-  
counters the electrically heated filament being studied. 
Most of the experiments  were carried out with the 
pressure level at the specimen location main ta ined  
at 1 Torr (1.316 x 10 -3 atm) and the flow rate ma in -  
tained at 21.7 cc (STP)/sec.  This corresponded to a 
l inear  velocity of approximately 2 x 104 cm/sec in  the 
discharge tube, or a residence t ime of 45 gsec/cm. As 
noted below, experiments  at higher total pressures (up 
to 1 a tm),  using carrier gases other than argon (e.g., 
He, N2) and at various flow rates, were carried out to 
determine the true reaction order (reactant  part ial  
pressure dependence) and to verify the absence of 
diffusional falsification phenomena.  

Reaction rate.--Reaction rates were inferred directly 
from continuous measurements  of the resis tance-t ime 
curve of electrically heated filaments of circular cross 
section. Together with current  measurements ,  the 
voltage drop across the central  0.55 cm of each 3.1 cm 
long filament was continuously monitored using 
spring-loaded contacts (cf. Fig. 1) leading to a re-  
cording potentiometer.  During a run  the fi lament sur-  
face tempera ture  was main ta ined  constant  (to wi th in  
about  _+5~ by manua l ly  al ter ing the direct cur ren t  
in accord with the output  of an optical pyrometer,  
thereby allowing the decrease in fi lament diameter 
caused by the reaction (typically less than a total of 
0.005 cm for an ini t ial  f i lament diameter of 0.0381 cm) 
to be calculated.3 While the optical pyrometer  was 
used to main ta in  constant  fi lament temperature  dur ing  
an experiment,  the absolute value of the surface tem- 
perature,  which in the present  experiments  was in the 
range of 1040~176 was determined from the ini t ial  
f i lament resistance, in accord with its res is t iv i ty- tem- 
perature relat ion (11, 12), A typical plot of inferred 
filament diameter  versus time is shown in Fig. 2, in  
which data for both undissociated and dissociated oxy-  
gen are included for comparison. In  each case the re-  
action rate (proport ional  to the absolute value of the 
slope) is seen to be constant  in  time, as expected for 
heterogeneous reactions forming volati le (nonprotec-  

The  c a v i t y  used  was  t ype  2A ( fo re sho r t ened  % w a v e  coaxia l )  
as de sc r ibed  in  (10). 

3Resul ts  a g r e e d  w e l l  w i t h  pe r iod i c  checks  of t he  d i a m e t e r  r e d u c -  
t ion,  as o b t a i n e d  f r o m  d i r ec t  m e a s u r e m e n t s  on f i l amen t s  o b s e r v e d  
u n d e r  a microscope .  

tive) oxides. Owing to the large increase in  reaction 
rate on activation of the electrical discharge and the 
small concentrations of 02 s imultaneously present, ex- 
cept at the highest temperature  investigated the ob- 
served reaction rate for the dissociated gas condition 
(discharge on) is dominated by the O-atom contri-  
bution, thereby necessitating only small corrections 4 
(typically much less than 7%) for the 02 contribution.  

In  the absence of the electrical discharge, our  tech- 
nique is similar to that  described in an unpubl ished 
study (13) of the oxidation kinetics of molybdenum 
in air at subatmospheric pressures. Indeed, the results 
of ref. (13) could be reproduced 5 in the present  equip- 
ment  (see Fig. 3), thereby providing a check on a 
portion of the present  methods and, incidentally,  
demonstrat ing that  the results of ref. (13) were not 
influenced by oxygen t ranspor t  (access) limitations. 6 

Atom detection.--Basic to the inference of reaction 
probabilit ies is the determinat ion of absolute atom 
concentrations in the gas mix ture  emerging from the 
microwave discharge cavity. This has been accom- 
plished by using the so-called NO2(g) l ight- t i t ra t ion 
technique described in ref. (14) and (15). The method 

For  th i s  pu rpose  t he  O~ r eac t i on  was  a s s u m e d  to be i n d e p e n d e n t  
of  the  O - a t o m  reac t ion ,  m e r e l y  a d d i n g  to the  ne t  ra te .  E x p e r i m e n t a l  
e v i d e n c e  for  th i s  i n d e p e n d e n c e  is d i scussed  l a t e r  on. 

S l i g h t  b u t  s y s t e m a t i c  d e p a r t u r e s  f r o m  s imple  " p o w e r - l a w "  (i.e.,  
c o n s t a n t  r eac t i on  order)  k i n e t i c s  are n o w  e v i d e n t  a t  p r e s su re s  a b o v e  
10 Tor r  (see Fig .  3). 

I n  ref ,  (13) f low ra t e s  w e r e  l e f t  unspec i f ied .  The  p r e sen t  resu l t s ,  
displayed i n  p a r t  i n  Fig .  3, we re  ve r i f i ed  to be f low- ra te  i nde -  
p e n d e n t .  
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Fig. 3. Pressure dependence of the molybdenum oxidation rote in 
undissocioted air at subatmospheric pressures; comparison with 
the work of ref. (13). 
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is a t i t rat ion in the sense that one adds NO.,(g) to the 
gas discharge products unt i l  the visible radiat ion (air 
afterglow) produced by the reaction sequence 

O + NO2~ NO + 02 (fast) [1] 

O -t- NO--> NO~ § hv (stow) [2] 

vanishes (the t i t rat ion "end point") .  The NO2(g) flow 
rate at which this occurs is then an accurate measure 
of the init ial  O-atom flux (14, 15). NO2(g) was added 
through a retractable, perforated-t ip  Pyrex tube in -  
serted at point C (see Fig. 1). Flow rates were deter-  
mined using a critical flow orifice T calibrated against  
actual NO2 absorption by Indicarb s CO2 absorbent.  At 
the pressure levels and flow rates investigated here, 
homogeneous O-atom losses by termolecular  recom- 
binat ion or ozone production (see Discussion) between 
the discharge and the filament location can be ruled 
out on kinetic grounds, thereby el iminat ing the need 
for axial spatial resolution in the atom-detect ion tech- 
nique. Radial gradients in the O-atom concentrat ion 
are expected to be small  due to the inefficiency of cool 
Vycor as an oxygen atom recombinat ion catalyst (16). 
Moreover, the effects of any radial  gradients in atom 
flux are minimized by the fact that  only the central  
portion (0.55 cm) of the reacting specimen is moni-  
tored, whereas the upstream discharge tube (see Fig. 
1) has an inner  diameter of 1.06 cm. 

Materials.--All of the data included here were ob- 
tained using commercial ly available polycrystal l ine 
materials. The pure molybdenum and tungsten 
(wolfram) filaments were cut from 0.0381 cm (15 mil)  
diam, high-recrysta l l izat ion- temperature ,  d rawn wire 
previously cleaned to remove surface oxides (Westing- 
house Lamp Division, Bloomfield, New Jersey, Type A, 
Process C3H molybdenum and Type HRE Process C3I 
tungsten) .  The t i t an ium-z i rcon ium-molybdenum alloy 
(TZM) supplied by Sylvania  Electric Products Inc., 
Towanda, Pennsylvania ,  (designation MT-104) con- 
tained 0.50% Ti, 0.099% Zr, and 0.040% C. Ex t ra -d ry -  
grade (Linde) oxygen, prepurif ied-grade argon 
(Linde),  prepurif ied-grade ni trogen (Linde),  high- 
pur i ty-grade helium (Linde) ,  and ni t rogen dioxide 
(Matheson) cylinder gases were used without  pre- 
t reatment .  

Results--Molybdenum/Oxygen System 
It is instruct ive to cast all exper imental  chemical 

kinetic results in terms of dimensionless reaction prob- 
abilities. In our previous work (6-9) and in the pres- 
ent case, this may be done without  any assumptions 
as to the product gas species dis t r ibut ion 9 by in t ro-  
ducing the oxidation probabi l i ty  ~, defined here as the 
ratio of the flux of molybdenum atoms (regardless of 
their chemical state of aggregation) away from the 
surface to the collision flux of O(g) or O2(g) with the 
surface. The molybdenum element  flux, Z"(Mo), is ob- 
tained from the observed rate of fi lament radius 
change, the density of the filament (about 10 g/cc in 
the temperature  range of interest) ,  and the molecular  
weight of molybdenum (95.95 g /g-mole) .  The incident  
O(g) or O2(g) flux (Z"o, Z"o ~ 2~ is directly proport ional  
to their known part ial  pressures and is obtained from 

O w i n g  to the  t e m p e r a t u r e - s e n s i t i v e  e q u i l i b r i u m  2NO..,(g) 
N~O4(g), the  en t i r e  c r i t i ca l  orif ice m e t e r i n g  s y s t e m  was  k e p t  im -  
m e r s e d  in  a c o n s t a n t - t e m p e r a t u r e  b a t h  (305"K),  

s F i s h e r  Sc ient i f ic  C o m p a n y ,  supp l ie r .  

Thus ,  un less  one  is  on ly  i n t e r e s t e d  in  o rde r s  of m a g n i t u d e ,  the  
p r o b a b i l i t y  e i n t r o d u c e d  h e r e  s h o u l d  be  d i s t i n g u i s h e d  f r o m  the  
f r a c t i o n  of t he  i n c i d e n t  o x y g e n  a t o m s  or  m o l e c u l e s  w h i c h  react .  
F o r  e x a m p l e ,  i f  (as is  o f t en  done)  an a u t h o r  has  a s s u m e d  t h a t  
m o l y b d e n u m  t r i o x i d e  is the  m a j o r  r eac t i on  p roduc t ,  t h e n  e (as 
def ined  here)  w o u l d  be l a r g e r  t h a n  t he  r e p o r t e d  f r ac t i on  os O.- 
mo lecu l e s  w h i c h  react by t h e  f ac to r  3/2.  More  g e n e r a l l y  i f  

MoO.~(g) mo lecu l e s  a re  p r o d u c e d  for  e v e r y  (1 -- a) MoOa(g) 
molecu le ,  t hen  the  f r ac t i on  of  the  i n c i d e n t  O a toms  w h i c h  reac t  
is [3(1 -- a)  + 2a le ,  a n d  the  f r a c t i o n  of  the  i n c i d e n t  O~ m o l e c u l e s  
w h i c h  reac t  is {[2(1 -- ~ ) / 3 ]  + ol}s. 
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the Her tz -Knudsen  equation evaluated at the filament 
surface temperature  i0 T 

P i . ( k T )  1/2 
Z" i=  kT ~ [3] 

where i = O or O2, Pi and ml are the part ial  pressure 
and molecular  mass of species i, respectively, and k is 
the Bol tzmann constant. It  should be noted that if 
Z"(Mo) is exper imenta l ly  found to be proport ional  to 
the n TM power of the oxygen part ial  pressure, where n 
is the reaction order, the probabil i ty  e reported herein 
will  be proportional to the n -- 1 power of oxygen 
partial  pressure (and, hence, independent  of the latter 
when the reaction is t ru ly  first order, i.e., n ~ 1). It is 
also seen from Eq. [3] that  the apparent  activation 
energy locally inferred from an Arrhenius  plot of In 
vs. 1/T will exceed that obtained from a plot of In 
Z"(Mo) VS. 1/T by the amount  1/2 RT, where R is the 
universal  gas constant, n 

Temperature dependence of the oxidation prob- 
ability.--Figure 4, which considerably extends and 
supersedes the p re l iminary  results reported in  ref. (6), 
summarizes our data on the tempera ture  dependence of 

for h igh- tempera ture  molybdenum subjected to O or 
O2 attack at comparable part ial  pressures. Except at 
the highest temperatures  investigated (>2200~ the 
O-atom reaction probabi l i ty  is seen to be considerably 
higher than that for 02, the factor exceeding 100-fold 
at surface temperatures  less than about 1200~ The 
absolute value of the O-atom reaction probabi l i ty  is 
quite high (greater than 10 -2 even at temperatures  as 
low as 1040~ Neither reaction displays simple Ar-  
rhenius behavior  (constant activation energy),  and 
nei ther  reaction probabil i ty  passes through a tempera-  
ture max imum under  the conditions investigated 
(Po = 10 -2 Torr, Po2 ~ 3 x 10 -2 Torr, and 1060 < T 

2600~ However, as reported earlier (6), in the 
temperature  range below about 1450~ both reaction 
probabili t ies exhibit  simple Arrhenius  behavior,  with 
the O-atom activation energy ( ~ 6  kcal /mole)  being 
smaller than that for 02 (26 kcal /mole)  by a factor of 
4.4. While the h igh- tempera ture  (1680~176 
branch for the 02 reaction corresponds to an apparent  

lo A t  1 Tor r  t o t a l  p ressure ,  u n d e r  the  c o n d i t i o n s  of mos t  of the  
e x p e r i m e n t s  r e p o r t e d  here ,  the  K n u d s e n  n u m b e r  based  on f i l amen t  
d i a m e t e r  (i.e., the  ra t io  of  m e a n  f ree  p a t h  to f i l a m e n t  d i ame te r )  
was  a b o u t  10 -1, t he  lYlaeh n u m b e r  ( ra t io  of  local  a p p r o a c h  ve loc i t y  
to local  acous t ic  ve loc i ty )  was  less  t h a n  0.0, and  the  R e y n o l d s  n u m -  
ber  based  on f i l a m e n t  d i a m e t e r  was  a b o u t  10 (f luid p r o p e r t y  v a l u e s  
are those  r e l e v a n t  to the  u p - s t r e a m  gas  m i x t u r e } .  U n d e r  these  con- 
d i t i ons  i t  is  l i k e l y  t h a t  a p p r o a c h i n g  gas  a t o m s  or  mo lecu l e s  m a k e  
a suff ic ient  n u m b e r  of  co l l i s ions  w i t h  o t h e r  molecu les  (whose  t r ans -  
l a t i o n a l  t e m p e r a t u r e  has  a l r e a d y  been  r a i sed  by  the  p re sence  of t he  
hot  sur face)  to be r a i sed  to the  f i l amen t  t e m p e r a t u r e  ~see also Dis-  
cuss ion :  Absence  of  T r a n s p o r t  L i m i t a t i o n s ) .  I t  s h o u l d  also be re-  
m a r k e d  t h a t  e v e n  i f  the  sys t em were  i s o t h e r m a l  a n d  gas -phase  
e n c o u n t e r s  nea r  the  f i l a m e n t  c o u l d  be  neg lec ted ,  a t  the  h i g h e s t  
Mach  n u m b e r s  i n v e s t i g a t e d  here  the  a v e r a g e  co l l i s ion  ra te  w i t h  the  
su r face  w o u l d  no t  d i f fe r  f r o m  the  H e r t z - K n u d s e n  (Eq. [3]~ by  
m o r e  t h a n  a b o u t  15% [see e.g., ref.  (7)1. 

z~ F o r  e x a m p l e ,  a t  2000~ the  d i f f e rence  is  1.987 k e a t / m o l e .  T h i s  
m a y  be  c o n s i d e r a b l y  g r e a t e r  t h a n  t he  sca t t e r  of  a v a i l a b l e  A r r h e -  
n i u s - t y p e  ra te  data ,  e spec ia l ly  for  l o w - a c t i v a t i o n - e n e r g y  reae t ion r  
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Fig. 4. Oxidation probabilities for the attack of molybdenum by 
atomic and diotomic oxygen; temperature dependence. 



308 J. Electrochem. Sac.: E L E C T R O C H E M I C A L  S C I E N C E  Apr i l  1967 

Table I. Observed reaction orders; Mo(s)/O2(g) reaction a 

Identifi- 
T, ~ p, To r r  Xo 2 n ca t ion  a 

1180 10 0.1 to 1.0 0.80 k 
1395 1 0.03 to 1.0 0.80 f 
1395 10 0.01 to 1.0 0.81 g 
1728 1 0.005 to  0.3 0.80 c 
2220 1 0.005 to 0.05 0.82 a 
1180 I to 15 1.0 0,66 J 
1395 1 to 10 0.21 0.64 i 
1495 1 to  35 0.03 0.67 h 
1495 1 to 20 0.25 0.65 e 
1825 0.9 to  20 0.00606 0.58 d 
2220 1 to 20 0.005 0.57 b 
1395 10 to 90 0.21 0.39 i 
1495 35 to 450 0.03 0.39 h 
1180 15 to 100 1.0 1.04 J 
1395 90 to  300 0.21 1.04 i 
1495 450 to  760 0.03 1.04 h 

OXYGEN ATOM PARTIAL PRESSURE, Tort 

Fig, 5. Oxidation probabilities for the attack of molybdenum by 
atomic oxygen; oxygen pressure dependence ( � 9  p ~ I T o r r ;  

e X o  ~ const., <~ O-atoms produced from N Jr- N O ) .  

activation energy of 22 kcal /mole ,  at in termedia te  
tempera tures  (~1480~176 the apparent  ac t iva-  
tion energy for this reaction is as large as ~60 kca l /  
mole. 

Kinetic order of the oxidation reactions.~To deter -  
mine if the molybdenum reaction probabili t ies dis- 
p layed in Fig. 4 are dependent  on oxygen pressure, 12 
an extensive series of cons tan t - f i l ament - tempera ture  
exper iments  was carr ied out. In teres t ingly  enough, 
under  all conditions invest igated (see Fig. 5) the 
O-a tom oxidation probabil i ty  for molybdenum was 
found to be independent  of O-atom part ial  pressure, 13 
indicating a f irs t-order heterogeneous reaction. 

In contrast, the O-react ion probabi l i ty  showed a 
general  tendency to decrease wi th  increased O2 pres-  
sure (see Fig. 6), indicating fract ional  order ( typically 
be tween ~ and 1) kinetics. Moreover,  the t rue ki-  

dnap(g) da t a  are also neces sa ry  in  o rde r  to cor rec t  the  O(g)  + 
O~(g) da ta  fo r  t he  O~(g) con t r i bu t i on .  

13In these  e x p e r i m e n t s  Po was  v a r i e d  (over  a b o u t  a 30-fold  
range)  in  two  d i s t i n c t  ways .  I n  Fig .  5, r e su l t s  o b t a i n e d  a t  c o n s t a n t  
t o t a l  p r e s s u r e  (1 Torr)  b y  v a r y i n g  t he  O - a t o m  m o l e  f r a c t i o n  are  
s h o w n  as open  c i rc les ;  those  o b t a i n e d  a t  cons t an t  O-a tom mole  f rac -  
t i on  b u t  v a r i a b l e  t o t a l  p r e s su re  are  s h o w n  as d a r k e n e d  circles .  
T a k i n g  i n to  accoun t  r e p r o d u c i b i l i t y  fac to r s  in  t he  abso lu t e  rates ,  
the  two  sets  of r e su l t s  are  seen  to be in  s u b s t a n t i a l  a g r e e m e n t ,  es- 
pec i a l l y  as r ega rd s  r eac t ion  order .  Our  r ecen t  r e su l t s  a t  1760~ us-  
i ng  O-a toms  p r o d u c e d  f r o m  the  r eac t i on  N + NO ~ N~ + O (See 
Discuss ion)  r e v e a l  no s ign i f i can t  d e p a r t u r e s  f r o m  firs t  o rde r  be-  
h a v i o r  e v e n  one -decade  lower  in  O - a t o m  p re s su re  t h a n  t h a t  s h o w n  
in  F ig .  5. 
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Fig. 6. Oxidation probabilities for the attack of molybdenum 
by diatomie oxygen; oxygen pressure dependence (open points per- 
fain to constant total pressure; darkened points pertain to constant 
oxygen mo]e fraction; circles pertain to the carrier gas argon, tri- 
angles: nitrogen, and squares: helium). 

a cf. Fig.  6. 

netics display systematic and quite complex departures  
f rom simple power - l aw (straight  l ine on log-log co- 
ordinates) behavior  14 (see Fig. 6, Table I, and the dis- 
cussion below),  f requent ly  passing f rom an in te rme-  
diate reaction order  (0.57-0.66) at low 02 pressures to 
a near ly  f i rs t -order  (n ~ 1.04) regime at high O2 pres-  
sures, through an in termedia te  regime of very  low 
(~0.35) reaction order (see open points, Fig. 6 and 
Table I) which becomes more extens ive  at high fila- 
ment  temperatures.  

An important  feature  of the O-a tom results, not ob- 
vious from Fig. 5 alone, is that  the react ion probabi l -  
i ty is independent  of Po despite the fact that  the ratio 
Po/Po2 varied by a factor of about 10 for these ex-  
per iments  (6). Thus, under  these conditions, O2 plays 
no role in the O-a tom oxidation reaction. 15 Interes t -  
ingly enough, N atoms in amounts up to 1/10 of the 
O-a tom concentrat ion (Po ~ 10-2 Torr)  did not no- 
t iceably affect the oxidation rate of 1150 ~ and 1500~ 
molybdenum filaments. 

O-atom attack of TZM alloy.--In view of the prac-  
tical importance of the ref rac tory  meta l  alloys, ex-  
ploratory exper iments  on the O-atom at tack of TZM 
(0.5% Ti-0.1% Zr -molybdenum alloy) were  carried 
out to determine if the oxidation rates are significantly 
different f rom those repor ted  above for pure  molyb-  
denum. Interes t ingly enough, in all cases examined 
(T ~ 1400~ and 2020~ Po ~ 2.35 x 10 -2, or Po2 
= 1 Torr)  the observed oxidation rates were  wi thin  
about 15% of the corresponding rates for pure molyb-  
denum. This implies that  unprotec ted  TZM wil l  l ike-  
wise exhibi t  significantly reduced oxidation resistance 
in par t ia l ly  dissociated gaseous environments  similar 
to those invest igated here. 

R e s u l t s - - T u n g s t e n / O x y g e n  System 

Similar  experiments,  but over  a somewhat  more re-  
stricted tempera ture  range (~1400 ~ to 2600~ have 
been carr ied out on the oxidat ion kinetics of tungsten 
filaments, again wi th  special emphasis on the ef-  
fects of oxygen dissociation. In an analogous way, we 
define the oxidation probabi l i ty  e as the ratio of the 
flux of tungsten atoms (regardless of their  chemical  
state of aggregation) away f rom the surface to the 
collision flux of O(g)  or O2(g) wi th  the surface. Here  
we use 19 g / c m  3 as the mean density of the W(s)  

1~ One  i n t e r e s t i n g  f ea tu re ,  d i scussed  br ie f ly  in  ref .  (18) and  e v i -  
d e n t  in  F ig .  6, is  t h a t  e x p e r i m e n t s  a t  c o n s t a n t  p r e s su re  (va r i ab l e  
O~ m o l e  f rac t ion)  l e ad  to h i g h e r  a p p a r e n t  r eac t i on  o rde r s  (~.~0.80- 
0.82) t h a n  c o r r e s p o n d i n g  e x p e r i m e n t s  a t  v a r i a b l e  p r e s su re  ( cons tan t  
O2 mo le  f rac t ion ,  as i n  a ir ;  c$. F ig .  3), a n  effect  w h i c h  seems  to be  
i n d e p e n d e n t  of  w h e t h e r  t he  ca r r i e r  gas  is  h e l i u m ,  n i t r o g e n ,  or ar -  
gon.  As no ted  in  ref .  (18), t h i s  a ccoun t s  for  the  a p p a r e n t l y  d i sc rep-  
a n t  r e su l t s  r e p o r t e d  fo r  t h e  Mo(s ) /Oe(g )  r eac t i on  i n  ref .  (13) a n d  
by  B e r k o w i t z  et  al. (19), and  G u l b r a n s e n  e t  al. (20). 

15 A s i m i l a r  conc lus ion  has  been  r eached  b y  F r y b e r g  (21) for  the  
O - a t o m  a t t a c k  of p l a t i n u m .  

~a W h i l e  f l a m e n t  t e m p e r a t u r e s  l o w e r  t h a n  1400~ are w e l l  w i t h i n  
the  p y r o m e t e r  c apab i l i t y ,  fo r  t h i s  r eac t i on  r e l i ab le  m e a s u r e m e n t s  
a t  such  t e m p e r a t u r e s  w e r e  p r e c l u d e d  by  the  f o r m a t i o n  of t h i c k  
t u n g s t e n  ox ide  f i lms  on the  r e a c t i n g  f i l aments .  
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Fig. 7. Oxidation probabilities far the attack of tungsten by 
atomic and diatomic oxygen; temperature dependence. 

f i lament mater ia l  in the tempera ture  range of interest  
and the tungsten molecular  weight  of 183.92 g /g-mole .  

Temperature dependence of the oxidation proba- 
bility.--An Arrhenius  plot of our tungsten oxidation 
rate data is shown in Fig. 7,17 which is qual i ta t ive ly  
similar to the molybdenum plot shown in Fig. 4. Again, 
par t icular ly  at low surface tempera tures  (say 
< lT00~ meta l  atom remova l  per O-atom strike is 
much more l ikely than for an O,_, strike, the difference 
at taining a factor of about 56 (if the oxygen pressure 
were  Po = 0.7 x 10 -~ Torr)  at 1450~ In this t em-  
pera ture  range the O-a tom oxidation probabil i ty is 
seen to be large in absolute value  (of the order of 
1/10) and weakly  tempera ture  dependent  (apparent  
act ivation energy ~ 4 kca l /mole ) .  The corresponding 
apparent  act ivation energy for O2 below 1600~ is 
about 32 kcal /mole ,  in agreement  wi th  lower O2-pres- 
sure data of Langmuir  (24) and Eisinger (25). TM Above 
about 1750~ (in the present  case) the 02 data ex-  
hibit  a somewhat  reduced tempera ture  sensit ivi ty ( ~  
24 kca l /mole ) ,  in good agreement  with data repor ted  
by Perkins,  Price, and Crooks (28), and WaIsh (29) 
at comparable  O~ pressures and temperatures .  The 
absence of a max imum in the true reaction probabil i ty  
at tempera tures  below 2600~ when Po2 is as large as 
0.7 x 10 -1 Torr  (see Fig. 7) is also consistent wi th  the 
observations of these authors and Singleton (see foot-  
note below). As wil l  be discussed (see Discussion Sec-  
tion on Mechanistic Considerations) the enhancement  
in oxidation rate  due to dissociation (Fig. 7) is ex-  
pected to be greatest  at the "high" oxygen pressures TM 

employed in the present  work. 

Kinetic order of the oxidation reactions.--The oxy-  
gen-pressure  dependence of the tungsten react ion 
probabili t ies was invest igated wi th  results s imilar  to 

x~ W h i c h  c o r r e c t s  a n d  s u p e r s e d e s  t h e  c o r r e s p o n d i n g  u n p u b l i s h e d  
da t a  r e p o r t e d  in  ref .  (22) a n d  (23). 

is j .  S i n g l e t o n  [3. Chem.  Phys . .  45, 2819 (1966)] has  r e c e n t l y  re-  
p o r t e d  an  a c t i v a t i o n  e n e r g y  of 33 k c a l / m o l e  a t  sur face  t e m p e r a t u r e s  
be low 1500~ a n d  a t  O~-pressures  b e t w e e n  10-s a n d  1O-~ Tor t ,  in  
good  a g r e e m e n t  w i t h  ref.  (24, 25) a n d  the  h i g h e r  p r e s su re  da ta  re-  
p o r t e d  here.  G u l b r a n s e n  e t  aL (26) h a v e  r e p o r t e d  14.3 k c a l / m o l e  
for  th i s  r eac t ion ;  h o w e v e r ,  i t  i s  r e a d i l y  d e m o n s t r a t e d  t h a t  the  da ta  
c o n t a i n e d  in  re f  (26) are  s u b j e c t  to  a p p r e c i a b l e  s y s t e m a t i c  e r ro r s  
due  to  t he  p re sence  of  d i f fu s iona l  l i m i t a t i o n s  on t he  o b s e r v e d  ra tes .  
O x i d a t i o n  p r o b a b i l i t i e s  ca l cu l a t ed  f r o m  the  co r r e l a t i on  e q u a t i o n  
s u g g e s t e d  i n  ref .  r a re  a p p r e c i a b l y  l ower  t h a n  the  da t a  s h o w n  in  
F i g .  7 f o r  the  s ame  reason .  

1~ C o m p a r e d  w i t h  those  w h i c h  cha rac te r i ze  m o s t  mass  spec t rome-  
ter  s t u d i e s  o f  o x i d a t i o n  k i n e t i c s  ( < 1 0  -~ T o r t ) .  
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Fig. 8. Oxidation probabilities far the attack of tungsten by 
atomic oxygen; oxygen pressure dependence ( �9  p ~ 1 Torr; 
eXo ~ canst.). 

those already repor ted  for molybdenum. As displayed 
in Fig. 8, the O-a tom attack was found to be first order 
(e independent  of Po) over  more than a decade change 
in O-a tom part ial  pressure. We conclude that  the 
reaction probabil i t ies shown in Fig. 7 for the case Po = 
1.9 x 10 -2 Torr  would remain  invar iant  wi th  at least 
comparable  changes in O-a tom pressure. 2~ 

Once again, the corresponding 02 reaction displays 
f rac t iona l -order  behavior  (see Fig. 9, on which the 
apparent  react ion order for  each set of data  is given) 
wi th  complexit ies similar  to those appearing in Fig. 6. 21 

Discussion 
Identity of the active species.--Since electronical ly 

and vibra t ional ly  excited states can be produced in gas 
discharges, it is essential to prove that  our O-atom 
attack data are not falsified by the enhanced reac-  
t ivi ty that  might  be associated with  such excitation. 
Based on the evidence presented below, we have con- 
cluded that  the observed react iv i ty  of the oxygen 
passed through the microwave  discharge is due to the 
presence of ground-s ta te  O(3P) atoms. 22 

First, using molybdenum filaments at 1150~ we 
h a v e  shown that  O atoms (Po ~ (1.5-3) x 10 -3 Torr, 
as determined by the NO2 or NO light t i t rat ion tech-  

~ P r e l i m i n a r y  e x p e r i m e n t s  h a v e  also been  ca r r i ed  ou t  to de te r -  
m i n e  w h e t h e r  the  s i m u l t a n e o u s  presence  of N a t o m s  affects the  
O - a t o m  o x i d a t i o n  p r o b a b i l i t y .  No such  effect  was  o b s e r v e d  for  an 
160O~ t u n g s t e n  f i l a m e n t  w h e n  Po = 0.8 x 10-'-' Torr ,  p.x, = 4 • 
10-n Torr .  

_-i In  pa r t i cu l a r ,  d e p a r t u r e s  f r o m  s i m p l e  p o w e r  l aw  (cons tan t  re-  
ac t ion  o rde r /  b e h a v i o r  are  obse rved ,  a n d  c o n s t a n t - p r e s s u r e  e x p e r i -  
m e n t s  a g a i n  t e n d  to g i v e  h i g h e r  a p p a r e n t  r eac t i on  o rders  t h a n  those  
ca r r i ed  ou t  a t  a c o n s t a n t  O~ mo le  f rac t ion .  

2= Conve r se ly ,  the  use of such  f i l amen t s  or t h i n  f i lms for  i n f e r r i n g  
O - a t o m  c o n c e n t r a t i o n s  i n  n o v e l  e n v i r o n m e n t s  is c u r r e n t l y  u n d e r  
i n v e s t i g a t i o n  a t  thzs l abo ra to ry .  
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nique) produced in two quite different ways yield the 
same results. One method, a l ready discussed in some 
detail  above, is to pass a microwave  discharge through 
an Ar-O2 mix ture  to produce O atoms directly. The 
second method (30, 31) is indirect  in that  N atoms are 
first produced in a pure ni t rogen discharge, f rom 
which O atoms are produced upon downst ream intro-  
duction of nitric oxide (via  the rapid bimolecular  
reaction N-{- NO --> N2 -}- O). Exper imenta l  results  
using this indirect  technique for producing O atoms 
are shown as open diamonds (<>) in Fig. 5. Since the 
concentrat ions of exci ted atomic and diatomic oxygen 
are expected to be total ly different in these two en- 
vironments,  28 it is significant that  the result ing oxida-  
tion rates agreed to wi thin  bet ter  than 10%. 

Second, we have invest igated the possibility of ex-  
c i ted-molecule  attack by introducing an oxidized sil- 
ver  foil ups t ream of the molybdenum fi lament when  
the microwave discharge was on. This foil recombines 
the O atoms produced in the discharge but  admits elec-  
t ronical ly  exci ted O2(1Ag and 1~g+) molecules (33) 
(abbreviated hereaf te r  as 02*). Similar  exper iments  
were  carr ied out using HgO(s)  mirrors  which, f rom 
the work  of ref. (33), not only preferent ia l ly  remove  
O atoms but actual ly enhance the O2" concentration. 
P re l iminary  measurements  showed that  the reaction 
probabil i ty  for O2" in the tempera ture  range 1050 ~ 

T < 1500~ was somewhat  greater  than for ground-  
state O2 but negligible compared to the O-a tom proba-  
bility, thereby val idat ing our previous measurements  
and their  interpretat ion.  

Third, the very  fact that  the observed oxidation rates 
of molybdenum and tungsten increased l ineari ly wi th  
O-a tom part ia l  pressure as inferred f rom the NO,, 
l ight t i t rat ion technique (see Fig. 5 and 8) constitutes 
fur ther  evidence (indirect)  that  excited oxygen mole-  
cules play a negligible role in the present  work. These 
exper iments  cover about a 30-fold range of initial O2 
mole fractions (prior to discharging) and were  car-  
r ied out at microwave power levels f rom about 30 
to 90% of full power. If excited oxygen molecules 
played a significant role in the observed kinetics, i t  is 
unl ikely that simple f irs t-order behavior  would have 
been observed over  the resul t ing range of [ 0 2 * ] / [ 0 ]  
ratios. 

Finally,  as suggested ear l ier  (cf. Expe r imen ta l -A tom 
Detection Section),  the s teady-sta te  ozone concentra-  
tions result ing f rom the termolecular  reaction O -}- O2 
-}-Ar --> Oa ~- Ar  fol lowed by O + O3 --> 202 [rate con- 
stants for which have  been cri t ically rev iewed by 
Kaufman  (14)] are of the order of only one- thou-  
sandth of the O-a tom concentrat ions repor ted  here. 
Hence, ozone production by 1-Torr microwave dis- 
charges through di lute  O2/Ar mixtures  can be ne-  
glected safely. 

Absence oS transport lim~tations.--At pressures of 
technical  interest,  one of the many pitfalls in kinetic 
investigations of rapid heterogeneous reactions forming 
volat i le  products is that  the observed react ion rates 
may  be falsified (34-36) in part  by oxygen supply and 
product  molecule escape l imitat ions in the immediate  
vicini ty of (i.e., diffusion "boundary  layers"  adjacent  
to) the react ing surface. 24 As demonstrated below, 
despite the efficiency of the h igh- tempera tu re  molyb-  
denum and tungsten oxidat ion reactions, these diffi- 
culties have been avoided in the present  work  owing 
to the combined choice of high flow rates, small  speci- 
men size, and subatmospheric total  pressure.  Conse- 
quently,  the observed depar tures  of the molybdenum 
and tungsten oxidat ion probabili t ies f rom simple Ar -  

'~ Indeed ,  O~ is a b s e n t  w h e n  N + NO t e c h n i q u e  is used.  

-"i A d i s t r e s s i n g  a m o u n t  o f  " k i n e t i c "  da t a  o b t a i n e d  in  Iow-f low-  
ra te  f u r n a c e / m i c r o b a l a n c e  dev ices  or  on  e l ec t r i c a l l y  h e a t e d  speci -  
m e n s  loca t ed  in  q u i e s c e n t  ( s t a g n a n t  excep t  for  n a t u r a l  c o n v e c t i o n  
currents}  o x i d i z i n g  a t m o s p h e r e s  are  of l i m i t e d  v a l u e  e i t h e r  because  
t h e  ro le  of  d i f fu s iona l  l i m i t a t i o n s  in  d e t e r m i n i n g  the  t r u e  loca l  ox i -  
d izer  c o n c e n t r a t i o n  has  no t  been  app rec i a t ed ,  o r  " c o r r e c t i o n s "  h a v e  
been  m a d e  based  on t heo re t i c a l  mode l s  w h i c h  ac c oun t  fo r  o n l y  a 
f r a c t i o n  of  the  c o m p l i c a t i n g  p h e n o m e n a  (18). 

rhenius and power - l aw behavior  are bel ieved to be 
t rue kinetic phenomena,  characteris t ic  of the temper-  
a ture  and oxygen pressure levels  invest igated herein,  
and are not peculiar  to this par t icular  reactor  configu- 
rat ion or choice of exper imenta l  techniques. 

Two types of exper iments  have been used to rule  out 
diffusional phenomena.  One type consists of ver i fying 
that  the observed react ion rates are independent  of 
gas flow rate, as they should be if the kinet ical ly  con- 
t rol led asymptote  has been achieved. ~ Checks of this 
type were  made 26 over  the ent ire  range of conditions 
for which data are reported herein, wi th  part icular  
at tention to the h igh - t empera tu re /h igh -p res su re  re-  
g i m e Y  The onset of a flow rate  dependence, in fact, 
dictated the h igh- t empera tu re  cut-off of the O-atom 
reaction probabil i ty  data (see Fig. 4 and 7). 

The other  check for the absence of diffusional l im- 
itations, extens ively  used in the case of the O2-oxida- 
tion reactions, was to ver i fy  that  the observed oxida-  
tion rates were  independent  of the ident i ty  of the car-  
r ier  gas (helium, nitrogen, or argon) .  Points  appro-  
pr iate  to each of these carr ier  gases are superposed on 
Fig. 6 and 9 (see figure caption for coding).  Despite 
the wide differences in molecular  weight  and effective 
"size" (cross section) of these molecules, the observed 
rates are seen to depend only on the O2 pressure 2s and 
surface temperature,  thereby rul ing out t ransport  l im-  
itations and demonstra t ing that  these gases are t rue 
"inerts"  with respect to the interracial  reactions 
studied herein. 

Mechanistic considerations.--To anticipate oxidat ion 
rates under dissociated gas and tempera ture  conditions 
other  than those exper imenta l ly  invest igated here  and 
for refractory  metals  other  than molybdenum and 
tungsten, it is necessary to inquire  into the mechanism 
under ly ing  the str iking increase in react iv i ty  upon 
dissociation observed in the present  work. Owing to 
the qual i ta t ive  similarit ies in the results and proper-  
ties of the two metals, it appears possible to discuss 
the molybdenum and tungsten oxidation kinetics 
jointly.  

An intr iguing feature  of the observed kinetics is 
the comparat ive  simplicity of the O-atom attack react  
tions, as revealed especially in the reaction order (c]. 
Fig. 5 and 6, 8 and 9). Indeed, the O-a tom and O2 at-  
tack data are so different in character  one suspects 
that  the two mechanisms have ra ther  l i t t le in common. 
This would be for tunate  since the task of rat ionaliz-  
ing all kinetic subtleties of the Mo(s ) /O2(g )  and 
W(s)/O._,(g) reactions is formidable  and wil l  not be 
a t tempted here. Suffice it to say that  the O2 data pre-  
sented in Fig. 4, 6, 7, and 9 and previous work  on the 
Mo(s ) /O2(g)  and W ( s ) / O 2 ( g )  reactions [1] to [3]; 
(which includes product distr ibution measurements)  
suggest a Langmui r -Hinshe lwood- type  mechanism 
(38). This means that  product  format ion-desorpt ion 
is the result  of the mutua l  encounter  of chemisorbed 
species, 20 the surface populat ion of which is largely 

'-'5 S t r i c t l y  speak ing ,  th i s  is a necessa ry  bu t  insuf f i c ien t  c o n d i t i o n  
since cases h a v e  been  r eco rded  in  w h i c h  l local)  i n d e p e n d e n c e  on 
f low ra te  (or " s t i r r i n g " )  is a p e c u l i a r i t y  of the  f low sys tem,  e . g . ,  
due  to a d r o p  in  s t i r r e r  eff iciency a t  h i g h  speeds  (37). 

~,0 D o u b l e  l o g a r i t h m i c  (scale) p lo t s  m u s t  be  used  fo r  t h i s  purpose .  
I t  i s  o f t en  a r g u e d  t h a t  f low ra te  effects  are  a b s e n t  based  on a 
p l a t e a u - t e n d e n c y  e x h i b i t e d  on l i n e a r  r eac t i on  ra te  v s .  f low ra te  
coord ina tes .  H o w e v e r ,  a f r a c t i o n a l  p o w e r  law,  w h i c h  is t y p i c a l ,  
even  for  d i f f u s i o n - c o n t r o l l e d  reac t ions ,  is  eas i ly  m i s t a k e n  fo r  a p lo t  
s h o w i n g  a t r ue  p la teau ,  p a r t i c u l a r l y  in  v i e w  of the  sca t t e r  i n e v i t a -  
ble in  l imi t ed ,  h i g h  f low ra te  k ine t i c  data .  

I n c i d e n t a l l y ,  t he  absence  of  f low ra te  a n d  ca r r i e r  gas  i d e n t i t y  
effects a l so  c o n s t i t u t e s  e v i d e n c e  t h a t  ( o w i n g  to a suf f ic ien t  n u m b e r  
of  co l l i s ions  in  the  gas phase)  the  g a s  is b r o u g h t  up  to the  su r face  
t e m p e r a t u r e  a t  the  t i m e  of reac t ion .  The  k i n e t i c  da t a  r e p o r t e d  he re  
are  t h u s  r e l e v a n t  to t h e  f i l a m e n t  t e m p e r a t u r e ,  and  no t  the  a m b i e n t  
t e m p e r a t u r e  of  t h e  u p s t r e a m  gas.  

F o r  t he  Ou reac t ion ,  h o w e v e r ,  a s y s t e m a t i c  d e p e n d e n c e  on to t a l  
p r e s su re  has  been  o b s e r v e d  (see F ig .  6 and  9, a n d  the  c o r r e s p o n d -  
i n g  cap t ion  foo tno t e s ) .  

-~ Some  c h e m i s o r b e d  O a t o m s  are  a s s u m e d  to be  s t r o n g l y  b o u n d  
(i.e., the  " f i r s t "  l ayer )  and  some c o m p a r a t i v e l y  w e a k l y  b o u n d  ( the 

" s e c o n d "  l aye r ) .  The  t rue  r eac t i on  p r o b a b i l i t y  passes  t h r o u g h  a 
m a x i m u m  a n d  d e c r e a s e s  w i t h  f u r t h e r  inc reases  in  su r face  t e m p e r -  
a t u r e  o n l y  w h e n  the  su r face  has  been  d e n u d e d  of the  second  l aye r  
a n d  beg ins  l o s i n g  i ts  f irst  l aye r  (1-3). 



Vol. 114, No. 4 K I N E T I C S  O F  A T T A C K  O F  M o  A N D  W 311 

determined by a balance be tween dissociative adsorp- 
tion and evaporat ion processes. 

If one re ta ined this view, the observed effect of 
prior dissociation on the react ion probabil i ty  could be 
postulated to be due largely to an increased sticking 
probabi l i ty  and, hence, increased s teady-s ta te  adatom 
coverage, i.e., once an atom is adsorbed, its average  
residence t ime on the surface and the remaining  ele-  
menta ry  events  leading to product  format ion would  be 
similar  to those in the 02 case. While  this mechanism 
cannot be ruled out complete ly  as a contributor,  it is 
difficult to reconcile it wi th  the observed pressure-  
independent  and tempera ture- insens i t ive  O-a tom reac-  
tion probabili ty,  and hence it is considered unl ikely 
as the dominant  mechanism. 

Instead, we have postulated (6) that  an ent i re ly  
different route, of the so-called Rideal- type,  [see e.g. 
ref. (38)] becomes avai lable in the presence of am- 
bient atomic oxygen, i.e., a mechanism in which the 
react ion step on the surface involves an oxygen atom 
coming direct ly  f rom the gas phase (not chemisorbed 
at the t ime of act ivated complex format ion / reac t ion)  
str iking adsorbed oxygen or meta l  suboxides. The 
metal  oxide (MO2, MO3, . . .) complex thus formed 3~ 
on the surface ei ther  evaporates  as a stable product  
molecule  ( thereby contr ibut ing to the oxidat ion rate) 
or decomposes on the surface, l iberat ing O2 (g) (equiv-  
alent, therefore,  to surface-cata lyzed atom recombina-  
t ion).  This mechanism can produce a high, po- inde-  
pendent  react ion probabi l i ty  over  a wide t empera tu re  
range (see Fig. 4 and 7), since the dominant  processes 
by which O atoms are removed  f rom the "second" 
layer  (viz. reaction or recombinat ion immedia te ly  
fol lowing an O-a tom strike) are l inear in O-a tom 
pressure, as is the tempera ture- insens i t ive  chemisorp-  
tion rate. The adatom concentrat ion is thus mainta ined 
at a high level  in the presence of O(g) ,  a si tuation 
which favors  a high probabil i ty  of sufficiently "di-  
rect"  hits. In contrast, whi le  the s teady-s ta te  adatom 
concentrat ion is also high at the lower tempera tures  
invest igated here for the O2 reaction, the 02 reaction 
probabil i ty  drops sharply at these tempera tures  due 
to a combination of low sticking probabil i ty  and sur-  
face mobi l i ty-ac t iva t ion  energy requi rements  implici t  
in any Langmuir -Hinshe lwood scheme. Hence, the 
mechanism described above is consistent wi th  our find- 
ing that  enhanced react iv i ty  due to dissociation is 
most noticeable at the lower end of the t empera tu re  
range (cf. Fig. 4 and 7). It is also in teres t ing to note 
that, according to this mechanism, we would  not ex-  
pect a large oxidat ion rate  enhancement  due to dis- 
sociation at tempera tures  and pressures such that  the 
meta l  surface is re la t ive ly  bare, for under  these con- 
ditions the O2-sticking probabi l i ty  is i tself high (3, 4) 
and, moreover ,  when  O atoms are used as the oxidizer,  
the chance for "direct"  hits by O-atoms on (near)  
adsorbed oxygen becomes small. 3~ 

Another  interest ing implicat ion of the proposed 
mechanism (6), which warrants  fu r the r  investigation,  
is that  it predicts the l ikelihood of an in t imate  re la-  
t ionship be tween  the oxidation and recombinat ion 
probabil i t ies on the same surface. This is a consequence 
of the fact that  both rate  processes should depend on 
adatom coverage in the same way;  hence, one would 
expect  the ratio of ~ to the recombinat ion probabi l i ty  

~o Here  M r e p r e s e n t s  e i t h e r  a m o l y b d e n u m  or  t u n g s t e n  a tom.  

.~1 Indeed ,  Seh i s se l  a nd  T r u l s o n  (2) r e c e n t l y  r e p o r t e d  the  r e su l t s  
of  a p r e l i m i n a r y  e x p e r i m e n t  r e v e a l i n g  no s ign i f i can t  d i f fe rence  in  
the  r e a c t i v i t y  of  O(g) a n d  O~(g) on t u n g s t e n  a t  p r e s su re s  b e l o w  
10-~ Torr ,  p r e s u m a b l y  a t  su r face  t e m p e r a t u r e s  h i g h e r  t h a n  t h a t  a t  
w h i c h  t he  o x i d a t i o n  p r o b a b i l i t y  passes  t h r o u g h  is m a x i m u m .  Re-  
g a r d i n g  our  p o s t u l a t e d  m e c h a n i s m ,  i t  s h o u l d  be r e m a r k e d  t h a t  i f  
(at  suf f ic ien t ly  h i g h  t empera tu re s}  t he  m o n o x i d e ,  MO, becom es  a 
s ign i f i can t  r e a c t i o n  p roduc t ,  " d i r e c t  h i t s "  m a y  n o t  be necessary .  

~/ to be tempera ture  dependent  only. 32 By comparing 
the electr ical  power  requi red  to mainta in  the fi lament 
at prescribed tempera tures  both in the absence and 
presence of the electrical  discharge we have made 
measurements  of the sum of the recombinat ion and 
oxidat ion heat ing of molybdenum filaments in the t em-  
pera ture  range 1050~176 at O-a tom pressures 
between 0.66 x 10 -2 and 2.2 x 10 -2 Torr.  However ,  
unti l  a detai led knowledge of the product  dis tr ibu-  
tion 3~ (and accurate thermochemica l  data) become 
available,  calor imetr ic  data  alone cannot provide  re l i -  
able absolute values for the recombinat ion coefficient. 

With regard to surface-catalyzed oxygen-a tom re-  
combination, which is itself a s trongly exothermic  
process, "~4 it should be r emarked  that  the enhanced rate  
of metal  r emova l  in par t ia l ly  dissociated oxygen can- 
not be due to thermal ly  induced "sput ter ing ''~5 of mo-  
lybdenum and tungsten due solely to localized heating. 
Thus, while  these same metals  also catalyze (to a 
comparable  extent)  the recombinat ion of ni t rogen 
atoms (40) [which give up 225 kca l /mole  N2(g) 
formed] metal  r emova l  is negligible when  electr ical ly 
heated filaments are mainta ined in the presence of an 
electr ical  discharge through N2 or Ar/N2 mixtures.  
Metal  r emova l  is thus fundamenta l ly  associated with  
the format ion of me ta l -oxygen  chemical  bonds, which 
undermine  the strength with which the meta l  atoms 
involved are held in the latt ice at the surface. 

Finally,  it seems l ikely that  the kinks observed in 
the Arrhenius  diagrams (Fig. 4 and 7) are re la ted to 
shifts in the ident i ty  of the dominant  product  molecule 
(1, 2) and /o r  the state of oxide coverage on the sur-  

face 36 as opposed to s t ructura l  changes in the poly-  
crystal l ine fi lament mater ia l  itself. Thus, while the 
low- tempera tu re  transit ions observed for both molyb-  
denum and tungsten happen to be in the recrysta l l iza-  
tion tempera ture  range for these materials ,  3~ l ow- t em-  

a~ Whi l e  d i rec t  m e a s u r e m e n t s  of ~. h a v e  no t  ye t  been  m a d e  on 
o x i d i z i n g  f i l aments ,  i t  s h o u l d  be r e m a r k e d  t h a t  the  p r e s e n t  mea -  
s u r e m e n t s  p r o v i d e  an  u p p e r  b o u n d  to "~. Th i s  fo l lows  f r o m  the  fac t  
t h a t  an  i n c i d e n t  a t o m  can e i the r  react ,  reflect, or  r e c o m b i n e ;  hence ,  
the  s u m  of these  p r o b a b i l i t i e s  ( w h e n  s u i t a b l y  def ined)  m u s t  be u n i t y  
a n d  "y c a n n o t  be  l a rge r  t h a n  the  v a l u e  ca l cu l a t ed  a s s u m i n g  zero re-  
f lec t ion  p r o b a b i l i t y .  Fo r  the  case of on ly  m e t a l  d i o x i d e  and  t r i -  
o x i d e  f o r m a t i o n ,  th i s  l eads  to the  b o u n d :  

~ 1 -- [3(1 -- r + 2~]e 

which  becomes 5 ~ 1 -- 2e when  only the meta l  dioxide is formed. 
Since ~ has already approached I/2 for O-atom at tack of molybde-  
n u m  at  ~ 2200~ (see Fig.  4~, this  suggests tha t  oxidat ion becomes 
the  d o m i n a n t  r eac t i on  p a t h  a t  h i g h  f i l amen t  t e m p e r a t u r e s .  S i m i l a r  
da ta  fo r  the  C( s ) /O(g}  r eac t i on  (7, 8) a n d  t he  M o ( s ) / C l ( g ) ,  Ni(s) . /  
Cl (g)  r eac t ions  (9) i nd i ca t e  t h a t  the  te r ldency  for  p roduc t  f o r m a -  
t i on  to inc rease  r e l a t i v e  to a t o m  r e c o m b i n a t i o n  a t  h i g h  su r face  
t e m p e r a t u r e s  is  com mon .  

The  fac t  t h a t  the  o b s e r v e d  sum of the  o x i d a t i o n  a n d  r e c o m b i n a -  
t i on  h e a t i n g  inc reases  a t  low t e m p e r a t u r e s  and  t h e n  passes  t h r o u g h  
a m a x i m u m  n e a r  1300~ sugges t s  b u t  does no t  p r o v e  t h a t  for  the  
M o ( s ) / O ( g )  r eac t i on  the re  is  a t r a n s i t i o n  f r o m  the  d o m i n a n t  p rod-  
uc t  MoO-a(g) to  the  less  e x o t h e r m i c  f o r m a t i o n  of MoO.:(g) in  t h i s  
t e m p e r a t u r e  range .  

a~ The  02 b o n d  d i s soc i a t i on  e n e r g y  (~118  kcal)  is  r e leased  on fo r -  
m a t i o n  of  one  mo le  of O2 f r o m  two  moles  of O a toms.  Fo r  c o m p a r i -  
son, the  m o l a r  hea t s  of  s u b l i m a t i o n  of  m o l y b d e n u m  a n d  t u n g s t e n  
are 155.5 kca l  a n d  202.7 kcal ,  r e spec t i ve ly ,  a t  29g.16~ (39~, al-  
t h o u g h  i t  s h o u l d  be  k e p t  in  m i n d  t h a t  these  l a t t e r  v a l u e s  a re  n o t  
t he  s t r e n g t h s  of  i n d i v i d u a l  [s ingle)  m e t a l - m e t a l  b o n d s  a t  t he  su r -  
face.  

O r d i n a r y  m e t a l  e v a p o r a t i o n ,  or m e t a l  e v a p o r a t i o n  f o l l o w e d  by  
gas -phase  o x i d a t i o n ,  is ru l ed  ou t  by the  fac t  t h a t  the  o b s e r v e d  m e t a l  
r e m o v a l  r a tes  fa r  exceed  e v e n  the  v a c u u m  e v a p o r a t i o n  ra tes  of 
these  m a t e r i a l s  (by  some 5 d e c a d e s  ~or m o l y b d e n u m  at  2000~ 
These  poss ib i l i t i e s  are  also i n c o n s i s t e n t  w i t h  t he  o b s e r v e d  d e p e n d -  
ence  of the  m e t a l  r e m o v a l  r a tes  on su r face  t e m p e r a t u r e  a n d  t he  
i n v a r i a n c e  u n d e r  changes  in  gas  f low ra te  (see Discuss ion ,  Absence  
of  T r a n s p o r t  L i m i t a t i o n s ) .  

~ I n i t i a l  e n c o u r a g e m e n t  for  t h i s  v i e w  came f r o m  the  fac t  t h a t  for  
the  Mo(s) /O2(g)  r e a c t i o n  t he  l o w - t e m p e r a t u r e  b r e a k  occurs  a t  
a b o u t  the  t e m p e r a t u r e  one  w o u l d  expec t  the  p r o d u c t  MoOn(g) to  
be  in  e q u i l i b r i u m  w i t h  MoO~(s). Fo r  t h i s  c a l cu l a t i on  the  MoO3(g} 
" k i n e t i c "  p re s su re  a d j a c e n t  to  t he  f i l a m e n t  was  e s t i m a t e d  d i r e c t l y  
f r o m  the  o b s e r v e d  r eac t i on  ra te ,  w h e r e a s  t he  MoO~(g) p re s su re  in  
e q u i l i b r i u m  w i t h  MoO2(g) was  o b t a i n e d  f r o m  the  K n u d s e n  cell  d a t a  
of B l a c k b u r n  et  aL (41). We h a v e  also o b s e r v e d  an  e m i t t a n e e  
c h a n g e  a t  t h i s  t e m p e r a t u r e .  H o w e v e r ,  s im i l a r  c a l c u l a t i o n s  for  t he  
M o ( s ) / O ( g )  r e a c t i o n  a n d  the  c o r r e s p o n d i n g  t u n g s t e n  o x i d a t i o n s  f a i l  
to p roduce  s i m i l a r  a g r e e m e n t .  I n  re t rospec t ,  e v e n  l i m i t e d  a g r e e m e n t  
is  p r o b a b l y  fo r t u i t ous ,  s ince  the  r e l e v a n c e  of t h e r m o d y n a m i c  d a t a  
on  b u l k  ox ides  is  open  to q u e s t i o n  w h e n  one is d e a l i n g  w i t h  su r -  
face  ox ides  of  m o l e c u l a r  d imens ions .  

:~7 N e i t h e r  p u r e  m o l y b d e n u m  nor  p u r e  t u n g s t e n  eboth body-cen -  
t e r e d  cub ic  me ta l s )  u n d e r g o  h i g h - t e m p e r a t u r e  phase  t r an s i t i ons .  
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perature oxidation rate data on annealed filaments, 
i.e., wires heated well above their recrystal l ization 
temperature  for more than 5 rain, failed to show sig- 
nificant fi lament anneal ing effects in either O2 or O 
atoms. Moreover, it is inheren t ly  unl ike ly  that (all else 
being equal) recrystall ization and stress relief would 
give rise to higher probabilit ies as observed (see Fig. 
4 and 7) on a temperature  increase. For the W ( s ) /  
O.,(g) reaction it should be remarked that the high- 
temperature  break, i.e., reduction in  apparent  activa- 
tion energy, shown in Fig. 7 is quite similar to that 
reported in ref. (28). 

Homogeneous thermal dissociation.--At tempera-  
tures as high as 2600~ (see Fig. 4 and 7) and at p = 
1 Torr the extent  of O2 dissociation predicted thermo-  
dynamical ly  is appreciable. Indeed, based on the equi-  
l ibr ium constant  at 2600~ (42) : [poPo2 -1/2 = 10-1.636 
(atm)l/2],  the gas wett ing the filament could at tain 
an equi l ibr ium O-atom part ial  pressure of 4.75 x 10 -2 
Torr, ~8 even in the absence of a microwave discharge. 
At first sight, this casts doubt on the significance of 
the data in "undissociated oxygen" at these elevated 
fi lament temperatures  (see Fig. 4 and 7). However, 
us ing reasoning similar  to that  given in ref. (9), we 
conclude that, while a sufficient n u m b e r  of collisions 
occur to ul t imately raise the gas tempera ture  to the 
fi lament temperature,  not enough time is available for 
appreciable homogeneous O 2 dissociation in the im-  
mediate vicini ty of the heated filament. Thus, if we 
compare the average residence time for a molecule 
wi thin  the thermal  layer  of the fi lament (at most, of 
the order of d2/Do2-Ar, where d is the fi lament diam- 
eter and Do2-Ar, is the O~-Ar Fick interdiffusion co- 
efficient) with the characteristic time (kd.ArnAr)--I for 
homogeneous O2 dissociation (where k~,Ar is the ap- 
propriate dissociation rate constant, 39 and nAr is the 
argon n u m b e r  densi ty) ,  we find that the residence 
time is too small by more than six orders of magni-  
tude. It seems reasonable to conclude that, even at the 
highest fi lament temperatures  investigated here, O 
atoms were effectively absent as a potential  reactant  
in all  oxidation experiments  carried out with the elec- 
trical discharge off. 

Conclusions 
Based on the exper imental  data and the foregoing 

discussion, the following conclusions may be drawn:  
1. Using a microwave-discharge,  subatmospheric-  

pressure, fast-flow system and resistance heat ing-  
moni tor ing of small  (filament) specimens, it has 
been possible to study the true kinetics of rapid mo- 
lybdenum and tungsten oxidation by both atomic and 
diatomic oxygen at part ial  pressures greater than 
10 -~ Torr and at temperatures  in the approximate 
range 1000~176 Under  these conditions the oxida- 
tion reactions are not falsified by oxygen transport  
l imitat ions and proceed at constant ( t ime- indepen-  
dent)  rates, as expected for reactions forming volatile 
(nonprotective) products. Moreover, owing to the oc- 
currence of an adequate number  of gas-phase collisions 
in  the immediate  vicini ty of the specimen, the data 
per ta in  to the most impor tant  case in which the t rans-  
lat ional  temperatures  of the incident  (reactant)  spe- 
cies and surface are essentially equal. 

2. Oxygen dissociation causes a str iking increase in 
the reaction probabili ty,  par t icular ly  at the lower 
end of the temperature  range investigated here. For  
molybdenum and TZM alloy the enhancement  is 
greater  than two orders of magni tude  at temperatures  
less than about 120O~ For tungsten the corresponding 
enhancements  are lower, the max imum observed being 
a factor of about 56 at 1450~ Consistent with the re-  
duction in apparent  activation energy caused by oxy- 

~ C o m p a r e d  to Po = 1 • 10-2 Tor r  a nd  1,9 • 10-~ Torr ,  used  in  
t h e  m o l y b d e n u m  a n d  t u n g s t e n  o x i d a t i o n  e x p e r i m e n t s ,  r e s p e c t i v e l y .  

A n  u p p e r  l i m i t  of  k~-_~r ~ 10-13 cm.~ mo lec u l e s - I  sec- '  can  be 
e s t i m a t e d  b y  e x t r a p o l a t i n g  the  10% O._,-Ar shock  t u b e  da ta  of 
S c h e x n a y d e r  a n d  E v a n s  (43) d o w n  to 2600~ 

gen dissociation, the O and O2-reaction probabilit ies 
tend to become comparable at the highest temperature  
investigated (>2O00~ where the O2-reaction proba-  
bilities themselves exceed 10 -1 (see Fig. 4 and 7). 

3. Whereas the O2-attack reactions display a rather  
complex (fractional order) oxygen part ial  pressure 
dependence (see Fig. 6 and 9), the O-atom attack of 
both molybdenum and tungsten is found to be first 
order, corresponding to an oxidation probabi l i ty  which 
is independent  of O-atom part ial  pressure (see Fig. 
5 and 8) in the range 10 -3 to 5 x 10 -2 Torr. 

4. Experiments  in  which atomic oxygen is produced 
in two distinct ways, and in which excited oxygen 
molecules are preferent ial ly  removed or enhanced up-  
stream of the react ing filament, demonstrate that the 
observed reactivi ty of microwave-discharged O2-Ar 
mixtures  is due to the presence of ground state: O(3P) 
atomic species. O2 appears to play no essential role in  
the kinetics of these a tom/meta l  reactions. 

5. The large observed reaction probabili ty,  reduced 
activation energy, and first-order kinetics strongly sug- 
gest that the enhanced reaction probabil i ty  exhibited 
by O-atoms is due to direct attack from the gas phase 
by a Rideal- type mechanism rather  than merely the 
result  of a Langmuir -Hinshelwood mechanism with an 
increased s teady-state  oxygen adatom coverage asso- 
ciated with increased sticking probabili ty.  Two inter-  
esting consequences of this mechanism (route) mer i t -  
ing fur ther  investigation are (a) an int imate  relat ion-  
ship should exist between the oxidation and atom re-  
combination probabilit ies on the same surface (6) and 
(b) significantly enhanced reactivi ty due to dissocia- 
tion should disappear at temperatures  and oxygen 
pressures such that  an appreciable portion of the metal  
surface is bare (zero second layer  coverage and partial  
first layer  coverage). 
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APPENDIX 

Oxygen Dissociation Produced by Hyperve~ociSy 
Motion through the Earth's Atmosphere 

While subsonic vehicles (e.g., conventional  aircraft) 
produce negligible chemical changes in the air through 
which they move, the kinetic energy represented by a 
hypersonic vehicle (e.g., a reenter ing  spacecraft or 
ballistic missile) is comparable to the dissociation en-  
ergy of oxygen and (even) ni t rogen molecules present  
in undis turbed  air. As a result, even at low alt i tudes 
significant oxygen-atom concentrat ions are produced 
by the deceleration of air relat ive to such vehicles, a 
fact which must  be considered in designing their heat 
protection systems. 

Actual  O-atom part ia l  pressures experienced at a 
vehicle surface depend strongly on the a l t i t ude - re -  
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Fig. 10. Oxygen atom nonequilibrium regimes 44 encountered dur- 
ing the reentry of manned and unmanned vehicles into the Earth's 
atmosphere: ICBM z intercontinental ballistic missile, S z satel- 
lite, GV ~ glide vehicle, LLV ~ lunar lifting vehicle. 

locity history ("trajectory") of the part icular  vehicle, 
as well as its over-al l  size. Typical trajectories for 
several classes of vehicles are shown in Fig. 10, 40 to- 
gether with (a) (shaded) regions in which one can 
rule out appreciable O-atom concentrat ions for var i -  
ous reasons (outl ined below) and (b) points (open 
circles) o n  each t rajectory at which the conditions of 
aerodynamic heating are most severe. In the odd- 
shaped shaded region to the left (i.e., low velocity) ,  
the vehicle kinetic energy is insufficient to thermody-  
namical ly  produce appreciable oxygen-a tom concen- 
trations at the prevai l ing pressures. In the upper  
(high-al t i tude)  shaded region the energies are suffi- 
cient, but  the rates of dissociation are inadequate for 
bodies in  the size range of aerospace interest. In  the 
lower ( low-al t i tude/h igh-dens i ty)  shaded region, O 
atoms produced in the h igh- tempera ture  regions of the 
flow undergo a sufficient number  of termolecular  en-  
counters in the cooler gas regions near  the surface to 
recombine (reforming Or) in the gas phase. The re- 
main ing  (unshaded) region is still seen to be quite 

4o Th i s  f igure ,  a more  d e t a i l e d  v e r s i o n  of w h i c h  is d i scussed  f r o m  
the  p o i n t  of v i e w  of a e r o d y n a m i c  h e a t i n g  in  ref.  (44), d i sp l ays  t he  
t r a j e c t o r i e s  of  two  ba l l i s t i c  ( w i t h o u t  a e r o d y n a m i c  l i f t )  v e h i c l e s  
[ea r th  sa t e l l i t e  (S) and  i n t e r c o n t i n e n t a l  ba l l i s t i c  mi s s i l e  ( ICBM)]  
a n d  two  " l i f t i n g "  veh i c l e s  [g l ide  veh i c l e  (GV) and  l u n a r  l i f t i n g  
veh i c l e  (LLV)]  d i f f e r i ng  w i d e l y  in  t he i r  i n i t i a l  (ent ry)  speed.  As 
a specific case of  i n t e r e s t  here ,  f o u r  r ecen t  A i r  Force  (ASSET-ASV)  
g l ide  t e s t  v e h i c l e s  w e r e  boos t ed  to a l t i t u d e s  of 196-212 k f t  a t  ve -  
loc i t ies  of 16-19.5 k f t / s e c ,  

Fig. 11. Pressures and oxygen-atom concentrations simultaneously 
experienced during the reentry of vehicles with aerodynamic lift. 
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large, in fact we note that, of the vehicles shown, all 
but  the ICBM experience peak heat ing rates under  
conditions such that  high nonequi l ib r ium oxygen-a tom 
concentrations wil l  be present. 

For definiteness, let us now focus on the glide re-  
ent ry  vehicle (GV) since such vehicles are likely to 
make extensive use of the refractory metals of interest  
in the present  investigation. Over its t rajectory one 
can est imate the pressures and oxygen atom-mole 
fractions encountered at various points along the sur-  
face. Typical results are displayed in Fig. 11 for two 
extreme locations, viz., the forward stagnation point  
or leading edge (at which the highest local pressures 
are experienced) and a point back along the surface 
at which the static pressure has dropped to that pre-  
vail ing in the undis turbed atmosphere. All  of the con- 
ditions shown shaded 41 are thus experienced at in ter -  
mediate locations on the surface and hence are also of 
interest. While the resul t ing range of O-atom pressures 
far exceeds the capabil i ty of any one exper imental  
technique, it is noteworthy that the techniques ex- 
ploited in the present  work provide true kinetic data 
wi thin  the region of interest  (cf. Fig. 11). Moreover, 
owing to the comparative simplicity of the O-atom 
kinetics (cf., Fig. 5 and 8) the present  results can be 
extrapolated with respect to reactant  part ial  pressure 
wi th  greater confidence than those per ta ining to 02. 
Hence, the present work, and measurements  current ly  
in progress, enable rat ional  estimates to be made of the 
consequences of bare metal  exposure (e.g., protective 
coating failure or deliberate t ransient  use) in the re-  
ent ry  environment .  
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Contribution to the Mn-O Phase Diagram at 
High Temperature 
A. Z. Hed 1 and D. S. Tannhauser 

Department of Physics, Technion~Israel Institute of Technology, Haifa, Israel 

ABSTRACT 

Part of the phase diagram of the system Mn-O was determined in the 
temperature range 1100~176 and the range of oxygen partial pressure 
1 atm --~ P(O2) --~ 10 -19 arm. Data are presented of the ratio O/Mn within 
the MnO phase and of some of the boundaries  of this phase. The data are 
based on a combination of thermogravimetr ic  and electrical measurements  and 
on direct observation of the mel t ing oxide in the furnace. 

Numerous investigations have been reported dealing 
with various aspects of the Mn-O system; however, 
none of them give a comprehensive account of the 
temperature-pressure-composi t ion relations in the 
system Mn-O. 

MnO, Mn304, Mn203, and MnO2 are known to exist 
as stable crystal l ine phases and can be converted into 
each other by a suitable choice of temperature  and 
oxygen part ial  pressure. Our work is concerned only 
with the oxides MnO and Mn304. MnO is general ly 
assumed to deviate from stoichiometry, but  there are 
large discrepancies between the quant i ta t ive  data 
available for the various equilibria. This may be due 
par t ly  to the fact that the equil ibria states have been 
estimated by the combinat ion of heat of formation and 
entropy data, each of which has a considerable l imit  of 
error, and par t ly  to the fact that all data per ta ining to 
the h igh- tempera ture  region were measured after 
quenching the samples to room temperature.  

Millar (1), Le Blanc and Wehner  (2), Shomate (3), 
Moore, Ellis, and Selwood (4), and Hahn and Muan 
(5) investigated the composition of Mn304. Le Blanc 
and Wehner  found Mn304 near  400~ to deviate con- 

1 Present  address: B a t t e l l e  M e m o r i a l  I n s t i t u t e ,  C o l u m b u s ,  Ohio. 

siderably from stoichiometry, it being an excess oxy- 
gen compound. The other investigators who studied 
Mn304 at T ~ 1000~ found that it is practically stoi- 
chiometric. 

The MnO phase was studied by Davies and Richard-  
son (6) and in ref. (2, 4, 5). Davies and Richardson 
give quant i ta t ive data, while the other authors con- 
cluded only that the composition varied with the con- 
dit ion of preparat ion without  quoting numbers .  

The melt ing point  of Mn304 has been reported by 
Hahn and Muan (5) as 1540~ in equi l ibr ium with 
MnO and as 1567~ in  air. War tenberg  et al. (7) re- 
ported the mp as 1590 ~ • 20~ without  specifying 
the atmosphere. 

No measurements  of the mel t ing point of MnO as 
function of oxygen part ial  pressure were made. How- 
ever, Singleton et al. (8) reported the value 1815 ~ _ 
7~ as the mel t ing point  of MnO in purified helium, 
and Glasser (9) deduced a mel t ing point of 1850~ 
by extrapolat ion from the system MnO-SiO2. 

Experimental Technique 
Two samples of manganese metal  in the form of 

thin plates (Johnson-Mat they spectrographic s tand-  
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ard),  chemical ly thinned to 0.3 mm, were  suspended 
in a ver t ical  furnace. One sample was used to mea-  
sure the electr ical  conductance, G, of MnO; the other, 
which weighed about lg, served to determine  the de- 
viat ion f rom stoichiometry through thermograv imet r ic  
measurements .  Mixtures  of e i ther  O2 and argon or 
CO2 and CO flowed through the furnace  at 0.7 c a /  
sec, the part ial  pressures of oxygen, P(O2),  being 
calculated from the free energies of formation given 
by Coughlin (10). The manganese meta l  was oxidized 
for more  than 12 hr  at 1100~ in a flowing mix tu re  
of 100 parts CO2 to 1 par t  CO, and the samples were  
then fired in various atmospheres 

( 2 0 ~ P ( C O 2 )  ~ 1 0 0 )  
P (CO)  

at 1550~ for 2 hr. The oxidation t empera tu re  was 
chosen to prevent  mel t ing of the meta l  [rap 1244~ 
(11)] before oxidation. At tempera tures  higher than 
1350~ equi l ibr ium of the samples wi th  the atmos- 
phere was established in less than 10 rain after  P (O2) 
was changed. The equi l ibr ium times at tempera tures  
lower than 1200~ were  longer than 1 hr. Constancy 
of the resistance of the samples indicated the equi-  
l ibr ium state. 

The conductance G was measured by a four-probe 
method with an a-c bridge described by Dauphinee 
and Mooser (12). The four Pt  10% Rh wires, which 
served as electrodes, were  attached t ight ly to the sam- 
ple through holes of 0.5 m m ~  pierced by a concen- 
t ra ted jet  of fine a lumina powder  (S. S. White Indus-  
tr ial  "Airbras ive"  uni t) .  

For  the gravimetr ic  measurements  we used a Cahn 
electrobalance, mounted  on the furnace. The balance 
was used as a differential  weighing device, since abso- 
lute weighing of the samples was not possible. The ap- 
parent  weight  of the sample is composed of its real 
weight,  the weight  of the hanging wires, and a fic- 
titious weight  caused by the hot flowing gases in the 
furnace. This fictitious weight  depends on the geom- 
etry of the samples, temperature ,  molecular  weight,  
and veloci ty of the gas mix ture  flowing in the fur-  
nace. Differential  weighing along an isotherm keeping 
the gas veloci ty constant is affected only by changes 
of the molecular  weight  of the gas. This effect was 
measured on a dummy alumina sample and was esti-  
mated to be less than 100 ~g over  the range of our 
measurements .  

The balance was used in the range of 100 mg with  
a sensit ivi ty of 10 ~g. This sensit ivi ty was good 
enough, since turbulence caused random fluctuation of 
___ 50 ~g in the apparent  weight  of the sample. The 
suspending wire  was composed of two parts; the up- 
per one in the less hot region of the furnace was a 
p la t inum wire. In the hottest  part  of the furnace we 
used a sapphire  single crystal  (Linde division of 
Union Carbide Corporat ion) ,  which can be used up 
to 1520~ the eutectic point of the system MnO- 
A1203 (13). For la ter  experiments ,  which extended 
above 1520~ we used ir idium as a suspending wire. 

The two samples were  very  close to each other,  and 
a P t / P t  10% Rh thermocouple  measured their  tem- 
perature.  Since the tempera tures  reached were  very  
high, the thermocouple  could not be re l ied on as be- 
ing accurate for long periods, and it was often re-  
placed and periodical ly checked against  the mel t ing 
point of pal ladium (1552~ 

For  the visual de terminat ion  of the mel t ing point 
of the oxides we used thin (0.2-0.3 mm thick) oxide 
sheets suspended in the furnace by an i r idium hook, 
so that their  large face was horizontal.  A pal ladium 
calibration wire was used near  the sample in each 
run, in addition to the P t / P t  10% Rh thermocouple,  
for a bet ter  de terminat ion  of the temperature .  We 
heated the furnace at a rate that  did not exceed 5~ 
rain, the sample being in a constant P(O2).  The de- 
format ion of the sample indicated its mel t ing point. 
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Fig. 1. Temperature pressure dlagrom of the system Mn-O in 
the temperature range 1100~176 In the MnO field experi- 
mental lines of constant composition are given with the value of 
their molar excess of oxygen, x, multiplied by 102. The boundary 
lines q and p are calculated according to Coughlin (10). The 
boundary n and part of m (e)  are determined in this work, the 
point [ ]  at 1815~ is taken from the work of Singleton et al. (8). 
The division into regions A, B and C is according to Fig. 3. For 
comparison representative points ( A )  taken from Fig. 1 of ref. (6) 
are given for x.102 ~ 0.7, 1 and 1.5. Representative points ( A )  on 
the boundary n and n are taken from ref. (5). Lines of constant 
p (C02)/P(CO) are superimposed (thin dashed lines). 

I t  is obvious that  this determinat ion does not define 
a liquidus or a solidus line, but some value between 
these lines. 

Results 
Figure  1 shows the t empera tu re -pressure  diagram of 

the system Mn-O. The phase boundary Mn-MnO (q) 
is calculated f rom the free energies of formation given 
by Coughlin (10). We did not extend our measure-  
ments to these low oxygen part ial  pressures because 
Mn quickly evaporates  f rom the oxide at these pres-  
sures. This made the determinat ion of the deviat ion 
f rom stoichiometry very  difficult. The manganese vapor  
also at tacked the Pt  10% Rh electrodes, thus p reven t -  
ing electr ical  measurements  in this range. 

The MnO-Mn304 boundary (n) was determined 
by the sudden increase in weight  of the sample as the 
oxygen part ial  pressure was slightly increased. 

The mel t ing  point of Mn304 was found to decrease 
f rom 1600 ~ ___ 8~ at P(O2) : 1 atm to 1555 ~ ___ 5~ 
at about P(O2) : 10 -1 atm. Maun and Hahn (5) re-  
ported an eutectic point in the system Mn-O at P(O2) 
= 10 -1 atm, but ment ioned 1540 ~ ~ 6~ as the mp 
at the eutectic composition. However ,  the calibration 
pal ladium wire  used in each of our runs always mel ted 
before the deformat ion of the oxide, and we conclude 
therefore  that  the lowest mp in that  system is not 
lower than 1552~ The l imit  of error  given above 
is sl ightly more l iberal  because of the possibility that  
the oxide sample wi th  the higher  heat  content  might  
be at a sl ightly lower tempera ture  than that  of the 
thermocouple.  

The mel t ing point of MnO as funct ion of P(O2) was 
determined down to P(O~) = 0.01 atm, where  the mp  
was found to be 1734 .0 • 10~ We did not measure 
the mp at lower P(O2), since the thermocouple  is not 
rel iable  at such a high temperature ,  and because the 
m ax im um  operat ing tempera ture  of our oven was 
1800~ However ,  we drew in Fig. 1 a curved line up 
to 1815~ the melt ing point of MnO in purified hel ium 
determined by Singleton et al. (8). We est imated that  
the purified hel ium around their  samples is equiva len t  
to P(O2) ~ 10 -6 atm. We did not take into account 
the va lue  1850~ mentioned by Glasser (9), since 
this value is an extrapolated one and not a measured 
value, as that  of Singleton et aL 

The calculat ion of x given near  the lines of constant 
composition in Fig. 1 (see Fig. 2) requires  knowledge 
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of the weight  of MnO at stoichiometry (see Eq. [4] 
below). Since the gravimetric  measurements  were 
performed by a differential method, the stoichiometric 
weight of samples could not  be determined directly, 
but  was determined with the aid of the electrical mea-  
surements by the method of Fisher and Tannhauser  
(14). 
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Figure 3 shows isotherms of the conductivi ty G vs. 
log [P (CO2) /P(CO)] .  I t  is seen that  the conductivi ty 
of MnO behaves differently in three regions, which 
are labelled A, B, C, respectively. In  those parts  of 
regions A and B which are not  too close to the min -  
imum in G, G can be expressed in  the general  form 

G ~- K ( T )  [ P ( C O 2 ) / P ( C O ) ]  1/s [1] 

or, using the relat ion P(O2) ~ K ' ( T )  [P(CO2) /  
P (CO)]  2, in  the form G = K " ( T ) P ( 0 2 )  l/~s where s 
is negative in region A and positive in region B. 

In  this article only region B is discussed, since it 
is needed for the determinat ion of the stoichiometric 
point. Region B is characterized by the value s = 3.0 
_+ 0.1. This value fits the model proposed by Smyth  
(15), namely,  that  the dominan t  defects in  region B 
are doubly ionized manganese  vacancies. That  this 
model gives the relat ion [1] with s ---- 3 can easily be 
proved (16) by applying the mass action law to the 
reactions 

� 8 9  (gas) r 0 (Lattice) -F VM 

VM ~ V ' M  + 

V'M ~ V"M + 

with the condition [V"M] > >  IV'M] and the assump- 
tion that  the mobility, ~, of the positive free charge 
carriers, O,  does not depend on P(O~). [VM], [V'M], 
[V"M] are the molar fractions of manganese  vacancies, 
nonionized, singly, and doubly ionized, respectively. 

The molar excess of oxygen, x, defined by the for- 
mula MnOI+.~, which is equivalent  to M n l - x O  at low 
x, is given by 

X : [VM] -F IV'M] -~- [V"M] [2] 

If now, in addition to [V"M] > >  IV'M], the relat ion 
[V"M] > >  [VM] holds as proposed by Smith (15), 
Eq. [2] will  read x = [V"~]  and the concentrat ion of 
charge carriers p wil l  be given by 

p ---- [~7'M] ~- 2 [~7"M] ~ 2 [V"M] = 2x [3] 

A plot of G ~ C#ep vs. x will  be l inear  if the last 
relat ion holds. Such plots are shown in Fig. 4, and are 
seen to be l inear  in region B, a fact that  supports the 
above assumptions. 
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Fig. 3. Conductance G of MnO as function of the ratio 
P(CO~)/P(CO), at constant temperatures. The value of P(C02) /  
P(CO) in the figure is the actual ratio of the gases in the furnace 
under equilibrium conditions, when mixtures of CO and CO2 are 
used. When mixtures of Ar and 02 are used, the ratio P(CO2)/ 
P(CO) is calculated to give the correct oxygen partial pressure. 
A and B are regions where G behaves according to formula 1. The 
numbers give the values of 1/s. C is a region where the behavior 
of G is not well understood. The inaccuracy in the isotherm 1414~ 
may be _ 15~ while the inaccuracy in the others does not ex- 
ceed ~ 5~ 

o 
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Fig. 4. Conductance G of MnOl+x as function of x, at constant 
temperature, for low values of x. The line separating regions B and 
C is taken from Fig. 3 (see text). 
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Fig. 5. Conductance G of MnOl+x  as function of x at constant 
temperature ever the whole range of existence of the phase. The 
line separating regions B and C is taken from Fig. 3 (see text). 

In Fig. 4 we drew the line that  separates regions B 
and C in Fig. 3; no breaks in G vs x occur at that  
line. However ,  in Fig. 5, where  the regions B and C 
are given in full, the expected breaks are seen. The 
fact that  these breaks do not occur at the transi t ion 
points indicated in Fig. 3, but  at higher  x (and there-  
fore higher  ( P ( C O 2 ) / P ( C O )  ratios) is not wel l  un-  
derstood. 

The zero point in Fig. 4 was de termined  by ext rapo-  
lation of G vs. M(x) ,  the apparent  weight  at a com- 
position MnOl+x, to zero conductivity.  Since f rom Eq. 
[3] we have  x ---- 0 for G ---- 0, we will  read on a graph 
of G vs. M(x)  for G = 0 M = M(o) ,  the apparent  
sample weight  at the stoichiometric composition, x 
can then be calculated f rom the relat ion 

[M(x)  - - M ( o ) ]  X 54.94 
x = [4] 

16 M(Mn) 

where  54.94 and 16 are the atomic weights of manga-  
nese and oxygen, and M(Mn)  is the weight  of manga-  
nese contained in the oxide; this weight  is de termined 
separate ly  before the oxidation of the specimens. 

The errors in the determinat ion  of x arise pr in-  
cipally f rom two causes: the systematic errors men-  
t ioned above, and the indeterminancy of the stoichi- 
ometric point caused by the scatter of the points in 
Fig. 4. The total er ror  is est imated to be hx ---- ___ 
10-3. 

Another  source of error  is the extrapolat ion pro-  
cedure;  since at x ---- 0 G is not exact ly  zero, due to 
intrinsic conductivity.  However ,  we could show by 
detai led analysis of the conduct ivi ty  that  this er ror  
is much smaller  than the -%x ---- _+ 10 -a ment ioned 
above. 

Breaks occur in the lines of constant x near  the 
transi t ion f rom region B to region C, and are probably 
due to the change of the ionization state of the manga-  
nese vacancies. The fact that  the slopes of the lines of 
constant composition undergo a sharp change near  
13750C might  be explained by a phase t ransi t ion in 
the oxide. Some evidence for such a phase t ransi t ion 
was found also in the electr ical  propert ies  of MnO 
and wil l  be repor ted  later. 

The composit ion of the MnO phase corresponding to 
the eutectic point was est imated by extrapolat ion to 
be near  MnOHs, but  it was not de termined separately.  

Measurements  of the deviat ion f rom stoichiometry in 
region A are ex t remely  difficult, since evaporat ion of 

manganese f rom the samples made the determinat ion 
of weight  change uncertain.  At  tempera tures  higher  
than 1400~ the evaporat ion is so severe that  the 
pla t inum electrodes of the samples are a t tacked by the 
manganese vapor  and destroyed, prevent ing  continu- 
ous measurements  of both x and G in region A. 

For  T < 1400~ we could however  show exper i -  
mental ly,  by taking the samples back and forth be- 
tween regions A and B, that  almost all the change in 
the apparent  weight  in region A was due to evapora-  
tion: only near  1400~ was a definite change of x in 
region A distinguishable. In Fig. 1 we draw a dashed 
line wi th  x ---- 0.001, which shows approximate ly  the 
lowest x definable by our method. For  lower P(O2) 
MnO is pract ical ly stoichiometric (within the exper i -  
menta l  error  x = ___ 0.001). The fact that  the con- 
duct ivi ty  in region A rises to fa i r ly  high values in 
spite of very  small  deviat ion f rom stoichiometry is 
probably due to very  high mobil i ty  electrons and wil l  
be discussed in a la ter  publication. 

For  the sake of completeness we drew from our re-  
sults a phase d iagram of the system Mn-O, given in 
Fig. 2. The Mn-MnO boundary is given by a straight  
line, since NInO pract ical ly reaches stoichiometric com- 
position. 

The 1V[n304 field is also a straight line, since no de- 
viat ion f rom stoichiometry was found in that com- 
pound. The exact  position of the eutectic point E is 
not de termined  in this work;  its position in Fig. 2 is 
only hypothetical.  

The tempera tures  at which deformations occur are 
not on the solidus line, but somewhat  higher;  we there-  
fore drew a solidus line somewhat  lower than our 
measured points. 

The l iquidus lines were  not de termined in this work, 
and in Fig. 2 they are hypothetical .  

Discussion 

Previous work  on the system Mn-O was based 
mainly  on measurements  made after the sample was 
brought  to room temperature ,  while  the measurements  
in this work were  made at the equil ibria  states them-  
selves, giving us the advantage of direct  observat ion 
of these equilibria.  

In Fig. 1 we give the MnO-MnaO4 phase boundary 
as measured in this work, and as calculated f rom the 
free energies of formation given by Coughlin (10). 

Our measurements  agree fair ly wel l  wi th  the results 
of Hahn and Muan (5). The fact that  the values cal- 
culated from the free energies of format ion do not fit 
our exper iments  is probably due to the large devia-  
tion from stoichiometry of MnO near  the boundary.  
In the calculation of that  boundary we assumed the 
act ivi ty  of MnO to be unity, an assumption not  justified 
when dealing with  nonstoichiometric  compounds. 

On the other  hand, the Mn-MnO phase boundary,  
which is calculated f rom the free energies of fo rma-  
tion of MnO given by Coughlin (10), is probably re-  
liable, since, as we have shown above, MnO is prac-  
t ically stoichiometric in our region A (Fig. 1) to ve ry  
low oxygen  pressures, and it is therefore  fa i r ly  safe 
to assume that  it is stoichiometric at the boundary  i t-  
self. 

Mn304 was found to be pract ical ly stoichiometric, 
up to 1 a tm oxygen, this again agreeing wi th  the 
measurements  of Hahn and Muan (5). The deviat ion 
f rom stoichiometry found by Le Blanc and Wehner  
(2) was probably due to the metastable  condition of 
their  experiments .  

The highest measured  deviat ion f rom stoichiometry 
was 15% excess oxygen,  corresponding to MnO1.15. 
Davies and Richardson (6) found the m ax im um  devia-  
tion to be 4.4% and found a completely different de-  
pendence on P(O2) in the range P(O2) ~ 10 -5 atm. 
This may  be due to two different causes: (a) flushing 
of their  oven with  ni t rogen before quenching the sam- 
ples, (b) the quenching process itself. 
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Davies and Richardson equil ibrated their samples 
in the temperature  range 1500~176 where equi-  
l ibria are quickly established. The part ial  pressure of 
oxygen in nitrogen, which is determined by impur -  
ities like O2, H20, or CO,_,, is usual ly very low, and 
may easily reduce the oxygen contents of the oxide at 
these elevated temperatures.  As to the quench pro- 
cedure, Davies and Richardson ment ion precipitation 
of Mn304, when they quenched samples equil ibrated 
at P(O2) > 10 -2 atm. This feature is known also in 
the system FeO (14), but  it does not mean that at 
these oxygen pressures MnO does not exist at high 
temperature.  At P(O2) < 10 -6 atm, our results co- 
incide with the results of Davies and Richardson (6), 
as shown in Fig. 1. In  this case, the remark  of Davies 
and Richardson, that only small amounts  of gases 
pass over the sample, and therefore no fur ther  oxida- 
tion of the MnO sample is expected, applies. 

The melt ing points of Mn304 found in this work are 
in good agreement  with earlier workers. Our value 
of 160O~ at P(O2) -~ 1 atm agrees with Wartenberg 's  
(7) value of 1590 ~ ___ 20~ and the values we found 
in air and at P(O2) = 0.1 atm agree fairly well with 
those of Hahn and Muan (5) (see Fig. 1). 
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Note added in proof: Two new works dealing with 
the system Mn-O have recent ly  been published. The 

electrical conductivity of MnO as a funct ion of the 
oxygen partial  pressure was measured by N. G. Eror 
(Dissertation Abstr., vol. 26, p. 3225 (1965-66)) be- 
tween 900 ~ and 120O~ Eror found three different 
regions as in the present  work, and he pointed out that 
the conductivity of MnO is anomalous at high oxygen 
partial  pressure, in the sense that the conductivi ty de- 
creases with increasing temperature  at constant P(O2). 
This anomaly is well explained in the present  work 
by the decrease of concentrat ion of the cation vacan-  
cies (see Fig. 2, region C) when  increasing the tem- 
perature at constant P(O2). 

D. Q. Kim, Y. Wilbert,  and F. Marion [Compt. rend., 
262C, 756 (1966)] found the different phase bound-  
aries in the system Mn-O, and the position of the 
boundary  MnO-Mn~O4 agrees qual i tat ively with the 
present  work at high temperatures.  
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Mechanism of the Absorption Induced Electrode 
Potential Cells 

I. Nature of the Potential 

Henri L. Rosano, Charles J. Cante, and Evan Morgan 
Department of Chemistry, The City College of The City University of New York, New York, New York 

ABSTRACT 

Previous  exper iments  have shown that  by using different electrode pairs 
and electrolytes, cells comprised of a wet table  exposed e lec t rode /e lec t ro ly te /  
immersed electrode may  be sensitive to ei ther  ionizable or nonionizable va-  
pors. When air containing a vapor  was injected with  syringes into the carr ier  
gas s tream enter ing  a cell of the type described above, changes in cell po- 
tential  or cell current  were  recorded. I t  was noted that  the potential  changes, 
as well  as the current  changes, obtained f rom the absorption induced elec-  
trode potential  cells depended on the presence of a meniscus (sol id/ l iquid  and 
l iquid/gas  interfaces) on the exposed electrode. In the present  paper  the case 
of an ionizable vapor, hydrogen chloride, injected into the carr ier  gas s tream 
enter ing a Ag/AgC1 (exposed blade) /HC1 aqueous /Ag/AgC1 ( immersed wire)  
cell has been investigated.  It  was concluded that  (i) the absorption of vapor  
on the exposed electrode creates a momenta ry  concentrat ion cell wi th  t rans-  
ference and (ii) the great  sensit ivi ty of these types of e lectrochemical  cells 
can be at t r ibuted to an active zone located at the upper  part  of the meniscus.  

In a previous paper (1), it was repor ted  that  a 
galvanic cell  consisting of a p la t inum gauze electrode, 
which was par t ia l ly  immersed  in a ni t rochromic acid 
oxidizing mix ture  (70.3% HNO3 saturated with 99.1% 
CrO3), and a graphite electrode, which was completely  
immersed  in the same electrolyte,  responded to or-  
ganic vapors. In t roduct ion of short  chain alcohol va -  
pors into the system resulted in the production of a 
current  which was recorded as a function of time. 
This was essentially a Berton cell (2-4). 

Rosano and Scheps (1, 5) studied only the currents  
produced by organic vapors in an oxidizing electro-  
lyte. In  v iew of the complexit ies  encountered wi th  the 
ni t rochromic electrolyte,  it was decided to use differ- 
ent cells wi th  s impler  electrolytes in the invest iga-  
tion of the nature  of the potential  produced by ab- 
sorption induced electrode potent ia l  (AIEP)  cells. 

Experimental Procedure 
The electrolytes used in these investigations were  

aqueous solutions of potassium chloride and hydro-  
chloric acid. The exposed electrodes were  e i ther  (i) 
a Ag/AgC1 blade (2.25 x 1.0 x 0.05 cm) or (ii) a semi-  
silvered, sand-blasted,  glass blade and the immersed  
counter electrode was a Ag/AgC1 wire  (0.06 cm in 

POTENTIO~TEB 
ELECTROMBTER 
RECORDER 
VOLTAG~ [~IVIDEB. GAS IN 

GAS OUT ~11 

SAND BLASTED 
BLADE ELECTRODE 

B L ! C T ~ E T I C  STIRI~R  

Fig. 1. The AIEP cell 

diameter) .  Sand-blas ted glass slides were  covered 
wi th  silver by sucrose reduct ion of a s i lver  ammonia  
complex. The lower half of the blade was again sand- 
blasted to r emove  the si lver on that  section. Sand- 
blasting insures the wet tabi l i ty  of the electrode. The 
vapor  was hydrogen chloride. The carr ier  gas, ni t rogen 
or air, continuously flowed through the cell. The ef-  
fect of the air s t ream was negligible compared with  
the effect of HC1. The carr ier  gas was passed through 
a series of filters (anhydrous calcium chloride, potas- 
sium hydroxide,  and charcoal) before enter ing the cell  
at a controlled flow of 60 cc/min.  The basic cell de-  
sign in all exper iments  is shown in Fig. 1. The glass 
container ( internal  d iameter  3.6 cm) of the cell  has a 
total vo lume of 60 cc. The volume of electrolyte  used 
in all exper iments  was 15 cc. 

A hydrochloric  acid solution in a closed Er lenmeyer  
flask was al lowed to reach equi l ibr ium wi th  its own 
vapor. A given volume of the HC1 vapor  was then 
wi thdrawn from the flask with  syringes and subse- 
quent ly  injected into the carr ier  gas stream. All  chem- 
icals were  reagent  grade, and disti l led water  was used 
in the preparat ion of all solutions. The various elec- 
t rolytes were  uni formly  s t i r red by a magnet ic  stirrer.  
These exper iments  were  per formed at room temper-  
a ture  (26 ~ +_ I~  

Measurement of cell potential.---Given volumes of 
HC1 vapor  were  injected into a regula ted  s t ream of 
n i t rogen enter ing a Ag/AgC1 (exposed b lade) /HC1 or 
KC1 (aqueous) /AgC1/Ag ( immersed wire)  cell. Two 
different exper iments  were  performed:  (i) for  a fixed 
bulk concentrat ion of KC1 or HC1, the change in cell 
potent ial  was recorded as a function of the vo lume 
of HC1 vapor  injected, and (ii) the change in cell po- 
tent ial  was recorded when  the bulk electrolyte  con- 
centrat ion was var ied  whi le  the volume of HC1 vapor  
injected was kept  constant. An e lec t rometer  (D.C. 
Mult imeter ,  Model MV77B, Mill ivac In s t rumen t s ) 'was  
used to measure  the m ax im um  potent ia l  changes 
which were  recorded (Sargent  Model SR Recorder)  
as a function of time. In order to jus t i fy  the use of 
the recorder  (balancing speed: 1 see for  ful l  scale 
t ravel) ,  it was necessary to determine  the durat ion of 
the potent ial  rise in a measurement  of  emf  vs. time. 
An oscilloscope (Hewle t t -Packard ,  Model  130C wi th  
Dumont  Camera  a t tachment)  was used in place of the 
recorder.  The t ime of the potent ial  rise was found to 
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Fig. 2. Potential as time curve for the injection of HCI vapor into 
a Ag/Ag/CI (exposed blade)/1M HCI/AgCI/Ag immersed wire cell 
illustrating the decay of the transient potential. 

be of the order  of 3-6 sec depending  on the vo lume of 
vapor  injected. Therefore,  for convenience,  the re -  
corder was used in all our experiments .  Af te r  in jec-  
tion of HC1 vapor  into the cell, the cell emf  increases 
immedia te ly  to a m a x i m u m  value  (see Fig. 2). With 
time, the cell  emf decays to its ini t ial  value. Af te r  
repeated injections of HC1 vapor,  the cell  emf  does 
not re turn  to its init ial  va lue  but levels  off at some 
higher  emf due to the change in the bulk electrolyte  
concentration. The difference be tween  the m a x i m u m  
instantaneous emf and the initial emf was selected as 
the parameter  to be reported.  

EMF of HC1 concentration cells with trans~erence.-- 
The emf  of HC1 concentrat ion cells wi th  t ransference 
wi th  measured  (e.g., Ag/AgC1/HC1, 1M / /  HC1, xM / 
AgC1/Ag where  1 M - -  xM - -  12M). 

A priori it was postulated that  the absorption of 
HC1 vapor  at the level  of the meniscus formed on the 
exposed electrode would create  a momenta ry  concentra-  
tion cell wi th  t ransference be tween the exposed blade 
and the immersed  wi re  electrodes of the absorption 
induced electrode potential  cell. In order  to est imate 
the m a x i m u m  momenta ry  concentrat ion of HC1 on the 
exposed electrode of the AIEP  cell, the emf's obtained 
with  the cell were  compared to the emf's  of a classical 
concentrat ion cell wi th  transference.  According to our 
hypothesis, for the same emf's  the difference in con- 
centrat ions must  be comparable  for  the two systems. 

Influence oS the dimensions o~ the exposed blade 
electrode on the cell emf.--2cc of HC1 vapor  were  in-  
jected into the AIEP cell described above. The d imen-  
sions of the exposed blade electrode were  changed in 
order  to de termine  their  effects on the emf obtained 
wi th  a given injection. Exper imenta l ly ,  the emf  is 
pract ical ly  independent  of the wid th  of the blade. I t  is 
dependent  on the re la t ive  position of  the bot tom of 
the blade wi th  respect to the plane of the electrolyte  
(see Fig. 3). 

INfluence of the position of the bottom of the ex-  
posed electrode at diffeven$ levels in the meniscus.--  
Practically,  the bot tom of the Ag/AgC1 blade cannot 
be above the plane of the solution otherwise the blade 
wil l  not support  a meniscus. Instead a sand-blasted,  
semisilvered,  glass blade electrode was used. With  this 
electrode it is possible to position the s i lvered part  
of the blade at any leve l  in the meniscus; the bot tom 
half  of the electrode (sand-blas ted glass) supports the 
meniscus (position measured wi th  Gaer tner  catheto-  
meter ) .  

Results 
Influence of the volur~e of HC1 vapor injected on the 

cell emf . - - In  the first series of exper iments  the bulk 
electrolyte  concentrat ion was fixed at 1M so that  data 
were  obtained for the changes in emf  as a funct ion of 
the vo lume of HC1 vapor  injected. The exper imenta l  
results are shown in Fig. 5. The upper  abscissa of Fig. 
5 represents  the volume (cc's) of HC1 vapor  injected 
on a log scale. A curve was traced through the ex-  
per imenta l  points. 

EMF's of concentration cells with transference.--The 
emf's of the concentrat ion cells wi th  t ransference 
were  plotted on the ordinate of Fig. 5. A horizontal  
line, intersecting the exper imenta l  curve, was drawn 
for each measured emf. The in tersect ions  of these 
horizontal  lines and the previous ly  traced curve deter-  

/~D r 

5 J  

Fig. 4. EMF as a function of the position of the bottom of the 
exposed electrode relative to the electrolyte-air interface for a 
semisilvered, sand-blasted, glass blade electrode. 

Fig. 3. EMF as a function of the position of the bottom of the 
blade electrode below the liquid-gas interface for a solid silver 
blade. 

Fig. 5. EMF vs. the log of the volume of HCI vapor injected into 
the cell of Fig. 1. 
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Fig. 6. EMF vs.  the log of the bulk electrolyte concentration for 
a fixed injected volume of HCI vapor. 

mined the position of the values of xM on the middle 
abscissa of Fig. 5. 

Variation of Cell emf  as a function of the bulk 
electrolyte concentration for a given injected volume 
of HC1 vapor . - -A fixed volume of HC1 vapor  was in- 
jected into the carr ier  gas s tream enter ing a Ag/AgCI  
(exposed blade) /HC1 (aqueous) /AgC1/Ag ( immersed 
wire)  cell. The m a x i m u m  changes in emf for various 
concentrat ions of the e lect rolyte  were  measured.  Re-  
sults are shown in Fig. 6. In the potential  measurement  
exper iments  no visible physical changes of the s i lver-  
si lver chloride electrodes were  observed. 

Influence of the position of the bottom of the ex-  
posed blade electrode vs. the plane of the liquid-air 
interface.--Figure 4 is a representa t ive  exper iment  of 
the emf response vs. the re la t ive  position of the bottom 
of the s i lvered segment  of the semisi lvered electrode 
with respect to the m a x i m u m  upper  meniscus bound-  
ary. The surface tension of the electrolyte  was meas-  
ured before and after  each experiment .  The max im um  
height  of the meniscus was calculated and taken as the 
origin on Fig. 4. An  ar row indicates the ver t ica l  dis- 
tance between the top of the meniscus and the hori-  
zontal plane of the electrolyte.  

Discussion 
Apparent  HC1 concentration in the meniscus . - -When 

HC1 vapor  penetrates  into a Ag/AgC1 (blade) /HC1 or 
KC1 (aqueous ) /AgC1/Ag  ( immersed wire)  cell, it can 
be assumed that  the concentrat ion of chloride ion 
around the exposed electrode increases suddenly. The 
difference in chloride ion act ivi ty  be tween the exposed 
and immersed electrodes suggests, as we have a l ready 
mentioned,  a concentrat ion cell with transference.  The 
m a x i m u m  apparent  concentrat ion of HC1 in the menis-  
cus was est imated theoret ical ly  and exper imental ly .  

The theoret ical  approach is the application of the 
Nernst  equat ion (Eq. [3]) for concentrat ion cells wi th  
t ransference (util izing act ivi ty  coefficients and t rans-  
ference numbers  cited in the l i tera ture)  and fitting the 
emf's corresponding to the various calculated concen- 
trations to the exper imenta l  curve. 

If the chloride ion concentrat ion in the meniscus 
is the sum of the bulk chloride concentrat ion and the 
contr ibution made by the injected HC1 vapor  which 
absorbed at the l iqu id-a i r  interface, it can be wri t ten:  
Cr~ = CB § X (where  Ct~ and CB are  the meniscus 
and bulk chloride ion concentrations, respectively,  and 
X is the contr ibution of the absorbed HC1). Assuming 
that  the expression for the emf of a concentrat ion cell 

wi th  t ransference (6) is applicable in our case it fol-  
lows that  

2t+RT aN 
E (mill ivolts)  = I n -  [1] 

n F  aB 

aM = f M C M  = fM [ C B  2V X ]  a n d  aB ~-  fBCB [ 2 ]  

[ In + In [3] E (mil l ivol ts)  = nF  --~B 

Equat ion [3] can be rewr i t t en  as 

E =  2t+RT [ ln ,M CB-}-X ] 
n ~  IB -t- ln- C ~  [4] 

where  R is the gas constant, T was 299~ F is the 
value  of the Faraday-96,500 coulombs/equivalent ,  t+ is 
the t ransference number  of the hydrogen ion, aM and 
aB are the activities of the chloride ion in the meniscus 
and the bulk electrolytes respectively,  CM and CB are 
the concentrat ions of the chloride ions in the meniscus 
and bulk, respect ively,  and fM, fB are the act ivi ty  co- 
efficients obtained f rom the l i te ra ture  (7). The results 
are presented on the bottom abscissa of Fig. 5. 

The exper imenta l  approach, as was previously men-  
tioned, has been to assume that  identical  emf's  ob- 
tained with an AIEP  cell and a classical concentrat ion 
cell wi th  t ransference must  correspond to comparable  
concentrat ion differences. Therefore,  the var iable  con- 
centrat ion of the classical cell wi th  t ransference is 
plot ted on the middle  abscissa of Fig. 5 to fit the ex-  
per imenta l  curve, emf vs. volume injected (cc's),  ob- 
ta ined with  the AIEP cell. The correspondence be- 
tween the concentrat ions on the two lower abscissae is 
fair ly good. The middle abscissa represents  the ap- 
parent  HCI concentrat ion in the meniscus. F igure  5 
therefore  has three  abscissae which represent  f rom 
top to bottom: (i) the vo lume of HC1 vapor  injected 
into the cell, (ii) the HC1 concentrat ions (xM) of the 
concentrat ion cell wi th  transference,  and (iii) the 
calculated apparent  meniscus concentrat ion using the 
Nernst  equat ion with  transference.  The two ap- 
proaches are equivalent .  

Respective contributions of the sheath of wet t ing 
and the meniscus of the exposed electrode to the cell 
emf .~Exper imenta l ly ,  the exposed electrode must  be 
wet table  by the electrolyte  and form a meniscus in 
order to have a sensitive cell. The Laplace equation of 
capi l lar i ty  (Eq. [5]) allows the determinat ion  of the 
height  of a meniscus if the surface tension and density 
of the l iquid are known (8). 

h = (2~/pg) 1/2 [5] 

where  h is the meniscus height  (cm),  g is the accelera-  
tion of gravi ty  (cm/sec2),  p is the densi ty of the l iquid 
(g / cm 3) and -y is the surface tension (dynes /cm) .  For  
a l iquid with  -~ = 72 dynes /cm (e.g., water)  h is 0.384 
cm. Table I presents a few typical  values of h calcu- 
lated using Eq. [5] and exper imenta l  values of ~, and p. 
When a wet table  blade is ver t ica l ly  wi thdrawn f rom 
a l iquid surface, i t  forms a meniscus. Beyond a certain 
height  h, the m ax im um  height  of the meniscus, any 
fur ther  extension of the blade wil l  only increase the 
sheath of wet t ing  covering the blade above the top of 
the meniscus. If the blade is situated in an a tmosphere  
saturated with  water  vapor, the sheath of wet t ing wil l  
cover the ent ire  blade. Eventual ly ,  the sheath of we t -  
t ing wil l  s lowly thin out due to drainage. On the other  

Table I. Values of h from experimental data 

"~' su r face  h, m a x i m u m  
p dens i ty ,  t ens ion ,  meniscus 

Elec t ro ly t e  g / c m  a d y n e s / c m  he igh t ,  c m  

HC1, 1M 1.0156 72.4 0.381 
Igcpa l ,  CO-630 in  - -  30.8 0.267 

1M HC1 
Igepa l ,  CO-730 in  - -  35.4 0.249 

1M HC1 
KC1, 1M 1.0467 74.3 0.380 
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Fig. 7. Relationship between a we,able exposed electrode surface, 
sheath of wetting, and the meniscus formed on the exposed elec- 
trode. 

hand, if the blade is si tuated in a continuously re-  
plenished atmosphere,  as in our exper iments ,  the 
sheath of wet t ing  will  evapora te  down to a position 
re la t ive ly  close to the upper  boundary of the meniscus. 
The thickness of the sheath of wet t ing  is de te rmined  by 
the electrolyte  and the surface of the electrode. I t  rep-  
resents the min imum possible l iquid thickness of the 
electrode, (see Fig. 7). 

Let  us consider two cases in which: (i) the meniscus 
and the sheath of wet t ing  are taken into account and 
(ii) the existence of the meniscus is disregarded and 
replaced by a film of thickness, r which forms a r ight  
angle boundary with  the bulk electrolyte  at the l iquid-  
gas interface. 

Let  us assume, for the first case, that  n moles of HC1 
vapor  enter  the cell and are absorbed into a vo lume 
A x + (where  A is the total l iquid-gas  interface;  10.8 
cm 2 in our case and + is a thickness) .  The  area  of the 
meniscus and adjacent  film can be es t imated to be 10% 
of the total l iquid-gas area or 0.1A. As an example,  
when 1 cc of HC1 vapor  was injected into the carr ier  
gas s t ream enter ing a Ag/AgC1 (exposed b l ade ) /1M 
HC1/AgC1/Ag ( immersed  wire)  cell, the emf  changed 
by 20.2 my. F rom Fig. 5 (middle abscissa) the maxi -  
m u m  apparent  HC1 concentrat ion in the surface 
volume A x r should be 1.4 x 10 -a moles/cc.  The in- 
crease in the number  of moles of HCI after  inject ion 
was 36.4 x 10 -7 moles. This increase was de termined  
by inject ing the stated volume of vapor  into an equiva-  
lent  system in which the HC1 electrolyte  was replaced 
by disti l led water .  By measur ing the pH of the dis- 
t i l led water  before and after  the inject ion of vapor, 
the increase in the number  of moles of HC1 was cal-  
culated. Of these moles, 3.64 x 10 -~ were  in a vo lume 
0.1A x cc's wi th  an apparent  concentrat ion of 1.4 x 
10 -3 moles/cc.  Therefore  

3.64 • 10 -v  
e -~ ~ 2.4~ 

1.08 • 1.4 • 10 -8 

For  the second case, let us assume that:  (i) a film 
of uni form thickness, +, exists in place of a meniscus, 
and (ii) that  only 10% of the total moles of  HC1 enter -  
ing the cell are absorbed into the volume:  2 x L x H x e, 
where  L is the length of the blade along the l iquid-gas  
interface, H is the height  of the blade, and r is the 
thickness of the sheath of l iquid on the blade. For  
the exper iment  cited in case (i), the blade was 2.25 
cm long by 0.6 cm high, therefore  for case (ii) 

3.64 X 10 -7 
e =  ~1~ 

2 • 0.6 • 2.25 X 1.4 X 10 -8 

Mathemat ica l ly  the shape of the meniscus on a v e r -  
tical planar  surface is represented  by 

X = X ~  (2h 2 -  yD1/2 

+ (h/~/2") In [6] 
Y 

where  h is given by Eq. [5], y is the ver t ical  height  
along the meniscus, X ~ is a constant of integrat ion,  and 
X is the horizontal  distance f rom the ver t ica l  surface. 
By substi tut ing for X the calculated values of r 1, and 
2.4~, the corresponding values of y are  ,~ h, i.e.; r ight  
at the top of the meniscus (upper  0.2 ram).  Therefore,  
the main  contribution to the emf  comes f rom the very  
top of the meniscus and f rom the sheath of wet t ing  
which extends ver t ica l ly  f rom the boundary  of the 
meniscus. The fact  that  for a given inject ion of HC1 
vapor  the emf obtained is the same regardless of the 
blade height  above the meniscus line (Fig. 3 indicates 
that  a blade 0.6 cm high and one 2 cm high give simi- 
lar  emf's  when their  bottoms are in the plane of the 
l iquid-gas  interface)  demonstrates  that  the sheath of 
wet t ing  on si lver cannot ex tend  ver t ica l ly  much more 
than 1 or 2 mm. In addition, by using a semisi lvered,  
sand-blasted, glass electrode we  were  able to probe 
f rom the bot tom to the top of the electrolyte  meniscus 
and beyond. When the bot tom edge of the s i lvered 
segment is placed at the top of the meniscus (the 
lower port ion of the electrode is glass and is support-  
ing the meniscus),  the emf drops abruptly.  If  the sil- 
vered edge is raised beyond the top of the meniscus, 
the emf drops off to zero indicating that  contact wi th  
the electrolyte has been b roken - -measu remen t  of the 
electrical  resistance fur ther  indicates that  there  is no 
longer any electrical  contact (see Fig. 4). This fact 
fur ther  supports the above conclusion. 

According to the previous argument ,  it was ex-  
pected that  a m ax im um  emf would  be obtained when  
the bot tom of the blade was at the m a x i m u m  height  
of the meniscus and even sl ightly above (in the sheath 
of wet t ing) .  At least th i r ty  exper iments  similar  to the 
one shown on Fig. 4 were  performed.  The m a x i m u m  
emf measured was general ly  obtained when  the bot-  
tom of the exposed blade electrode had not ye t  reached 
the top of the meniscus. 

This apparent  contradiction be tween the exper i -  
mental  results and our predict ion can be explained by 
assuming that  the height  of the meniscus can change 
instantaneously on the ar r iva l  of vapor  ( t ransient  
lower ing of the surface tension and consequent  de- 
crease in the m ax im um  height  of the meniscus dur ing 
the process of absorption).  In addition, wi th in  0.2 ram, 
1 mm below the m a x i m u m  meniscus height,  the sheath 
of wet t ing  is constant. 

Essential ly our conclusion is similar  to the conclu- 
sion of Will  (9), who studied the electrochemical  oxi-  
dation of hydrogen on par t ia l ly  immersed  pla t inum 
electrodes. He concluded that  the electrode surface 
above the intrinsic meniscus is covered wi th  a thin 
electrolyte  film of a thickness comparable  to or smaller  
than the surface roughness. The electrochemical  proc- 
ess occurs almost exclusively  at the upper  edge of the 
meniscus and adjacent  film close to it. 

In  a numerica l  example  given by Wil l  (9), the nar -  
row band (active region) is 0.35 m m  of the meniscus 
and 0.38 m m  of the adjacent  film wi th  a film thick-  
ness of 1.0~ for the case of 8N H2SO4 electrolyte  and 
an applied potent ial  of 400 my. The active region is 
responsible for 98% of the total  response. Other  re-  
cent works (10-15), have established similar  behavior  
for several  systems involving a par t ia l ly  immersed  
electrode. 

E M F  varia t ion  as a f unc t i on  o] bu lk  e lec troly te  con-  
centra t ion  for  a f ixed in jec ted  v o l u m e  of HC1 v a p o r . -  
In the case of HC1 vapor,  the exposed electrode is the 
anode. However ,  a mixed  potent ia l  exists on the blade 
electrode when HC1 vapors are injected into the cell. 
As a result, the blade electrode senses a whole  range of 
HC1 concentrations f rom the meniscus-sheath  of we t -  
t ing zone down to the bot tom of the blade (which is 
positioned in the bulk of the meniscus).  Reduct ion 
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must  therefore  occur at the bot tom of the blade. In 
conclusion, the use of the Nerns t  equat ion allows only 
the calculat ion of the apparent  instantaneous HC1 con- 
centrat ion in the meniscus for a given volume of in-  
jected vapor. The solid lines on Fig. 6 have been calcu- 
lated using equat ion 4 and the X values obtained f rom 
Fig. 5. It  can be seen that  the agreement  wi th  the ex-  
per imenta l  results  is quite  good. This agreement  indi-  
cates that  by using the Nernst  equat ion we are in fact  
calculat ing an apparent  HC1 concentrat ion which cor- 
responds to a uni form concentrat ion along the exposed 
electrode. However ,  in real i ty  there is a gradient  of 
concentrat ion from the top to the bot tom of the men-  
iscus. 

X o = 0.377 (7/Pg) 1/2 [A-l] 

where  7, p, and g have been defined in the text  and 
X = X o - -  A/2h2 --  y2 -5 (h/%/2) In 

[ ] 
y 

Manuscript  received Aug. 12, 1966; revised manu-  
script received Dec. 27, 1966. 

Any discussion of this paper will  appear in a Dis- 
cussion Section to be published in the December  1967 
JOURNAL. 

Conclusion 
In the case of an ionizable vapor  (HC1) and an ab- 

sorption induced electrode potential  cell wi th  r eve r -  
sible electrodes, it is concluded that  the emf response 
can be described as that  of a concentrat ion cell wi th  
transference.  Moreover ,  the sensit ivi ty of the cell  
(• mv)  depends pr imar i ly  on the presence of a menis-  
cus on the exposed electrode. Al though a mixed  po- 
tential  is set up on the exposed electrode when  HC1 
vapor  is injected into the cell, the emf  be tween the 
exposed and immersed  electrodes can be thought  of as 
a concentrat ion cell wi th  transference.  

This study also shows the unusual  fact that  the great  
sensit ivi ty of this type of electrochemical  cell is 
solely due to the act ive zone formed by the upper  part  
of the meniscus and the lower part  of the adjacent  film. 

Acknowledgments 
This research was supported in par t  by the City 

College Alumni  Fund  and the National  Science Foun-  
dation College Teacher 's  S u m m e r  Institute. 

The authors are indebted to Professor Louis Meites 
for his useful comments.  

A P P E N D I X  
The constant of integrat ion,  X o, in the mathemat ica l  

description of a meniscus on a ver t ical  p lanar  surface 
is given by 
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Solid-State Electrochemical Cells Based on 
Charge Transfer Complexes 
F. Gutmann, 1 A. M. Hermann, and A. Rembaum 

Jet Propulsion Laboratory, California Institute of Technology, Pasadena, Califernia 

ABSTRACT 

Solid-s ta te  e lectrochemical  cells have been devised using a va r ie ty  of 
metals  as anodes and electronical ly  conducting charge- t ransfe r  complexes as 
cathodes. The product  of the electrochemical  reaction, the electrolyte,  was 
formed in situ. Data are reported for halogen complexes as wel l  as for com- 
plexes containing ni t rogen compounds as acceptors. It  is shown that  the vol t -  
age-producing electrochemical  react ion is the format ion of the corresponding 
metal  salt. Open-ci rcui t  voltages of 1.5-2.5v per cell were  at tained with  mag-  
nesium or calcium anodes, and shor t -c i rcui t  current  densities of up to 25 
m a / c m  2 were  found. Cur ren t -vo l t age  characterist ics have  been studied as a 
funct ion of temperature ,  and constant- load discharge curves are shown. Maxi -  
mum power  densities of one wat t  per  pound and useful  energy densities of 
1 w h r / l b  are reported.  An analysis based on i r revers ib le  thermodynamics  is 
presented,  and possible applications are suggested. 

This paper reports  the results of studies in tended to 
explore  the characterist ics of a solid-state e lectro-  
chemical  cell. The aim is the direct conversion of 
chemical  energy  into electr ical  energy wi thout  the use 
of l iquid or fused electrolytes at e leva ted  t empera -  

1 Depar tmen t  of Physical  Chemistry ,  Univers i ty  of New South 
Wales, Sydney,  Australia.  

tures, a l though permit t ing  operat ion at such tempera -  
tures. 

While devices have been described previously  using 
s i lver  anodes and si lver  halides as the electrolytes 
(1, 2), the voltages at tained were  of the order  of 0.2- 
1.0v and the m a x i m u m  cur ren t  densities of 1-2 m a /  
cm 2, unless operated at re la t ive ly  high temperatures .  
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In this paper  we repor t  a great ly  improved solid-state 
cell in which the e lect rolyte  is formed in  s~tu and the 
cathode is an electronical ly conducting charge- t ransfer  
complex. 

The present  results are to be construed as pre l imi-  
nary findings; the justification of this repor t  rests 
p r imar i ly  on the excit ing commercia l  implications of 
the cell characteristics,  i.e., open-circui t  voltages of up 
to 2.5v and short-circui t  current  densities of up to 25 
m a / c m  2. 

It  wil l  be useful to define a number  of terms be-  
fore present ing the data and the in terpre ta t ion of re-  
sults. A charge- t ransfer  complex can be briefly de-  
fined in the Mul l iken  sense as a system involv ing  the 
part ial  t ransfer  of one or more electrons f rom a donor 
(typically, an aromatic  hydrocarbon) to an acceptor 
(typically, a halogen or an organic compound of high 
electron affinity) (3). 

One of the characterist ics of charge- t ransfer  com- 
plexes per t inent  to the discussion of their  use in power 
sources is their  high electronic conductivity,  great ly  
enhanced over  that  of ei ther donor or acceptor. In 
the electrochemical  cells discussed below, a meta l  
ha-lide or salt is produced but  is not involved in the 
cell assembly; it wi l l  be designated never theless  as the 
electrolyte  in conformity with the t radi t ional  t e rmi -  
nology, and the charge- t ransfer  complex wil l  be called 
the cathode. The te rm " iner t  e lectrode" wi l l  be used to 
designate an electrode on the cathode side of  the com- 
plex whose free energy of format ion with the acceptor 
of the complex is small  (or zero) in comparison wi th  
that  of the anode with  the acceptor. The te rm 
"matched load" will  be used to designate the resistance 
of a suitable ex terna l  resistor in series with the cell in 
order  to produce a te rmina l  vol tage equal  to half  of its 
open-circui t  value. Other  terms of an electrochemical  
na ture  ( including polar i ty)  mainta in  their  normal  
usage. Definitions can be found in the references  (4). 

Experimental Technique 

The energy producing reaction is the formation of 
ei ther the meta l  halide f rom the e lements  or, as in the 
case of the te t racyanoquinodimethane  (TCNQ) com- 
pounds as acceptors, of the meta l  salt. Thus, for ex-  
ample, the react ion of iodine wi th  magnes ium gives 
rise to magnesium iodide with  the l iberat ion of energy. 
In contrast  to the cells cited in the references,  the 
authors did not physically include the halide (or salt) 
in assembly of the cells, but  mere ly  al lowed it to form 
at room tempera ture  in situ. Thus a meta l  halide layer  
is formed on the surface of the anode and is permeable  
to ion motion, but seems to constitute an electronic 
insulator  which prevents  complete in ternal  shor t -c i r -  
cuiting. 

The chemicals used in complex prepara t ion ranged 
f rom h igh-pur i ty  mater ia ls  to that  of reagent  grade. 
Cell per formance  was found to be independent  of 
fluctuations in pur i ty  level  wi thin  this range. High 
molecular  weight  po ly-N-vinylcarbazole  of intr insic 
viscosity in benzene = 0.84 dl /g ,  was obtained f rom 
the Borden Chemical  Company; it was purified by 
precipi ta t ing it twice f rom a benzene solution wi th  
methanol  and dried in a vacuum oven at 50~ Re-  
sublimed iodine was used as received. Reagent  grade 
perylene was kept  in the presence of CaC12. Other  
chemicals were  used as received wi th  the exception of 
poly-2-vinylquinol ine ,  which was prepared  by anionic 
polymerizat ion of 2-vinylquinol ine  in benzene using 
buty l l i th ium as initiator. Carbon black was purchased 
f rom Cabot Corporat ion (Vulcan XC72R). 

The fol lowing methods were  used for complex p rep-  
arations: (i) mix ing  of the components in an iner t  
solvent (e.g. dichloromethane) ,  the solvent  being sub- 
sequent ly  removed in high vacuum at 0~ (ii) gr ind-  
ing in a mor ta r  or mel t ing  the components  together  in 
cases where  the mel t ing  point of the charge- t ransfe r  
complex was re la t ive ly  low. The method  of p repara -  

MAGNESIUM 
ELECTRODE 

SPR~NG ARSON ELECTRODE 

COMPLEX 

Fig I. Sketch of test jig 

tion seemed to have l i t t le effect on the cell charac-  
teristics. 

The anode mater ia l  was degreased and surface 
oxides were  r emoved  by abrasion or acid washing, 
fol lowed by an acetone rinse and drying. Ei ther  tech- 
nique seems suitable, the key feature  being the neces-  
sity of assembly in a dry a tmosphere  to achieve re -  
producible results  (see section on Exper imenta l  Re-  
sults, below).  

The complex was compacted in a hydraul ic  press 
under  a pressure of about 100,000 lb/ in.  2, yielding a 
pellet  of �89 in. d iameter  and approximate ly  0.04 in. 
thickness.  The metals  were  formed into disks of the 
same diameter,  and the resul t ing sandwich was as- 
sembled in a Nylon or Teflon j ig under  small  positive 
spring pressure (see Fig. 1). All  currents  quoted in 
this repor t  refer  to an area therefore  of 1.26 cm 2. 

Voltages and currents  were  measured  wi th  a Hew-  
let t  Packard 412A VTVM and a Kei th ley  610A elec- 
t rometer .  

Experimental Results 
CeLL composition.--Metal pure iodine sys tems. - - In  

order  to explore  the suitabil i ty of anodes other  than 
silver, a number  of metals  were  tested, under  stand- 
ardized conditions, using a compacted pel let  of pure  
iodine as the electrolyte  and Pt, graphite,  or Au as the 
counter  electrode, thus forming a simple, wel l -def ined 
system. Pre l iminary  tests have shown that  Pt  as we l l  
as graphi te  and Au form good iner t  contacts to iodine. 
Results are summarized in Table I. 

It is seen that  the voltages previously repor ted  for 
Ag (1) have been reproduced,  but  that  considerably 
higher  voltages are obtainable for Ba, Ca, and Mg in 
agreement  wi th  the high heat  of format ion of their  
iodides (5). This quant i ty  is l isted in Table I ra ther  
than the free energy of format ion because of lack of 
data on the latter. 

The sys tem Mg/iodine charge-transfer co~r~plex/Pt or 
C. - -A  number  of such systems were  prepared  and stud- 
ied; results are summar ized  in Table H. Most of the 
complexes (e.g., perylene- iodine,  phenothiazine- io-  
dine) were  of sufficiently high conduct ivi ty  to give a 
low internal  impedance. A few of the complexes (e.g., 
polyvinylpyr id ine- iodine)  were  character ized by re la -  
t ive ly  low conductivi ty;  to those designated as such, a 
small  percentage of carbon black (3-10% by weight)  

Table I. Variation of the open-circuit voltage with 
the heat of formation of the metal iodide for cells 

of the type metal/12/Pt, C, or Au 

H e a t  o f  f o r m a t i o n  
O p e n - c i r c u i t  o f  t h e  m e t a l -  

M e t a l  1 v o l t a g e ,  v M e t a l  2 i o d i d e  ~, k c a l - m o l e  -1 

Ba 2.25 Au -- 144 
Ca 2.20 Pt -- 127 
Mg 1.85 Pt -- 86 
AI 0.82 Pt -- 75 
A g  0 . 6 6  P t  o r  C --  15  
S n  0 . 2 3  P t  
F e  0 . 0 0 6  P t  - -  3 0  
P t  0 P t  0 
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Table II. Variation of the open-circuit voltage and 
short-circuit current with donor for 

cells of the type Mg/12-complex/Pt, C, or Au 

S O L I D - S T A T E  E L E C T R O C H E M I C A L  C E L L S  

Elec t ro ly te ,  O p e n - c i r c u i t  S h o r t - c i r c u i t  
I~ co rap lexcd  w i t h : *  vo l t age ,  v cu r ren t ,  #a 

- - -  100% I o d i n e  1.85 1 
P o l y - N - v i n y l c a r b a z o l c  1.45 105 
P o l y - 2 - v i n y l q u i n o l i n e  1.45 S00 
P o l y - N ~ v i n y l c a r b a z o l e  1.72 1000 

+ ca rbon  b l a c k  
P c r y l e n e  ] .45-1.85 1100-16,000 
C a r b o n  b l ack  1.4 1000 
P o l y p r o p y l e n e - c a r b o n  1.6 2300 

b l ack  
P o l y v i n y l p y r i d i n e - c a r -  1.75 1000-30,000 

bon  b l ack  
P h e n o t h i a z i n e - i o d i n e  1.75 6500 

* A p p r o x i m a t e l y  50cA Ic by  we igh t .  

was added; the resul t ing cell per formance  is shown to 
be similar. 

The heat  of format ion of MgI2 predicts a reversible,  
open-c i rcui t  potential  of 1.85v against  an iner t  elec-  
trode (see discussion below).  The deviat ions f rom this 
value are thought  to be caused by imperfec t  fo rma-  
tion of the magnes ium iodide layer  resul t ing in a small  
degree of in ternal  short-circuit ing.  

F rom the Gibbs-Helmhol tz  equat ion we may wr i te  

.~H dE 
E = - -  + T - -  [1] 

zF dT 

where  • is the enthalpy change, viz., --86 kcal /mole ,  
z the number  of electrons involved in the reaction, F 
the Faraday,  E the open-c i rcui t  voltage,  and T the ab- 
solute temperature .  

For  the MgI2 reaction described in Eq. [1], z = 2. 
If one retains the first term only (Eq. [1] ) and neglects 
the entropy contribution, one obtains the Helmhol tz -  
Thomson equat ion which yields E = 1.85v. Direct 
measurement  of dE/dT showed that  it is negligible in 
the vicini ty of room temperature .  At  tempera tures  
above 45~ a value of about --5 x 10 -4 v / d e g  was ob- 
tained. Since • is negative,  the vol tage tends to drop 
with increasing temperature .  

A value  of 1.81v is obtained f rom the reverse  
(charging) cur ren t -vo l tage  characterist ics shown in 
Fig. 2. These curves refer  to two different complexes 
both using Mg anodes and inert  Pt  counter  electrodes. 

5OO 

4OO 

o -  I,,~A 

I I 
v, volts 

Fig. 2. Reverse (charging) characteristics. Points marked | refer 
to the system Mg/12-graphite complex/Pt, use right-hand scale for 
ordinates; points marked ,'~ refer to Mg/12-poly-N-vinylcarba- 
zole/Pt, use left-hand scale for ordinates. 
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In both cases it is seen that  the relat ion is l inear  at 
higher  values of applied vol tage of reverse  polari ty 
and that  ext rapola t ion yields the potentiometric ,  zero- 
current  vol tage of 1.81v. Bromine  complexes behave in 
a similar  manner.  

The shor t -c i rcui t  currents  listed in Table II are 
l imited by the resistance of the complex only in the 
first three cases; for pure iodine, for the p o l y - N - v i n y l -  
carbazole-iodine,  and for  the po ly-2-v iny lqu ino l ine-  
iodine complex. The  resistance of the complex for the 
other cells is of the order  of 1-100 ohms, wel l  below the 
value of the in ternal  impedance. The large fluctuations 
f rom cell to cell in the short-circui t  cur ren t  have been 
found to be caused pr imar i ly  by lack of controlled 
low humidity,  leading to the format ion of var iable  
amounts  of magnesium hydroxide  [the format ion of 
magnesium hydroxide  on magnes ium anodes has been 
studied in detail  (6)].  When cells were  assembled 
under  2% re la t ive  humidity,  short-circui t  currents  of 
the order of 6-16 m a / c m  2 were  obtained. This is 
thought  to consti tute a reasonable reproducibi l i ty  in 
view of the crudeness of the contact method. However ,  
it is felt  that  vacuum deposited anodes wil l  fur ther  
improve  reproducibil i ty.  

It is appropriate  to point out the effect of excess 
moisture in the complex or at the Mg/complex  in ter -  
face. With water  in the complex in quanti t ies  of 5-20% 
by weight,  or with a wet  magnesium anode used in the 
cell assembly, init ial  performances  of the cells were  
improved  (current  densities as high as several  hun-  
dred m a / c m  2 were  attained).  However ,  the final values 
(reached af ter  several  minutes)  of both the open- 
circuit  voltages and the shor t -c i rcui t  currents  were  
well  below those presented in Table II. I t  appears that  
a controlled supply of water ,  by itself or in some suit-  
able medium, may  improve  significantly the long-  
range cell characteristics. The effect of minu te  amounts 
of water  on cell per formance  is unknown at this t ime 
and is subject of a present  investigation. 

Other iodine complex systems.--The results of a pre-  
l iminary  study of a number  of other systems using 
iodine complexes and metals  other than magnesium 
are listed in Table III. 

The prior  remarks  about humidi ty  seem per t inent  to 
the bar ium and calcium cells. Calcium in part icular  
was found to exhibi t  shor t -c i rcui t  current  densities 
of the order of 3-4 ma/cm-" in every  case when the 
cells were  assembled in a 2% rela t ive  humidi ty  en- 
vironment .  

Noniodine s~stems.--The presence of iodine or, more  
generally,  of halides is by no means a necessary condi-  
tion for the e lectrochemical  generat ion of useful elec-  
tr ical  power, as seen f rom Table IV. Thus, the charge 
transfer  complex be tween  the donor graphi te  and the 
acceptor te t racyanoquinodimethane  (TCNQ) yields a 
vol tage of the same order and a current  about 1 to 2 
orders of magni tude  below those obtained with  the 
best of the iodine systems. Bromine  complexes gave 
results comparable  to those obtained wi th  the iodine 
complexes, the voltages a t ta inable  being even  higher,  

Table III. Variation of the open-circuit voltage and short-circuit 
current with the anode metal for cells of the type 

metal/iodine-complex/inert electrode 

O p e n - c i r c u i t  S h o r t - c i r c u i t  
Me ta l  1 Me ta l  2 Donor*  v o l t a g e  cu r r en t ,  ga  

I n  Ni  P e r y l e n e  0.05 820 
Cd  P t  P e r y l e n e  0.008 2 
Ba  Ni  P e r y l e n e  2.4 0.24-10 
Ca Ni  P e r y l e n e  2.5 1-4000 
A g  SnO P o l y - N - v i n y l -  0.06 0.2 

carbazole  
Ca Ni  P h e n o t h i a z i n e  1.S 2800-8000* 

* A p p r o x i m a t e l y  50% I~ b y  we igh t ,  excep t  for  the  p h e n o t h i a z i n e  
cel l  whose  c o m p o s i t i o n  was  2 to 1 by  w e i g h t  of iod ine .  
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Table IV. Variation of the open-circuit voltage and short-circuit [ 
current with various iodine-free complexes for cells of the type / Mg/iodine-free complex/Pt z~ 

Apr i l  1967 

Open-c i rcu i t  Shor t -c i rcu i t  
Metal  1 Metal  2 Complex vol tage current , /~a 

Mg Pt  Po ly -N-v iny lca rbo-  1.9 150 
zole-Br.o-graphite 

Mg Pt  Po ly -N-v iny lea rbo-  0.62 0.5 
zole-SbC16 

Mg P t  TCNE-graph i te*  1.5 4 
Mg P t  TCNQ-graphi te** 1.50 150 

* TCNE: te t racyanoethylene .  
** TCNQ:  t e t r acyanoqu inod imethane .  

in agreement  with the higher heat of formation of 
MgBr2. 

It  should be pointed out that  the presence of a metal  
electrode is not a prerequisi te  for the electrochemical 
generat ion of useful power; however, an ionic concen- 
trat ion gradient  across a potential  barr ier  is essen- 
tial. Thus, it was found possible to devise a wholly 
nonmetal l ic  battery, based ent i re ly  on organic com- 
pounds. Work along these lines is proceeding. 

Other variables: current-voltage relationships as a 
function of temperature and t ime. - -A number  of sys- 
tems of the type Mg/I  iodine complex have been dis- 
cussed (see Table II) .  Typical  current -vol tage  curves 
are shown in Fig. 3 and 4. 

It has been shown that for cell assembly in uncon-  
trolled humidi ty  envi ronments  there was an improve-  
ment  of cell characteristics with time. This "aging" 
effect has been observed with magnesium anodes in 
other types of cells (6). It  is probably associated with 
the processes governing the formation and dissociation 
of the magnesium hydroxide layer  ment ioned pre-  
viously. Figures 3 and 4 show quant i ta t ive ly  how aging 
improves cell characteristics. This effect is not ob- 
served for cell assembly in  low humidi ty  environment .  

The overvoltage (Fig. 3 and 4) is taken as the dif-  
ference between the (reversible)  open-circui t  poten-  
tial, and the voltage actual ly obtained for a given cur-  
rent  drain. Thus, the figures show two abscissae, actual 
terminal  voltage and overvoltage; the la t ter  is zero by 
definition when the current  vanishes. 

Figure 5 shows the tempera ture  dependence of the 
current  voltage characteristics of iodine complexed 
with po ly-2-v inylpyr id ine  and carbon black. Two fea- 
tures to be noted from this figure are that the cell es- 

~ 1ooo 

~oo 

I .[  I I I [ I 
1500 i zso  ,ooo 75O s o o  250 moo 

50 

Fig. 3. Tafel plots for the system /Vkj/12-graphite complex/Pt. 
Points marked o refer to the freshly prepared cell, the other points 
refer to the same cell after three days" aging; /~ were obtained 
on increasing the current and points [ ]  on lowering the current. 
The abscissae here represent overvoltages. 

5 0 0  3OO I00 
4 0 0  2 0 o  0 

Fig. 4. Low overvoltoge current-voltage characteristics. These 
data represent the low current region, continuing Fig. 3, but on 
a linear scale; they refer to the same system. Points marked o 
were obtained with the freshly prepared and points A with the 
same cell aged for three days. The abscissae again reads over- 
voltages. 

"1"95~ C 

I0 -= ~ 8  o C 

+21~ 
10-2 

8, io-3 

"~ 10 -5 0 ~" - -  o 

10-6 ~ 
-68 ~ C 

t0 -7 I 
0 0.'2 04  o'6 0'8 /0 i~ ,4 ,6 LE 

V,volts 

Fig. 5. Temperature dependence of the current-voltage charac- 
teristics for the system 

Poly-2-vinylpyridine 40% by wt 
Mg Iodine 50% bywt C 

Graphite 10% by wt 

sential ly ceases operation below --68~ and that  the 
short-circuit  current  increases with increasing temper-  
ature, reaching 0.7 amp at 95~ This dramatic increase 
of the current  in the Tafel and diffusion regions can be 
analyzed by plott ing the var ia t ion of the short-circuit  
current  with reciprocal temperature.  A plot of this 
type gives an excellent  straight l ine below 50~ whose 
slope corresponds to an activation energy of 15.6 kcal /  
mole and straight l ine above 50~ whose slope cor- 
responds to an activation energy of 5.99 kcal/mole.  
This part icular  cell was also cooled to 80~ for 10 rain, 
recovering ful ly upon warming  to room temperature.  

Figure 6 shows discharge curves for the pery lene-  
iodine complex (weight ratio l :  2) at  various constant  
loads. The voltage drop rates have been determined in 
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I ~ '  RLOAO = 10K a 

SPONTANEOUS RECOVERY 

05 
RLOAD = IK 

RLOAD = ~oo ~ (~TCHED) 

S O L I D - S T A T E  E L E C T R O C H E M I C A L  C E L L S  

RECOVERY RATE = I m v / m i n ~  
DR~P RATE = 70,u.v/mln J 
DROP RATE = 500Fv/min~ 

DROP RATE ~ 3 6 0 F v / m i n ~  ~ 

DROP RATE = I00 p . v / m i n ~  

,~ ,;~ 2!o 2!5 
TtME, HOURS 

Fig. 6. Discharge curves at room temperature for the system 
Mg/perylene-iodine/Pt at various fixed loads. Also plotted is the 
spontaneous open-circuit voltage recovery measured after the dis- 
charge data were recorded. 
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the region designated in the figure; these rates de- 
crease wi th  increasing time. A spontaneous recovery  
curve is also recorded in Fig. 6; this plot was made 
by recording the t ime dependence of the open-ci rcui t  
vol tage immedia te ly  after  the last of the discharge 
curves was completed. It can be inferred f rom the re-  
covery curve  that  the decrease in current  wi th  t ime 
is due pr imar i ly  to a nonequi l ib r ium distr ibution of 
ions in the cell, and only in part  due to the format ion 
of the magnesium iodide layer  (and consequent  reduc-  
tion in ion diffusion). The informat ion that  can be 
obtained f rom Fig. 6 (using cell weights  of 0.5 g, 
including complex and electrode contributions) is 
summarized as follows: open-ci rcui t  voltage, 1.4v; 
initial, matched load, current  density, 2.0 ma/cm2;  
m ax imum power density (under  matched  load, ini t ial  
t ime condit ions):  ~ 1 wa t t / lb ;  useful  energy density 
(for 100 kohm, load assuming that  a voltage below 
one half  the open-ci rcui t  value is not  useful) :  ,~ 1 

ohm; while  one can, formally,  calculate an exchange 
current  f rom this curve, l i t t le significance may be 
at tached to it since the system does not operate under  
act ivation control. With this proviso, a value  of io = 
6 x 10 -7 a m p / c m  2 is reported. 

Analysis: Thermodynamics of the M g / h - C  System 
The room tempera ture  cur ren t -vo l tage  character -  

istics (Fig. 3 and 4) show that  the Tafel  equat ion is 
obeyed at current  densities in excess of a few 100 
ga /cm 2. At low current  densities and correspondingly 
low values of overvol tage,  the current  is proport ional  
to voltage. The current  then obeys the relat ion ap- 
p rox imate ly  val id  (7) for this region 

io~lF 
i = ~ [2] 

R T  

where  i is the current  corresponding to an overvol tage  
,I, and io is the exchange current ;  R, T, and F have the 
usual meaning.  From the slope, a dynamic resistance 
of 2300 ohms /cm 2 for f reshly prepared  Mg/I2-C com- 
p l e x / P t  cell is obtained, val id  up to about  156 ~a/cm 2. 
This resistance corresponds to an exchange current  
density of 9.4 x 10 -6 a m p / c m  2. At  higher  current  
densities and thus higher  overvoltages,  a Tafel  slope 
of --0.714 results;  the exchange current  density then 
follows by extrapolat ion as 58.3 /za/cm 2 which is not  
too different f rom the value obtained or  the low cur-  
rent  region. 

The stoichiometric number  -/ of the r a t e -de te rmin -  
ing step represents  the number  of t imes this reaction 
has to occur for the over -a l l  reaction to advance by 
one DeDonder  unit. A value  for  ~/ may be obtained 
f rom the low current -dens i ty  versus ~] plot, using the 
relat ion (8) 

wat t  hr / lb .  Fur the r  discharge data a r e  being gathered 
to determine  the energy efficiency of the cell. 

F igure  7 shows a cur ren t -vo l tage  characterist ic of a 
cell  using a po ly-N-vinylcarbazole - iod ine  complex as 
the cathode. This is a system with  a re la t ive ly  high 
cathode resistance; the current  is seen to remain  l im-  
ited by this IR drop and the Tafel  region cannot be 
reached. The dynamic resistance of the system is 54,000 

~,  m y  

Fig. 7. Current voltage characteristic of the system Mg/12-poly- 
N-vinyl-carbaz01e complex/Pt. Points o and A were taken at dif- 
ferent times. The abscissae read overvoltages. The overvoltages are 
seen to be entirely determined by the ohmic series resistance of 
the cell. 

7 zFio O~ 
= R T  ( - - ~ ) n ~ o  [3] 

This yields -~ = 2.12, i.e., pract ical ly 2, meaning that  
the r a t e -de te rmin ing  step must  occur twice in order 
for the over -a l l  reaction to be advanced by one unit. 
It is also assumed that there  is no change in the ra te-  
de termining mechanism between the revers ible  re -  
gion and the region of act ivat ion control. 

F rom the slope of the cur ren t -vo l tage  curve shown 
in Fig. 3, a value  for the Tafel  coefficient #a = 0.018, 
val id  for the region of act ivat ion control, is obtained 
for the freshly prepared Mg/ I2 -C /P t  system. The elec- 
t rochemical  informat ion thus avai lable on this system 
is the following: number  of electrons involved  in the 
over -a l l  reaction, z = 2; stoichiometric number,  ~ = 2; 
Tafel  coefficient, #a = 0.018; exchange current  density, 
io = 9.4 ~a/cm2. We shall also assume that  the affinity 
factor 5 of the r a t e -de te rmin ing  step has a value  very  
close to unity (9); the affinity factor is defined (9) as 
the number  of electrons involved in one single ra te -  
de termining event.  

In these solid-state e lectrochemical  cells, we con- 
sider one reaction, in the present  case, the format ion 
of magnes ium iodide. For  the region of act ivation 
control, we may  wr i te  

I = Io (e ~ r n / a T -  e -acFn/RT) [4] 

where  the first te rm refers  to the fo rward  and the 
second te rm to the reverse  reaction. The t ransfer  co- 
efficients ~a for the fo rward  and ac for the reverse  re -  
action must  add up to uni ty  

aa + ~c = 1 [5 ]  

We may also wri te  (4) 

A, + 4 = (~a + '~c) z8 
; [63 

For  the linear, low overvol tage  region, we may also 
approximate  
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( ~  + ~ ) F n  
I ~  Io 

RT  

Since  6 ~ 1, i t  fo l lows  tha t  ~a -F ~ c =  1, so tha t  

~ c =  0.982 
~a = ~a = 0.018 
~c = ~c = 0.982 

In  i r r e v e r s i b l e  t h e r m o d y n a m i c s  
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"po l a r i za t i on"  thus  is due  to the  c u m u l a t i v e  po i son ing  
[7] of the  e lec t rode  su r f ace  by  the  a c c u m u l a t i o n  of r eac -  

[8] 

Here ,  .4o s tands  for  the  e l e c t r o c h e m i c a l  aff ini ty of  the  

r a t e - d e t e r m i n i n g  step and A for  the  to ta l  e l e c t r o c h e m -  
ical  aff ini ty of the  o v e r - a l l  reac t ion ,  g i v e n  by  

= zFn [I0] 

The electrochemical affinity of the rate-determining 
step thus follows as 

Ao = zF,15/~ = 6.9 x 104 v o l t - c o u l / m o l e  
= 16.5 k c a l / m o l e  [11] 

for  the  s a m e  cel l  o p e r a t i n g  u n d e r  m a t c h e d  load  cond i -  
tions, n ---- 750 my.  

T h e  inc rease  in  the  d e g r e e  of  a d v a n c e m e n t  (10) of 
the  ove r -a l l ,  e n e r g y  p r o d u c i n g  cel l  reac t ion ,  d}/dt, 
which  m a y  be e q u a t e d  to the  c o n v e n t i o n a l  r eac t ion  
ra te  v, is g iven  by  

i -~ zF ~ = zFv [12] 
dE 

U n d e r  m a t c h e d  load  condi t ions  a c u r r e n t  dens i ty  of 
abou t  500 ~ a / c m  2 is ob t a ined  us ing  a Mg anode  and an  
I2-C c o m p l e x  as a ca thode .  T w o  e lec t rons  be ing  in -  
vo lved ,  a r eac t ion  r a t e  of  2.5 x 10 -9  m o l e s - c m  -2  r e -  
sults.  This  m a y  be in se r t ed  into  the  equa t i on  (11) 

# 
K T  [ - - A G  ~1 

v = d } / d t =  , - - e x p  ~ l - - a ) ]  [13] 
h a T  

# 
w h e r e  T is a t r ansmis s ion  coefficient,  AGo the  e l ec -  
t r o c h e m i c a l  s t anda rd  f r ee  e n e r g y  of ac t iva t ion ,  Cs the  
c o n c e n t r a t i o n  of the  r e a c t a n t  at t he  M g - e l e c t r o l y t e  
in te r face ,  and  (1--6) g ives  the  specific f r ac t i ona l  a r ea  
a v a i l a b l e  fo r  t he  d i s cha rge  of add i t iona l  mo lecu l e s  a t  
the  surface,  a = f ( v )  and  thus  r ep r e sen t s  t he  f r ac t ion  
of  the  su r face  a rea  c o v e r e d  w i t h  r eac t ion  p roduc t  
(MgI2) at the  g iven  cur ren t .  Gene ra l l y ,  T --~ 1. D i r ec t  
m e a s u r e m e n t  of the  c u r r e n t  at 20 ~ and at  135~ 

# 
showed  an increase  by  a f ac to r  of 300; thus,  AGo = 
abou t  12.4 k c a l / m o l e .  A t  300~ the  q u a n t i t y  in the  
s q u a r e  brackets ,  r e p r e s e n t i n g  an  e f fec t ive  su r face  con-  
cen t ra t ion ,  resu l t s  as 4 x 10 - l z  m o l e s / c m  -2  ---- 2.4 x 
1011 molecu le s  of I2 p e r  cm 2 area.  S ince  a m o n o l a y e r  
of  I2 con ta ins  about  5.2 x 10 ~4 molecu le s  cm -2, this  
shows a c o v e r a g e  of abou t  4.6 x 10 -4  of the  to ta l  e l ec -  
t r ode  a rea ;  ( l - - s )  = 4.6 x 10 -4. Thus  on ly  a m i n u t e  
f r ac t ion  of  the  to ta l  e l ec t rode  a r e a  is a v a i l a b l e  for  
f u r t h e r  i n t e r n a l  d i scharge ;  mos t  of the  a rea  is c o v e r e d  
w i t h  t he  MgI2 p r o d u c e d  by  the  reac t ion .  

U n d e r  r e v e r s i b l e  condi t ions ,  abou t  1 /7 th  o f a  m o n o -  
l a y e r  pa r t i c ipa te s  in the  e l e c t r o c h e m i c a l  r eac t ion  if 
the  e x c h a n g e  c u r r e n t  v a l u e  of 1.4 x 10 -5  a m p / c m  2, 
va l i d  for  a f r e sh ly  p r e p a r e d  cell,  is used. The  h ighes t  
e x c h a n g e  c u r r e n t  in w e l l - a g e d  cells, va l i d  in the  T a f e l  
r eg ion  be fo re  the  onse t  of d i f fus ion l imi ta t ion ,  is 1.8 
x 10 -4  a m p / c m  2. Then ,  about  o n e - h a l f  of a m o n o l a y e r  
is seen  to pa r t i c ipa t e  in the  e l e c t r o c h e m i c a l  reac t ion .  
Thus,  as soon as h i g h e r  c u r r e n t  dens i t ies  a re  d e m a n d e d  
f r o m  the  sys tem,  the  e f fec t ive  e l ec t rode  area,  a v a i l -  
ab le  fo r  the  e l e c t r o c h e m i c a l  process,  t ends  to s h r i n k  
r ap id ly  un t i l  the  p r e v i o u s l y  ca l cu la t ed  f r ac t ion  of  
about  4.6 x 10 -4  of the  to ta l  e l ec t rode  a r e a  is r e a c h e d ;  

t ion product .  
A t  h igh  cu r r en t  dens i t ies  and  ove rvo l t ages ,  the  slope 

of the  Ta fe l  plots  in the  I / V  charac te r i s t i c s  is seen  to 
change,  the  c u r r e n t  t end ing  to sa tura te .  I t  is seen f r o m  
Fig. 3 tha t  the  s lope of these  l ines is the  s a m e  i r -  
r e spec t ive  of ag ing  and, indeed,  the  same  for  d i f fe ren t  
samples .  Thus,  i t  is v e r y  l i ke ly  tha t  in this r eg ion  the  
c u r r e n t  is l im i t ed  by diffusion and  no  longer  is ac t iva -  
t ion cont ro l led .  The  l imi t ing ,  diffusion c u r r e n t  iL is 
abou t  1 m a / c m  2. This  m a y  be w r i t t e n  

iL = DzFa/sn [14] 

w h e r e  D is the  di f fus ion coefficient  of the  reac tan t ,  a 
its e f fec t ive  su r face  ac t iv i ty ,  s the  th ickness  of the  
diffusion layer ,  and  n s tands  fo r  the  sum of  the  t r a n s -  
por t  n u m b e r s  of a l l  the  ion species engaged  in the  
e l e c t r o c h e m i c a l  reac t ion .  Tak ing  n = 1, and  us ing  con-  
cen t r a t i on  ins t ead  of the  ac t iv i ty ,  we  obtain,  i n se r t i ng  
the  v a l u e  for  the  e f fec t ive  su r face  c o n c e n t r a t i o n  ob-  
t a ined  before ,  viz., 2.4 x 101' m o l e c u l e s / c m  2, co r r e -  
spond ing  to 5.43 x 1017 m o l e c u l e s / c m  3, s = 0.046 cm. 
The  th ickness  of the  di f fus ion l aye r  be ing  abou t  0.5 
ram, it fo l lows  tha t  t he r e  is l i t t l e  or  no v i r t u e  in us ing  
ca thode  l ayers  m u c h  t h i cke r  than,  say 1 m m  or  so 
(neg l ec t i ng  l i f e t ime  cons ide ra t ions ) .  A v a l u e  of D = 
10 -5  cm 2 see -1 has  been  used, this  be ing  a r e a s o n a b l e  
value .  

The  i n s t an t aneous  eff iciency of  e n e r g y  convers ion ,  H, 
m a y  be ca l cu la t ed  f r o m  i r r e v e r s i b l e  t h e r m o d y n a m i c s  
us ing  an equa t i on  d e r i v e d  by  v a n  R y s s e l b e r g h e  (12) 

H = 1 - -  z F  (Y . , I ) /A  [15] 

where -v~l is the sum of all overvoltages and A the 
(instantaneous) chemical affinity of the cell reaction, 
A = -- (OG/OOT.P.  Using the value for the heat of 
formation of MgI2 listed in Table I for A instead of 
the free energy change, which latter value is not avail- 
able, yields H = 78%. 

Reaction Mechanisms 
Since  the  o p e n - c i r c u i t  vo l t ages  of a g iven  m e t a l  a re  

v i r t u a l l y  the  s a m e  w i t h  p u r e  iod ine  and  w i t h  iod ine  
c o m p l e x e s  as w i t h  the  e l ec t ro ly te ,  i t  appea r s  tha t  the  
e n e r g y  p r o d u c i n g  reac t ion  is t he  f o r m a t i o n  of the  
m e t a l - i o d i d e  f r o m  the  e lements .  This  is f u r t h e r  sup-  
po r t ed  by the  e x c e l l e n t  a g r e e m e n t  b e t w e e n  the  va lues  
of  t he  o p e n - c i r c u i t  vo l t age  and  t h e  e n e r g y  of  f o r m a -  
tion, see Tab le  I. T w o  e lec t rons  a re  thus  i n v o l v e d  in 
t he  o v e r - a l l  reac t ion ,  and  the  v a l u e  ob ta ined  for  7 = 2 
r e q u i r e s  tha t  the  r a t e - d e t e r m i n i n g  r eac t ion  m u s t  be  
ca r r i ed  t h r o u g h  twice  for  the  o v e r - a l l  r eac t ion  to ad -  
vance  by one  uni t ,  i.e., for  the  f o r m a t i o n  of 1 m o l e  of 
MgI2. S e v e r a l  r eac t ion  m e c h a n i s m s  m a y  be  dev i sed  to 
ag ree  w i t h  these  r e q u i r e m e n t s .  Thus,  e.g., the  f o l l o w -  
ing  m e c h a n i s m  is compa t i b l e  w i t h  z = 2 and  -y = 2 

2 [ M g  -{- I -  --> MgI  + e - ] ~  
t 

2MgI ~ MgI2 + Mg 
= u j ' [161 

The first step is the rate-determining one, while the 
second step involves a reaction at or near equilibrium. 
There must be, linked with the above reaction scheme, 
a further reaction as a source of I -  ions; this could 
well be 

I2 -~- 2 e -  ~ 2 I -  [17] 

The  reac t ion  i n v o l v e d  in t he  case  of  t he  h a l i d e - f r e e  
e lec t ro ly tes ,  viz., T C N Q - C  and T C N E - C  complexes ,  is 
less clear ,  Both  T C N E  and T C N Q  a re  good e l ec t ron  
acceptors ,  r e ad i l y  f o r m i n g  ions  T C N Q -  or T C N E - .  
The  e lec t rode  r eac t ion  t h e n  is l i ke ly  to be  

M g ~ M g  ++ -b ~ e -  

2TCNQ -F 2 e -  ~ 2 T C N Q -  
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Mg § + ~- 2TCNQ- ~ ( T C N Q - . . _ M g m T C N Q - )  

Mg ~- 2TCNQ ~-  ( T C N Q - - - M g  + + _ T C N Q -  ) -5 energy 
[18] 

This seems reasonable since the Mg ++ (2TCNQ)-  is 
known to exist. 

Advantages and Practical Applications 
These cells operate at room temperatures,  but  will  

stand elevated temperatures  at least up to 130~ thus, 
they are likely to be heat sterilizable. These are t rue 
solid-state devices; thus, they may be encapsulated 
and made as small  as desired. They could be used 
for energizing microelectronic circuits where they 
may become an integral  part  of the circuit; the cell 
may be produced by sequential  deposition processes 
occupying a m in imum of space. They also should 
lend themselves very well for a variety of electro- 
medical applications. 

The energy density of the prototypes thus far 
studied is below the requirements  for space vehicle 
power devices. It  is certain however, that proper engi- 
neer ing and improvements  due to fur ther  studies will  
improve present  performance substantially.  The io- 
dine-complexes are known  to be stable; the shelf-life 
may be limited, therefore, only by in te rna l  short- 
circuiting. The recovery even after prolonged short 
circuit ing is very fast, usual ly  wi th in  minutes.  The 
cells lend themselves par t icular ly  well for the power-  
ing of firing mechanisms for pyrotechnic devices, like 
squibs, where a capacitor is charged from the pr imary  
power source. 
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The Effect of Pressure on the Dissociation of 
Carbonic Acid from Measurements 
with Buffered Glass Electrode Cells 

The Effects of NaCI, KCI, Mg + +, Ca + +, SO4=, 
and of Boric Acid with Special Reference to Sea Water 
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L a b o r a t o r y  o f  G e n e r a l  B io logy ,  Z o o l o g y  I n s t i t u t e ,  U n i v e r s i t y  o l  L i ege ,  L iege ,  B e l g i u m  

ABSTRACT 

The effect of pressure on the dissociation of carbonic acid has been investi- 
gated over a wide range of pH (p~H 5.1-9.6) and ionic strength (0-i.0) in 
NaC1 and KC1, using junctionless glass electrode cell measurements .  At 22~ 
,AV1 ~ ---- --25.4 cm 3 m o l e - '  and --25.6 cm 3 mole -~ for the first and second 
ionization steps, respectively.  The direct ly measured p m H  or pcH shifts in-  
duced by pressure in sea water  between palls 5.1 and 9.1 are explained by 
the enhanced dissociation of H2CO3, HCO3-,  CaCO3, and MgCOs, the effect 
of S04 = and the interference of boric acid (AVI ~ = --32.1 cm a mole-S). Values 
of the ionization functions k'(,l = [H +] [HR-]/[H2R] and k'(2) ---- [H + ] [R=]/ 
[HR-] of carbonic acid, valid in natural seawater, have been determined 
at 22~ at 1 atm and at i000 bars together with the apparent dissociation 
constants (pK"(t~ and pK"(2) used in oceanography to calculate [COa=]totat, 
[HCO3-]total from in situ pall values. Corrections are given for different types 
of reference half-cells, and an approach toward the absolute values of pk(1) 
and pk(2) in sea water is indicated. 

The effect of pressure (p) on the dissociation con- 
stant (K) of a weak electrolyte  (HR) is re la ted to the 
corresponding volume change (.XV) for the ionization 
reaction HR -~ H + + R -  by the equation 

" - - ~ P / m . r  R T  [ i]  

Data are avai lable for AV1 o at a tmospheric  pressure, 
zero salt concentration, and zero weak electrolyte  con- 
centrat ion for carbonic acid calculated f rom density 

and SO4 = ions and boric acid is invest igated to in-  
terpre t  the data obtained with  natura l  sea wate r  sam- 
ples (4) and f rom direct in situ determinat ions  (5, 6). 

Theoretical 
The theory under ly ing the de terminat ion  of disso- 

ciation constants as a function of pressure has been 
discussed in previous papers (3, 4). 

The buffered cell used for the present  de te rmina-  
tions is of the type: 

A g -  AgC1 

measurements ,  conductivity,  and glass electrode de-  
terminations:  

Density, Conductiv- 
25~ ity, 25~ 

Reaction -- AV~ ~ -- ,.IV~ ~ 
(p = 1 a r m )  tp = 1 atrn} 
ema rnole-1 crn3 mole-1 

H2COa--~ HCO3- + H + 29.0 (1) 26.5 t2~ 

HCOa--~ CO3= + H* 27.8 (1) 

Glass  e lec -  
t rode ,  22~ 

-- _%Vp o 
~p = 1 atm~ 
crn3 mole-1 

26.6 (3) ( u n b u f f -  
e r e d  cell) 

25.5 (3) (buff-  
e r e d  cell) 

25.4 (this paper; 
buffered cell} 

25.6 ( th is  p a p e r ;  
b u f f e r e d  cell) 

The ~Vs o values f rom glass electrode measurements  
published in our ear l ier  papers (3, 4) were  obtained 
by extrapolat ion of AV1 to zero KC1 concentrat ion 
over  a l imited ionic s t rength range (0-0.1). 

In v iew of the interest  in precise knowledge  of the 
effect of pressure on the dissociation of carbonic acid 
for oceanographic work, the present  paper  deals wi th  
the determinat ion  be tween  1 and 1000 arm of the dis- 
sociation constants K(s~ and K(2) and the ionization 
functions k(1), k(2) (k(1) • [ H  +] [ H C O 3 - ] / [ C O 2 ] ,  k(2) 
---- [H + ] [CO3=]/[HCO3 - ]) in presence of NaCI or KCI, 
over a wide ionic strength range (0-0.8), at various 
buffer ratios (pall 5.1-9.6). The effect of Ca + +, Mg + +, 

Ref. compar tment  x compar tment  
HC1 (0.01) glass HR(ms)  -{- MR(m2) AgC1 --  Ag 

MCI (ms--0 .01)  MC1 (m3) 

where  M represents  Na or K. 

The emf  (El at pressure 1, or p, is expressed by: 
E t , p  F/2.3 R T  = log ( m  H + ) re f l ,p  - -  log ( m H  + ) XS,p 

(THC1)  re f l ,p  
+ 2 log [2] 

('rHCl) xl,v 

For  an acid HR of the s t rength of carbonic acid 
log K m = log (mH+ml /m2)  + 2 log 7A; 2 log 7A --- 
log (~H+ ~R--/~Ha) ; mH+ ml/m~2 = k ~  and: 

K m p  "~AI 
(El  - -  E v ) F / 2 . 3  R T  = log-:7=--  - + 2 log 

"YAp 

( 'YHCl) re f l  __ 2 log ( ' Y H c I ) x l  

+ 2 log (THCl) refp ("?Hc1)Xp [3] 

The terms in ~ncl cancel each other at infinite dilu- 
tion of the weak electrolyte,  but  if  ms and m2 are 
small and if the salt effect of the weak  acid is small, 
cancellat ion pract ical ly occurs for finite values of m, 
and me. 

Equat ion [3] then simplifies to 

m k'mp 
(~1 --  Ep) F/2.3 R T  : log K'nP + 2 log 7A_____~1 = log - -  

K'nl  YAp k'ms 
[4] 

330 
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t h e  p r i m e s  i n d i c a t i n g  t h a t  k '  is o n l y  k n o w n  a p p r o x -  
i m a t e l y  b e c a u s e  of t h e  f o r m e r  a s s u m p t i o n s .  

I n  t h e  case  of c a r b o n i c  acid,  e x t r a p o l a t i o n  of (El  - -  
Ep) F/2 .3  R T  as a f u n c t i o n  of ~ /~  l eads  ea s i ly  to log 
K'~p/K'~I  a n d  a d o u b l e  e x t r a p o l a t i o n  f i rs t  to zero  w e a k  
ac id  c o n c e n t r a t i o n s  a t  a g i v e n  ~, a n d  t h e n  to ze ro  KC1 
or  NaC1 c o n c e n t r a t i o n ,  is no t  r e q u i r e d .  

I t  c a n  be  s h o w n  (7) t h a t  •  = 1.016 x (E l - -E100o)  
if  • is e x p r e s s e d  in  cm 3 m o l e  -1,  E in  mi l l i vo l t s ,  p in  
kg. cm -2. Elo00 is m e a s u r e d  on  t h e  t a n g e n t  of E1 - -  Ep 
= / ( p )  d r a w n  t h r o u g h  p = 1 a tm.  F o r  c a r b o n i c  acid,  
E~ - -  Ep = Amp is a l i n e a r  f u n c t i o n  of p u p  to 1000 
kg. c m  -2, so t h a t  Elo00 c o r r e s p o n d s  to t he  e m f  effec-  
t i v e l y  m e a s u r e d  a t  10O0 kg. cm -'~. 

C o n c e n t r a t i o n s  ( m )  a n d  a c t i v i t y  coeff ic ients  (~,) a r e  
g i v e n  o n  t he  m o l a l  sca le  ( m o l e  p e r  k g  of  p u r e  s o l v e n t )  
in  Eq.  [ 1 ] - [ 4 ] .  

I f  t he  c o n c e n t r a t i o n s  a r e  e x p r e s s e d  on  t he  m o l a r  
sca le  ( m o l e  p e r  l i t e r  so lu t ion ,  c) t he  f o l l o w i n g  c lass ica l  
e q u a t i o n s  ( [ 5 ] - [ 1 0 ] )  c a n  be  u s e d  to r e l a t e  c, m,  t h e  
c o r r e s p o n d i n g  a c t i v i t y  coefficients ,  y a n d  ~, t h e  d e n s i t y  
(d)  of t he  s o l u t i o n  a n d  of p u r e  w a t e r  (do) ,  M~ the  
m o l e c u l a r  w e i g h t  of so lu t e  L t h e  d i s s oc i a t i on  c o n s t a n t s  
a n d  i o n i z a t i o n  f u n c t i o n s  Kc, k c, K, , ,  k "  

m~ = c i /  ( d -  ZciMi/ lO00)  [5] 

c~ = m~d/  (1 q- ~m~M.]1000) [5'] 

-~ = y [ ( d - -  Zc-~/~/1000)/do]  [6] 

m'~do ---- cy [7] 

K m = KC/do; k m = kc(1 + ~m~M~/lOOO)/d [8] 

log Kn~p/K,~t = log Kcp/K~l  - -  log dop/doi [9] 

log kmp /k"h  : log kC p/kC~ - -  log d p / d i  [9']  

C o m b i n i n g  [7] a n d  [2] g ives  

(m~)  refz.p (cy)  " e ~ z , p  

- -  [I0] 
( m~ ,  ) x 1 ,p ( c y  ) x l ,p 

I f  t h e  a c t i v i t y  coeff ic ients  c a n  b e  m a d e  to c a n c e l  in  
b o t h  r e f  a n d  x c o m p a r t m e n t s  of t h e  g lass  e l ec t rode ,  
(E~ - -  E p ) F / 2 . 3  R T  w i l l  b e  e q u a l  to log  k 'mp/k 'ml  a n d  
e x t r a p o l a t e  to  log K ' % / K , n l  as a f u n c t i o n  of ~ (Eq.  
[4 ] )  w h a t e v e r  t h e  c o n c e n t r a t i o n  sca le  used.  

In  a q u e o u s  s o l u t i o n s  dp/d~ = dop/do~ = 1.04 a t  1000 
a tm ,  log  dtooo/d~ ---- 0.017, a n d  i t  is t h u s  ea sy  to use  
(E~--El000)  to  c a l c u l a t e  t h e  r a t i o s  of t he  d i s s oc i a t i on  
c o n s t a n t s  a n d  i o n i z a t i o n  f u n c t i o n s  e i t h e r  o n  t h e  c or  
t h e  m scale.  

W h e n  t h e  a b s o l u t e  v a l u e s  of k " h ,  k'Cl a r e  r e q u i r e d ,  
Eq. [5] ,  [5 '] ,  a n d  [6] c a n  be  u s e d  to c a l c u l a t e  e i t h e r  
i o n i z a t i o n  f u n c t i o n  f r o m  t h e  r e s u l t s  o b t a i n e d  o n  t h e  c 
o r  t h e  m scale,  r e s p e c t i v e l y .  

I n  p r ac t i c e ,  i f  t h e  h i g h e s t  p r e c i s i o n  is n o t  r e q u i r e d ,  
c ___ m a t  0.1M. A t  c o n c e n t r a t i o n s  w h e r e  t h e  c o r r e c t i o n  
to c a l c u l a t e  m f r o m  c is m o r e  i m p o r t a n t ,  t h e  d e n s i t i e s  
in  t h e  x a n d  r e f  c o m p a r t m e n t s  of t h e  glass  e l e c t r o d e  
a r e  n e a r l y  e q u a l  w h e n  t h e  b u f f e r  c o n c e n t r a t i o n  is 
s m a l l  c o m p a r e d  w i t h  t h e  NaC1 or  KC1 c o n c e n t r a t i o n s ,  
a n d  o n l y  mR+ n e e d s  b e  c o m p u t e d  in  t h e  r e f e r e n c e  
so lu t ion ,  s ince  mcl  - x  - - - - -  mc1 - re f  

I n  t h e  p r e s e n t  p a p e r ,  c o n c e n t r a t i o n s  r e f e r r i n g  to t h e  
gross  c o m p o s i t i o n  of  t h e  s o l u t i o n s  a r e  i n d i c a t e d  on  t h e  
m o l a r  scale,  a n d  to s i m p l i f y  t h e  s y m b o l  M r e f e r r i n g  
to m o l a r i t y  is o m i t t e d  (0.5 NaC1 m e a n s  0.5M NaC1) .  
T h e  h y d r o g e n  i on  s t o i c h i o m e t r i c  c o n c e n t r a t i o n  [H + ] 
is r e p r e s e n t e d  b y  p e r t  = - - l o g  [H  + ] o n  t h e  c - s ca l e  a n d  
p ~ H  on  t h e  m - s c a l e ,  t h e  h y d r o g e n  ion  a c t i v i t y  aR+ 
b y  p a l l  ~ - - l o g  al l+ a n d  if  t h e  d i s t i n c t i o n  b e t w e e n  
pcH, p m H ,  p a l l  is i r r e l e v a n t ,  t h e  s y m b o l  p H  is used ;  
s u b s c r i p t s  p, 1, 1000 i n d i c a t e  p r e s s u r e  p, 1 a t m ,  1000 
kg.  c m  - s  (ex.  : pmS-I1, PmH~000); AE~000 = Ez - -  E~o00 
in  m i l l i v o l t s  ( m y ) .  

Exper imental  
T h e  e q u i p m e n t  d e s c r i b e d  in  1962 (7)  is used.  I t  is 

i m p o r t a n t  in  t h e  e x p e r i m e n t s  i n v o l v i n g  e q u i l i b r a t i o n  
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w i t h  e i t h e r  p u r e  CO2 or  m i x t u r e s  of CO2 a n d  n i t r o g e n  
to s a t u r a t e  t he  s i l i cone  oi l  u s e d  in  t he  g lass  e l e c t r o d e  
cel l  a n d  to fill t h e  cel l  w i t h  p i p e t t e s  c o n t a i n i n g  a c o n -  
t r o l l e d  gas  p h a s e  (3) .  

T h e  glass  e l e c t r o d e  is m a d e  f r o m  C o r n i n g  015 glass ,  
w h e n  no  s o d i u m  e r r o r  is to b e  e x p e c t e d .  A c o m m e r c i a l  
e l ec t rode ,  E.I.L. 1 n ~ 18331 u n s e n s i t i v e  t o w a r d  N a  + a t  
a l k a l i n e  p H  is u s e d  w h e n e v e r  neces sa ry .  

C o r r e c t i o n s  fo r  a s y m m e t r y  p o t e n t i a l  s h i f t  w i t h  p r e s -  
s u r e  is m a d e  as d e s c r i b e d  e a r l i e r  (3, 4, 7) .  W h e n  b o t h  
cel l  c o m p a r t m e n t s  c o n t a i n  t h e  s a m e  s o l u t i o n  • 
is g e n e r a l l y  b e t w e e n  0 a n d  •  mv .  H i g h e r  v a l u e s  i n -  
d i ca t e  d e f e c t i v e  A g - A g C 1  e l ec t rodes .  

H i g h e s t  g r a d e  r e a g e n t s  ( M e r c k )  a n d  a i r - f r e e  b i -  
d i s t i l l ed  w a t e r  ( P y r e x )  a r e  used.  

Results 
F i r s t  i o n i z a t i o n  J u n c t i o n  a n d  f i rs t  d i s soc ia t ion  

c o n s t a n t  o~ carbon ic  acid  in  b i carbona t e  b u f f e r  in  p r e s -  
ence  o] NaC1 or  KC1, at  p = 1 a t m  a n d  p = 1000 kg. 
c m - 2 . - - F i g u r e  1 s h o w s  • in  m v  as a f u n c t i o n  of  
\ / ~  fo r  v a r i o u s  b i c a r b o n a t e  bu f f e r s  a t  d i f f e r e n t  b u f f e r  
ra t ios ,  in  p r e s e n c e  of NaCI  or  KC1. E x t r a p o l a t i o n  to 
ze ro  ionic  s t r e n g t h  g ives  25.0 m v  c o r r e s p o n d i n g  to 
--•  o = 25.4 c m  a m o l e  - I ,  i n  a g r e e m e n t  w i t h  o u r  p r e -  
v ious  e x p e r i m e n t s  (4) .  

F i g u r e  2 g ives  t h e  i o n i z a t i o n  f u n c t i o n  pk'c(1) = - - l o g  
1.01 ~ / ,  

k'c(1) a n d  pK'c(1) = - - l o g  K'c(1) = Pk'C(l) --F - -  
1 + ~ / ,  

as a f u n c t i o n  of ~ a t  p = 1 a r m  a n d  pK'c(1)p ~ log  
d p / d l  a t  p = 1000 kg.  c m  -2  ( log  d J d l  = 0.017). 

T h e  a b s o l u t e  v a l u e s  of pKc(1) (6.38) a n d  pk'c(1) a r e  
in  good  a g r e e m e n t  w i t h  t h e  d a t a  of H a r n e d  a n d  D a v i s  
(8) a n d  of H a r n e d  a n d  B o n n e r  (9) (pKm(1) = 6.3809 
a t  20 ~ a n d  6.3519 a t  25~  

T h e  c o n c e n t r a t i o n  r a t i o s  [ H C O 3 - ] / [ C O 2 ]  a r e  c o m -  
p u t e d  f r o m  t h e  e q u a t i o n s  of  t h e s e  a u t h o r s  a n d  t he  
s a m e  e x t r a p o l a t i o n  f u n c t i o n  is f o u n d  to  fi t  o u r  r e -  
su l t s  a n d  the i r s .  T h e  2 log  (YHCl)ref/(YHCl) x t e r m  in  
Eq.  [1] (c sca le )  is c a l c u l a t e d  f r o m  t h e  v a l u e s  of ~uel  
i n  NaC1 a n d  KC1 t a k e n  f r o m  H a r n e d  a n d  O w e n  (10) .  
I t  is a s s u m e d  t h a t  ~nCl in  t h e  x c o m p a r t m e n t  is o n l y  
a f fec ted  b y  t h e  ion ic  s t r e n g t h ,  a n d  t h e  r a t i o  of t h e  ac -  
t i v i t y  coeff ic ients  is a lso s u p p o s e d  to b e  v a l i d  o n  t h e  
m o l a r  scale.  A t  ~ --~ 0.5, "~aci p r a c t i c a l l y  cance l s  in  b o t h  
c o m p a r t m e n t s .  

A t  ~ = 0.75, p k'm(1) ~ pk'~(1) - -  0.007 = 5.995. T h e  
c o r r e c t i o n  is --0.005, --0.0057, --0.0065, --0.0073, 
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Fig. I .  Glass electrode emf shifts at 22~ produced by pressure 
(1000 kg.cm-2), in bicarbonate buffers, at different buffer ratios, 
as a function of ~//~, in NaCI, KCI, in presence of Mg + +, Ca + + ,  

S04 = ions, and in sea water. 
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BICARBONATE BUFFER r z 
k,C 1.01V-U ,c sot 1% ref, 

P , ~,/~, - P KHCO 3 002 O ~ n = 0.625.1,1.38,2,5,50 
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KCI 05In 0 ~ NaCI (KCI) 0.5 In -0.01(0.001) 
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MgCt2 0.026/n log dp dl 1 = 0 017 

I ~ o ~  
6 . 4 ~  ~ ) p K ;  r 

log dp dl 1 
6 .0~ ~ _ _  ~ ' - - - - - -  - .  ,i"~= 1000 kg cm.2 

sg~ pk~ (MgSO,) 

�9 i i i i i i i I i i 
0.1 02 0.3 0.4 o.s o.6 0.~ 06 0.9 p 

Fig. 2. First ionization function (k'c(1)) of carbonic acid and as 
a function of ~ at otto pressure and I000 kg.cm - 2  in NaCl and 
KCI at 22~ Effect of MgSO4 -I- MgCI~. 

--0.0081, --0.009 a t  ~0.5, 0.6, 0.7, 0.8, 0.9, 1.0, r e s p e c -  
t i v e l y  ( c a l c u l a t e d  f r o m  t h e  d e n s i t y  of NaC1 s o l u t i o n s ) ,  
a n d  a t  # = 0, i t  is e q u a l  to --0.001. 

Second ionization :function and second ioniza- 
tion constant of carbonic acid in carbonate buf]er in 
presence o] N a C I  o r  KC1, at p = 1 a tm and p ~ 1000 
kg. c m - 2 . ~ F i g u r e  3 g ives  ~E~000 in  my,  as a f u n c t i o n  
of ~ for  c a r b o n a t e  b u f f e r  in  p r e s e n c e  of  NaC1 or  
KC1. 

E x t r a p o l a t i o n  to zero  ion ic  s t r e n g t h  g ives  25.1 m y  
or  ---~V~ o = 25.6 cm 8 m o l e  -1,  w h i c h  is p r a c t i c a l l y  t h e  
s a m e  r e s u l t  o b t a i n e d  in  b i c a r b o n a t e  buf fe rs .  T h e  v a l u e  
c a l c u l a t e d  b y  O w e n  a n d  B r i n k l e y  (1) f r o m  d e n s i t y  
d e t e r m i n a t i o n s  is 27.8 c m  3 m o l e - L  

F i g u r e  4 s h o w s  t h e  i o n i z a t i o n  f u n c t i o n  pk'C(.,_) as a 
f u n c t i o n  of ~ / ~ a t  p = 1 a tm ,  pk'c(2)~ Jr log  dp/d~ a t  
p = 1000 kg.  c m - 2 ;  t h e  r e s u l t s  in  0.5 a n d  0.8 NaC1 do 
no t  d e p e n d  o n  t h e  b u f f e r  r a t i o  a n d  a r e  i d e n t i c a l  e i t h e r  
w i t h  N a H C O s  0.08 + Na~COs 0.01 or  w i t h  NaHCO~ 
0.025 -t- Na2CO3 0.025. pK~2) = 10.37 c o r r e s p o n d s  to 
t h e  v a l u e s  p u b l i s h e d  b y  H a r n e d  a n d  Scho l e s  (11) 
(pK~r ~ 10.377 a t  20~ 10.329 a t  25~ w h o  e x -  
t r a p o l a t e  t h e i r  d a t a  b e t w e e n  # = 0.15 a n d  0. 

A t  ~ ~ 0.75, pk"(2)~ ~ 9.60 - -  0.007 in  NaC1. 

Effect o] buyer ratio on the ionization o] carbonic 
acid at 1000 kg. cm-2  in NaC1 and KC1 so lu t i ons . -  
F i g u r e s  1 a n d  3 s h o w  t h a t ,  a t  a g i v e n  b u f f e r  ra t io ,  
• e x t r a p o l a t e s  l i n e a r l y  to t he  s a m e  v a l u e  a t  ~ = 0, 
a n d  t h a t  a c h a n g e  in  t h e  b u f f e r  c o n c e n t r a t i o n  h a s  t h e  

26.0 

20.0 

150 

CARBONATE BUFFER �9 NaHCO 3 0025 No2CO 3 0025 NQCI 0.5 
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~ _  n= 1,2,5,10,20 
�9 [] E.I L 18331 ELECTR. 

~ .  ~ C T R .  

KHCO:I 0.08In' K2CO 3 0.01In' KCI 0.01 ~ 
_ n'= 1,2,5,10 \~ - \  

ref HC[ 0.001 KCI 0009 \ \ \  
id KCt 01 n'=1,2,5,10 ref HCI 0.01 \~L  
[d. KCI 0.25 n'= 1 ~.~. 
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~d KCI 0.80 n'= 1 n=0.625 1,2,5 
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Fig. 3. Glass electrode emf shifts at 22~ produced by pressure 
(1000 kg.cm-2) ;n carbonate buffers, at different buffer ratios, as 

a function of V P ,  in NaCI or KCI, in presence of Mg + + ,  Ca + + ,  
SO4 =, and in sea water. 
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Fig. 4. Second ionization function (k'c(2)) of carbonic acid as a 
function of ~//#at atm pressure and 1000 kg.cm -2  in NaCI and 
KCI at 22~ Sulfate effect of 0.030 MgSO4 (+0.026 MgCI2). 

s a m e  effec t  as t h e  c o r r e s p o n d i n g  ~ c h a n g e  p r o d u c e d  b y  
a n  i n c r e a s e  of t h e  NaC1 or  KC1 c o n c e n t r a t i o n .  I t  is 
t h e r e f o r e  easy  to o b t a i n  a g r a p h i c a l  e s t i m a t e  of '-XE10oo 
a t  a c h o s e n  ionic  s t r e n g t h ,  e v e n  f r o m  i so l a t ed  v a l u e s  
m e a s u r e d  a t  a n o t h e r  ion ic  s t r e n g t h .  

C u r v e s  I a n d  1' f r o m  Fig.  5 g ive  • a t  ~ = 0.75 
( ion ic  s t r e n g t h  of sea  w a t e r  a t  CI%o = 20.0) as a 
f u n c t i o n  of p m H t ,  in  NaC1 a n d  KC1. T h e  e m f  sh i f t s  
d e p e n d  o n l y  s l i g h t l y  on  t h e  t o t a l  CO2 c o n c e n t r a t i o n  in  
t h e  r a n g e  i n v e s t i g a t e d  ( [ H C O 3 - ]  -t- [CO8 =] b e t w e e n  
0.09 a n d  0.0025; a r r o w s  i n d i c a t e  t h e  v a l u e s  a t  0.0025 in  
Fig.  5) .  

T h e  r e a s o n  for  t he  d i f f e r e n c e  b e t w e e n  t he  r e s u l t s  in  
NaC1 a n d  KC1 a t  pmH1 --~ 8.5 is, w e  b e l i e v e  to b e  co r -  
r e l a t e d  w i t h  t he  f ac t  t ha t ,  a t  1 a tm ,  t h e  c u r v e s  g i v i n g  
pk'~) as a f u n c t i o n  of  \ / ~  (Fig .  3) d e m o n s t r a t e  t h e  
g r e a t e r  t e n d e n c y  fo r  c a r b o n a t e  ions  to a s soc ia t e  w i t h  
Na  t h a n  w i t h  K. I o n  p a i r s  l i ke  N a  + - -  CO3 = o r  N a  + 
- -  N a C O 3 -  wi l l  d i s soc ia t e  u n d e r  p r e s s u r e ,  a n d  f r e e  
CO3= ions,  h i t h e r t o  m a s k e d  fo r  t h e  c a r b o n i c  ac id  e q u i -  
l i b r i u m ,  w i l l  m o d i f y  t h e  b u f f e r  ra t io ,  so t h a t  t h e  pmH 
s h i f t  i n d u c e d  b y  p r e s s u r e  c a n  b e  e x p e c t e d  to b e  
s m a l l e r  t h a n  in  a m e d i u m  w h e r e  a s s o c i a t i o n  is less  
i m p o r t a n t  or  i n e x i s t e n t .  W e  wi l l  see  t h a t  m a g n e s i u m  
a n d  c a l c i u m  ions  w h i c h  h a v e  a m u c h  l a r g e r  t e n d e n c y  
to f o r m  ion  p a i r s  w i t h  CO~ = t h a n  s o d i u m  ions  a lso 
h a v e  a m u c h  l a r g e r  l o w e r i n g  ef fec t  o n  t h e  e m f  c h a n g e s  
p r o d u c e d  b y  p r e s s u r e  in  c a r b o n a t e  buf fe rs .  

S i n c e  K + or  Na  + m a y  a lso  f o r m  ions  p a i r s  w i t h  
H C O s - ,  a c o m p l e t e  a n a l y s i s  of  c u r v e s  1 a n d  1' a p p e a r s  
to  be  f a r  f r o m  e a s y  a n d  w o u l d  r e q u i r e  t h e  k n o w l e d g e  
of pk'(1)(2) a n d  • i n  a b s e n c e  of  a n y  ionic  
a s soc ia t ion ;  t he  d i s s o c i a t i o n  c o n s t a n t s  of N a C O 3 -  a n d  
NaHCO3 w o u l d  h a v e  to b e  t a k e n  i n t o  a c c o u n t  a n d  also 
t h e  e q u i l i b r i u m  2 H C O 8 -  ~--. COs = -t- H2COs, w h i c h  is 
d i s p l a c e d  w h e n  COs = or  H C O 3 -  is r e l e a s e d  i n  t h e  
so lu t ion .  Bes ides  t h e  s a l t  e f fec t  of NaC1 or  KC1 w o u l d  
h a v e  to b e  k n o w n .  

T h e r e  is h o w e v e r  no  d i f f icul ty  in  c o n s i d e r i n g  t h a t  
in  t h e  i o n i z a t i o n  f u n c t i o n s  k'(1) a n d  k'(2), d e t e r m i n e d  
a t  a t m o s p h e r i c  p r e s s u r e  or  a t  1000 kg.  c m  -~,  [CO3 =]  
a n d  [ H C O s - ]  r e f e r  to t h e  t o t a l  c o n c e n t r a t i o n  of  CO3 = 
of H C O a - ,  ions  p r e s e n t  e i t h e r  as  f r e e  ions  o r  f o r m i n g  
ion  p a i r s  w i t h  N a  or  K.  

I n  t h e  pmH1 i n t e r v a l  8.5-9.5 t h e  t h u s  de f ined  
pk'(2)100s c a n  b e  m e a s u r e d  w i t h o u t  a m b i g u i t y  f r o m  
c u r v e s  1 a n d  1' of Fig.  5 s ince  AE1000 is c o n s t a n t .  T h e  
b u f f e r  r a t i o  a n d  t h e  t e r m  2 l og  7At/TAp i n  Eq.  [3] a r e  
c o n s t a n t ,  t h e  m e a n  a c t i v i t y  coeff ic ient  b e i n g  r e f e r r e d  
to t h e  t o t a l  c o n c e n t r a t i o n s  of  f r e e  a n d  m a s k e d  ions.  
Log  k'm(e)tooo/k'~(2)l is t h e r e f o r e  e q u a l  to  0.315 (~E1000 
= 19.0 m v )  a n d  0.350 (• = 20.8 m v )  in  NaC1 a n d  
KC1, r e s p e c t i v e l y .  
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CARBONATE, BICARBONATE BUFFERS 
SEA WATER at ~1=0.75 
E - E p ( m V )  p=lOOOkgcm -2 
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Fig. 5. Glass electrode emf shifts at 22~ produced by pressure 
(1000 kg.cm -2)  in bicarbonate, carbonate buffers, and sea water 
at/~ = 0.75, as a function of p m H  ~ --log mH measured at atm 
pressure. Curve 1, NaHCOs, Na2COs, CO~ ( [ H C O s - ]  -F [COs = ]  
0.05 - -  0.09 and 0.0025 (arrow) in 0.5 NaCI. Curve 1', KHCOs, 
K2CO3, CO2 ( [ H C O 3 - ]  -I- [CO3 = ]  0.05 - -  0.09) in 0.5 KCI. 
Curve 2, NaHCOs, Na2COs, CO2 ( [ H C O ~ - ]  -F [COs = ]  0.05 
0.09) in 0.5 NaCI; effect of Na2SO4 (0.030). Curve 3, NaHCOs, 
Na2COa, CO~ ( [ H C O 3 - ]  -I- [COs = ]  0.05 ~ 0.09) in 0.5 NaCI; 
effect of MgSO4 (0.030), MgCI2 (0.026), CaCI2 (0.01) (Precipitates 
are obtained at pH > 8.0). Arrows indicate results for [ H C O s - ]  
-F [CO~ = ]  = 0.0025 (see also curve segments 6). Curve 3', 
NaHCO3, Na2COa, CO2 ( [ H C O s - ]  ~ [COs = ]  0.05 - -  0.09) in 
0.5 NaCI; SO4 = effect of MgSO4 (0.030). Curve 4, NaHCO3, 
Na2COs, CO2 ( [ H C O s - ]  -t-- [CO~ = ]  0.05 - -  0.09 and 0.025 
(arrows); effect of MgCI2 (0.056). Curve 5, Natural sea water CI 
%o ~ 19.5 (Atlantic), corrected at C1%o 20.0 (/~ = 0.75). Curve 
5', Natural sea water; SO4 = effect. Curve 6, Artificial sea water: 
[HCO3] -I- [COs = ] = 0.0025; 0.030 MgSO4, 0.026 MgCI2, 
0.010 CaCI2, 0.5 NaC1 (with or without boric acid in the acid 
range). Curve 6', Artificial sea water with boric acid (4.3 10 -4 )  
(alkaline range). Curve 7, Effect of boric acid; smoothed dif- 
ference in mv between (E~ ~ Elooo) in artificial sea water with- 
out boric acid (see curves 3 and 6) and (El ~ Elooo) in the same 
with 4.3 10 - 4  boric acid (see curves 6 and 6'). 

Inspection of curve 1 fur ther  indicates that  the re-  
sults at pmH1 ~ 7.00 are identical  in KC1 and NaC1. If 
one again assumes that  the bicarbonate  concentrat ion 
corresponds to the sum of the" f ree  HCOs-  ions and 
the undissociated sodium or potassium bicarbonate,  log 
k'm(1)looo/k'm(1)l is equal  to 0.359 (• = 21.0 mv)  
at pmH1 7.0, 0.376 at p~nHt 6.0, and 0.385 at pmH1 5.0. 
Here  the te rm 2 log ~'A1/'YAp in Eq. [3] is not constant 
and depends on the buffer ratio. 

The question that  remains to be answered concerns 
the choice of suitable values for P k'(1)looo and Pk'(2)looo 
in the pmHi range 7.0-8.5, where  the emf changes in-  
duced by pressure depend on both ionization functions. 

If we consider a solution containing NaC1 and 
NaHCOs at atmospheric pressure, its pmH1 ---- 1/2 
(pk'm(1)l + pk'm<2)l); at ~ ---- 0.75, one finds pmHt  _.~ 
7.8 = Vz (6.0 + 9.6) and [CO2] = [COs=]. At pmH1 = 
7.8, hE1000 = 20.0 my, and simple considerations show 
that  [CO2] will  remain  equal  to [COs =] if 2.3 R T / F  
log k'm(1)looe/k'm(1)l and 2.3 R T / F  log k'~n(2)lOoo/k'~(2)l 
are taken symmetr ic  wi th  respect  to 5Elo0o ~ 20.0 my, 
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For  instance, 21.0 and 19.0 mv  read at pmaZI1 7.0 and 8.5 
on curve  l of Fig. 5. In that  case the equi l ibr ium 
2HCOs-  ~ COs = + H2CO3 is shifted. Thus, at p ~ H I  
= 7.8, if [HCOs- ]  + [COs = ] = 0.05, 6.10 -5 HCOs-  is 
formed at 1000 kg. cm -2 at the expense of 3.10 -5 CO2 
and 3.10 -5 COs =, which corresponds to a 4% change 
of the ini t ial  CO2 and COs = concentrations. At pmH1 
7.0 and 8.5, the change of e i ther  [CO2] and [HCOa-]  
or [COs =] and [HCO3-]  is negl igible  when  pressure 
is applied. If one could assume 2.3 R T / F  log k'm(1)10oo/ 
k'm(1)1 and 2.3 R T / F  log k'm(2)1ooo/k~n(2u to be equal  to 
~ leoo  read on curve  1 at any pmH1 be tween  5.0 and 
9.0, the CO2, HCOs- ,  COs = concentrat ions would re -  
main constant at any pressure. This is w h a t  happens  
at infinite di lut ion where  ~V~ = AV~ 

In KC1, if one neglects the slight min imum at pmH1 
7.8, 2.3 R T / F  log k'm(1)looo/k"(1)l and 2.3 R T / F  log 
k'm(2)lOoo/k'm(2)l are equal  wi th in  +_ 0.25 my over  
the range 7.0-9.0. However ,  this is an oversimplif ica-  
tion since the min imum at 7.8 could be explained by 
the release of COs = and HCOs-  f rom ion pairs. HCOs-  
behaves as a base at pmH1 < 7.8 and as an acid at 
pmH1 > 7.8, whereas  the release of COs = always re-  
sults in lowering the hydrogen  ion concentration. 

The choice of the values of pk'm(1)looo at pcnH1 7.0 
and pk'm(2)looo at pmH1 8.5 to be used in the pmH1 
in te rva l  7.0-8.5 remains questionable,  even  in KC1, 
but there  is no other  a l ternat ive  unless rel iable  values 
for pk'm(1) and pk'm(2) become avai lable in absence of 
any ionic association. However ,  at the alkal ine end 
of the pmH1 in terva l  7.0-8.5, pk'm(1) needs not to be 
known with  great  precision to calculate [HCOa-]  or 
[COs=]. At  pmHx 8.0, an error  of 0.02 (hE ~ 1.2 my) 
in Pk"~(1)1000 affects [CO2] by 2% and [HCOs-]  and 
[COs = ] by only 0.1%. 

The separate salt effect of NaC1 on 2.3 R T / F  log 
k'm(1)lOoo/k'm(1)l can be est imated at pmH1 < 5.0 since 
curve  1 in Fig. 5 seems to reach a plateau in the acid 
range and since ~Eao00 is known at 0 ionic s t rength 
(25.0 my) .  Thus, for the salt effect, one finds 25.0 - -  
22.6 ~ 2.4 my. This value fits wi th  the fact that  2 AE10oo 

23.6 mv  at ~ -~ 0.75 in a solution containing only 
NaC1 and saturated with  CO2. At ~ -~ 0, 2 AE100o 
26.2 mv  (3) and the difference 26.2 - -  23.6 ---- 2.6 mv. 

It  seems reasonable to assume that  the difference 
be tween  aV~ found in pure  CO~ solutions and in bi-  
carbonate buffer at 0 ionic s t rength might  be related 
to the existence of NaHCOs ion pairs even  when the 
concentrat ion of NaHCOs becomes very  small. The 
same effect occurs in other  buffer systems invest igated 
wi th  the glass electrode technique:  AVol is always 
found to be smaller  in buffers than in the correspond- 
ing pure acid (3), and the explanat ion given above 
might  be general.  

Final ly,  one wil l  notice (Fig. 5, dotted par t  of curves 
1 and 2) that  Corning 015 electrodes display an al-  
kal ine error  in presence of NaC1 at 1000 kg. cm -2 
at pmH1 > 8.25, al though no such error  can be de-  
tected even at 8.75 at a tmospheric  pressure. 

Ionization aS carbonic acid in presence of Mg ++, 
Ca + +, and SO4 = in NaC1 solutions, at concentrations 
found in sea water,  at 1 atm and 1000 kg. cm -~ and at 
different buffer ratiov (~ = 0 .75) .~When  Ca or Mg 
salts are added to carbonate and bicarbonate buffers, 
it is wel l  known [see Garrels,  Thompson, and Siever  
(12)] that  MgCOs and CaCOs ion pairs are formed 
and that  the t rapping of H C O s -  ions is also to be 
considered. The dissociation of carbonic acid can still  
be described by the ionization functions k'(1) and k'(a) 
where  [CO~ =] and [HCOs- ]  re fer  to the free car-  
bonate and bicarbonate ions (plus those bound to' 
Na as seen in the preceding section),  but  it is also use-  
ful  to define apparent  ionization functions k"(2) 
[H + ] [CO3=]T/[HCO~-]T,  k " ( 1 ) =  [H +] [ H C O s - ] r /  
[CO2] where  [COs=iT and [ H C O s - ] r  correspond to 
the total  amount  of carbonate and bicarbonate.  We 
wil l  call k'(~) and k'(1) t rue  ionization functions. 
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True  and apparen t  ionizat ion ]unct ions  o] carbonic 
acid in presence of Mg + § Ca + + and SO4 =, in  NaC1 
solut ions  at 1 a t m  (~ = 0 .75) . - -Figure  6 g ives  t h e  
pmH1 c h a n g e s  ( in  m v )  p r o d u c e d  w h e n  MgCI.,, c u r v e  
4; MgC12 -~ MgSO4, c u r v e  3; MgC12 W MgSO4 ~ CaCI2, 
c u r v e  2; Na2SO4, c u r v e  1 a r e  a d d e d  to b i c a r b o n a t e  
a n d  c a r b o n a t e  b u f f e r s  a t  a t m o s p h e r i c  p r e s s u r e ,  as  a 
f u n c t i o n  of  pmHx m e a s u r e d  in  t h e  so lu t i ons  c o n t a i n -  
ing  t he  a d d e d  salts .  T h e  r e f e r e n c e  0.01 HC1 ~- 0.49 
NaC1 s o l u t i o n  h a s  t h e  s a m e  sa l t  c o m p o s i t i o n  as t h e  
bu f f e r  u n d e r  t e s t  i t  is a s s u m e d  t h a t  mH+ = mHCl a n d  
t h a t  t he  m e a n  a c t i v i t y  coeff ic ient  of HC1 is t he  s a m e  in  
b o t h  c o m p a r t m e n t s .  T h e  a d d e d  sa l t s  a r e  t e s t e d  a t  c o n -  
c e n t r a t i o n s  n o r m a l l y  f o u n d  in  sea  w a t e r  (CI%o = 20.0). 

Effect  o] SO4 = on the t rue  ionizat ion ]unct ions k'(1)l 
and k ' ( 2 ) l . - - I n s p e c t i o n  of  Fig.  6 s h o w s  t h a t  t h e  effect  of 
SO4 = ions  c a n  be  d i s t i n g u i s h e d  f r o m  t h e  effect  of 
Ca  a n d  Mg. 

MgC12 a t  p ~ H ~  < 6.0 o b v i o u s l y  does  no t  m o d i f y  
k'cr w h i c h  is t h u s  t he  s a m e  as in  p u r e  b i c a r b o n a t e  
s o l u t i o n s  a t  t h e  s a m e  ion ic  s t r e n g t h .  T h e  o r d i n a t e  d i f -  
f e r e n c e  b e t w e e n  c u r v e s  3 a n d  4 i n  Fig.  6 s h o w s  b u t  
l i t t l e  v a r i a t i o n s  o v e r  t h e  pmH1 i n t e r v a l  c o n s i d e r e d  
a n d  a l l o w s  one  to c a l c u l a t e  pk'C(1)l a n d  pk'cr T h u s  
fo r  t he  i n v e s t i g a t e d  bu f f e r s  (MgSO4 0.030, [ H C O 3 - ]  
[COg =] b e t w e e n  0.0025 a n d  0.09) pk'C(xu = 5.89 a n d  
pk'c(2u = 9.49 a t  ~ = 0.75 (see  Fig.  2 a n d  c u r v e  seg-  
m e n t  in  Fig.  4) ; pk'm(l)l  ~ 5.89 - -  0.005 a n d  pk~(2 ) l  = 
9.49 - -  0.005. T h e  c o r r e c t i o n  fo r  t h e  c h a n g e  of c o n c e n -  
t r a t i o n  sca le  is s o m e w h a t  s m a l l e r  t h a n  in p u r e  NaC1 
s o l u t i o n s  a n d  is b a s e d  on  a t o t a l  s a l t  c o n t e n t  of  36.4g 
a n d  t he  c o r r e s p o n d i n g  d e n s i t y  of sea  w a t e r  1.025 a t  
22~ (13) .  

Effec t  o] Ca and Mg and the apparen t  ionizat ion 
]unct ions  k"(l) and k " ( 2 ) . - - T h e  s h a p e  of t h e  c u r v e s  of 

EFFECT of MgS04 MgC{2 CaCI2 No2SO 4 on -LOG [ ~  
in CARBONATE and BICARBONATE BUFFERS 

AmV = 2.3 RT/F log ([H~ b -  [H~ a) o=buffer b=buffer§ 
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Fig. 6. Glass electrode emf shifts produced by the addition of 
MgSO4, MgCI2, CaCI2, Na2SO4 to bicarbonate and carbonate buffers 
at atmospheric pressure. A. [HCO~] -I- [CO3 =]  0.05 - -  0.09 in 
0.5 NaCI: Curve 1, effect of Na~SO~ (0.030); Carve 2, effect of 
MgSO4 (0.030), MgCI~ (0.026), and CaCI2 (0.010). Precipitates 
are obtained at points 2, 3, and 4; result at pmH 4.8 corresponds 
to [HCO3 =]  -~ [CO3 =]  0.0025; Curve 3, effect of MgSO4 
(0.030) and MgCI2 (0.026); Curve 4, effect of MgCI2 (0.056). B. 
[HCO~-]  -I- [CO3 =] = 0.0025. (2'), (Y), (4') same as (2), (3), 
(4). 

Fig. 6 w h i c h  g ive  t h e  e m f  sh i f t s  r e s u l t i n g  f r o m  t h e  
a d d i t i o n  of Ca  a n d  M g  sa l t s  to b i c a r b o n a t e  a n d  c a r -  
b o n a t e  buf fe r s  c a n  be  u n d e r s t o o d  if  one  b e a r s  in  m i n d  
t h a t  r e m o v i n g  a c o n s t a n t  a m o u n t  of CO3 = p r o d u c e s  a 
p m H  sh i f t  w h i c h  is m a x i m u m  a t  p m H  = �89 (pk'm(1) 
-b Pk"~(2)). W h e n  t h e  t r a p p e d  CO3 = is a f u n c t i o n  of 
t h e  i n i t i a l  CO3 = c o n c e n t r a t i o n ,  t h e  m a x i m u m  is 
b r o a d e n e d  a n d  s h i f t e d  t o w a r d  a m o r e  a l k a l i n e  p m H .  
R e m o v i n g  H C O 3 -  p r o d u c e s  no  sh i f t  a t  p ~ H  = 
1/2(pk"~(1) ~- pk'm(~)), b u t  r e s u l t s  in  a n  ac id i f i ca t ion  or  
a n  a l k a l i n i z a t i o n  a t  m o r e  ac id  or  m o r e  a l k a l i n e  p m H  
va lue s ;  H C O 3 -  t r a p p i n g  is e v i d e n t  in  Fig.  6 in  t h e  ac id  
r a n g e  e spec i a l l y  w h e n  CaC12 is a d d e d  to t h e  m o r e  
c o n c e n t r a t e d  bu f f e r s  a l r e a d y  c o n t a i n i n g  MgSO4 a n d  
MgC12, b u t  t h e  s a m e  o p e r a t i o n  p r o d u c e s  a p r e c i p i t a t e  
a t  p m H  > 8.1. No  p r e c i p i t a t e s  a re  o b s e r v e d  in  t h e  
d i l u t e d  buffers .  T h e  d a t a  g a t h e r e d  in  Fig.  6 c a n  b e  
u sed  to c a l c u l a t e  t h e  d i s s o c i a t i o n  c o n s t a n t s  of  MgCOB, 
CaCOB, MgHCO3 +, a n d  Ca l iCO3  + as G a r r e l s  e t  al. 
(12) h a v e  d o n e  f r o m  pal l  d e t e r m i n a t i o n s  on  b i c a r -  
b o n a t e  a n d  c a r b o n a t e  bu f f e r s  b e f o r e  a n d  a f t e r  a d d i -  
t i on  of  CaCb.  a n d  MgC12. T h i s  p r o b l e m ,  w h i c h  i n -  
v o l v e s  l e n g t h y  ca l cu l a t ions ,  is  q u i t e  b e y o n d  t h e  
scope  of t h e  p r e s e n t  p a p e r  a n d  w i l l  no t  b e  d e a l t  w i th .  

H o w e v e r ,  a t  pmH1 ~ 8.0, Fig.  6 m a k e s  i t  pos s ib l e  to  
e v a l u a t e  t he  a p p a r e n t  s e c o n d  i o n i z a t i o n  f u n c t i o n  of 
c a r b o n i c  acid,  k'(2), i n  p r e s e n c e  of Ca + +, Mg + +, a n d  
SO4 = ions.  

F o r  bu f f e r s  w h e r e  [ H C O 3 - ]  W [COs = ] = 0.0025, 
t he  e m f  s h i f t  d u e  to t h e  a d d i t i o n  of 0.030 MgSO4, 
0.026 MgCI2, a n d  0.010 CaCl2 is e q u a l  to 38.0 m y  a t  
pmH1 ~-- 8.3. W i t h  pk'c(2)l ~ 9.67 in  t h e  p u r e  buf fer ,  
t h i s  l eads  to  pk"c(2)l = 9.67 - -  0.65 = 9.02 a t  ~ = 0.73; 

kPPc a t  ~ = 0.75, p (2)1 9.015. 
M o r e  r e f i ned  c a l c u l a t i o n s  t a k i n g  i n to  a c c o u n t  t he  

t r u e  i o n i z a t i o n  f u n c t i o n s  k'c(,) (5.89) a n d  k'c(2) (9.49),  
t he  e q u i l i b r i u m  2 H C O 3 -  ~ CO3 = -F H2CO8 w h i c h  is 
d i s p l a c e d  w h e n  COg = is r e m o v e d ,  g ive  a m e a n  v a l u e  
of  9.015 • 0.015 a t  ~ = 0.75 i n  t h e  pnvHt  i n t e r v a l  7.9- 
8.5, w i t h  a m i n i m u m  a t  8.3 w h e r e  pk'c(2)l  = 9.00. O n  

"m t h e  m o l a l  sca le  p k  (2) 9.015 - -  0.005, a g a i n  a t  
---- 0.75. 
T h e  a g r e e m e n t  b e t w e e n  t h e  d i r e c t l y  e v a l u a t e d  v a l u e  

,,c of p k  (2)i a n d  t h e  c a l c u l a t e d  one,  imp l i e s  t h a t ,  i n  f i rs t  
a p p r o x i m a t i o n ,  H C O 3 - - t r a p p i n g  b y  Mg + + a n d  Ca  + + 
m u s t  be  v e r y  s m a l l  a t  pmHx ~-- 8.0. T r a p p i n g  of 
H C O 3 -  to a g r e a t e r  e x t e n t  t h a n  N a  ions  do, w o u l d  
l e a d  to a n  a p p a r e n t  l o w e r i n g  of pk'c(1) a n d  a lso  af fec t  

,,c p k  (2)1 b u t  in  a m o r e  c o m p l i c a t e d  way ,  d e p e n d i n g  
o n  pH. T h i s  p r o b l e m  wi l l  n o t  b e  d i s c u s s e d  he re ,  a n d  i t  
w i l l  b e  a s s u m e d  t h a t  b e t w e e n  pmH1 7.9 a n d  8.5 i t  is 
n o t  n e c e s s a r y  to i n t r o d u c e  a f i rs t  a p p a r e n t  i o n i z a t i o n  
f u n c t i o n ,  o r  t h a t  pk"c(1) ~ pk'c(1) i n  bu f f e r s  w h e r e  
[COg =]  § [ H C O 3 - ]  = 0.0025. 

S i n c e  pk"c<2)l -- pk'C(2)l = 0.48, [ C O 3 = ] r  ~-~ 3 [COs =]  
a n d  [ M g -  CaCOa]  ~ 2 [ C O s = ] .  A t  pmH1 8.0 [ H C O s - ]  
-p [COs = ] = 0.0025, [COg = ] = 7.34 10 - 5  , [ M g -  
CaCOs]  = 1.45 10 - 4  or  0.22% of  t h e  t o t a l  Ca  a n d  Mg 
c o n c e n t r a t i o n s ,  w h i c h  is of t h e  o r d e r  of  m a g n i t u d e  
(0 .28%) g i v e n  b y  G a r r e l s  et aL (12, 15). 

~tpr I n  bu f f e r s  w h e r e  [CO3 =] -p [ H C O 3 - ]  = 0.09, p (2)1 
a t  PmH1 8.1 is f o u n d  e q u a l  to  9.12 w h e n  d i r e c t l y  e v a l -  
u a t e d  f r o m  c u r v e  2, Fig.  6A, a n d  e q u a l  to  9.10 w h e n  
c a l c u l a t e d  a t  ~ = 0.84, t a k i n g  r e a c t i o n  2 H C O 3 -  
COs = -~- H2CO3 in to  c o n s i d e r a t i o n  a n d  n e g l e c t i n g  t he  
p o s s i b i l i t y  of H C O 3 -  t r a p p i n g  in  t h e  a l k a l i n e  r a n g e .  

,,c T h e  a p p a r e n t  i o n i z a t i o n  f u n c t i o n  p k  (2)1 is t h u s  n o t  
o n l y  d e p e n d e n t  o n  p H  b u t  a l so  o n  t h e  c o n c e n t r a t i o n  of 
t he  b u f f e r i n g  species .  T h i s  r e m a r k  is i m p o r t a n t  a n d  
n e e d s  be  t a k e n  i n to  c o n s i d e r a t i o n  w h e n  d e a l i n g  w i t h  
d a t a  to be  v a l i d  in  n a t u r a l  sea  w a t e r .  

T r u e  and apparent  ionizat ion :functions o:f carbonic 
acid, in presence o] Mg + +, Ca  + +, and SO4 =, in  NaC1 
solut ions at 1000 kg. c m  -2  (~ = 0 .75) . - -Compar ison  of 
c u r v e s  1 a n d  2 in  Fig. 5 s h o w s  t h a t  -~E]000 o b s e r v e d  in  
p u r e  b u f f e r  s o l u t i o n s  is r e d u c e d  b y  a c o n s t a n t  a m o u n t  
in  t h e  p r e s e n c e  of 0.030 Na2SO4, b e t w e e n  pmH1 6 a n d  
9.5 ( t h e  r e f e r e n c e  0.01 HC1 ~- 0.49 NaC1 s o l u t i o n  h a s  
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a g a i n  t h e  s a m e  sa l t  c o m p o s i t i o n  as t h e  b u f f e r  u n d e r  
tes t  a n d  mH+ is a s s u m e d  to be  e q u a l  to mHCl). 

C u r v e  3 i n d i c a t e s  t h a t  5E1000 d r o p s  p r o g r e s s i v e l y  
f r o m  20.0 m v  a t  pmHl  = 6.0 to 13.1 m v  a t  praH1 = 7.90 
in  0.05 NaHCOg ~ 0.5 NaC1 s o l u t i o n s  c o n t a i n i n g  0.030 
MgSO4, 0.026 MgC12, a n d  0.010 CaC12 a t  v a r i o u s  c o n -  
c e n t r a t i o n s  of CO2. 

A t  p H  ~ 8.1 p r e s s u r e  h a s  b e e n  a p p l i e d  to t he  so lu -  
t ions  c o n t a i n i n g  t h e  p r e c i p i t a t e  (see  p. 334). T h e  r e -  
p o r t e d  e m f  sh i f t s  c o r r e s p o n d  to t h e  m e a s u r e m e n t s  
m a d e  d u r i n g  t h e  s e c o n d  or  t h i r d  p r e s s u r e  run .  T h e  
first  r u n  g e n e r a l l y  g ives  r a t h e r  u n s t a b l e  va lues .  

N e a r l y  t h e  s a m e  e m f  sh i f t s  a r e  o b s e r v e d  a t  pmH~ 
7.8-7.9 w i t h  0.04 MgSO4 or  0.030 MgSO4 -P 0.026 MgCI~ 
w i t h  or  w i t h o u t  0.010 CaC12 (a l so  see  Fig.  1 a n d  3) .  
L o w e r i n g  of t he  t o t a l  CO2 c o n c e n t r a t i o n  h a s  n o t  a 
g r e a t  ef fec t  e i the r .  A t  [CO3 =] -p [ H C O a - ]  ---- 0.0025, 
w h e r e  no  p r e c i p i t a t e s  a r e  o b s e r v e d ,  t h e  r e s u l t s  ( i n d i -  
c a t e d  b y  a r r o w s  a n d  c u r v e  s e g m e n t  6 in  Fig.  5) a r e  
a b o u t  0.3-0.4 m v  l o w e r  t h a n  t hose  o b t a i n e d  w i t h  b u f -  
f e r s  w h e r e  [COa=J  -p [ H C O a - ]  is b e t w e e n  0.09 a n d  
0.05. 

W h e n  b o t h  NaC1 a n d  M g - C a  sa l t  c o n c e n t r a t i o n s  a r e  
r e d u c e d  i t  c an  b e  s e e n  f r o m  Fig. 1 a n d  3 t h a t  e x -  
t r a p o l a t i o n  to  ~ ~ 0 a g a i n  g ives  ---~V~ ~ 25.4 cm 3 
mo le  -~. T h e  s c a t t e r i n g  of t h e  r e s u l t s  c a n  be  e x p l a i n e d  
b y  t h e  l a r g e  pH d e p e n d e n c e  of 5E100o in  t he  a l k a l i n e  
r a n g e .  

A d d i n g  0.056 M~C1.2 a l o n e  to 0.5 NaC1 -b 0.05 
NaHCON, s a t u r a t e d  w i t h  CO2, h a s  no  or  l i t t l e  effect  o n  
-~Ew0o o b s e r v e d  in  p u r e  b i c a r b o n a t e  b u f f e r  (Fig .  5, 
c u r v e  4) .  B e t w e e n  pmI-I1 6.2 a n d  7.85, ,XElo0o fa l l s  f r o m  
22.3 m y  to 16.0 my.  T h e  6.3 m v  d i f f e r e n c e  is n e a r l y  
t h e  s a m e  as t he  6.5 m v  v a l u e  o b t a i n e d  w i t h  0.030 
MgSO4 ~ 0.026 MgClu fo r  t he  s a m e  pmH1 i n t e r v a l .  
T h e  d i f f e r e n c e  b e t w e e n  c u r v e  3 a n d  4 is o b v i o u s l y  due  
to t h e  s u l f a t e  ions,  s ince  t he  t o t a l  M g  c o n c e n t r a t i o n  
is k e p t  c o n s t a n t .  

W e  a l r e a d y  h a v e  n o t i c e d  a s i m i l a r  effect  of  SO4 = 
w h e n  0.030 Na2SO4 is a d d e d  to p u r e  b i c a r b o n a t e  b u f -  
f e r s  ( c u r v e s  1 a n d  2 in  Fig.  5) .  T h e  f a c t  t h a t  MgSOa  
is less d i s soc i a t ed  t h a n  Na2SOa p r o b a b l y  e x p l a i n s  t h e  
d i f f e r e n c e  in  m a g n i t u d e  b e t w e e n  t h e  effects  of 0.030 
Na2SO4 a n d  0.030 MgSO4. S i n c e  t h e  o r d i n a t e  d i f f e r ence  
b e t w e e n  c u r v e  4 a n d  3 is n e a r l y  c o n s t a n t ,  t h e  SO4 = 
ef fec t  of  MgSOa p r a c t i c a l l y  m u s t  b e  c o n s t a n t  o v e r  t h e  
w h o l e  PmH1 r a n g e .  Th i s  o b s e r v a t i o n  a l l ows  one  to e x -  
t r a p o l a t e  c u r v e  3 p a r a l l e l  to c u r v e s  2 a n d  1 i n  t h e  a l -  
k a l i n e  r a n g e  ( c u r v e  3') a n d  to d i s soc ia t e  t he  SO4 = 
effect  f r o m  t h e  m o r e  c o m p l i c a t e d  M g - C a  effec t  o b -  
s e r v e d  b e t w e e n  6.5 a n d  9.0. 

To i n t e r p r e t  t h e  M g - C a  effect,  w e  w i l l  a s s u m e  t h a t  
t h e  MgCOa a n d  CaCOa ion  pa i r s ,  f o r m e d  a t  a t m o s -  
p h e r i c  p r e s s u r e ,  f u r t h e r  d i s soc ia t e  a t  h i g h e r  p r e s s u r e s ,  
l i b e r a t i n g  COg = ions  w h i c h  a l t e r  t h e  [ C O 2 ] / [ C O a  =]  
r a t i o  of t h e  buf fer ,  e v e n t u a l l y  s h i f t  r e a c t i o n  2 H C O 3 -  
~-~ COg = -~- H2CO3, a n d  t h u s  oppose  t h e  ac id i f i ca t ion  
i n d u c e d  b y  p r e s s u r e  a n d  c a u s e d  b y  t h e  d i s s oc i a t i on  
c o n s t a n t s  sh i f t s .  Th i s  a s s u m p t i o n  l eads  to t h e  a d m i s -  
s ion t h a t  log k',hooo/k'ml, in  p r e s e n c e  of MgC12 h a s  
t he  s a m e  va lue ,  fo r  e a c h  t r u e  i o n i z a t i o n  f u n c t i o n ,  as 
f o u n d  in  p u r e  b i c a r b o n a t e  b u f f e r  a t  t h e  s a m e  pmH1 
a n d  ion ic  s t r e n g t h ,  n o t  o n l y  b e t w e e n  pmH1 5.5 a n d  7.0, 
b u t  t h r o u g h o u t  t h e  w h o l e  pmH1 r a n g e .  W h e n  MgSO4 
is s u b s t i t u t e d  fo r  p a r t  of  t he  MgC12, log k'~lOoo/k'ml 
is l o w e r e d  b y  a n  a m o u n t  c o r r e s p o n d i n g  to t h e  SO4 = 
effect.  One  can  t h e n  u s e  t he  s a m e  a r g u m e n t s  d e v e l -  
oped  a b o v e  a n d  m e a s u r e  pk'(1) a n d  pk'(2) at  p m H t  
7.0 a n d  8.5, r e s p e c t i v e l y ,  o n  c u r v e  3 a n d  3'. 

One  t h u s  f inds  t h a t  a t  ~ ---- 0.75, [COa =] + [ H C O a - ]  
---- 0.0025, log  k'mlooo/k~nl = 0.316 (18.5 m v )  for  k'(1) 
a n d  0.283 (16.5 m v )  fo r  k'(2). I n  m o r e  c o n c e n t r a t e d  
buf fe rs ,  t h e s e  v a l u e s  b e c o m e  0.825 (19.0 m y )  a n d  
0.290 (17.0 m v )  a t  t h e  s a m e  ion ic  s t r e n g t h  a n d  pmH1. 

A t  pmH1 8.5, Fig.  5 f u r t h e r  a l l ows  to o b t a i n  a d i r e c t  
e s t i m a t e  of t h e  effect  of  p r e s s u r e  on  t h e  a p p a r e n t  i o n -  
i z a t i on  f u n c t i o n  pk"(2). A t  [ H C O a - ]  ~ [CO3 =]  = 

t p  t t  
0.0025, log k m(2)lOoo/k ( 2 ) 1  = 0.178 (AE1000 ~- 10.4 
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m v ) .  A m o r e  e l a b o r a t e  t r e a t m e n t  u s i n g  p k'~n(ln000 
a n d  pk'm(2)lOOO, t a k i n g  i n to  a c c o u n t  t h e  e q u i l i b r i u m  
2 H C O g -  ~ COg = ~ H2CO3, t h e  a m o u n t  of  MgCO3 
f o r m e d  a t  a t m o s p h e r i c  p r e s s u r e ,  s h o w s  t h a t  log  
k"m(2)lOoo/k",~(2)l i n c r e a s e s  f r o m  0.178 a t  pmH1 8.5, to  
0.187 a t  8.0, 0.190 a t  7.9, a n d  0.214 a t  7.6. A m e a n  v a l u e  
of 0.183 ----4- 0.005 can  be  t a k e n  in  t h e  pmH1 i n t e r v a l  
8.0-8.5. T h e  s a m e  v a l u e  c a n  b e  r e a d  f r o m  Fig.  5 a t  
pmH1 = 8.5 fo r  t h e  m o r e  c o n c e n t r a t e d  buf fe rs .  

T h e  effect  of p r e s s u r e  on  pk"(1) n e e d s  n o t  be  c o n -  
s i d e r e d  in  t h e  a l k a l i n e  r a n g e  s ince  w e  h a v e  a d m i t t e d  
t h a t  b e t w e e n  pmH1 7.9 a n d  8.5, pk'(1) ~- pk"(1). A t  
pmH1 ~ 7.0, c o m p a r i s o n  of t h e  c u r v e s  of Fig.  5 a n d  6 
for  t h e  m o r e  c o n c e n t r a t e d  buf fe rs ,  w h e r e  H C O g -  
t r a p p i n g  b y  Ca + + s eems  obvious ,  s h o w s  t h a t  
p r e s s u r e  m u s t  h a v e  o n l y  a v e r y  s m a l l  effect  on  t h e  
d i s soc i a t i on  of  a n y  t r a p p e d  H C O g -  ions.  

Dissociation of carbonic acid in natural sea water  
(Cl = 20%o) at high pressures; effect of boric a c i d . -  
T h e  r e f e r e n c e  c o m p a r t m e n t  of t h e  glass  e l e c t r o d e  
c o n t a i n s  0.49 NaC1, 0.01 HC1, 0.030 MgSO4, 0.026 MgCI~ 
a n d  0.010 CaC12. 

T h e  sea  w a t e r  s a m p l e s  c o m e  f r o m  t h e  A t l a n t i c  O c e a n  
( n o r t h  of Spa in ,  C 1 % 0  = 19.5) a n d  h a v e  b e e n  e q u i l -  
i b r a t e d  w i t h  CO2 + N2 m i x t u r e s ,  or  s m a l l  a m o u n t s  of 
Na2COg h a v e  b e e n  a d d e d  to c o v e r  t h e  5.0-9.0 pmH1 
i n t e r v a l .  T h e  e m f  sh i f t s  p r o d u c e d  b y  i n c r e a s i n g  p r e s -  
s u r e  f r o m  1 a t m  to 1000 kg.  c m  -2  a r e  c o r r e c t e d  in  Fig. 
5 a t  ~ = 0.75 ( C 1 % o  = 20.0). S c a t t e r i n g  is h i g h e r  
t h a n  w i t h  a r t i f i c ia l  bu f f e r s ;  n e v e r t h e l e s s ,  i t  is o b v i o u s  
t h a t  f r o m  pmH1 5.0 to a b o u t  7.25 ( c u r v e  5) ,  sea  w a t e r  
fo l lows  t he  g e n e r a l  p a t t e r n  o b s e r v e d  i n  b i c a r b o n a t e  
bu f f e r s  w i t h  a d d e d  Mg, Ca, a n d  s u l f a t e  ions.  T h e  
q u a n t i t a t i v e  a g r e e m e n t  is good,  a l t h o u g h  t h e  d a t a  for  
n a t u r a l  sea  w a t e r  a r e  a b o u t  0.3-0.4 m v  b e l o w  t h e s e  
fo r  a r t i f i c ia l  sea  w a t e r  ( a r r o w s  in  Fig.  5) .  E x t r a p o -  
l a t i o n  of t h e  c u r v e  d r a w n  in  t h e  ac id  r a n g e  ( c u r v e s  5 
a n d  5 ' ) ,  p a r a l l e l  to c u r v e s  1, 2, 3', a l l ows  one  to o b t a i n  
log  k'mlOoo/k'ml f o r  t h e  f i rs t  a n d  s e c o n d  d i s soc i a t i on  
s tep :  0.314 (18.3 m v )  a n d  0.278 (16.3 m v ) ,  r e s p e c t i v e l y ,  
a t  pmH1 = 7.0 a n d  8.5. Th i s  c o r r e s p o n d s  to t h e  s h i f t  
of t h e  t r u e  i o n i z a t i o n  f u n c t i o n s  w h i c h  a r e  a s s u m e d  to 
h a v e  t h e  s a m e  v a l u e  a t  1 a t m  as t h e  c o r r e s p o n d i n g  
f u n c t i o n s  d e t e r m i n e d  in  a r t i f i c ia l  s ea  w a t e r  ( see  
a b o v e ) .  

A t  p H  ~ 7.25, t h e  d a t a  fo r  n a t u r a l  sea  w a t e r  p r o -  
g r e s s i v e l y  d e p a r t  f r o m  t h e  r e s u l t s  in  a r t i f i c ia l  s ea  
w a t e r  c o n t a i n i n g  M g  + +, Ca  + +, a n d  SO4 =. A t  p H  8.5- 
9.0, AE1000 is a b o u t  3.0 m y  h i g h e r  in  n a t u r a l  sea  w a t e r  
a n d  to n e a r l y  d u p l i c a t e  t h e s e  r e su l t s ,  0.43 10 -3  HgBOg 
m u s t  be  a d d e d ,  t h e  pmH1 b e i n g  a d j u s t e d  b y  t h e  
[ H C O 3 - ] / [ C O s  =]  r a t i o  ( c u r v e  6', Fig.  5) .  T h e  o r d i n a t e  
d i f f e r e n c e  b e t w e e n  c u r v e  6' a n d  t h e  c o r r e s p o n d i n g  e m f  
sh i f t s  o b s e r v e d  in  a r t i f i c ia l  sea  w a t e r  w i t h o u t  bo r i c  
ac id  is g i v e n  b y  c u r v e  7 w h i c h  s h o w s  t h e  effect  of 
bor i c  ac id  b e t w e e n  pmH1 6.5 a n d  9.0. 

P r e l i m i n a r y  e x p e r i m e n t s  to i n v e s t i g a t e  t h e  effect  
of p r e s s u r e  on  t h e  d i s soc i a t i on  of bo r i c  ac id  s h o w  
t h a t  in  NaC1 0.1, AVI' e x t r a p o l a t e s  to --29.0 c m  3 m o l e  -1  
a t  z e ro  b o r a t e  b u f f e r  (H3BOg + b o r a x )  c o n c e n t r a t i o n ,  
to --30.7 c m  g m o l e  -1 in  NaC1 0.01 a n d  to - -31.4 c m  g 
m o l e  -1 in  NaC1 0.001; 5V1 ~ ---- --32.1 c m  a m o l e  -1.  I n  
0.5 NaC1 ~ 0.030 MgSO4 ~- 0.026 MgC12 a n d  0.010 CaC12, 
a t  p H  7.9, AVI' is e q u a l  to  --23.1 c m  3 m o l e  -1  (22.7 m y )  
a t  ze ro  b o r a t e  c o n c e n t r a t i o n ,  a n d  t h e  s a m e  v a l u e  c a n  
b e  u s e d  a t  t h e  b o r o n  c o n c e n t r a t i o n  of sea  w a t e r .  S i n c e  
in  sea  w a t e r  pk 'n (1 ) l  ---- 8.605 fo r  bo r i c  ac id  (pk'c(1)l - -  
log YH+ = PK"c(1)I = 8.72 [ L y m a n  (13] ,  pk'm(1)looo 
= 8.605-0.39 = 8.215. T h e s e  v a l u e s  c o r r e s p o n d  f a i r l y  
w e l l  to  t h e  pro.H1 a t  w h i c h  c u r v e  7 of  Fig.  5 r e a c h e s  
a m a x i m u m .  I t  is a l so  e a s y  to v e r i f y  t h a t  a t  pmH1 = 
8.353 a n d  [ H C O 3 - ]  + [CO3 =]  ---- 0.0025, t h e  i n c r e a s e  
in  H C O s -  c o n c e n t r a t i o n  a t  1000 kg. c m  -2  (pmH1000 = 
8.124), c a l c u l a t e d  f r o m  t h e  v a l u e s  of  pk"m(~) a n d  
pk'm(1) fo r  c a r b o n i c  acid,  o b t a i n e d  in  a r t i f i c ia l  s ea  
w a t e r  w i t h o u t  bo r i c  acid,  c o r r e s p o n d s  to t h e  d e c r e a s e  
in  HgBOg c o n c e n t r a t i o n ,  e s t i m a t e d  f r o m  p k'm(1)l a n d  
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pk'm(~)lOOO found  for  bor ic  acid  in  sea w a t e r  
( •  = 0.39 10-4; • = 0.38 10-4) .  

The  i n t e r p r e t a t i o n  of the  pH  changes  i nduced  by  
p r e s s u r e  in n a t u r a l  sea w a t e r  is thus  f a r  f r o m  s imple .  
The  e n h a n c e d  dissocia t ion  of ca rbonic  acid  o b s e r v e d  
in  NaC1 at  the  co r r e spond ing  ionic s t r eng th  is m o d i -  
fied by  the  p re sence  of su l fa te  ions, by  the  d issocia-  
t ion of MgCOa and  CaCO3, and by the  d issocia t ion  of 
bor ic  acid. The  two  las t  effects  a re  pH  dependen t ,  and 
reac t ion  H3BO3 + CO3 = ~ H C O 3 -  + H a B O 3 -  m u s t  
be  cons idered .  

W i t h o u t  going  into  the  de ta i l s  of a q u a n t i t a t i v e  ana l -  
ysis,  i t  is i m m e d i a t e l y  c l ea r  t ha t  the  e m f  shi f t s  ob-  
s e r v e d  at  pmH1 > 8.0 in ar t i f ic ia l  sea w a t e r  con ta in -  
i ng  boric  acid o r  in n a t u r a l  sea w a t e r  canno t  be  used  
for  a d i rec t  e s t ima t ion  of  "~pk"(2)/~p for  the  second 
a p p a r e n t  ion iza t ion  func t ion ;  ins tead,  pk"(2)p has  to be 
t a k e n  equa l  to the  co r r e spond ing  func t i on  d e t e r m i n e d  
in ar t i f ic ial  sea w a t e r  w i t h o u t  bor ic  ac id  in o rde r  to 
ca lcu la te  [CO3=] r  and  [ H C O 3 - ] r  at p r e s su re  p. In  
ar t i f ic ia l  sea wa te r ,  in  absence  of bor ic  acid, log  
k"m(2)lOoo/k 'm(2)l  ~ 0.183 _ 0.005 f r o m  p'mH1 8.0 to 
8.5; in n a t u r a l  sea wa te r ,  s ince AE~0oo is s o m e w h a t  
lower ,  log  k"m(2),ooo/k"m(2)i wil l  be t aken  equa l  to 
0.178 __+ 0.005 in the  s a m e  pmH1 in t e rva l .  If  the  g r e a t -  
est  prec is ion  is r equ i r ed ,  the  p H  d e p e n d e n c e  of  log 
k"m(2)lOOO/k"m(2)l m u s t  be t aken  into  account  (see 
p. 335). The  va lue  of pk"m(2) at l a tm  found  in ar t i f i -  
c ial  sea w a t e r  w i t h o u t  boric  acid (9.01, see p. 334) is 
t aken  to be the  same  in  n a t u r a l  sea wa te r .  The  c o m -  
p le te  set  of  ion iza t ion  func t ions  wh ich  we  be l i eve  to 
be  va l id  in n a t u r a l  sea w a t e r  at  1 a t m  and at i000 
bars,  w i t h i n  our  basic assumpt ions ,  is g iven  in Tab l e  II. 

S o m e  of the  resu l t s  of Fig.  5 h a v e  b e e n  ind ica t ed  
in Fig. i t o g e t h e r  w i t h  da ta  ob ta ined  w i t h  0.01 HCI  
Jr 0.49 N a C l  as r e f e r e n c e  ha l f -ce l l ,  and  wh ich  a re  in 
a g r e e m e n t  w i t h  our  e a r l i e r  resu l t s  (4).  AE1oo0 = 16.7 
m v  ins tead  o f  13.4 m v  at  pmH1 7.8; the  d i f fe rence  of 
3.3 m v  is due  to the  effect  of  p r e s su re  on ~Hcl in  t he  
p re sence  of MgSO4 -I- MgCI2 + CaCl2 c o m p a r e d  to 
~HCl in p u r e  HCI  or  HCI  + NaCl  (see b e l o w ) .  D i l u -  
t ion of sea w a t e r  leads  to e r ra t i c  p r e s s u r e - i n d u c e d  
e m f  shifts,  bu t  sea w a t e r  Jr 0.05 NaHCO3, CO2 1% 
can  be  di lu ted ,  and  the  e x t r a p o l a t i o n  of t he  resu l t s  to 

= 0 g ives  • o = --25.4 cm 3 m o l e - 1  iden t i ca l  w i t h  
the  va lue  found  in p u r e  b i ca rbona t e  (Fig.  l ) .  

Apparent values of ~HC], YH+ in HCI + N a C l  in 
presence o] Mg + +, Ca ++,  SO4=;  effect o~ pres sure . -  
The  a p p a r e n t  m e a n  ac t i v i t y  coefficient  of 0.01 HC1 on 
the  mola l  scale  in p re sence  of 0.5/n -- 0.01 NaC1, 
MgSO4, MgSO~ + MgC12, MgSO4 + MgC12 + CaC12 
is g iven  in Fig.  7 for  s eve ra l  va lues  of n a s suming  
mH+ = mHC1. The  r e f e r e n c e  h a l f - c e l l  was  fil led w i t h  
HC1 0.01, NaCI  0.09. T h e  da ta  for  p u r e  NaC1 or  
KC1 + HC1 solut ions  a re  t aken  f r o m  H a r n e d  and  
O w e n  (10),  and  con t ro l  e x p e r i m e n t s  s h o w  tha t  ou r  
resu l t s  fit these  cu rves  w i t h  an  e r r o r  no t  g r e a t e r  t h a n  
__ 0.002. F r o m  Eq. [6], log  y can be  ca l cu l a t ed  f r o m  
log ~: in NaC1 solut ions  at ~ = 0.5 log  At = log  y - -  
0.004; the  co r rec t ion  fac to r  is --0.0047, --0.0055, --0.063, 
--0.0071, --'0.008 at g = 0.6, 0.7, 0.8, 0.9, 1.0, and  --0.006 
a t  g = 0.75. A t  g = 0.75 in sea wa te r ,  the  co r rec t ion  
becomes  --0.004. 

MgC12 a lone  has  a m u c h  s m a l l e r  effect  on 7Hc~: 
add i t i on  of  0.056 MgC12 to 0.49 NaC1 + 0.01 tIC1 m a k e s  
log ~Hct d r o p  f r o m  1.864 to ]-.849. 

The  p r e s su re  d e p e n d e n c y  of  *HC] in 0.01 HCI  -t- 
0.49 NaC1 con ta in ing  MgSO4, MgSO4 + lYIgC12 is r e p r e -  
sen ted  in Fig.  8 e i the r  w i t h  0.01 HC1 + 0.49 NaC1 as 
r e f e r e n c e  h a l f - c e l l  or  0.1 HC1. I t  is c lea r  tha t  1VIgSO4 
is the  m a i n  cause  invo lved .  

I n  the  p r e c e d i n g  sections,  i t  has  b e e n  a s sumed  con-  
t i nuous ly  tha t  "~nc] m e a s u r e d  in  0.01 HC1 + 0.49-NaC1 
+ 0.030 MgSO4 Jr 0.026 MgC12 + 0.010 CaCI~ has  the  
s a m e  v a l u e  in  ca rbona t e  and b i ca rbona t e  buffers  con-  
t a in ing  the  s a m e  salts, in the  r ange  [COs = ] Jr 
[ H C O a - ]  = 0.09 - -  0.0025. T h a t  the  specific sal t  effect  

I o g ~  HCL 

1.90 i~ ~ HCt 0.01 
C!\X NoCI 

~.85 .Ol 

~i ~ KCl 

.oc, 72o221 i.80 [] * MgS04 004In 
O + MgS04 0.030In 

MgC[2 0.026/n 
A + MgS04 0,030In 

MgCt 2 0.0261 n 
CoC[2 0.010/n 
n = 5,2,1,0.625 

ref. HC[ 0.01+ NaC( 0.09 

2 0.4 0,6 0B 1.0 

Fig. 7. Meau activity coefficient (~HCt) of HCI iu NaCI, KCI; 
apparent values in presence of MgSO4, MgCI2, CaCI2 as a function 
of ~/~. 

of CO2, COs =, H C O 3 -  is small ,  is d e m o n s t r a t e d  by  
Fig. l, 2, 3, and 4, w h e r e  i t  can  be  seen  tha t  c h a n g i n g  
the  buffer  concen t r a t i on  (at  a g iven  buf fe r  ra t io  for  
Fig.  2 and  4) has  about  the  same  effect  as chang ing  
the  ionic s t rength .  Compar i son  of the  da t a  of Fig.  5 
f u r t h e r  shows tha t  l o w e r i n g  the  [CO3 =] + [ H C O 3 - ]  
concen t r a t i on  f r o m  0.09 to 0.0025 has on ly  a v e r y  sma l l  
effect  on • at  a g i v e n  ionic  s t r eng th  (0.75). 

F i g u r e  7 also indica tes  t ha t  7HC, is f a i r ly  i n d e p e n d e n t  
of # in t he  r eg ion  of the  ionic  s t r eng th  of sea wa te r .  
Cor rec t ions  for  sa l in i ty  d i f fe rences  a re  thus  v e r y  smal l ;  
co r rec t ions  h o w e v e r  h a v e  to be m a d e  to t ake  into  ac- 
count  the  e v e n t u a l  d i f fe rence  in C I -  con ten t  b e t w e e n  
both  glass e l ec t rode  c o m p a r t m e n t s ,  in o rde r  to ca lcu-  
la te  - - l og  [H+] ,  a s suming  ~HC1 tO be  e q u a l  in bo th  so lu-  
tions. O r d i n a r y  pall e lec t rodes  w i t h  l iqu id  junc t ions  
at  first s ight  appea r  to be s imp le r  to use, s ince the  
exac t  compos i t ion  of the  r e f e r e n c e  glass e l ec t rode  ha l f -  
cel l  does not  h a v e  to be k n o w n  w i t h  prec is ion .  H o w -  
ever ,  c o n v e n t i o n a l  pall e lec t rodes  d i sp lay  a m u c h  m o r e  
s luggish  response  and  g rea t  e r ro r s  can  be  i n t r o d u c e d  

E1 -Ep =2.3 RTIF L2too (-~.c,)re---7 -2~og (x . c , ) ~ J  

mV 
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~ ~ ~ C L  Q01 MgSO 4 0.040 
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2.C ~ 0 . 0 1  MgSO 4 0.030 
NaC[ 0.49 MgCl2 0.026 
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2.0 ~ / ~ H C I  0.01 MgSO 4 0.030 
NaCI 0.49 MgCI2 0.026 

0 ~ i i ref, i HC[ 0.01 NoC[ 0.49 
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Fig. 8. Effect of pressure on 2 log ( ' Y H C l ) r e f l / ( ' y H c | ) r e f p  ~ 2 
log ('yHc[)xI/('YHcI)Xp 2.3 R T / F  = E1 - -  Ep, where ref and x 
correspond to the inner and outer compartment of the glass elec- 
trode cell; effect of MgS04 and MgCI2. 
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by the l iquid junctions. Besides, the effect of pressure 
on these junctions would have to be taken into account, 
and the t rea tment  of results based on single ion ac- 
t ivi ty determinat ion is open to criticism. 

However ,  since most of the oceanographic data refer  
to pa l l  measurements ,  we have tr ied to measure  pal l  
at atmospheric  pressure in mixtures  of HC1 -F NaC1 or 
KC1 + MgSO~ + MgCI., + CaC12. Saturated KC1 agar-  
agar junctions were  used with calomel electrodes as 
inner and outer electrodes of the glass cell. Stable 
and reproducible  results have been obtained in KC1 
with 0.01 HC1 + 0.09 KC1 in the reference compar t -  
ment. The value indicated on Fig. 9 for log all+ in 
0.01 HC1 + 0:09 KC1 was checked with  a hydrogen 
e lec t rode- -ca lomel  electrode cell, and is close to the 
value reported in Harned and Owen (10),-3.898. The 
hydrogen ion act ivi ty  in HC1 + KC1 was first mea-  
sured, and the effect of the added salts was invest i -  
gated ei ther with 0.01 HC1 + 0.09 KC1 as inner solution 
or with 0.01 HCI + 0.5/n -- 0.01 KC1, n being equal 
on both sides of the glass electrode. Trying to mea-  
sure a}~+ in HC1 + NaC1 wi th  0.1 HCI as inner  solu- 
tion resulted in errat ic information. Reproducible 
data could only be obtained by systematical ly  using 
KC1 + HC1 at the same ionic s t rength as inner solu- 
tion. 

The curves giving log all+ in HCI + NaC1 in pres-  
ence of Mg and Ca salts have been de termined  by 
taking 0.5/n  NaC1 --  0.01 HC1 for inner  solutions and 
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Fig. 9. Hydrogen ion activity (log a l l+) ,  in 0.01 HCI + NaCI or 
KCI, in presence or not of MgS04, MgCI2, CaCI2 as a function 
of ~ (glass electrode with calomel electrodes and sat. KCI 
agar-agar salt bridges). 
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making n equal  in both compartments .  If one takes 
c~+ = CHC[, log YH+ at ~ ~-- 0.75 is 1.887 and one then 
can assume that  i t  near ly  has the same value in sea 
water.  Anderson and Robinson (14) est imate log YH+ 
equal  to T.880 in sea water  (C1 = 20.0%0) acidified to 
pH 3.3-3.9 with HC1, which is not too far  f rom our 
va lue  for log YH+. 

Evaluat ion  of apparen t  dissociation constants  
,,c yH+k'c(1) -~- K"c(1) and yH+k'"c(2) ~- K (2) of  carbo~ic 

acid in  sea w a t e r  at 1 arm and 1000 kg. cra -2 . - -The  
apparent  constants used in oceanography are defined 
as K"c(,)  ----- aN+ X [HCO3-]T/[CO2] = YH+ k'c(1) and 

pr C K"c(2) = all+ X [ C 0 3 = ] T / [ H C O 3 - ] T  ~- yH+k (2), 
where  T refers to total concentrations. Since ~ m  ---- y c /  
do (Eq. [7]) it follows that  pK""~(1)(.~) --~ pK"c(1)(2) 
- -  0.001 at 1 atm. 

According to Lyman (13), pK"c(1) = 6.00 and 
pK"c(2) ----- 9.12 at 22~ C 1 % 0  ---- 20.0. Taking our 
values pk'C(ln -~ 5.89, pk"c(2)l = 9.015 valid for ar t i -  
ficial sea water  in the p m H i  in te rva l  7.9-8.5, and - - log 
YH+ = 0.11, gives pK"c(1) = 6.00 and pK"c(2) ---- 9.125 
which is in good agreement.  Since pk'c(l) has been 
determined at pmH1 5.0 where  obviously HCO3- t rap-  
ping by Mg and Ca is ve ry  small  or inexis tent  (see Fig. 
6A),  but  where  the effect of SO4 = can be mea-  
sured, and since pk'c(,)  fits with the pK"c( , )  value  
given by Lyman,  one comes to the conclusion that  at 
alkal ine pH, HCO3- t rapping by Mg and Ca must  be 
small  in sea water ,  or that the HCO3-  bound to Mg 
or Ca cannot be dist inguished f rom that  l inked to Na. 
The problem is however  not completely  solved since 
in more concentrated buffers ([CO~ =] Jr [HCO3-]  = 
0.05 - -  0.09) HCO~- binding by Ca and Mg is obvious 
at p m H ,  7.0. Fur the r  analysis of these results and more 
exper iments  wil l  be needed to decide whe ther  or not 
HCO~- t rapping persists in the alkal ine range when  
CO3 = binding reaches its maximum,  and to find out 
how it depends on the buffer concentration. 

To est imate the effect of pressure on p K " I  and pK"2, 
the pressure dependence of 7H+ needs be known. I t  
cannot be calculated in media  as complex as sea water .  
Since however  this uncer ta in ty  affects both pK"  and 
pa l l  identically,  i t  has no bear ing on the determinat ion  
of the ratios [ C 0 3 = ] T / [ H C O 3 - ] T ,  [CO3=]T/[CO2] and 
[HCO3-]T/[CO2] needed in oceanographic calculations 
to compute [CO2], [HCO3-]T [CO3=]T from pall ,  
pK"(1), pK"(2), and ZCO2 = [CO2] H- [HCO3-]T + 
[CO3=]T. The simplest assumption, which is to neglect  
the effect of pressure on "~n+, leads to admit  that  
ApK",n(t)(2)/Ap ~-- Apk""(1)(2)/Ap, so that  in natura l  sea 
water  at 1000 kg. cm -2, pK"m(D and pK"m(2) would,  
respectively,  be equal  to 6.00 --  0.314 and 9.125 -- 0.178 
(see p. 336) whereas  pK"c(D and pk"c(2) would be- 
come : 6 . 0 0 -  (,0.314 -F 0.017) and 9.125 ~ (0.178 -t- 
0.017), be tween pmH1 8.0 and 8.5. 

According to Buch and Gripenberg  (16), the change 
of p K " " ( , )  and pK"m(2) with pressure are, respectively,  
0.480 and 0.180 at 1000 bars, or 0.470 and 0.176 at 1000 
kg. cm -2. Their  values were  based on AV1 ~ = --28.0 
cm 3 mole - I  for the first ionization step of carbonic 
acid and AV~ ~ = --10.5 cm 8 mole -1 for the second 
step assuming that  the HCO3- ion would  behave as 
acetic acid. Curiously enough our data fit almost ex-  
actly for K"(2), al though the reasons of the small  
effect of pressure on K"(2) are complete ly  different 
f rom what  these authors thought  them to be. 

As we already indicated, Pk"(2) and pK"(~) ei ther  on 
the molar  or molal  scale, de te rmined  in artificial sea 
water  wi thout  boric acid at pressure p wi l l  give cor-  
rect  estimates for [HCOs- ]T  and [COs=IT in the T~nHI 
range 8.0-8.5, and it is theoret ical ly  possible, taking 
the boric acid effect into consideration, to calculate 
the pmH, pcH, or pa l l  of a g iven surface sea wa te r  
sample brought  to pressure p, or at the corresponding 
depth. It  is however  much more easy to read _~pmH/hp 
from Fig. 5, or to use Table I where  we have given 
the pa l l  shifts on the molar  scale in na tura l  sea wa te r  
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Table I. pall at 1 arm and 1000 bar in natural sea water, 
molar scale*, CI %0 20.0 

pall a t  1 a r m  7.5 7.6 7.7 7.8 7.9 8.0 

p a l l  a t  1000 b a r s  
B u c h  a n d  G r i p c n -  

b e r g  (16) 7.15 7.29 7.43 7.55 7.67 7.78 
T h i s  p a p e r  (a) 7.19 7.30 7.41 7.52 7.63 7.74 

(b) 7.20 7.31 7.42 7.535 7.65 

pall a t  1 a t m  8.1 8.2 8.3 8.4 8.5 8.6 

p a l l  a t  1000 b a r s  
B u c h  a n d  G r i p e n -  

b e r g  (16# 7,89 8.00 8.10 8.20 8.30 - -  
T h i s  p a p e r  7.85 7.95 8.05 8.155 8.255 8.355 

* l o g  yH+CH + = l o g  ~ H ~ m ~  * + 0.016 a t  1O00 b a r s  Ic,  m o l a r  s ca l e ,  
m ,  m o l a i  s c a l e ) ;  l o g  "~u + is a s s u m e d  n o t  to  v a r y  w i t h  p r e s s u r e ;  

l o g  "~HI+ = 0 .114 a n d  -- l og  y[~* = 0.11. 

predicted on the basis of Buch and Gripenberg 's  (16) 
estimates of pK"(2) and pK"(1) at 1000 bars and our 
exper imenta l  rounded off data. 

The two series of values f rom pall 7.5 to 8.0 reflect 
the scattering of the results of Fig. 5; to obtain set (a), 
0.3 m v  where  substracted from curve 6' to take into 
account the difference between the results in artificial 
and natura l  sea water ;  set (b) corresponds to curve 3 
be tween 7.5 and 7.9. To adapt these values to other  
types of water  small  corrections wil l  have to be made 
to take into account differences in salinity, SO4 =, Mg, 
Ca, and boric acid content. 

The set of ionization functions and apparent  disso- 
ciation constants based on the exper iments  described 
in this paper  is given in Table II. 

It  is impor tant  to keep in mind that  the ionization 
functions k', k", and also K" in Table II, can only be 
used to in terpre t  emf measurements  made wi th  one 
par t icular  type of re ference  half-cell .  If  other  cells 
a r e  used corrections have  to be made affecting pmH 
and pk" identically.  

Conclusions 

A coherent  set of ionization functions has been 
established on the molal  and the molar  concentrat ion 
scales, f rom 1 a tm to 1000 kg. cm -2 and at 22~ for 

carbonic acid in NaC1 (KC1) over  a wide range of 
ionic strengths, in the presence of Mg ++, Ca ++, and 
SO4 = ions, and in sea water .  It allows the use of pmH 
or pcH measurements  with a junctionless glass elec- 
trode cell and ZCO2 determinat ions  to calculate the 
concentrations of CO2, HCO3-,  CO3 = (free and bound 
to Na, Mg, and Ca).  Data are also available to take 
into account the increased dissociation of boric acid in 
natural  sea water  at high pressure. Corrections are 
given for different types of reference half-cells.  

In situ pall, pcH, or pmH values at any ocean depth 
have been determined for one type of surface water  
(Atlantic C1 ---- 20.0%0) and can simply be read f rom 
the exper imenta l  curve giving 5pmH/Ap as a function 
of pmH, at 1 a tm and 22~ in the pmH in te rva l  5.0- 
9.0. The data can be used at any other  t empera tu re  if 
one assumes that  the t empera tu re  coefficient of the 
ionization functions is independent  of pressure or the 
pressure coefficient is independent  of temperature .  This 
assumption however  plausible, remains  to be proven 
exper imental ly .  Small  corrections for differences in 
salinity, sulfate, B, Mg, Ca concentrations wil l  have  
to be established for other  wa te r  types. 

Detai led calculations will  be given in a fol lowing 
paper and will  be used for the quant i ta t ive  in te rpre-  
tation of direct  in situ pcH or pmH measurement  at 
great  ocean depths (5, 6). 

The apparent  mean act ivi ty coefficient of HC1 has 
been measured in NaC1 solutions in the presence of 
Mg + +, Ca + +, and SO4 = at a tmospheric  pressure and 
at 1000 kg. cm -2, and also YH+ at 1 atm. It is thus 
theoret ical ly possible to calculate yHco3- and Yco~= 
in the various bicarbonate and carbonate buffers in- 
vest igated including sea water ,  since Yco2 is known 
with ra ther  good precision (9, 15). 

The determinat ion  of YH+ in NaC1 in the presence 
of Mg ++, Ca ++ , SO4 = allows correlat ion of the 
ionization functions obtained wi th  junctionless glass 
electrode cells wi th  the so-called apparent  dissociation 
constants widely  used in oceanography to calculate 
[CO3=]total and [HCO3-]total. The results show that  
the apparent  second dissociation constant is pH de-  
pendant  wi th  a ra ther  broad min imum between pmH1 
7.9 and 8.5, where  the mean value  of pK"(2) is 9.125 at 
1 atm and 22~ Since pK"(z) = 6.00 at this t emper -  
a ture  and pressure, both these values are in agree-  
ment  wi th  the data of Lyman  (13). 

Table II. Ionization functions and apparent dissociation constants for carbonic acid in sea water (CI 20.0 %0) at 22 ~ C valid between 
pall 8.1 and 8.6 a 

I o n i z a t i o n  f u n c t i o n s  
[H+] [ R - ]  

p k '  = - - l o g  - -  
[HI{] 

1 a t m  1O00 b a r  

pk'(~ pk'(2) pk'(~) pk'(2) 

C m C ITI, C 1Tt C I% 

5.89 5.885 9.49 9.485 5.553 5.565 9.19 9.202 
5.89 5,885 9.49 9.485 5.55 5.565 9.19 9.20 

A p p a r e n t  i o n i z a t i o n  f u n c t i o n s  b pk"(z) = pk ' (z)  pk"(2) pk"iz) = p k ' o )  pk"(2)  
[ H + ] [ R - ] T  

p k  ~ = - l o g  5 .89  5.685 9.015 9,01 5,553 5.565 8.817 8.829 
[ H R ] T  5.89 5.885 9.015 9.01 5.55 5.565 8.82 8.83 

A p p a r e n t  o c e a n o g r ,  d i s s o c i a t i o n  c o n s t a n t s  pK"(1) pK"(2) pK"(1) pK"(2) 
a~§ • [ R - ] T  

p K  ~ = - - l o g  6.00 6.00 9.125 9.125 5.663 5.66 8.927 8.944 
[ H R ]  ~. ( -- O.O01 ) ( -- O.OOl ) ( -- 0.001) ( - -  0.001 ) 

( p K " " I  = P K " ~ I  - -  0.001) 6.00 6.00 9.125 9.125 5.66 5.66 8,93 8.94 

I o n i z a t i o n  f u n c t i o n s  a n d  d i s soc ia t ion  c o n -  
s t a n t s  sh i f t  at  1000 bars  

pk'(~), pk"(~), pK~(~ pk'(~) pk"(z), pK~(2) 

C T/t C ~ C 7n 

0 .320 0.283 0.181 
+ 0.017 ~ + 0 ,017 + 0,017 

0 .337 0 .320 0,300 0.283 0.198 0.181 

a l o g  3,H + i s  a s s u m e d  no t  to  v a r y  w i t h  p r e s s u r e ;  t h e  s e c o n d  r o w  of  da ta  c o r r e s p o n d s  to r o u n d e d  off  v a l u e s ;  c a n d  m i n d i c a t e  t h e  m o l a r  
a n d  m o l a l  c o n c e n t r a t i o n  s c a l e  r e s p e c t i v e l y .  

T i n d i c a t e s  tota l  c o n c e n t r a t i o n s .  
�9 0 .017 = l o g  dlooo/dl, w h e r e  d i s  t h e  d e n s i t y .  
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If  one  a d m i t s  t h a t  t h e  p r e s s u r e  d e p e n d e n c e  of ~H+ 
can  be  n e g l e c t e d ,  t h e n  t h e  effect  of p r e s s u r e ,  c o m p a r e d  
w i t h  d a t a  f r o m  B u c h  a n d  G r i p e n b e r g  (16),  s h o w s  
f o r t u i t o u s  a g r e e m e n t  for  t h e  s e c o n d  a p p a r e n t  d i s -  
soc i a t i on  c o n s t a n t  in  t h e  pmHi  i n t e r v a l  8.0-8.5 ( o n  t h e  
m o l a l  sca le  a t  1000 ba r s ,  pK"(2) --- 0.181 a g a i n s t  0.180), 
b u t  t he  ef fec t  of  p r e s s u r e  on  t he  f i rs t  c o n s t a n t  is m u c h  
less  t h a n  t h a t  p r e d i c t e d  b y  t h e s e  a u t h o r s  ( a t  1000 ba r s ,  
pK"(1) ~ 0.320 i n s t e a d  of 0.480). 

T h e  c o m p a r i s o n  m u s t  b e  c o n s i d e r e d  w i t h  c a u t i o n  
s ince  w e  do no t  k n o w  t he  a b s o l u t e  v a l u e s  of t h e  i on iza -  
t i on  f u n c t i o n s  a n d  a p p a r e n t  d i s s oc i a t i on  cons t an t s ,  b u t  
i t  s h o w s  t h a t  one  c a n n o t  s i m p l y  a s s um e ,  as B u c h  a n d  
G r i p e n b e r g  did,  t h a t  H.,CO~ d i s soc ia t e s  a t  h i g h  p r e s -  
su r e  in  sea  w a t e r  in  t h e  s a m e  m a n n e r  as a t  ze ro  ionic  
s t r e n g t h  a n d  t h a t  H C O ~ -  b e h a v e s  as ace t i c  acid.  

T h e  r e d u c e d  ef fec t  of p r e s s u r e  o n  t he  a p p a r e n t  sec-  
o n d  d i s soc i a t i on  c o n s t a n t  of c a r b o n i c  ac id  in  sea  w a t e r  
a t  pmHl  ~ 8.0 c o r r e s p o n d s  to a n  a p p a r e n t  v o l u m e  
c h a n g e  of  --10.6 c m  3 m o l e  -1 i n s t e a d  of  --25.6 c m  3 
mo le  -~  o b s e r v e d  a t  0 ion ic  s t r e n g t h .  T h i s  c a n  b e  
u n d e r s t o o d  b y  t a k i n g  i n to  c o n s i d e r a t i o n  : 1 ~ t he  ef fec t  
of NaC1 on  t he  p r e s s u r e  d e p e n d e n c e  of t h e  m e a n  ac -  
t i v i t y  coeff ic ient  of H2CO3 a n d  H C O 3 - ;  2 ~ t h e  
effect  of s u l f a t e  ions  w h i c h  does  no t  d e p e n d  on  pH;  
a n d  3 ~ t h e  f o r m a t i o n  of MgCO3 a n d  CaCO8 a t  a t m  
p r e s s u r e  w h i c h  d i s soc ia t e  u n d e r  p r e s s u r e ,  l i b e r a t i n g  
CO3 = ions  w h i c h  a l t e r  t h e  b u f f e r  ra t io ,  t h e  w h o l e  
p rocess  b e i n g  p H  d e p e n d e n t .  

T h e  i n c r e a s e d  d i s s oc i a t i on  of bo r i c  acid,  t he  r e s u l t  
of w h i c h  is a g a i n  a f u n c t i o n  of t h e  h y d r o g e n  ion  
c o n c e n t r a t i o n ,  e x p l a i n s  w h y  t h e  p m H  or pcH sh i f t  o b -  
s e r v e d  in  sea  w a t e r  is p r o g r e s s i v e l y  l a r g e r  f r o m  pmH1 
7.0 to 9.0 t h a n  t h a t  p r e d i c t e d  f r o m  t h e  effect  of p r e s -  
su r e  on  t he  a p p a r e n t  i o n i z a t i o n  f u n c t i o n  of H C O 3 - ,  
m e a s u r e d  in  a r t i f i c ia l  s ea  w a t e r  w i t h o u t  bor i c  acid.  
F a c t o r s  1 ~ 2 ~ a n d  3 ~ , on  t he  c o n t r a r y ,  r e a l l y  or  
a p p a r e n t l y  d e p r e s s  t h e  ef fec t  of p r e s s u r e  on  t h e  i o n i z a -  
t i on  of c a r b o n i c  acid.  MgCO~ a n d  CaCO~ t h u s  a p p e a r  
to h a v e  a b u f f e r i n g  a c t i o n  a g a i n s t  h y d r o g e n  ion  c o n -  
c e n t r a t i o n  c h a n g e s  i n d u c e d  b y  p r e s s u r e  in  sea  w a t e r  
a l t h o u g h  b o r i c  ac id  p r o g r e s s i v e l y  a n d  p a r t i a l l y  c o u n -  
t e r a c t s  th i s  effect  a t  pmH1 v a l u e s  g r e a t e r  t h a n  7.0. 

S t a r t i n g  f r o m  t h e s e  c o n s i d e r a t i o n s  one  m i g h t  i m a g -  
ine  t h a t  o t h e r  b u f f e r  s y s t e m s  i n v o l v i n g  ion  p a i r s  or  
c o m p l e x  ions  ab l e  to l i b e r a t e  a n i o n s  c a p a b l e  of b i n d i n g  
H + ions,  cou ld  be  p r e p a r e d ,  w h e r e  ~pmH/~p  w o u l d  b e  
v e r y  smal l .  S u c h  m e d i a  w o u l d  be  v e r y  u s e f u l  in,  for  
i n s t a n c e ,  t h e  s t u d y  of t he  specif ic  ef fec t  of p r e s s u r e  
o n  b io log ica l  sys t ems .  F u r t h e r m o r e ,  i f  t he  effect  of 
p r e s s u r e  on  a g i v e n  a c i d - b a s e  e q u i l i b r i u m  is w e l l  
k n o w n ,  c h a n g e s  p r o d u c e d  b y  t h e  p r e s s u r e  i n d u c e d  
d i s s o c i a t i o n  of a d d e d  ion  p a i r s  of fer  a w a y  to d e m o n -  
s t r a t e  t h e i r  e x i s t e n c e  a t  a t m o s p h e r i c  p r e s s u r e .  

T h e  r e s u l t s  w h i c h  w e  h a v e  o b t a i n e d  a t  1000 kg.  
cm -~  in  p u r e  c a r b o n a t e ' a n d  b i c a r b o n a t e  bu f f e r s  in  
NaC1 o r  KC1 show,  for  e x a m p l e ,  t h a t  p r o b a b l y  m o r e  
ion  p a i r s  ex i s t  in  NaC1 t h a n  i n  KC1, i n  c o r r e l a t i o n  
w i t h  t h e  d i f f e r e n c e  o b s e r v e d  fo r  t h e  c o r r e s p o n d i n g  
i o n i z a t i o n  f u n c t i o n s  at  a t m o s p h e r i c  p r e s s u r e .  Th i s  o b -  
s e r v a t i o n  m i g h t  p r o v e  a c lue  to i n t e r p r e t  t h e  a n o m a l i e s  
e n c o u n t e r e d  w h e n  •  ~ is c o m p u t e d  f r o m  glass  e l ec -  
t r o d e  m e a s u r e m e n t s  b y  e x t r a p o l a t i o n  a t  ze ro  ion ic  
s t r e n g t h  (3) .  T h e  v a l u e s  o b t a i n e d  in  p u r e  ac id  a r e  
a l w a y s  s o m e w h a t  h i g h e r  t h a n  in  t h e  c o r r e s p o n d i n g  
bu f fe r s  (--26.5 c m  3 m o l e  -~  i n  H~CO3, - -25.4  cm 3 m o l e  -1 
in  b i c a r b o n a t e  buf fer ,  fo r  e x a m p l e ) .  Th i s  effect  c o u l d  
be  e x p l a i n e d  i f  i on  p a i r s  s t i l l  e x i s t  a t  t h e  h i g h e s t  d i -  
l u t i o n s  w h i c h  a r e  p r a c t i c a l  fo r  p r ec i s e  e m f  d e t e r m i n a -  
t ions .  

A D D E N D U M  I 

Interpretat ion of the S04=-ef Iec t . - - I t  has  b e e n  as -  
s u m e d  in  t h e  p r e c e d i n g  p a g e s  t h a t  mH+ ~ m H C l  ~ 0.01 
in  t he  r e f e r e n c e  h a l f - c e l l s  c o n t a i n i n g  0.03 MgSO4 a n d  
t h e  effect  of SO4 = ions  o n  the  o b s e r v e d  e m f  v a l u e s  
h a v e  t h e r e f o r e  b e e n  i n t e r p r e t e d  as a c h a n g e  w h i c h  
affects  k'(1), k'(2), "~HC~ a n d  ~n+ .  Th i s  "SO~ = - -  effect" ,  

Added on proof. 

o b s e r v e d  in  p r e s e n c e  of NaCI  4- MgCI2 a n d  CaC12, is 
u n c o m m o n l y  l a r g e  a n d  of t he  s a m e  o r d e r  of m a g n i t u d e  
in  e a c h  case  as s h o w n  b y  t h e  d a t a  o b t a i n e d  a t  ~ 
0.75: 

in NaC1 in sol. + MgSO~ _~ 

pk'c(1) 6.00 5.89 O.ll 
pk'c(..) 9.60 9.49 O.ll 
2 log  ,~ E~c i 1 . 7 3 4  1 .617  0.117 

log  .y~4 0.017 1.887 0.13 

F u r t h e r ,  a t  1000 k g  cm -2, SO4 = ions  a p p a r e n t l y  i n -  
c r e a s e  pk'(,) a n d  pk'(2) b y  a c o n s t a n t  a m o u n t  w h i c h  
c o r r e s p o n d s  to a n  e m f  sh i f t  b e t w e e n  2.0 a n d  2.7 mv ,  
d e p e n d i n g  on  t h e  bu f f e r  c o n c e n t r a t i o n  (Fig.  5) ,  w h e r e -  
as t he  effect  of  t h e  s a m e  p r e s s u r e  on  t h e  r e f e r e n c e  
h a l f - c e l l  c o n t a i n i n g  SO4 = is e q u a l  to 3.3 m v  (Fig .  8) .  
I t  a c t u a l l y  a p p e a r s  t h a t  t he  g r e a t e s t  p a r t  of t h e  SO4 = 
- -  effect  m u s t  f ind i ts  e x p l a n a t i o n  in  t h e  f o r m a t i o n  of 
S O 4 H -  ions  in  t he  r e f e r e n c e  h a l f - c e l l ,  w h i c h  i n v a l i -  
da t e s  t h e  a s s u m p t i o n  rnH+ = mHCI [see J o n e s  a n d  
M o n k  (17 ) ] .  T a k i n g  K ~ s o 4 -  : 1.13 10 -2  , 7so4= ---- 
0.12 7 n s o 4 -  : 0.68, a s s u m i n g  54% of t h e  s u l f a t e  to be  
f r e e  ions  [see  t h e  d a t a  of G a r r e l s  a n d  T h o m p s o n  fo r  
sea  w a t e r  (15 ) ]  a n d  a n 4  : 7.7 10 -~ ( p a n  ~ 2,113, 
see  Fig. 9), one  f inds pmH1 : 2.088 i n s t e a d  of 2.00, 
w h i c h  a c c o u n t s  fo r  80% of t he  a p p a r e n t  SO4= - -  effect  
on  pk'(1) a n d  pk'(.,) at  1 a tm.  One  wi l l  n o t i c e  t h a t  2 
log 7HCl ~ T.698 in  0.01 HC1 4- 0.49 NaC1 4- .0.056 
MgC12 (see  p. 336) a n d  t h a t  a t  t he  s a m e  ionic  s t r e n g t h ,  
2 log 7~cl  in  0.01 HC1 4- NaC1 is e q u a l  to ~.730. A l -  
t h o u g h  t h e  sa l t  effects  of i n d i v i d u a l  ions  a re  no t  
n e c e s s a r i l y  a d d i t i v e ,  t h e  d i f f e r e n c e  0.032 i n d i c a t e s  t h a t  
t h e  SO4 = - -  effect  is p r o b a b l y  n o t  l a r g e r  t h a n  t he  ca l -  
c u l a t e d  v a l u e  0.088, s ince  t h e  t o t a l  effect  of  SO4 = a n d  
M g  + + is e q u a l  to 0.117. I n  o t h e r  words ,  pmH1 in  t h e  
SO4 = c o n t a i n i n g  r e f e r e n c e  so lu t i ons  is f o u n d  e q u a l  to 
2.085 if  one  a s s u m e s  t h a t  ~HCi in  0.01 HC1 4- 0.49 NaC1 
4- 0.030 MgSO~ 4- 0.026 MgC1,_, h a s  t he  s a m e  v a l u e  as 
t h a t  d e r i v e d  f r o m  m e a s u r e m e n t s  in  0.01 HC1 4- 0.49 
NaC1 4- 0.056 MgC12. A t  1000 kg  cm -2, w i t h  KHso4-  
2.26 10 -2, pmH1000 ~ 2.043; t h e  d i f f e r e n c e  pmH1 -- 
pmH1000 ~ 0.045 r e p r e s e n t s  e q u a l l y  80% of t h e  effect  
of p r e s s u r e  o b s e r v e d  in  Fig. 8. F u r t h e r  s t ud i e s  on  t he  
e q u i l i b r i u m  of s u l f u r i c  ac id  w i l l  be  n e c e s s a r y  to v e r i -  
fy  t h e s e  e s t i m a t e s ,  e s p e c i a l l y  s ince  - -  -~V1 ~ fo r  S O 4 H -  
is o n l y  k n o w n  f r o m  d e n s i t y  m e a s u r e m e n t s ,  w i t h  v a l u e s  
b e t w e e n  12.0 a n d  20.6 cm ~ m o l e  -1  ( H a m a n n ,  p r i v a t e  
c o m m u n i c a t i o n ) .  

I f  t he  a b o v e  c o r r e c t i o n s  w e r e  va l id ,  t h e n  t he  v a l u e s  
of pk', pk", pmH g i v e n  in  th i s  p a p e r  w o u l d  h a v e  to 
be  i n c r e a s e d  b y  0.09 a t  1 a t m ;  t h e  c a l c u l a t e d  v a l u e s  
of paH~ in  T a b l e  I a n d  t he  v a l u e s  of pK"(~)I, pK"(2)~ 
r e m a i n  u n c h a n g e d  w h a t e v e r  t h e  c o r r e c t i o n ;  -~pk', _~pk" 
at  1000 kg  c m  -2  a n d  t he  c o r r e s p o n d i n g  -~pH w o u l d  
h a v e  to be  i n c r e a s e d  b y  0.045. 

T h e s e  c o r r e c t i o n s  w o u l d  l ead  to a n o t h e r  c o h e r e n t  
se t  of d i s soc i a t i on  f u n c t i o n s  to c a l c u l a t e  t h e  e q u i -  
l i b r i u m  of H.,CO~ in  sea  w a t e r  f r o m  the  c o r r e s p o n d i n g  
c o r r e c t e d  pmH m e a s u r e m e n t s  g i v i n g  e x a c t l y  t h e  s a m e  
r e s u l t s  as t he  se t  of f u n c t i o n s  of T a b l e  II. 

A l t h o u g h  a p r e c i s e  k n o w l e d g e  of  t he  sa l t  effect  of 
SO4 = ions  is n e e d e d  for  a n  a p p r o a c h  t o w a r d  t h e  a b -  
so lu te  v a l u e s  of k(~), k~2), a n d  pmH in  sea  w a t e r ,  t h i s  
s e a r c h  is o n l y  of a c a d e m i c  i n t e r e s t  for  m o s t  of  t h e  
o c e a n o g r a p h i c  ca l cu la t ions .  F i n a l l y ,  i t  a p p e a r s  t h a t  
t he se  cou ld  be s t  b e  m a d e  f r o m  s t r a i g h t  f o r w a r d  pwH 
: - -  log mH+%'H+ "YC1-- d e t e r m i n a t i o n s  a t  a n y  p r e s -  
s u r e  ( u s i n g  h a l f - c e l l s  w i t h o u t  SO4 =)  a n d  a p p a r e n t  
c o n s t a n t s  de f ined  as K" 7cl-  : k'~H+ ~cl- ,  t h u s  k e e p -  
ing  t h e  a d v a n t a g e s  of j u n c t i o n l e s s  cel ls  a n d  e l i m i n a t -  
ing  t h e  a p p a r e n t  a r b i t r a r i n e s s  of t he  d i f f e r e n t  s y s t e m s  
of i o n i z a t i o n  func t ions .  Suf f ic ien t  d a t a  a r e  g i v e n  in 
th i s  p a p e r  to m a k e  th i s  c o n v e r s i o n ,  s ince  t h e  effect  
of p r e s s u r e  on  "Y~c~ can  eas i ly  b e  c a l c u l a t e d  in  p u r e  
HC1 [see H a r n e d  a n d  O w e n  (10) ,  p. 507]. 
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Standard Potentials of the CI2/CI- Electrode at 
Various Temperatures with Related Thermodynamic Functions 

G. Faita, P. Longhi, and T, Mussini 
Laboratory of Electrochemistry and Metallurgy, University of Milan, Milan, ItaLy 

ABSTRACT 

The standard potentials of the C12/C1- electrode have been redetermined 
over the temperature  range 25~176 with an accuracy better  than _0.1 my. 
The support for the C12/C1- electrode was a tan ta lum foil coated with a 
P t - I r  45% alloy, which provided complete resistance to corrosion under  the 
exper imental  conditions. Thermodynamic  functions concerning the reactions: 

Ag ~ ~/zC12 = AgC1 and YzH2 -}- 1/zC12 = H + -f- C1- 

were calculated. Standard  entropy values at 25~ for AgC1 and C1- were ob- 
tained which are more accurate than those in the li terature. 

The present  investigation has been carried out to 
redetermine the s tandard potential of the C12/C1- 
electrode as accurately as possible over a wide range 
of temperatures.  The data available in the l i terature  
refer to 25~ (1-8) excepting those deducible from 
Gerke's measurements  (9) in the range 15~176 

Reversible emf's of the cell 

--Pt/Ag/AgC1/1.75M HC1/N2 -- C12 
1 0 % / P t - -  Ir 45%,Ta /P t+  [1] 

have been measured at temperatures  from 25 ~ to 80~ 
These emf's are functions of the C12 pressure and are 
given by 

El = E~ --  E~ ~ (RT/2F) In Pc12 [2] 

where E~ denotes the s tandard potential  of the 
C12/C1- electrode, and E~ denotes the s tandard 
potential  of the s i lver /s i lver-chlor ide electrode. As the 
E~ values are known from the l i terature (10) and 
E1 and Pc12 are measurable quantities, E~ can be 
calculated at any temperature.  Taking into account the 
atmospheric pressurel the solution levels in the elec- 
trode vessel and in the guard (see Fig. 1), and the 
equi l ibr ium part ial  pressures of H20 and HC1 (11), the 
reversible emf's of the cell 

--Pt/Ag/AgC1/1.75M HC1/C12, 
1 a t m / P t - -  Ir  45%, T a / P t +  [3] 

were obtained from the corresponding emf's of cell 
[1]. The emf of cell [3] is given by 

E3 • E~ ~ E~ [4] 

so that, using the accurate values of ~~ recent ly 
redetermined by Bates and Bower (10) over a wide 
range of temperatures,  E~ can be determined 
readi ly from E3. Values of E~ thus obtained are 
collected in Table I with corresponding values of Es. 
Among the E~ values of various authors quoted in  

the l i terature,  Bates and Bower's values (10) were 
preferred because they were obtained from a com- 
parat ively much greater number  of measured cells. 

The reason for using a low C12 pressure in  cell [1] 
arises from the need to minimize the difference in  C1- 
activity in the two half-cells, owing to occurrence of 
the reaction C12 ~- C1- = C13- (12) in the chlorine 
electrode compartments.  

Experimental 
The structure of the chlorine electrode was as shown 

in Fig. 1. This s tructure permit ted either bubbl ing  
the gas in, or passing it over, the solution. Dur ing  our 

Fig. 1. Structure of the chlorine half-celh A, electrode substrate 
consisting of a tantalum foil coated with a Pt-lr alloy; B, electrical 
connection to potentiometer; C, polytetrafluoroethylene plug; D, 
connection to the silver/silver-chloride half-cell; E, solution level; 
F, chlorine inlet; G, chlorine outlet. 
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Table I. Emf's E3 of cell [3], and standard potentials E~ 
of the CI2/CI- electrode at various ~ temperatures 

T, ~ Ea = E~ -- E~177162 E~ abs. volts 
abs. volts 

25 1.13596~0.00004 1.35830• 
30 1.13309+0.00004 1.35213• 
40 1.12711• 1.33919• 
50 1.12110-~0.o0004 1.32559___0.00007 
60 1.11465• 1.31114• 
70 1.10869• 1.29651~0.00008 
80 1.10231~0.00004 1.28104~0.0001 

m e a s u r e m e n t s  w e  c h e c k e d  t h a t ,  once  t h e  s o l u t i o n  w a s  
s a t u r a t e d  a n d  t h e  e q u i l i b r a t i o n  of t h e  s y s t e m  w a s  
a t t a i n e d ,  i t  d id  no t  m a t t e r  w h e t h e r  t h e  gas  b u b b l e d  
in to ,  o r  s i m p l y  p a s s e d  over ,  t h e  so lu t ion .  T h u s  w e  
g e n e r a l l y  k e p t  t he  gas  b u b b l i n g  i n to  t h e  s o l u t i o n  w i t h  
t he  e l e c t r o d e  foi l  a l m o s t  c o m p l e t e l y  i m m e r s e d ,  gas  
p a s s i n g  o v e r  b e i n g  u sed  o c c a s i o n a l l y  fo r  a check .  

T h e  r a t e  of flow of  gas  is n o t  a c r i t i ca l  p a r a m e t e r ,  
w i t h i n  c e r t a i n  l i m i t s  (i .e. ,  f r o m  n e a r  to zero  u p  to 5 
c m 3 / m i n )  i f  t e m p e r a t u r e  e q u i l i b r a t i o n  ha s  b e e n  p r e -  
v i o u s l y  a t t a i n e d .  A n o t h e r  p o i n t  t h a t  o u r  p r e l i m i n a r y  
e x p e r i m e n t s  s h o w e d  w a s  t h a t  t h e  o n l y  p e r m i s s i b l e  m a -  
t e r i a l s  f o r  t he  c h l o r i n e  e l e c t r o d e  a s s e m b l y  w e r e  g lass  
a n d  p o l y t e t r a f l u o r o e t h y l e n e  ( P T F E ) .  T h e  s y s t e m  
u n d e r  s t u d y  was  r e a d i l y  p o i s o n e d  b y  t h e  use  of e i t h e r  
p o l y v i n y l c h l o r i d e  ( P V C ) ,  or  r u b b e r  c o n n e c t i o n s ,  o r  
s i l i c o n - g r e a s e d  s topcocks  in  t h e  gas  c i rcui t .  T h e  gas  
s t r e a m ,  b e f o r e  e n t e r i n g  t he  c h l o r i n e  e l e c t r o d e  c o m -  
p a r t m e n t ,  was  b u b b l e d  i n to  a f lask w i t h  a l a r g e  gas  
c h a m b e r  a n d  i n to  t w o  F r i e d r i c h ' s  s a t u r a t o r s ,  a l l  of 
t h e m  c o n t a i n i n g  a 1.75M HC1 s o l u t i o n  i d e n t i c a l  to t h e  
one  c o n t a i n e d  in  t h e  ce l l  a n d  k e p t  i n  t h e  s a m e  t h e r m o -  
s t a t i c  a p p a r a t u s .  A l a r g e  s i n g l e  s tock  of  1.75M HC1 
so lu t i on  w a s  p r e p a r e d  i n  o r d e r  to ge t  as m a n y  suc -  
cess ive  r u n s  as r e q u i r e d  w i t h  a n  i d e n t i c a l  so lu t ion .  

F o r  t r u l y  a c c u r a t e  d e t e r m i n a t i o n s  of e m f ' s  fo r  cel l  
[1] t h e  cho ice  of e l e c t r o d e  m a t e r i a l  for  t h e  c h l o r i n e  
h a l f - c e l l  is v e r y  i m p o r t a n t .  T h e  c h e m i c a l  n a t u r e  of  t h e  
s u b s t r a t e  s h o u l d  be  s u c h  t h a t  t h e r e  is no  c o r r o s i v e  a t -  
t a ck  b y  t h e  C12-con ta in ing  s o l u t i o n  of HC1. In  a d d i t i o n  
t h e  a c t u a l  s u r f a c e  a r e a  of t h e  e l e c t r o d e  a n d  t h e  e x -  
c h a n g e  c u r r e n t  a t  i t  m u s t  be  t a k e n  in to  accoun t .  T h e  
l a t t e r  f a c t o r  is of c o u r s e  v e r y  i m p o r t a n t  in  o r d e r  to 
e s t a b l i s h  t h e  d e g r e e  of r e v e r s i b i l i t y  of  a n y  e l e c t r o d e  
(13).  

T h e  e l e c t r o d e  m e t a l s  w h i c h  h a v e  b e e n  u sed  m o s t l y  
a r e  e i t h e r  p l a t i n u m  (1, 7, 8) or  P t - I r  a l loys  (3, 4, 9) in  
a c o m p a c t  fo rm.  P l a t i n u m ,  h o w e v e r ,  is n o t  f u l l y  a p -  
p r o p r i a t e  as a s u b s t r a t e  for  c h l o r i n e  e l e c t r o d e s  b e -  
cause  i t  is s u b j e c t  to c o r r o s i v e  a t t a c k  b y  c h l o r i d e  
s o l u t i o n s  c o n t a i n i n g  Cl2. P r e l i m i n a r y  e x p e r i m e n t s  c o n -  
c e r n i n g  b o t h  t he  r e s i s t a n c e  of t h e  e l e c t r o d e  m a t e -  
r i a l s  to  c h e m i c a l  a t t a c k  b y  C12-con ta in ing  HC1 so lu -  
t ions  a n d  t h e  e x c h a n g e  c u r r e n t  f o r  t h e  r e a c t i o n  
CI2 -~ 2 e -  ~-- 2C1-  h a v e  b e e n  c a r r i e d  ou t  in  th i s  l a b -  
o r a to ry .  T h e s e  e x p e r i m e n t s  s h o w e d  t h a t  t h e  b e s t  m a t e -  
r i a l  f o r  o u r  p u r p o s e  w as  a P t - I r  a l loy  w i t h  45% of 
i r i d ium.  H o w e v e r ,  t h i s  a l loy,  if  u s e d  as a n  e l e c t r o d e  
s u b s t r a t e  in  t h e  f o r m  of a t h i n  foil,  w o u l d  no t  be  a d e -  
q u a t e  b e c a u s e  of i ts  s m a l l  su r face .  Thus ,  e l e c t r o d e s  
of t he  c a p i l l a r y - i m b i b i t i o n  type ,  b a s e d  o n  p o r o u s -  
g r a p h i t e  s u p p o r t s  a n d  p r e p a r e d  a c c o r d i n g  to t he  t e c h -  
n i q u e  d e s c r i b e d  b y  B i a n c h i  (16) w e r e  f i rs t  t es ted .  
T h e s e  e l ec t rodes ,  w h i c h  p r o v e d  to be  v e r y  h e l p f u l  i n  
t h e  s t u d y  of  o t h e r  gases ,  w e r e  n o t  s u i t a b l e  i n  t he  p r e s -  
e n t  case  d u e  to t h e  s low a t t a i n m e n t  of t h e  c h l o r i n e  
d i s s o l u t i o n  e q u i l i b r i u m  in  t h e  p o r e s  of t h e  g r a p h i t e  
i tself .  E l e c t r o d e s  c o n s i s t i n g  of a foi l  of  a n  i n e r t  s u b -  
s t r a t e  (Ti,  Zr,  Ta )  c o a t e d  w i t h  t h e  P t - I r  a l loy  a c c o r d -  
i ng  to t h e  p r o c e d u r e  d e s c r i b e d  b y  B e e r  (15) w e r e  
t h e n  tes ted .  T h o s e  b a s e d  on  Ti  a n d  Z r  g a v e  r i se  to 
m i x e d  p o t e n t i a l s  a n d  w e r e  d i s c a r d e d .  T h e  t a n t a l u m -  
b a s e d  e l e c t r o d e s  b e h a v e d  c o r r e c t l y  a n d  w e r e  s e l e c t e d  
fo r  use  in  ce l l  [1] fo r  t h e  s y s t e m a t i c  m e a s u r e m e n t s  of 
El. T h e  m e t h o d  of p r e p a r a t i o n  w as  as fo l lows.  A t a n t a -  
l u m  foi l  w a s  s c o u r e d  w i t h  q u a r t z  p o w d e r ,  w a s h e d ,  a n d  
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d r i e d ;  t h e n  i t  was  b r u s h e d  w i t h  a c o n c e n t r a t e d  a q u e -  
ous  s o l u t i o n  of H2PtC16 ~ IrC13 w i t h  a d d i t i o n  of i so-  
p r o p y l  a lcohol .  T h e n  i t  w a s  i n t r o d u c e d  fo r  10 r a i n  i n to  
a f u r n a c e  h e a t e d  to 400~ in  t he  p r e s e n c e  of NH8 
vapor s .  Th i s  s e q u e n c e ,  b r u s h i n g  a n d  h e a t i n g ,  was  r e -  
p e a t e d  5-7 t i m e s  u n t i l  t h e  q u a n t i t y  of d e p o s i t e d  P t - I r  
a l loy  r e a c h e d  ~ 1 m g / c m 2 ;  t h e n  t he  e l e c t r o d e  was  k e p t  
for  1 h r  in  a f u r n a c e  h e a t e d  to 450~ in  t h e  p r e s e n c e  
of a i r ,  a n d  s u b s e q u e n t l y  c h i l l e d  in  air .  S u c h  e lec -  
t r o d e s  d id  n o t  g ive  r i se  to a n y  m i x e d  p o t e n t i a l s  a n d  
s h o w e d  c o m p l e t e  r e s i s t a n c e  to c h e m i c a l  a t t a c k  e v e n  
u n d e r  s u c h  d r a s t i c  a n d  e x t r e m e  c o n d i t i o n s  as d i p p i n g  
i n to  a z e o t r o p i c  h y d r o c h l o r i c  ac id  s a t u r a t e d  w i t h  C12 a t  
a t m o s p h e r i c  p r e s s u r e ,  a t  t e m p e r a t u r e s  as h i g h  as 80~ 
T h e  e x c h a n g e  c u r r e n t ,  d e t e r m i n e d  in  t h e  p r e s e n c e  of 
C12 a t  a t m o s p h e r i c  p r e s s u r e  in  1.75M HC1, w a s  16 m a /  
cm'-' ( a p p a r e n t  g e o m e t r i c a l  s u r f a c e )  a t  25~ a n d  i n -  
c r e a s e d  a l i t t l e  w i t h  t e m p e r a t u r e  (e.g. ,  20 m a / c m  2 a t  
45~  F o u r  f r e s h l y  p r e p a r e d  e l e c t r o d e s  a n d  one  a g e d  
e l ec t rode ,  a l l  of  t h e m  m a d e  u p  as a b o v e  desc r ibed ,  
w e r e  c o m p a r e d  o v e r  a p e r i o d  of 10 d a y s  a t  60~ in  
1.75M HC1, w i t h  C12 b u b b l i n g  in  a t  a t m o s p h e r i c  p r e s -  
sure .  T h e  b ias  p o t e n t i a l  w a s  0.01 my.  

T h e  s i l v e r / s i l v e r - c h l o r i d e  e l e c t r o d e  w a s  p r e p a r e d  
a c c o r d i n g  to t h e  e l e c t r o l y t i c  t y p e  (14).  I t s  b ias  p o -  
t e n t i a l  was  0.01 m v  a t  25~ a f t e r  ag ing .  T h e  s t a b i l i t y  
of t h e  s i l v e r / s i l v e r - c h l o r i d e  e l e c t r o d e  ( a n d  t h a t  of t he  
c h l o r i n e  e l e c t r o d e  as w e l l )  was  f r e q u e n t l y  c h e c k e d  
a g a i n s t  a c a p i l l a r y - i m b i b i t i o n  h y d r o g e n  e l e c t r o d e  (16) ,  
o v e r  t h e  e x p e r i m e n t a l  t e m p e r a t u r e  r a n g e .  To p r e v e n t  
a n y  d i f fus ion  of  d i s s o l v e d  C12 f r o m  t h e  c h l o r i n e  e l ec -  
t r o d e  to t he  s i l v e r / s i l v e r - c h l o r i d e  e l ec t rode ,  a p p r o -  
p r i a t e  s topcocks  w e r e  k e p t  c losed  b e t w e e n  the  two  
ha l f - ce l l s .  

F o r  t he  r e v e r s i b l e  e m f  m e a s u r e m e n t s  m e n t i o n e d  
above ,  a t y p e  K - 3  L&N p o t e n t i o m e t e r  w a s  used ,  h a v -  
i ng  a t y p e  610-B K e i t h l e y  e l e c t r o m e t e r  as n u l l - p o i n t  
de t ec to r .  T h e  i n p u t  r e s i s t a n c e  of t he  l a t t e r  w a s  
g r e a t e r  t h a n  1014 o h m s  so t h a t  i t  a l l o w e d  t h e  m e a s u r e -  
m e n t  of t h e  cel l  e m f ' s  e v e n  w i t h  t h e  sa id  s topcocks  
k e p t  c losed  b e t w e e n  t h e  two  ha l f - ce l l s .  

T h e  t e m p e r a t u r e s  of t h e  s y s t e m  s t u d i e d  w e r e  r e g u -  
l a t ed  to _0 .02~  b y  m e a n s  of a spec i a l l y  d e s i g n e d  a i r -  
t h e r m o s t a t .  

Results and Discussion 

W h e n  d e t e r m i n i n g  t h e  C I J C 1 -  e l e c t r o d e  p o t e n t i a l  i t  
is i m p o r t a n t  to  c o n s i d e r  e r r o r s  due  to t he  c h a n g e  of 
a c t i v i t y  of C1-  ions  b e c a u s e  of t he  r e a c t i o n  C12 ~- C1 -  

C13-. Also  u n c e r t a i n t y  in  t he  C12-N2 m i x t u r e  a n a l -  
ysis  ha s  to be  t a k e n  in to  accoun t .  T h e  e r r o r  d u e  to t h e  
c h a n g e  in  t h e  a c t i v i t y  of C1-  ions  a t  a g i v e n  HC1 
mo la l i t y ,  d e c r e a s e s  b y  d e c r e a s i n g  t he  C12 f r a c t i o n  in  
t he  g a s - m i x t u r e  flow; i t s  v a l u e  w i t h  s ign  is c a l c u l a b l e  
t a k i n g  i n to  a c c o u n t  t he  e q u i l i b r i u m  c o n s t a n t  f o r  t h e  
r e a c t i o n  C12, aq. + C I - ,  aq. ~ C13-, aq.,  a n d  m a k i n g  a 
r e a s o n a b l e  a s s u m p t i o n  a b o u t  t he  r e l e v a n t  m o l a l  a c t i v -  
i ty  coefficients ,  n a m e l y ,  "vc12 ~ 1 a n d  7 c l -  --~ "Yc13-. 
F r o m  S h e r r i l l  a n d  I z a r d ' s  d a t a  (12) t h i s  c o n s t a n t  c a n  
be  c a l c u l a t e d  to be  0.175 (mole /1O00g H 2 0 ) - 1  a t  25~ 
A t  t e m p e r a t u r e s  o t h e r  t h a n  25~ d a t a  fo r  s u c h  a con -  
s t a n t  a r e  u n a v a i l a b l e .  H o w e v e r ,  one  m u s t  e x p e c t  t h e  
v a l u e  of th i s  e q u i l i b r i u m  c o n s t a n t  to  d e c r e a s e  s l i g h t l y  
w i t h  i n c r e a s i n g  t e m p e r a t u r e  f r o m  25 ~ to 80~ b y  
a n a l o g y  w i t h  t h e  b e h a v i o r  of t h e  c o r r e s p o n d i n g  c o n -  
s t a n t s  in  t he  cases  of t he  B r 3 -  ion  (17) a n d  of  t h e  I 3 -  
ion  (18) .  I n  a n y  case,  t h i s  v a r i a t i o n  of  t h e  e q u i l i b r i u m  
c o n s t a n t  w i t h  t e m p e r a t u r e  is a m a t t e r  of  m i n o r  i m -  
p o r t a n c e ,  as f a r  as t he  p r e s e n t  c a l c u l a t i o n  is c o n -  
c e r n e d ;  a n d  t h e  v a l u e  a t  25~ was  u s e d  o v e r  t h e  
w h o l e  r a n g e  f r o m  25 ~ to 80~ T h e  c h l o r i n e  s o l u b i l i t y  
in  HC1 does  d e c r e a s e  g r e a t l y  w i t h  i n c r e a s i n g  t e m p e r a -  
t u r e  (19) f r o m  25 ~ to 80~ so t h a t  t h e  e r r o r  in  q u e s -  
t ion  is m u c h  l o w e r  a t  80 ~ t h a n  a t  25~ ( see  b e l o w ) .  I n  
a d d i t i o n  t h e  effect  of  a n y  e r r o r  c a n  b e  d e c r e a s e d  b y  
u s i n g  c h l o r i n e  as d i l u t e  in  a d m i x t u r e  w i t h  n i t r o g e n  as 
poss ib le ,  b u t  t h i s  m u s t  be  c o m p a t i b l e  w i t h  good ac -  
c u r a c y  in  a n a l y z i n g  t h e  C12-N2 m i x t u r e .  T h e  u n c e r -  
t a i n t y  in  t h e  a n a l y s i s  of  C12-N2 m i x t u r e s  b y  gas  
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chromatography decreases as the amount  of C12 is 
increased. Thus a compromise must be reached be- 
tween the low concentrat ion of chlorine needed to 
minimize the error  connected with possible changes 
in act ivi ty of the CI -  ions and the higher  concentra-  
tions of CI., needed for accuracy in the analysis of the 
CI.,-N2 mixture.  It must also be borne in mind that  
the concentrat ion of the HC1 solution may  affect the 
stabil i ty of the potential  of the s i lve r / s i lve r -ch lor ide  
electrode. In fact, at HC1 concentrat ions greater  than 
4M, the solubili ty of AgC1 in HC1 to form (AgCln + 1)n- 
complexes would begin to be significant (20) and 
would in turn affect the C1- ion activity. The opera-  
tive conditions we chose (1.75M HC1; N2 90%-C1.2 
10%) caused: (i) an er ror  of +0.025 mv at 25~ 
+0.019 mv  at 30~ -}-0.012 m v  at 40~ ~-0.006 m v  at 
50~ and a negligibly small  error  (always of posit ive 
sign) at 60 ~ 70 ~ and 80~ The values of this error,  
all of them being of definite and posit ive sign, were  
then subtracted from the corresponding emf  readings 
at the appropriate  temperatures ,  and were  not in-  
cluded in the evaluat ion of the cumulat ive  uncer-  
tainty; (ii) an uncer ta inty  of • mv  at 25~ and 
--+0.015 mv  at 80~ respectively,  arising from the gas 
chromatographic  analysis of the ch lor ine-n i t rogen  
mixture.  The chlorine percentage in the mix ture  was 
10.03 -+ 0.01. 

The uncer ta in ty  due to the limits of t empera ture  
regulat ion for the system to be studied (to -+0.02~ 
is -+0.012 mv at 25~ and --+0.013 my at 80~ since the 
tempera ture  coefficient of the emf of the cell [3] is 
--0.60 mv  d e g - '  at 25~ and --0.63 mv deg -1 at 80~ 
respectively,  (see below).  It is evident  that  these l im- 
its of uncer ta in ty  are near ly  constant over  the ex-  
per imenta l  t empera tu re  range. Further ,  if we take into 
account the previously ment ioned bias potentials for 
the ClffC1-  electrode and for the s i lver / s i lver -ch lor ide  
electrode, the cumulat ive  uncer ta inty  for the E3 values 
is • mv  over  the whole range of t empera ture  of 
experiment .  

The E3 values quoted in Table I are mean values  
taken f rom about a dozen of cell measurements  at 
each temperature ,  the deviations f rom the mean be- 
ing within the limits of the cumulat ive  uncer ta in ty  
previously described. 

Among ear l ier  E ~  values, those deducible f rom 
the data of Kameyama,  Yamamoto,  and Oka (7) are in 
substantial  d isagreement  with the present  work. 
Kameyama,  Yamamoto, and Oka carr ied out two in- 
dependent  series of measurements  at 25~ leading to 
two final E ~  values (1.3589v and 1.3580v, respec-  
t ively) which differ from each other  by 0.9 my. No ex-  
planation was given for this discrepancy. The cells 
measured by Kameyama,  Yamamoto,  and Oka con- 
sisted of calomel electrodes combined with  chlorine 
electrodes on pla t inum substrates, with saturated KC1 
as support ing electrolyte.  Thus, the above discrepancy 
may possibly be ascribed to two causes: (i) use of 
pla t inum (instead of an appropriate  corrosion-resis t -  
ant P t - I r  alloy) as a substrate for the system C b / C 1 - ;  
(ii) poor reproducibi l i ty  as well  as er ra t ic i ty  of the 
calomel electrodes, depending on the method of prep-  
aration. Many factors causing unsatisfactory per -  
formance of the calomel electrode were  recent ly  
pointed out by Hills and Ives (21-23) in a cr i t ical  re -  
examinat ion of works carr ied out prior  to 1930. The 
E~ value deducible f rom Lewis and Ruppert ' s  work  
(3) differs f rom the value in the present  invest igat ion 
by 0.7 my. This discrepancy can be ascribed to the 
presence of air in the acid calomel electrode used by 

Lewis and Rupper t  as a re ference  for the chlorine 
electrode, as was shown by Randal l  and Young (3, 22). 

The data in Table I have been leas t -squared with  
the aid of a type 1620-20K IBM computer,  giving the 
fol lowing polynomials  for E3 and E~ as functions of 
absolute t empera ture  T 

E~ ~ 1.47252 -{- (4.82271 >< 10-4)T 
- -  (2.90055 • 10-8) T 2, abs. v [5] 

E3 ---- 1.28958-- (4.31562 • 10 -4) T 
- -  (2.79220 X 10-7)T 2, abs. v [6] 

Both of these expressions fit the tabulated respect ive 
data with a max imum deviat ion of --+0.15 mv. 

Introducing the E3 values and the d E J d T  t empera-  
ture coefficients (result ing from the first der ivat ive  of 
Eq. [6]) into the fol lowing in ter re la ted  equations 

• : - -nFE,  -~S : n F d E / d T ,  
.~H = - - n F E  ~r n F T d E / d T  [7] 

the values of _~G ~ -~S ~ and • ~ for the cell react ion 
Ag -}- ~/2C1,., : AgC1 can be readi ly  calculated at every  
tempera ture  of experiment .  Using the same procedure 
with the E~ and the dE~ values (the lat ter  
being taken f rom the first der iva t ive  of Eq. [5]) ,  _~G ~ 
-~S ~ and .-xH ~ can also be de termined  for the chlor ine-  
electrode reaction ~/2C12 -]- e -  -~- C1- at any tempera -  
ture of experiment.  Taking the fundamenta l  conven-  
tion for which the standard potent ia l  E~ of the hy-  
drogen electrode is zero at all tempera tures  (24), it 
follows that, for the reaction 

H + + e -  = 1/zH2 [8] 

.~G ~ • ~ and .~H ~ are zero at all temperatures .  Then 
one obtains also 

S~ = V~S~ ~- 15.6055 cal deg-1 m o l e - l ,  at 25~ [9] 

Thus, conventionally,  .~G ~ .~S ~ and ~H ~ for the 
chlor ine-e lec t rode react ion are the same as for the re-  
action 

l~H2 + 1/2C1~ = H + ~ C1- [10] 

Table II collects the above ment ioned data at 25~ 
and 1 arm and provides comparison with the corre-  
Sponding data taken from the standard l i terature.  
F rom AS ~ for the reaction Ag -{- 1/~C12 = AgC1, and 
taking S~ and S~ f rom the l i tera ture  (27, 28), one 
obtains S~ : 23.056 ___ 0.004 cal deg -1 mole -1. This 
value is more accurate than the corresponding value 
available in l i te ra ture  (26) (i.e., 22.97 cal deg -1 
m o l e - l ) .  From ~S ~ for react ion [10], using again the 
S~ datum in the l i tera ture  (27) and taking into ac- 
count the convention expressed by Eq. [9], one ob- 
tains S ~  : --2.125 • 0.006 cal deg -1 mole -1. If 
one assumes, as customary, the convent ion S~ : 
0.00000 cal deg -1 mole -1 (25) instead of the conven-  
tion [9], one gets the value S~ - ---- 13.480 • 0.006 
cal deg-~ mole -~, which is also more accurate than the 
corresponding value (i.e., 13.17 cal deg -1 mole-~)  
quoted in the l i terature.  For  the calculations involved  
throughout  this paper, the fol lowing fundamenta l  con- 
stants (17-19) were  used: F : 23062.4 • 0.2 cal abs- 
volt  -1 g -equ iv -1 ;  T0oc : 273.16 • 0.01~ and R = 
1.98719 _--+- 0.00008 cal deg -1 mole-1.  
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Potentiostatic Current-Potential Measurements 
on a Platinum Electrode in a High-Purity Closed System 

Sigmund Schuldiner, Theodore B. Warner, and Bernard J. Piersma 1 
U. S. Naval  Research Laboratory,  Washington,  D. C. 

ABSTRACT 

In a h igh-pur i ty  closed system, potential  regions at which very  slow re-  
actions are ra te-cont ro l l ing  were  accurately separated and measured. Tafel  
regions and the possible react ion mechanisms on a Pt  electrode in he l ium-  
saturated 1M H2SO4 from the H~ to the O2 format ion reactions were  deter-  
mined. Effects of dermasorbed H and O atoms on transient  and s teady-state  
react ion rates were  shown. Maximum oxidizable and reducible  impur i ty  levels 
were  quant i ta t ive ly  determined both in solution and as adsorbed species on 
the working electrode surface. It was shown that the impur i ty  levels were  
very  low. Very small additions of hydrogen or oxygen in the critical t ransi t ion 
region f rom net  cathodic to anodic reactions did not appear  to have catalyt ic 
effects. However ,  at Oxygen part ial  pressures above 10 -7 atm, a poisoning 
effect was apparent.  

Recent  work  from this laboratory  (1) has shown 
that gas-tight,  closed electrochemical  systems can be 
devised which wil l  mainta in  a high degree of solution 
puri ty and electrode cleanliness over  long periods of 
time. By mainta in ing such low levels of impuri t ies  it 
is possible to study react ion mechanisms in the so- 
called passive regions where  react ion rates are so low 
that t race impuri t ies  could easily dominate  the poten-  
t ia l -cur ren t  relationships. In order  to demonstra te  the 
feasibil i ty of such studies and to explore  the react ion 
mechanisms in the potent ial  region f rom the gaseous 
hydrogen to the gaseous oxygen reaction, a potentio-  
static invest igation of the p la t inum electrode in 1M 
H2SO4 was undertaken.  

National Academy of Sciences Postdoctoral Resident Research 
Associate at NRL. Present address: Eastern Baptist College. St. 
Davids. Pennsylvania. 

Experimental 
The closed electrochemical  system, continuously 

purged with highly purified hel ium containing less 
than 1 part  in 109 02, was essentially the same as p re -  
viously reported (1). It  consisted of a gas-t ight,  glass- 
pipe system mounted inside a N2-filled control led en- 
v i ronment  box. The main compar tment  of the cell 
contained a large Pt  gauze electrode (~100 cm2), 
a large t ight ly rol led cylinder of Pt  gauze plat inized 
in lead-f ree  platinic acid (geometric  area of about 30 
cm2), a Pt  wire  5 cm long and 0.064 cm in diameter ,  
and a Pt bead (at the end of a short  length of ex-  
posed Pt  wire)  electrode with  a t rue (2) area of 
0.190 cm 2. All  Pt  was 99.99% pure;  the beads were  
formed by mel t ing the end of Pt  wire  wi th  a hydro-  
gen /oxygen  flame. The side arm of the cell (1, 3) con- 
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tained both a minia ture  glass electrode and an aPd-H 
spiral wire  electrode which was ini t ial ly charged with  
enough hydrogen so that  its potential  was 75 m v  
posit ive to a NHE (normal  hydrogen electrode) .  This 
~Pd-H electrode contains less hydrogen and its po- 
tential  is positive to the max imum aPd-H electrode 
(4). The glass electrode was +0.585 _ 0.005v vs. NHE. 
The aPd-H electrode was the reference  used to main-  
tain potentiostatic control of the working  electrode 
(Pt bead).  The potential  of this aPd-H reference  was 
repeatedly  checked against the glass electrode dur ing 
the course of the investigation. The long- te rm changes 
in potential  difference were  ___5 mv  which is a t t r ibuted 
to changes in the glass electrode. Short  te rm changes 
were  below the detectable l imit  of 0.001v. 

Potentiostat ic control, with a Wenking 61R Po-  
tentiostat, be tween the aPd-H reference  and the Pt  
bead working electrode was mainta ined using the Pt  
gauze roll  as the counter  electrode. The potent ial  be- 
tween the Pt  bead and glass electrode was monitored 
with  a Kei th ley  610B Electrometer .  Curren t  flow be-  
tween the Pt  bead working electrode and the Pt  gauze 
roll  counter  electrode was measured wi th  a ba t te ry-  
operated Kei th ley  601 Elect rometer  and recorded on a 
Varian G-11A recorder.  Necessary precautions were  
taken and checks made to avoid spurious microcur-  
rents. Such spurious or background currents  were  in 
the 10 -18 amp range. 

In the exper imenta l  a r rangement  used, wi th  counter  
and working  electrodes in the same compar tment ,  par t  
of the product  genera ted  at the counter  electrode 
might  diffuse to the working electrode and yield an 
erroneously high current  reading. A simple analysis 
shows that  if the fraction, K, of the mater ia l  generated 
at the counter  electrode that  reaches the working elec-  
trode is less than 1.0, then an unstable posit ive feed-  
back condition cannot result. If K is ~O.1, then the 
current  would be ~11% high. In our case wi th  a t iny 
working electrode far removed from the counter  elec- 
trode in a solution st i rred wi th  iner t  gas, K was esti-  
mated to be much less than O.1 with a correspondingly 
lower error. The val idi ty  of this est imate was checked 
by taking additional data in a two-compar tmen t  cell  

in which the counter  electrode was separated f rom 
the working by a glass frit, both compartments  being 
continuously purged with  He. These data agreed with  
the s ingle-compar tment  data. Further ,  using the simple 
cell (3) several  regions which showed the absence of 
s t i rr ing effects (Fig. 2b) demonstrated the absence 
of significant cross-diffusion of reactants  on the mea-  
sured currents. 

After  calibration of the glass electrode against  the 
several  Pt/H2 electrodes, the run was started by stop- 
ping the H2 flOW into the cell. This hydrogen line was 
purged wi th  helium, whi le  being baked, for several  
hours. The line was then completely  disconnected f rom 
the system. The env i ronment  box was then sealed and 
filled with N2. The entire gas purification system and 
cell were  continuously purged with  pure hel ium at a 
flow rate of about 40 ml /min .  For  about one month, 
potent ial  settings which ranged f rom 0.96 to 1.5v were  
applied to the Pt  bead, wire  and gauze electrodes. 
Af ter  this t reatment ,  only the Pt  bead was potent io-  
stated at various potentials in the same range for 
about another  month. At this t ime poten t ia l -cur ren t  
density measurements  in the very  low current  density 
regions settled down and reproducible  results were  ob- 
tained. In the two month purification period the re-  
sidual amounts  of hydrogen and organic impuri t ies  
were  undoubtedly reduced to such a low value  that  
errat ic  s teady-state  measurements  were  no longer  ob- 
tained. 

Normally,  applied potentials on the work ing  elec- 
trode were  changed in such a way  that  current  re-  
versal  was avoided. This was to approximate  as closely 
as possible normal  slow changes of species at, on, or in 
the working electrode. In all cases, a given potent ial  
was applied to the working electrode long enough so 
that  a s teady-state  current  density was achieved. The 
required time was strongly dependent  on current  den-  
sity at very  low current  densities. This took a number  
of days. A current  was considered s teady-s ta te  if there  
was no monotonic t rend in its mean value  be tween 
successive time periods. Runs up and down the ent ire  
potential  span were  made. In addition, increasing and 
decreasing potentials were  applied in individual  Tafel  
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plied potentials; o, cathodic current, decreasing applied poten- 
tials; A ,  anodic current, increasing applied potentials; A ,  anodic 
current, decreasing applied potentials; V ,  anodic current, inter- 
mediate reversal of applied potentials; [ ] ,  ~i ~ O, increasing 
applied potentials; Ig, -~i ~ O, decreasing applied potentials. 

regions. Working electrode cleanliness tests (5), based 
on anodic charging curve  l inear i ty  in the Oad regions, 
showed the absence of detectable amounts of im-  
purities. The tempera ture  was 26 ~ • 2~ The oxygen 
content  of the env i ronment  box normal ly  was about 
0.05%. 

Results and  Discussion 
The applied potential  vs.  s teady-sta te  current  den-  

sity relations are shown in Fig. 1 and 2. The data in 
Fig. 1 were  taken under  rapid s t i r r ing conditions (350 

m l / m i n  flow of hel ium) so that  mass t ransport  to 
and away f rom the electrode is maximized  and the 
data largely represents  kinetic cur ren t  densities at the 
set potentials. The data in Fig. 2a were  obtained at a 
He flow of 40 ml /min ;  and Fig. 2b was obtained at 
each set potential  by subtract ing current  densities ob- 
tained at slow he l ium flow rates, i~0, f rom the cur ren t  
densities at fast he l ium flow rates, i3~0. S teady-s ta te  
currents  at the slower He flow rate  were  always 
smaller  or equal  to those found at faster  He flow. 
Therefore,  the data ( •  ~ i35o--i4o) in Fig. 2b rep-  
resents the increased current  densities due to increased 
diffusion rates at each set potential.  

Because of the very  low current  densities obtained 
in the potential  span studied, it is obvious that  net  
surface processes are re la t ive ly  slow so that  the 
method used for separat ion of surface kinetic f rom 
solution diffusion controlled currents  is accurate. In 
all cases (except  where  trace impuri t ies  are the pr i -  
mary  reactants)  the amounts of reactant  (hydrogen 
ion or water)  are present  in large quanti t ies;  there-  
fore, diffusion of these to the surface wil l  not be ra te-  
controlling. In the cases where  diffusion of ve ry  small  
amounts  of products away from the surface occurs, 
such mass t ransport  phenomena could affect the cur-  
rents measured.  However ,  even in these cases surface 
processes must  be slow and are to a large degree con- 
trolling. 

C a t h o d i c  r e a c t i o n s . - - T h e  data in Fig. 1 and 2 show 
two distinct cathodic current  regions (which were  
independent  of successively increasing or decreasing 
potential  settings) in the potent ial  range f rom 0.06 to 
0.46v. From 0.06 to 0.13v, Fig. 1 shows a Tafel  slope 
of --0.04 whereas  Fig. 2a shows a --0.035 and Fig. 2b 
a --0.03 slope. Since the da tum in Fig. 2b is the cur ren t  
density difference be tween rapidly  and slowly st irred 
solution, increased diffusion of small  amounts of 
products away from the surface is indicated and the 
increase in current  density is pr imar i ly  owing to this 
diffusion. The --0.03 slope undoubtedly  indicates that  
the diffusion of molecular  hydrogen away f rom the 
electrode surface into solution is ra te-control l ing.  
Hence the Knor r  (6, 7) mechanism is rate-control l ing.  
On the other  hand, the --0.04 slope shown in Fig. 1 
confirms and extends the previous work  of Schuldiner  
(8) who showed that when vigorously st i rr ing wi th  
an iner t  gas that  the ra te-contro l l ing  step for the hy-  
drogen formation react ion at ve ry  low active H cov- 
erages changes from combination of Had atoms to elec- 
t rochemical  desorption of Had atoms (H + + Had ~u e 

H2). In the referenced work  (8) a --0.04 slope was 
obtained on Pt  at potentials more noble than 0.02v. 
In Fig. 1, the min imum potent ial  is 0.06v. The in ter -  
mediate  slope of --0.035v shown in Fig. 2a indicates 
mixed kinetic and diffusion control. 

Fol lowing a transit ion region f rom 0.13 to 0.30v, 
Fig. 1 shows another  Tafel  slope of --0.10 which 
ranges from 0.30 to 0.46v. Figure  2b shows that  in the 
entire potent ial  range f rom 0.13 to 0.46v that  there  is 
no diffusion l imit ing component.  Hence, a reasonable 
assumption is that in this potential  range the Tafel  
slope of --0.10 indicates a slow discharge of H + to H 
as the ra te-contro l l ing  step. Evident ly  under  these 
potent ial  conditions the surface coverage with  Had 
atoms is so low that the electrochemical  desorption 
mechanism is negligible and the energetics of the 
surface is such that  slow discharge may be controlling. 
The amounts  of Had formed in this region are  so low 
that  only a few monolayers  would be involved  over  the 
several  days in which the measurements  were  taken. 

This is an interest ing finding inasmuch as Horiut i  
and Polyani  (9) concluded that  as the heat  of ad- 
sorption of H atoms increases, the rate  of the dis- 
charge step would increase. Parsons (10) and Ge- 
rischer (11), however ,  showed that af ter  a critical 
free energy of adsorption of H atoms is reached, the 
rate of the discharge step decreases. Our results at 
these very  low coverages confirm the Parsons-Ge-  
rischer t reatment .  An examinat ion  of their  rate  equa-  
tions for the case of ve ry  low surface coverage with  H 
atoms and essentially zero H2 part ial  pressure favors 
the possibility of H + discharge being ra te -cont ro l l ing  
under the given conditions. Slow surface diffusion or 
absorption or desorption steps which would be un-  
affected by solution st i rr ing rates are possible also, 
but  it is not  obvious how these steps would  give a 
--0.10 Tafel  slope. 

One of the most impor tant  aspects of the lack of 
solution st i rr ing rate dependence in the 0.13-0.46v 
range is that  this shows that  the impur i ty  level  of re-  
ducible substances in our solution must  be below a 



346 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  S C I E N C E  April 1967 

level  to give current  densities in the order  of 10-" 
amp/cm".  More wil l  be said about reactable solution 
impuri t ies  in a later section. 

In the vicini ty of 0.46v there is a shift from a net  
cathodic to a net  anodic reaction. In principle, in the 
total absence of react ive trace impuri t ies  and with 
sensitive enough potential  control, one should find 
a potential  at which zero current  flows. This, of course, 
is a v i r tua l ly  impossible exper imenta l  condition to 
reach. However ,  the min imum current  density reached 
in the transition from cathodic to anodic does give an 
indication of solution puri ty.  Another  impor tant  con- 
clusion which can be reached is that at about 0.46v, the 
electrode is v i r tua l ly  completely  free of sorbed hy-  
drogen and oxygen. In the course of our experiments ,  
after the Pt  bead electrode was potentiostat ical ly kept  
in the vicini ty of 0.46v for many  days, the open-c i r -  
cuit potential  on this electrode was very  close to 0.48v. 
This fur ther  indicates that  a Pt electrode free of both 
hydrogen and oxygen will  have a potential  close to 
0.46v. In other words, the open-circui t  rest potent ial  
of pure Pt in a helium-saturated IM H2SO4 solution 
~ 0.46v vs. NHE. The presence of dermasorbed H 
lowers that potential. Dermasorbed H can control the 
open-circuit potential down to as low as 0.18v (i). 

Anodic reactions.--On the anodic side of the curves 
shown in Fig. l, four  distinct Tafel  regions are ob- 
vious. One should fur ther  note that there are hys-  
teresis effects except  in the potential  region above 
1.Tv. The reason for this hysteresis is most l ikely due 
to the dermasorpt ion of atomic oxygen in the Pt  skin 
which takes place at potentials above 1.4v. This always 
gave lower current  densities at a set potential.  Chang-  
ing the potential  in ei ther  a more positive or negat ive 
direction before this voltage is reached does not  affect 
the current  densi ty-potent ia l  relation. However ,  once 
a 1.4v potential  is exceeded, hysteresis occurs. 

The potential  region with the 0.03 Tafel slope is 
most l ikely  owing to impuri t ies  in solution. The diffu- 
sion l imit ing overvol tage  was undoubtedly a factor. 
This would indicate that oxidizable impurities,  such as, 
hydrogen and organic species are present to an amount  
which can give a max imum current  density of about 
2 x 10 -9 a m p / c m  2. Thus, we have a ve ry  sensitive 
test for trace oxidizable impurities.  Fur thermore ,  the 
oxygen (or reducible) impur i ty  level  is at least an 
order of magni tude less. This will  be discussed fur ther  
in the next  section. 

In the Tafel region with a 0.12 slope (Fig. 1), an 
oxidation reaction is occurring which undoubtedly  
involves water .  The formation of atomic oxygen is un-  
l ikely since no hysteresis effects are noted if the po- 
tential  remains below iv. The 0.12 slope indicates a 
one electron slow discharge. Some authors (12) have  
postulated the formation of hydroxyl  radical  

Pt  + H20"-'> H + ~- Pt  --  OH -}- e [1] 

At s teady-sta te  the level  of OH adsorption is main-  
tained constant by OH possibly decomposing to water  
and O2. The data in Fig. i s trongly support  such a 
mechanism; however ,  it does not prove it. The data in 
Fig. 2a, b which show effects of diffusion control give 
essentially the same Tafel  slopes. We have no ready 
explanat ion of this. 

In the potential  range f rom 1.0 to 1.1v (Fig. 1) a 
Tafel  slope of 0.13 is found only when potentials above 
~ l . 4 v  do not precede this range. Here, again, the slope 
indicates a one electron ra te-cont ro l l ing  mechanism. 
At these potentials,  previous exper ience at this and 
other  laboratories indicates the format ion of O atoms. 
The mechanism could be 

Pt  --  OH --> Pt  --  O -{- H + ~- e [2] 

Under  s teady-sta te  the amount  of O associated wi th  
the Pt  would be constant, excess O being lost possibly 
by peroxide formation and decomposition. The atomic 
oxygen can be both dermasorbed in the skin of the Pt  

and be chemisorbed on the surface. In the 1.0-1.1v 
range represented by the 0.13 slope, dermasorpt ion 
rnost l ikely occurs to only a small extent.  This is in-  
dicated by going to a more anodic potential  of 1.4v 
and then decreasing the potential  (<>) points wi th  no 
apparent  deviation. The l imit ing current  at about 
3 x 10 6 A/cm'-' appears to be on Pt  fu l ly  covered 
with Oad with only small absorption of O atoms. The 
surface coverage with  atomic oxygen probably varies 
in the first 0.13 slope range, but full  coverage is ob- 
tained at values above 1.1v. Only when the potent ial  
rises to about 1.7v is there an indication that  molecular  
oxygen is evolved in quant i ty  and that saturat ion of 
the dermalayer  is complete. This is shown both by the 
lower current  densities on the decreasing potential  
curve and the fact that  af ter  reaching a potent ial  of 
about 0.9v, a subsequent  increase in potent ia l  to 1.36v 
will  give a current  density (0 ,  Fig. 1) somewhere  be- 
tween the two branches of the hysteresis loop. The 
degree of oxygen saturat ion of the dermalayer  thereby 
appears to be both a function of potential  and previous 
history. 

The atomic oxygen format ion region (1.0-1.7v) ap- 
pears to give off a diffusable product as is evident  
from effects of diffusion currents  obtained in Fig. 2a 
and b. Whether  this product is O2, H.,O2, or something 
else is not obvious, al though the rate of diffusion does 
general ly  follow the same potent ial  independence seen 
for the kinetic reaction in Fig. 1. This is reasonable 
since the l imiting current  densities show that the rates 
of formation of products are independent  of potential.  
This indicates that dermasorpt ion of O atoms could 
be rate-control l ing.  At potentials above ~ l .6v ,  the 
current  density is independent  of s t i rr ing rate. This 
shows that the ra te -de te rmin ing  step in the oxygen 
gas formation reaction is so slow that it gives com- 
plete kinetic control  and that  diffusion away of molec- 
ular oxygen contributes nothing to the overvoltage.  

The potential  region above 1.6v is undoubtedly  the 
molecular  oxygen generat ion region, where  the Tafel  
slope of 0.13 again indicates a ra te-cont ro l l ing  step 
involving a one-e lec t ron reaction. This slope verifies 
Hoare's work  (13). The total oxygen generat ing mech-  
anisms may be 

Pt ~- H20 ~ Pt -- OH ~ H + ~- e 
P t - - O H ~ P t - - O  + H  + ~be 
P t - - O + H e O ~ P t  + H 2 0 2  
HeO,, ~ H 2 0  -[- 1/202 ) or, 2Pt -- O -> 2Pt -~ 02 

[3] 

Under  these conditions the Pt  skin is saturated with  
dermasorbed O atoms and the current  densities are 
independent  of increasing or decreasing potentials. 

Af te r  the electrode had been taken to potentials 
above 1.7v, on decreasing the potential  to about 0.9v, 
the transient anodic current  density decreased and 
eventual ly  became cathodic. Under  these conditions 
increasing the rate of He flow decreased the net  
cathodic current  density. This can be explained by the 
fact that the anodic current  increases wi th  increased 
st i rr ing rate (Fig. 2b). Thus the increased rate  of the 
anodic reaction plus the cathodic reaction gave a lower  
net cathodic current.  This cathodic current  persisted 
for about two days and eventua l ly  re turned  to the 
anodic current  indicated in Fig. 1 at this potential .  
These decreases in anodic current  were  undoubtedly 
due to the oxygen stored pr imar i ly  in the dermalayer  
migrat ing to the surface and being reduced to water.  
The fact that increased He st irr ing appears to increase 
the rate  of anodic reaction wi th  li t t le change in the 
rate of the cathodic react ion bears this out. This 
fur ther  indicates that  dermasorbed oxygen is unstable 
at potentials below lv, and even though the small  
hysteresis effects found at potentials below lv  are 
probably due to small  traces of dermasorbed O, the 
bulk of these dermasorbed O atoms is removed.  It  is 
quite possible that at potentials below l v  that  at least 
part  of the source of dermasorbed O is from the in-  
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terior  of the meta l  and this migra t ion  is so slow that  
its r emova l  takes some time. Once the electrode is 
taken into the cathodic current  region and held there 
for some hours, the potent ial  vs. current  behavior  over 
the entire anodic current  range is essentially the 
same as shown for the potent ial  increasing values 
shown in Fig. 1. 

Impurity levels in solution.--One of the goals of 
this invest igat ion was to de termine  quant i ta t ive ly  the 
max imum levels of impuri t ies  in the solution. As men-  
t ioned above, the data in Fig. 1 indicated that  the level  
of impuri t ies  which were  reducible  in the vicini ty  of 
0.46v was below an amount  which would give a ca- 
thodic current  of --10 -9 a m p / c m  2 on the Pt  bead elec- 
trode. This was determined by the lack of s t i rr ing 
effects in this region. It also was shown that  the maxi -  
mum amount  of oxidizable impur i ty  in the vicini ty of 
0.49v gave an equiva len t  of about 2 x 10 -9 amp/cm".  
These current  densities give upper  limits of the 
amounts of both oxidizable and reducible impuri t ies  
which actual ly react  at the working electrode surface. 

Since, as wil l  be shown, the level  of reducible  im-  
pur i ty  (most l ikely O~) in solution is at least one 
order  of magni tude  less than oxidizable impuri t ies  (H2 
and organic species) reducible impuri t ies  wil l  have an 
insignificant effect on the anodic current  density due 
to oxidizable impurities.  Similar ly  at cathodic current  
densities of --10 -9 a m p / c m  2, and at anodic current  
densities of 10 - s  a m p / c m  ~, there  are negligible im-  
pur i ty  effects. To give some idea of how low these im- 
puri ty levels are, the fract ion of Pt  surface which re-  
ducible impuri t ies  (mostly O atoms) contact in one 
second must  be less than 2 x 10-6; and the fract ion of 
Pt  surface which H atoms (or equivalent  organic 
molecules) contact in 1 sec must  be not  more than 
4 x 10 -~. Of course, this tells us nothing about the 
catalytic effects of these very  small  amounts  of im-  
purities. However ,  the data which wil l  be given next  
on the effects of additions of t race amounts  of hy-  
drogen and oxygen indicate that  at these low im-  
pur i ty  levels, increased, but still ve ry  small, amounts  
of these impuri t ies  have no apparent  catalytic effects. 

Because of the ve ry  low net currents  involved,  the 
potential  region f rom 0.46 to 0.50v is most sensitive 
to added impurities.  By control l ing the potent ial  at 
0.46 volt, the effects of t race amounts of hydrogen and 
oxygen 2 on the original  net cathodic current  is seen in 
Fig. 3. Control l ing the potential  at 0.50v gave the data 
shown in Fig. 4 and 5. 

The data in Fig. 3 show that  when successive small  
amounts of ei ther hydrogen or oxygen are added to the 
hel ium gas s tream to give the part ial  pressures shown, 
a detectable change in the cathodic current  density is 

2 S e e  r e f .  (14)  f o r  t e c h n i q u e  u s e d  f o r  a d d i t i o n s  o f  s m a l l  p a r t i a l  
p r e s s u r e s  o f  h y d r o g e n  a n d  o x y g e n  t o  h e l i u m  c a r r i e r  g a s .  
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Fig. 3. Changes in net cathodic current density at 0.46v owing 
to added H`2 and 02. He flow rate of 40 ml/min: A ,  added H2, 
increasing partial pressures; ~ ,  added H`2, decreasing partial 
pressures; O, added 02, increasing partial pressures; I-I, added 
0`2, decreasing partial pressures. 
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Fig. 4. Increases in the net anudic current density at 0.50v owing 
to added H`2. He flow rote of 40 ml/min. Symbols the some as 
in Fig. 3. 
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Fig. 5. Decreases in the net onodic current density and transition 
to net cathodic current density at 0.50v owing to added 02. He 
flow rate of 40 ml/min: (D first run, increasing 02 partial 
pressure; square with dot, first run, decreasing 02 partial pres- 
sure; O second run, increasing 0`2 partial pressure; square with 
plus, second run, decreasing 02 partial pressure; �9 third run, 
decreasing O.z partial pressure. 

felt  between 10 -7 and 10 -6 atm of H2 or O~. An es- 
t imate of the diffusion current  that  would  resul t  if all  
of the hydrogen or oxygen which reached the surface 
reacted can be obtained f rom the Nerns t  diffusion 
equat ion (15) 

D u  Cs) 
i~if~ = %j = [4] 

2 • 103 6 

where  j is the calculated diffusion current  density in 
a m p / c m  2 (to put  idiff on a t rue  area basis, the rough-  
ness factor of the electrode being ,~2, j in Eq. [4] is 
divided by 2), D is the diffusion coefficient, F is the 
faraday, Co is the concentrat ion in the bulk of the solu- 
tion in equiv/1, Cs is the concentrat ion at the surface 
which is zero at steady state, and 8 is the "effective 
thickness" of the boundary layer. 

The current  due to diffusion of dissolved gases to 
the electrode may  be calculated using DH2 = 4.87 x 10 -5 
cm2/sec (16), and Do2 = 1.98 x 10 -6 cm2/sec (16) and 

0.0149 • 1000 • 2 
[Co] H2 = Pz~ 

22,400 
---- 1.33 • 10 -3 PH2 equiv  H/1 

0.023 • 1000 • 4 
[Co]o2 = Pc2 

22,400 
= 4.1 • 10 -3 Po~ equiv  O/1 [5] 



348 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  S C I E N C E  Apri l  1967 

where  0.0149 and 0.023 are the respect ive Bunsen co- 
efficients [std. cc gas in 1 cc of 1M H2SO4 (17)] of H2 
and O2, respectively,  2 and 4 are the respect ive number  
of electrons involved in H2 oxidation and 02 reduction, 
and P is the part ial  pressure of each gas in arm. Thus, 

PH2 
idiff. H2 ----- 3.25 X 10 -6 ~ a m p / c m  2 

5 

Po2 
idol. O2 = - -4 .06  >< 1 0 - - 0 ~  a m p / c m  2 [6] 

5 

Since the changes in current  densities found in Fig. 
3, 4, and 5 on addit ion of ei ther  hydrogen or oxygen 
are due to their  respect ive oxidation or reduct ion and 
assuming that  the changes in current  are pr imar i ly  
owing to the rate of diffusion of these gases to the 
surface 

i r e s  : i m e a s  - -  i d i f f  [7] 

In Eq. [7], ires is the residual  current  densi ty in the 
absence of added hydrogen or oxygen, i m e a s  is the 
measured current  density found in the presence of 
added hydrogen or oxygen and is taken f rom Fig. 3, 
4, and 5, i d i f f  a r e  the diffusion currents  calculated f rom 
Eq. [6]. The value  of b was adjusted to give the most 
constant i r e s  values. This gave a 8 for H2 of 0.035 cm 
and b for 02 of 0.02 cm. These were  reasonable values 
when compared to the data of Ibl (18) for a 5 in mod-  
era te ly  s t i rred solution (40 ml  H e / m i n ) .  Using these 
values of 5 and Eq. [6] and [7], the results shown in 
Table I were  obtained. 

The data in Table Ia show that  at 0.46v changes in 
the part ial  pressure of hydrogen give a constant ires 
which is ve ry  close to the value found in the absence 
of added hydrogen. Hence current  changes due to hy-  
drogen at this potent ial  are essential ly diffusion-con- 
trolled. Table Ib at 0.50v also shows hydrogen diffu- 
sion control. At P H 2  above 1 x 10 -4 a tm a kinetic proc-  
ess is involved  since the calculated diffusion current  
density does not account for all  of the current  density 
increase. For  some reason at part ial  pressures above 
10 -4 atm, the rate  of the oxidation reaction on the 
surface increases. This may  be owing to changes in 
the catalytic propert ies  of the surface. 

The data in Table Ic and d concerning the effects of 
oxygen additions, however ,  cannot be s imply at t r ibuted 

Table I. Effects of added H2 and 02 on ires 

(b)  a t  0 . 5 0 v  

ir~,s x IO I~ 
6 =  

imeas :~ 101~ O.03S cm,  
a m p / c m  s a m p / c m  2 

(a )  a t  0.46v 

i r e ,  • 10 9 
6 =  

imeas  X 10 ~, 0 . 0 3 5  c m ,  
P H i ,  a r m  a m p / c m  2 a m p / c r n 2  P u e ,  a r m  

5 • I0 -s --1.6 --1.6 
1 X I0 -7 --1.5 --1.5 
5 • I0 -7 ~1.4 --1.4 
1 X 10 -9 ~ 1.3 -- 1.4 
5 x 10  -o - - 0 . 7 6  - 1 . 2  
1 • 10 -5 ~0.40 --1.3 

1 x 10-v 5 4.9 
1 X I0 -o 5 4.1 
1 X I0-~ 17 7.7 
2 • 10-5 27 9.4 
I • 10-~ i00 7.0 
2 x I0-~ 250 64.0 
3.5 • I0-* 360 34.0 

ire~ at PH~ = 0 (Fig. 4) 2 to 5 

Po2, a t m  

i r e s  a t  P H ,  = 0 ( F i g .  3)  
--  1 .3  to  --  1 ,6  

P o  e, a t m  

(d)  a t  0.5Ov 

i r e s  • 101~ 
6 =  

imeas • 101~ 0.02 cm,  
a m p / c m  2 a m p / c m  2 

(c) a t  0 . 4 6 v  

ires X 10 l} 
6 =  

imeas X 109, 0.02 era,  
a m p / c m  2 a m p / c m ~  

*S • 10-~ 2 2 
*1 • 10  -s  1 2 
*1 • 10-7 - - 0 . 6  - - 0 . 4  
*1 • 10-o - - 3 . 6  - - 1 . 6  
*1 • 10-~ - - 2 0  0 

**5 • I0 -~  2 2 
* * I  x I 0  -s  2 2 
* * 1  X 10 -7 0.9 0.7 
* ' 1  • 10-o - -0 .2  1.9 
**1 • 10-9 - - 2 0  0 

i r e s  a t  Po,~ = 0 ( F i g .  5)  2 to  5 
* o [Z]m c u r v e  F i g .  5.  

** ~ [ ~ ]  c u r v e  F i g .  5.  

S • I 0  -s  - - 2 . 5  - - 2 . 5  
1 • 10  -7 - - 2 . 5  - - 2 . 5  
S • IO -v - - 4 . 0  - - 4 . 0  
1 • IO -~ - - 6 , 0  - - 5 . 8  
5 • 10  -6 --  14  --  13 
1 • 10-5 - - 2 5  - - 2 3  

ir~,~ a t  Po~ = 0 ( F i g .  3) 
- -  1 . 3  t o  - -  1 . 8  

to diffusion control. At 0.46 and at 0.50v up to l x l 0  -9 
atm added O2 essential ly shows i r e s  ~ i m e a s .  This means 
t h a t  i d i f f  is re la t ive ly  insignificant. Even though the 
scatter at 0.50v is not too satisfactory diffusion control  
is apparent ly  un impor tan t  except  at Po2 >---- 10-6 atm. 
Since changes in the measured current  density were  
ra ther  small, the oxygen reduct ion reaction is re la -  
t ively slow and even though real  effects of added ox-  
ygen are apparent  in Fig. 5, they are ve ry  small. 

At  0.46v the ires values are not constant at part ial  
pressures above 1 x 10 -7 atm added oxygen;  also, the 
residual current  densities are essentially equal  to the 
measured current  densities. Diffusion control  is evi-  
dent ly a minor  factor. It appears that  the oxygen 
which gets to the surface effectively increases the 
rate of the hydrogen format ion reaction. This appears 
to be a catalytic effect and may  be a t t r ibuted to the 
remova l  of catalytic poisons f rom the electrode sur-  
face by chemical  oxidation. These poisons may be 
trace amounts of organic species or even  hydrogen 
itself. 

Even  with the scatter found for different runs, it is 
obvious that  the oxygen additions as low as 10 - s  atm 
significantly decrease the net anodic current  density. 
This specifically shows that  the oxygen impur i ty  must  
be at least an order  of magni tude  less than 10 - s  atm 
and confirms previous estimates (1) of oxygen  im-  
pur i ty  in our closed system. Since at 10 - s  atm, 02 dif-  
fusion will  give an idiff, o2 of about --2 x 10 -12 a m p /  
cm" and the actual current  density found at O2 addi-  
tions of 10 - s  arm (Fig. 5) is be tween  1 to 2 x 10 -1~ 
a m p / c m  2, O2 is only cancell ing out a small  par t  of the 
oxidizable impur i ty  which must  be an amount  re-  
quired to give an equivalent  of about 10 -19 a m p / c m  2. 
Since the current  density a t t r ibutable  to oxidizing im- 
purit ies at 0.46v was about an order  of magni tude  
more, we can conclude f rom this and the abnormal ly  
high effect of 02 additions that  oxygen is affecting the 
net anodic current  density as a catalytic poison. 

The sensit ivity of this technique of de termining 
max imum possible anodic and cathodic impuri ty  levels 
and of the pur i ty  of the system used can be bet ter  
demonstrated if the impur i ty  effects are expressed in 
normal  analytical  terms of parts per mill ion (g H2 or 
02 per g solution).  The conversion factors are 

(2 x 0.0149/22,400 x 1.06) P H 2  = 

1.25 x l0 -6 PH2 [g H2 per g 1M H2SO4] 
and 

(32 x 0.023/22, 400 x 1.06) Po2 ---- 
3.1 x I0-5 Po2 [g 02 per  g IM H2SO4] 

where  PH2 and Po2 are the gas par t ia l  pressures in atm, 
2 and 32 are the respect ive molecular  weights  of H2 
and 02, 0.014 and 0.023 are the Bunsen coefficients of 
H2 and 02 (17), respectively,  22,400 is the number  
of cubic centimeters  of gas in one mole equivalent ,  
and 1.06 is the specific gravi ty  of 1M H2SO4. Thus the 
detection sensi t ivi ty is 10 -7 ppm for 02 and 10 -6 ppm 
for H2. Since oxidizable impuri t ies  could be par t ly  or-  
ganic species, the level  of this impur i ty  could be con- 
siderably less on a molecular  basis, but would have  to 
be more on a weight  basis. The actual  impur i ty  ]evels 
in solution are easily an order  of magni tude  less than 
the m ax im um  impur i ty  levels  determined.  

The real ly  cri t ical  impur i ty  level,  f rom an electro-  
chemical  viewpoint ,  would concern the fract ion of 
available Pt  sites covered with  impuri ty.  Here  again 
from the data shown in Fig. 1 we have  seen that  re -  
ducible impuri t ies  which get to the surface give a 
current  density which must  be less than - - I  x 10 -9 
a m p / c m  2 and oxidizable impuri t ies  a current  density 
of not  more than 2 x I0 -9 a m p / c m  2. This means  that  
less than I00 electrons are used in reducible  impur -  
ities per  cm2/sec and not more than l01~ electrons are 
donated by oxidizable impuri t ies  per  em2/sec. Since 
the total number  of Pt  atoms per cm 2 is about 1.3 x 
1015, then in 1 sec, less than one avai lable Pt  surface 
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site per mill ion can be affected by a reducing impur i ty  
reaction and less than one avai lable Pt  surface site per 
100,000 can be affected by an oxidizing impur i ty  re-  
action. 

Conclusions 
1. In the potential  range f rom 0.06 to 0.13v, under  

rapid s t i r r ing with He, the ra te-contro l l ing  step is 

P t - - H + H  + W e = H 2  

The net increased diffusion of H2 away from the sur-  
face by rapid st i rr ing can be de termined  by subtract-  
ing the current  density under  slow stirr ing f rom the 
current  density under  fast stirring. This indicated that  
the TafeLcomponent  due to increased diffusion gave a 
--0.03 slope. However ,  at slow st irr ing rates, diffusion 
and kinetic control  were  about equal. 

2. A second Tafel  region be tween  0.30 to 0.46v indi-  
cated a slow hydrogen ion discharge step. 

3. The potential  at which no net  reduct ion or oxida-  
tion react ion occurs ( transit ion point f rom net  cathodic 
to net  anodic reaction) and at which H and O adsorp- 
tion is equal  to zero is about 0.46v vs. NHE. 

4. Four  distinct Tafel  regions were  found in the 
anodic range f rom 0.46 to > 2v. These were:  a region 
in which oxidizable impuri t ies  reacted; a region at 
which wate r  was probably oxidized to give chemJ- 
sorbed OH; a region in which chemisorbed and derma-  
sorbed O was formed;  a region in which 02 was gen- 
erated. 

5. A hysteresis effect was found, once significant 
amounts of O were  dermasorbed.  This lowered the net  
reaction rates. 

6. Impur i ty  levels both in solution and on the elec-  
trode surface were  determined.  The max imum pos- 
sible level  of reducible impur i ty  was found to be 
equivalent  to an O2 concentrat ion of 10 -7 ppm and a 
m a x i m u m  oxidizable impuri ty  level  equivalent  to an 
H2 concentrat ion of 10 -6 ppm. The impur i ty  levels of 
oxidizable and reducible species on the Pt  sur face  were  
less than equiva len t  to 10 TM and 109 electrons/cm2/sec,  
respectively.  This means that  about one avai lable Pt  
surface site per mill ion per sec is affected by an im-  
pur i ty  reaction. In a 10 -12 Torr  vacuum system, N2 
arr ives at a surface at about 4 x l0 s molecules /cm2/  
sec (19). The rate  of electrode contaminat ion in our 
system is comparable.  

7. Very small additions of hydrogen or oxygen in 
the crit ical  t ransi t ion region f rom net  cathodic to net  

anodic reaction did not have catalytic effects, but  
when the par t ia l  pressure of these gases were  above 
10 -~ a tm catalytic effects were  apparent.  

8. Fur the r  exper imenta l  work  is requi red  using 
transient  measurements  in conjunct ion wi th  potent io-  
static control to de termine  the kinetic parameters  in 
each of the Tafel  regions to determine  surface and 
dermasorbed layer coverages and other  kinetic pa ram-  
eters. 

9. This study has demonstra ted that  h ighly purified 
closed systems can give precise informat ion concern- 
ing potential  regions at which net react ion rates are 
very  slow. 

Manuscript  received Oct. 21, 1966; revised manu-  
script received Dec. 15, 1966. This paper  wil l  be pre-  
sented at the Dallas Meeting, May 7-12, 1967. 

Any discussion of this paper  wil l  appear  in a Dis- 
cussion Section to be published in the December  1967 
J O U R N A L .  
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Techn ca  Notes @ 
The Transport of Hydrogen to Cylindrical Anodes 

in Stirred Electrolytes 
Elton J. Cairns 1 and Adrian M. Breitenstein 2 

General ~lec t r /c  Research & Development Center, Schenectady, New York 

Although the theory  of mass t ransport  has advanced 
a great  deal  in the last ten years, making  it feasible to 
predict  mass t ransport  rates ( l imit ing current  den-  
sities) f rom the propert ies  and geometry  of simple 
systems (1, 2), there  is still a s trong tendency for 
electrochemists  to use complicated geometries  and flow 

1 P r e s e n t  addres s :  A r g o n n e  N a t i o n a l  L a b o r a t o r y ,  A r g o n n e ,  I l l ino is .  
P r e s e n t  addres s :  M a t e r i a l s  & P r o c e s s e s  L a b o r a t o r y ,  G e n e r a l  

Electr ic  C o m p a n y ,  1 R i v e r  Road ,  S c h e n e c t a d y ,  N e w  Y o r k .  

conditions in their  experiments.  It  is, therefore,  of in-  
terest  to de termine  how wel l  the fundamenta ls  of mass 
t ransport  can be used in the correlat ion and predict ion 
of mass t ransport  rates ( l imit ing current  densities) in 
a typical s t i rred electrochemical  cell. 

Experimental 
The t ranspor t - l imi ted  electrode react ion chosen was 

the anodic oxidation of hydrogen  dissolved in aqueous 
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electrolytes. The anode was a smooth pla t inum cyl in-  
der (0.0762 cm diameter,  2.07 cm long) ;  the electro-  
lytes and tempera tures  chosen were  1N HC104 at 25~ 
1N Cs2CO~ at 24~ and 1N Cs2CO~ at 80~ The 
Cs2CO3 was prepared and purified by methods already 
described (3, 4). The hydrogen was purified by dif-  
fusion through a s i lver -pa l lad ium tube. The tes t -e lec-  
trode compar tment  of the cell was very  large com- 
pared to the distance be tween the tips of the paddle 
s t i r rer  blades and the test electrode; hence wal l  effects 
were  expected to be small. The 2-bladed paddle st irrer  
measured 3.22 cm t ip- to- t ip ,  and the center - l ine  dis- 
tance be tween the s t i rrer  shaft and the test electrode 
was 2.75 cm. 

Limit ing currents  were  measured for the anodic ox-  
idation of dissolved hydrogen using two methods which 
yielded identical  results: (a) s teady-sta te  measure-  
ment  of the l imit ing current  f rom the electrode held 
potentiostat ical ly at 0.4v vs. the revers ib le  hydrogen 
electrode in the same electrolyte  at the same t emper -  
a ture  ( rhe)  ; (b) pseudosteady-s ta te  l imit ing current  
de termined f rom a cur ren t -vo l tage  recording dur ing a 
slow, potentiostat ical ly controlled anodic sweep of 
0.2 v/sec.  The l imit ing current  was taken at the current  
plateau in the range 0.4-0.6v vs. rhe. The electrode was 
given a p re t rea tment  of a l ternate  anodic and cathodic 
potentiostatic pulses before each measurement .  

The s t i r r ing rate was measured by means of a 
s t roboscope-tachometer ,  and was constant to wi th in  
2%. The range of s t i rrer  speeds covered was 60-1000 
rpm. The e lect rolyte  was kept  saturated with  hydrogen 
by vigorous bubbling and s t i r r ing be tween  l imi t ing-  
current  determinations.  Bubbling was stopped during 
the measurements  in order to e l iminate  any st irr ing 
due to the bubbles. 

Results and  Discussion 

It  would be very  convenient  if the l imit ing current  
density could be predicted from first principles for a 
system of the present  geomet ry- t ransverse  flow across 
a smooth cylinder.  However ,  it has been shown f rom 
hydrodynamics,  both theoret ical ly  and exper imental ly ,  
that  boundary layer separat ion occurs on the down-  
s tream side of the cyl inder  (5), y ie lding a problem 
which is mathemat ica l ly  intractible. The theory of 
mass t ransport  is still very  useful, even in this difficult 
situation, for predict ing the types of funct ional  re la-  
tionships expected among the variables.  Some of the 
useful relat ionships have been reviewed by Levich  (6) 
and by Bird, Stewart ,  and Lightfoot  (1). In general,  
such relationships as 

Nu = ARe .~ Sc,~ [1] 

are expected, with m being less than unity (7). Ex ten-  
sive exper imenta l  studies of mass t ransport  to and 
f rom flat plates, spheres, and cylinders, plus theoret ical  
studies, indicate that  n should be 1/3 (1, 2, 8). 

If the dimensionless mass t ransport  pa ramete r  jD is 
introduced 

jD = N u  Re -x Sc-1/3 [2] 

then Eq. [1] takes on the s impler  form 

jD = A'  Re m-~ [3] 

The simplest  init ial  test of the above expressions for 
applicabil i ty to the present  system was to test the be- 

havior  of iL ( or Nu = iLD ) 
.~XA CNF ~)AB as a function 

speed ~ ( o r  Re D,p 
% 

of  st irr ing = ~ . If  log iL is 
x /L / 

plotted against log (s t i r rer  speed),  then the resul t  
should be a s traight  line of slope m. A typical  test plot  
for H2 in 1N Cs2CO3 at 24~ is shown in Fig. 1. The 
slope m is exact ly  1/2, similar  to results for dissolu- 
tion of soluble cylinders in water  and evaporat ion of 
water  and other  liquids f rom cylindrical  surfaces into 

J~ I 

~=l.o 
._J 

i r i i I l i t t t [  t i i i L s t i i 

L IM IT ING CURRENT DENSIT IES  
FOR Hz(PI)/IN Cst C03,24~ 
MPPD METHOD, 0.20V/SEC. 

WITHOUT BUBBL ING 

"RPM=O 

/ 
I I t I I I I I I I l l  0 i J I I ~ L i i J l 

I0  0 I 000  

STIRRER SPEED, Rp. 

Fig. 1. Limiting current densities for the anodic oxidation of 
hydrogen in I N  Cs2C03 at 24~ as a function of stirrer speed. 
The slope is 0.5 

air (8). All  other  conditions tested (1N HC104, 25~ 
and 1N Cs2CO3, 80~ also yielded m ~- 1/2. 

In order  to test fur ther  the applicabil i ty of Eq. [1] 
and [3], it is necessary to have  values for  all  of the 
propert ies and variables in the dimensionless groups 

Dvp 
Re = ~ [4] 

iLD 
Nu ---- [5] 

-~XA CNF ~)AB 

# 
Sc ---- - -  [6] 

p~AB 

The characterist ic dimension D is the diameter  of the 
cylindrical  electrode, 0.0762 cm; v is taken to be the 
l inear veloci ty of the tip of the stirrer.  The values of 
p were  determined exper imenta l ly  using a cal ibrated 
pycnometer .  Viscosities (~) were  determined wi th  an 
Ostwald viscometer.  The value of AXA ~ XA~o is the 
solubili ty of hydrogen in the electrolyte  under  the 
exper imenta l  conditions (expressed as mole f ract ion) .  
The solubil i ty of H2 in 1N HCIO4 at 24~ was de-  
termined using the value  in water  and an est imated 
sal t ing-out  constant based on values listed by Harned  
and Owen (9). For  the solubil i ty of H2 in 1N Cs2CO3 
at 25~ the value  for K2CO3 and Na2CO3 was used. 
To obtain the value  for 80~ a curve  of log CH2 VS. 1/T 
was prepared for H2 in H20, and another  for H2 in IN 
Cs2CO3 was constructed paral le l  to it, passing through 
the 25~ value. All  solubili ty values were  corrected to 
the appropriate  hydrogen par t ia l  pressure. 

The diffusion coefficient of He in H20 (10) was used 
( ~AB~ ~ 

to calculate values for \ - - - ~ /  as a funct ion of 

temperature.  These values and the ~ values for the 
electrolytes were  then used to calculate ~)AB values 
for hydrogen in the electrolytes. The propert ies  of the 
systems studied are summarized in Table I. These 
properties were  used to calculate  the values of the 
terms for Eq. [3]. 

If  Eq. [3] adequate ly  represents  the behavior  of the 
system with  respect to all propert ies  and var iables  
over  the ranges invest igated,  then all data  points 
should lie on a s traight  line of slope - -  1/2 when  log 
JD iS plotted against log Re. The plot  in Fig. 2 shows 
clearly that all of the data for the three sets of ex-  
per imenta l  conditions are adequate ly  represented  by 
a single straight line having a slope of --  1/2 and a 
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Table I. Properties of systems used in hydrogen limiting current studies 

VII 2 , ~][~-m j 
Electrolyte moles/ern~ cma/sec /~, g / c m  see p, g/cma PH2, a tm 

1N HCIOt ,  25~ 8.268 x 10 -v 4.040 x 10-~ 8.926 x 10 ̀ 3 1.0650 0.975 
1N Cs~COa, 24~  5.520 x 10 -v 3.482 x 10 ~ 1.036 x 10~5 1.1326 0.975 
IN Cs~COa, 80~ 2.816 x I0 -v 7.823 • 10-6 4.152 x 10--3 1.0945 0.5865 

iO-I 

10 -2 

! I I I I I I I ]  I I , I I I I I  I I I I I I II 

GENERALIZED RELATIONSHIP FOR LIMITING 
CURRENTS TO CYLINDRICAL ELECTROOES 

0 H z in. IN HC,eO4,Z5~ 
~ j  A H E in IN Csz C03, Z4~ 

... "<Lt.. ~ ~ ~; ;~ c,~ co~, 8o"c 

o o 

Rz .  
R'~"" 1.71 

~0  -3  I I I I I I I l l  t I I I I I 111  I, I i i i i i 

I0' I0 z 10 3 10 4 
Re 

Fig. 2. Mass transport parameter JD as a function of Reynolds 
number, for the limiting current of H2 at a cylindrical anode in a 
simple paddle-stirred electrochemical cell. 

value of A of 0.22 over the Reynolds number  range 
from 80 to about 3500. The fact that a single l ine repre-  
sents all of the data is good support for the validity 
of the relationships expressed by the chosen d imen-  
sionless groups, because iL for a given s t i r r ing speed 
varied by more than 60% from one electrolyte to an-  
other. This large variat ion was caused largely by 
differences in the hydrogen concentrat ion and diffu- 
sion coefficient and the viscosities of the electrolytes. 

The line marked JH represents the results for heat 
t ransfer  to a cyl inder as reported by McAdams (11), 
where the slope is --  1/2 and A is 0.6. Realizing that  
the s t i r rer- t ip  velocity is actually higher than the 
velocity of the fluid near  the electrode, it is easily 
shown that  a value 20% of the s t i r rer - t ip  velocity 
superimposes the present  exper imental  results on the 
Jn line. 

We can conclude that  expressions of the form 

JD = A Re -1/2 
and 

Nu = A Re 1/2 Sc 1/3 

accurately represent  the mass transfer,  i.e., l imit ing 
current ,  behavior in simple stirred vessels commonly 
used by electrochemists. Furthermore,  a single meas- 
urement  of the l imit ing current  for any system can 
be used to determine the value of A for each apparatus. 
Once the value of A is known, iL can be calculated for 
any other set of conditions by subst i tut ing the appro- 
priate values of the system properties into the above 
equations. The sensit ivi ty of the results to the re la-  
tive positions of the test electrode and the st irrer  was 
not determined.  However, it is expected that as long 
as the electrode-st irrer  distance is significantly smaller  
than the distance of the st irrer and /o r  electrode from 
the vessel walls (say a factor of 3), the results wil l  
follow the funct ional  dependence found here, bu t  with 
a different numerica l  value for the parameter  A. 
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Nomenclature 
A, A' constants in  Eq. [1] and [3] 
C concentration, moles/cm 3 
D electrode diameter,  cm 
~)AB diffusion coefficient, cm2/sec 
F Faraday's  constant, 96,487 coul /equiv  
iL l imit ing current  density, amp/cm 2 
jD mass t ransport  parameter  defined by Eq. [2], 

dimensionless 
m exponent  in Eq. [1], dimensionless 
n exponent  in Eq. [1], dimensionless 
N number  of equivalents  per mole of diffusing 

species 
Nu Nusselt number ,  defined in Eq. [5], d imension-  

less 
Re Reynolds number ,  defined in Eq. [4], d imen-  

sionless 
Sc Schmidt number ,  defined in Eq. [6], d imen-  

sionless 
T temperature,  ~ 
v velocity of fluid flowing past the electrode, cm/  

s e e  
XA mole fraction of diffusing species, dimensionless 

viscosity of electrolyte, g/cm sec 
p density of electrolyte, g /cm 3 
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Oxide Dissolution and Its Effect on the Corrosion of 

1100 Aluminum in Water at 70~ 
Shiro Mori  and J. E. Draley 

Metallurgy Division, Argonne National Laboratory, Argonne, Illinois 

The rate  of corrosion of a luminum in water  and in 
many aqueous solutions is general ly  bel ieved to be 
l imited by a film of oxide produced as corrosion prod-  
uct. If such a film is dissolving at a sufficiently great  
rate, it is c lear  that  the corrosion rate wi l l  u l t imate ly  
be de termined  by the dissolution rate. The ra te  at 
which dissolution occurs can be expected to depend on 
the concentrat ion of a luminum oxide in the water.  
Such dependences have been reported by Dillon (1) 
and Dickinson (2) for pressurized wate r  and by 
Hatcher  and Rae (3) for in- reactor  water  well  below 
the boiling point. 

In our own research on the corrosion of 1100 alu-  
minum, it has been observed that at 70~ and below, 
a heavy layer  of porous, not significantly protective,  
bayeri te  covers a th inner  layer  (4, 5). This protect ive 
layer is bel ieved to be boehmite  on the basis of our 
own (4) and other observations of ear ly  format ion 
(6-8). In laboratory exposure to refreshed disti l led 
water,  we have seen no evidence that  the protect ive 
film dissolves or that  the corrosion rate  is influenced 
by corrosion product  dissolution. In fact, contaminat ion 
of the water  wi th  corrosion product  (perhaps alkaline) 
has increased corrosion. In an effort to resolve these 
questions specimens have been exposed under  c i rcum- 
stances where  mater ia l  balances allow the deduction 
of the var ia t ion  of the corrosion product  composition 
with  time. 

Specimens of 1100 a luminum and exposure condi- 
tions were  the same (continuously refreshed, > 106 
ohm-cm H20, saturated with  oxygen) as in a previous 
invest igat ion (5). Effluent water  f rom the test chamber  
was accumulated by cont ro l led- level  evaporat ion in a 
flask to which sulfuric acid was original ly added. Per i -  
odically, this solution was careful ly  removed,  wi th  
acid rinsing, to a p la t inum dish and evaporated to 
dryness. The residue was dissolved in mol ten KHSO4; 
this was then dissolved and analyzed color imetr ical ly  
for a luminum content. Extraneous  a luminum was 
found to come from the source water  (1-2 ~,g/1), f rom 
Pyrex  glassware, and f rom the reagents  (notably the 
KHSO4). Correction was made by operat ing a b lank 
specimen chamber,  using the same wate r  supply as for 
the chamber  containing the specimen and making  the 
identical  analysis for a luminum. Somet imes  the wa te r  
flow rates were  not identical  for the two chambers,  
necessitat ing a calculated correction based on the con- 
centrat ion of a luminum in the "b lank"  water .  Al l  
glass apparatus was leached for several  weeks before 
use. 

The amount of metal corroded from a specimen was 
measured  at intervals,  using the eddy current  gauge 
developed for the purpose (9). At the same t ime 
the dried specimen was weighed, wi th  its adherent  
corrosion product. The most reproducible  drying was 
obtained overnight  at room tempera tu re  in a desic- 
cator containing anhydrous calcium sulfate (Drier i te) .  
An hour  in the constant temperature ,  constant humid-  
ity balance room ensured reproducible  readings on the 
microbalance. 

Three  quanti t ies were  thus avai lable as a function 
of time: weight  gain (G),  meta l  loss by corrosion (L), 
and the a luminum content  of the dissolved corrosion 
product  (~). Using the assumption that  the adherent  
corrosion product  (as weighed)  consisted ent i re ly  of 
boehmite  (A1OOH) and bayer i te  [AI(OH)a] ,  the a lu-  

minum contents of these substances on the specimen 
were  calculated f rom the fol lowing 

27 60 33 
b (bayer i t e )  ---- 18 G - t - - ~ - - - ~ L  

a(boehmite)  = L - -  (b q- 4) 

The five quantit ies are shown as a function of t ime 
in Fig. 1, for one specimen. The scale of the ordinate 
is sensitive; various amounts  have  been subtracted 
f rom the quantit ies in order to make  it possible to 
plot them together.  For  example,  G var ied  f rom about 
57 to something under  61 m g / d m  2. 

It is seen that  for a period the amount  of corrosion 
varied with  the logar i thm of t ime in accord wi th  pre-  
vious observations (5); unaccountably,  this specimen 
then deviated f rom this behavior.  The a luminum con- 
tent  of the dissolved corrosion product was much 
smaller  and exhibi ted a qui te  different kinet ic  be- 
havior,  as shown on an expanded scale in Fig. 2. Af ter  
the first 5 days, product  dissolved at a constant rate, 
to provide  11.9 ~g A1/dmf-day  in the wate r  (about 
0.4 ~g A1/1). 

The calculated adherent  boehmite  (A1 content)  is 
small  and closely follows the meta l -cor roded  curve in 
Fig. 1. F rom this it is judged that, predominant ly ,  the 

Fig. 1. Summary of corrosion for one specimen of 111111 aluminum 
in oxygenated water at 70~ 

70C 

600 

~ SOC 
~ 4oc 

2oQ 

i o  zo  ~o 4o 
r,ME. a~y, 

Fig. 2. Corrosion product dissolved from specimen of Fig. ! 
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corrosion process consists of the format ion of boehmite,  
which is not subsequent ly lost. The bayeri te ,  all 
formed within  the first day or two of exposure (5), 
then slowly dissolves. The "b" points in Fig. 1 show 
too much scatter to judge curve  shape. A least squares 
fit provides an average rate  of dissolution of 14 ~g 
A1/dm2-day. (Compare with analyzed A1 pickup of 
11.9). 

The results do not support  these conclusions quite  
as well  as has been suggested. The calculated value  
of "a" was negat ive for the first weighing. This is 
probably the consequence of a few per  cent of excess 
moisture in the adherent  corrosion product  as weighed. 
This difficulty cannot be avoided readi ly;  if bayer i te  
is kept  in a dry environment ,  mois ture  is continual ly 
lost past its nominal  stoichiometric composition. If 
corrections are es t imated for this factor, l i t t le change 
is made in the slopes of the "a" and "b" curves. It  
seems clear that wi th in  exper imenta l  er ror  only 
boehmite  is formed as a corrosion product  (af ter  the 
first few days), and that  only the unprotee t ive  porous 
bayer i te  dissolves. 

Similar  data are avai lable for two other  specimens. 
Only small variat ions in behavior  were  exhibi ted;  all 
data just i fy  the concluding s ta tement  above. 

These results obviously are not typical  of some situa- 
tions studied by other  investigators.  It  is impor tan t  to 
be aware  that  oxide dissolution can be impor tant  in 
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determining a luminum corrosion rate,  even  though it 
is not so under  conditions of this investigation. 

Manuscript  received Apri l  11, 1966; revised manu-  
script received Dec. 21, 1966. This work  was done 
under  the auspices of the United States Atomic Energy 
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The Corrosion of 1100 Aluminum in Water from SO ~ to95~ 
( 

J. E. Draley, Shiro Mori, and R. E. Loess 
Metallurgy Division, Argonne National Laboratory, Argonne, Illinois 

After  an initial period of a few days duration, the 
amount  of corrosion of 1100 a luminum in wate r  below 
the boiling point varies with the logar i thm of t ime 
(1-3). Reproducibi l i ty  in measured rate  constants has 
not been good. This is felt  to be due largely to var ia -  
tion in test parameters  such as the wate r  re f reshment  
rate and flow pattern,  and the number  and position of 
the specimens in the chamber.  Sensi t ivi ty to these 
things has appeared to be max imum during the init ial  
exposure period [cf. ref. (2)].  

For  purposes of considering react ion mechanisms it 
is desirable to know the dependence of corrosion be-  
havior  on tempera ture  and dissolved oxygen concen- 
tration. Because of the var iabi l i ty  of past results, i t  
has not been possible to de termine  re l iably the influ- 
ence of these parameters .  The present  exper iments  
were  therefore  run wi th  identical  flow rates and speci- 
men disposition in order  to provide comparable  data. 
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Fig. 1. Corrosion of a single specimen in He-saturated H20 at 
70~ 

Materials and general  methods were  the same as 
described previously  (2). Water  resistPvity remained 
well  above 1 megohm-cm;  it was saturated with cyl-  
inder oxygen or hel ium to provide  a choice of two 
levels of dissolved oxygen, and passed at a low rate  
(18 cc /min  for first 4 days, then 8 cc /min)  through 
the test chamber  containing 4 specimens. For  those 
instances where  the saturat ing gas was helium, the 
oxygen content  was monitored with a thal l ium column 
(small modification of Industr ia l  Ins t ruments  Analyzer  
type OA-1).  For  the 50 ~ and 70 ~ tests, the water  en- 
ter ing the cell  averaged 0.41 mg O J 1  (range: 0.31- 
0.50); enter ing the 95 ~ cell dissolved oxygen averaged 
0.60 mg/1 (range 0.43-1.00). Perhaps  3/4 of this 
amount  would be expected to be lost to the gas phase 
when the solution was heated to 95 ~ . 

Specimens were  f rom the same ext ruded rod as had 
been used previously.  They were  machined,  annealed, 
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Fig. 2. Corrosion of a single specimen in He-soturoted H20 ot 
95~ 
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Table I. Logarithmic slopes and intercepts for corrosion of 
1100 aluminum in water 

O_~-saturated H e - s a t u r a t e d  

Slope, Intercept, Slope, Intercept, 
Tcmp,  *C mg /d ine -cyc l e  m g f d m ~  mg/dm- ' - cyc le  rag/dm:~ 

50 3.24 37.04 2.80 38.91 
3.13 27.24 2.70 37.65 
3.20 36.60 2.73 38.36 
3.00 35.53 2.26 34.78 

A v g  3.14- 30.59 2.62 37.43 
70 3.60 38.00 3.72 39.40 

3.79 37.43 3.57 38.25 
3.36 38.00 3,22 38.44 
3.65 36.76 3.42 37.83 

Avg 3.60 37.55 3,48 38.48 
95 8.65 7.70 5.75 11.25 

9.30 2.80 4.62 13.32 
7.35 6.13 6.14 10.51 
6.00 6.23 6.13 9.61 

A v g  7.83 5.72 5.66 11.17 

and etched under  the same conditions as before. 
They were  removed periodical ly f rom the test, s tar t -  
ing after 4 days' exposure,  weighed to _ 10 ~g (29 
cm" area) af ter  air drying (in the constant t emper-  
a ture  and humidi ty  balance room),  and the change in 
the average metal  radius de termined  to a • 50A with 
the eddy current  gauge developed for the purpose (4). 
Gauge corrections for metal lurgical  change in the 
specimens at corrosion tempera ture  were  required only 
at 95 ~ . Total  test durat ion was typically 45 days. 

Corrosion was approximate ly  logari thmic in all  six 
tests, for the 4-45 day interval .  Data for two typical 
specimens in he l ium-sa tura ted  water  are shown in 
Fig. 1 (70 ~ and Fig. 2 (95~ Slopes and logari thmic 
intercepts (extrapola ted values at 1 day) of the meta l  
corroded curves are given, for all  specimens, in Ta-  
ble I. 

There is a consistent increase in rate constant (slope) 
wi th  increasing temperature ,  and with increased ox-  
ygen concentration. Intercepts  are much lower at 95 ~ 
than at 50 ~ or 70~ 

The specimen weight  gains increased with t ime 
sl ightly more rapidly than did the meta l  losses at 
50 ~ and 70 ~ as i l lustrated in Fig. 1. At 95 ~ however ,  
it can be calculated f rom Fig. 2 that  (old) corrosion 
product  was being lost to the water  more  rapidly than 
new product  was being formed during the in terva l  4 
to 47 days. 

There  is evidence in Table I that  precautions were  
not sufficient to provide rate  constants and intercepts 
which can be compared to obtain accurately the ef-  
fects of tempera ture  and oxygen content. It is possible, 
however ,  to make  qual i ta t ive  comparisons. At  95 ~ 
there  was an inverse relat ionship between intercept  
and rate constant. In fact, a continuous trend was 
observed in these values for specimens f rom the two 
tests (oxygenated  and low-oxygen) .  General ly,  h igher  

oxygen content resulted in lower intercepts and higher  
slopes. This is logical in view of: (a) known abili ty 
of oxygen to diminish the local pH increase observed 
at the specimen surface dur ing the init ial  stages of 
corrosion (1, 5), (b) the direct dependence of intercept  
on solution pH (1). F rom these factors, the absence 
of oxygen can al low the development  of a higher  pH 
and a thicker oxide (boehmite)  film during init ial  
stages; later, when the alkal ini ty  has dispersed, the 
thicker film might  lead to lower corrosion rate. 

At 50 ~ the presence of oxygen again genera l ly  led 
to lower  intercepts and higher  rate constants. Within  
each test there was correlat ion opposite to that  at 95~ 
higher  rate constants accompanied higher  intercepts.  
At 50 ~ (but not at 95 ~ ) a re la t ive ly  heavy  layer  of 
porous bayeri te  [Al(OH)3]  forms during the init ial  
exposure period. It is suggested that, when  this layer  
is heavier,  conditions are less favorable  beneath the 
bayeri te  at what  is bel ieved to be the ra te-cont ro l l ing  
film of boehmite (A1OOH). 

An Arrhenius  plot of rate constants does not lead to 
a par t icular ly good straight line. The approximate  
slope corresponds to the low activation energy of 4 
kcal /g-a tom.  On the basis of the best kinetic model  
we have to date been able to develop, the corrosion 
rate is determined by the propert ies and thickness of 
a cracked layer of boehmite formed by degradat ion 
of the (always thin) pr imary  product,  perhaps also 
boehmite. Variat ion of the protect iveness (related to 
porosity) of such a layer  wi th  t empera tu re  is un-  
known; if the porosity decreased with  increasing tem-  
perature,  an unusual ly low tempera ture  coefficient 
for the corrosion rate constant would be expected. 

Manuscript  received Apri l  11, 1966; revised manu-  
script received Dec. 21, 1966. This work  was done 
under  the auspices of the United States Atomic En-  
ergy Commission. 
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Oxide Film Growth over Five Years on Some Aluminum 
Sheet Alloys in Air of Varying Humidity at Room Temperature 

Hugh P. Godard 

AIurrdnium Laboratories Limited, Kingston, Ontario, Canada 

The room tempera ture  surface oxidation of a lumi-  
num in air has been extens ive ly  studied using var ious 
techniques (1-9). Vernon et al. (1O) found that  the 
oxide film growth fol lowed a logari thmic law of the 
form 

x = K1 log (at + c) [1] 

where  x is the film thickness at t ime t, and Kt, a, and 
c are constants. For  dry oxygen,  Har t  (8) fitted his 
data to an inverse  logari thmic relat ionship 

1 /x  = -  K~log (t -b to) -]- K3 [2] 

where  K2, K3, and to are constants. For  moist  oxygen, 
the growth law was said to be logari thmic dur ing the 
first 1O hr and finally inverse logarithmic.  Dignam (9) 
has shown that, if the decrease in specific ionic con- 
duction of the film is taken into account, the anodic 
overvol tage  across the film after  exposure  to dry oxy-  
gen obeys a logari thmic relat ionship with  respect  to 
time. In all  instances it  was concluded that  a max imum 
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Table I. Composition of metal used 

E l e m e n t ,  % 
A l c a n *  a l l o y  C u  F e  M g  M n  S i  C r  Z n  T i  Gra 

S . P .  0 . 0 0 2  0 . 0 0 2  0 . 0 0 1  - -  0 . 0 0 1  . . . .  
C A - I S  0 .0 1  0 . 2 7  0 . 0 0 1  - -  0 . 0 1 1  . . . .  
C A - 2 S  0 .0 1  0 . 4 7  0 . 0 0 1  - -  0 . 1 6  . . . .  
CA-3S 0 .0 1  0.38 0.001 1 .12  0 .2T -- -- -- 
C A - 2 4 S - T 4  4 . 5 2  0 . 3 4  1 . 4 4  0.63 0.25 < 0 3 0  < 0 . 1 0  0 . 0 1  
C A - 5 0 S - T 5  0 .0 2  0 . 2 6  0 . 6 6  0 . 3 0  - -  - -  0 . 02  - -  
CA-B54S-O 0.02 0.23 4.19 0.2-9 0.09 -- -- 0,02 
CA-55S-T6 0.06 0 . 2 2  1.40 -- 0.65 0.18 -- 0.I0 
CA-57S-H34 0.02 0.25 2.35 -- 0,10 0.26 -- 0.02 -- 
C A - 6 5 S - T 6  0.33 0.40 0.99 0.03 0.56 0.24 - -  - -  
C A - T 5 S - T 6  1 .55  0 . 3 0  2 . 4 6  0 .02  0 .13  0 . 1 6  5 . 6 0  0 . 0 3  
S . P .  + 0.05% F e  0 . 0 0 1  0.06 0 . 0 0 1  -- 0 . 0 0 1  . . . .  
S.P. + 0.10% Fe 0,001 0.II 0,001 -- 0.001 . . . .  
S . P .  + 0 . 0 3 %  S i  0 . 0 0 4  0 , 0 0 3  0 .0 0 1  - -  0 . 0 3 3  . . . .  
S . P .  + 0.20% S i  0 . 0 0 2  0 . 0 0 2  0,001 - -  0 . 2 4  . . . .  
S.P, + 0 . 2 %  Cu 0 . 1 9  0 . 0 0 4  0.001 -- 0 . 0 0 1  . . . .  
S.P. + 1.5% Cu 1.55 0.005 0.001 0.002 . . . .  
S . P .  + 0 . 5 %  M n  0 . 0 0 2  0 . 0 0 3  0 .0 0 1  0 . ~  0 . 0 0 2  . . . .  
S . P .  + 2 . 0 %  M n  0 . 0 0 2  0 . 0 0 3  0 . 0 0 1  2 . 2 0  0 . 0 0 2  . . . .  
S . P .  + 0 . 3 %  Z n  0 . 0 0 2  0 . 0 0 4  0 . 0 0 1  - -  0 . 0 0 2  - -  0 . 31  - -  - -  
S . P .  + 2 . 0 %  Z n  0 . 0 0 2  0 . 0 0 4  0 . 0 0 2  -- 0 . 0 0 2  -- 2 . 0 4  - -  

S.P. + 0.02% Ga 0.002 0.003 0,001 . . . . .  0,021 
S . P .  + 0.10% Ga 0.002 0,002 0.002 . . . . .  0.093 

* D e s i g n a t i o n  o f  A / c a n  A l u m i n i u m  L i m i t e d  A l l o y s .  

film thickness was reached and that  this value and the 
rate of oxidation increased as the re la t ive  humidi ty  
increased. 

In this note, we repor t  the rate constants for the 
oxidation of a luminum and some of its alloys exposed 
to air at various re la t ive  humidities,  at room temper -  
ature, for periods of five to six years. The oxidation 
rates were  de termined  f rom weight  gain data. 

The 5 x 20 cm coupons were  cut f rom sheet of ten 
commercial  alloys produced by the A luminum Com- 
pany of Canada, Limited,  Kingston Works. In addition, 
superpur i ty  (S.P.) sheet (>99.99% A1) and twe lve  
S.P. base exper imenta l  alloys containing single addi-  
tions of Fe, Si, Cu, Mn, Zn, and Ga, prepared in these 
Laboratories,  were  included. The compositions are 
given in Table  I. 

The coupons were  prepared by abrading them on 
both sides with a dry wire  brush unti l  a smooth sat in-  
like texture  was produced. Quite arbi trar i ly,  it was 
assumed that  the surface roughness factor was two, 
and this factor was used in all subsequent  calculations 
of film thickness. 

Eight  coupons of each alloy were  prepared and, af ter  
weighing on a microbalance,  were  stored on edge in 
desiccators. The re la t ive  humidi ty  in the desiccators 
was 52, 72, 85, and 100%, respectively.  The t emper -  
ature was mainta ined in the 20~176 range over  the 
five to six year  period. The coupons were  weighed at 
increasing intervals  to two years, then again at five 
to six years. 

F igure  1 is a semilogar i thmic plot of the weight  gain 
data for the CA-3S alloy at the four  re la t ive  humid-  
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Fig. 1. Semilogarlthmlc plot of weight-galn data for the CA-3S 
alloy. 

ities. Initially, the weight  gain (w) fol lowed a loga-  
r i thmic law, but  as t increased the weight  gains ex-  
ceeded the values predicted by Eq. [1]. Similar  curves 
were  obtained for the other  alloys. An a t tempt  to fit 
the results to a log-log plot was no more successful. 

Figure  2 shows a plot of 1/w vs. log t for  the CA-3S 
alloys. It is obvious that the inverse logari thmic re la -  
tionship observed by Har t  (8) is obeyed in the present  
work. The data for  all the alloys were  analyzed by 
computer.  A least squares fit was obtained be tween  
the exper imenta l  values tl, wi, and the line 

1/wl = -  K log (tl -4- To) -t- K'  [3] 

Values of K and K'  were  calculated for a range of 
the parameter  To between 0 and 10 days in increments  
of 0.5 hr  for the first 24 hr, in increments  of 1.0 hr  for 
24 to 120 hr, and in increments  of 2 hr  for 120 to 240 
hr. It was found that  in all cases the var iance  (S ~) 
was smallest  when To = 0. Values of K, K', and S 2 
for To = 0 are given in Table II. These values indicate 
that  the rate of oxidation increases wi th  increasing 
humidity.  It  is possible, in v iew of the method of 
surface preparat ion,  that  the fit of the results to an 
inverse logari thmic relat ionship is fortuitous. 

The thickness of the oxide films on the coupons 
after five years was calculated f rom the expression 

wt  gain (gg /dm 2) x 2.13 
Thickness (A) = 

film density x surface roughness factor 
[4] 

where  the atomic mass rat io  A12OJO3 = 2.13. The 
assumed film density was 3.0 g / c m  a, and the surface 
roughness factor taken as 2.0. The calculated film 
thickness (Table III)  are included to give an idea of 
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Fig. 2. Plot of 1/w vs. log t for the CA-3S alloy 
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Table II. Atmospheric oxidation of aluminum alloys at room temperature 
(Values of constants in equation 1/wi ~ - - K  log (tl ~- To) -[- K' for To = O) 

A l l o y  K • 10 -2 K '  x 10--" V a r i a n c e  x 10 -0 
% 

t e l .  h u m i d i t y  52 72 85 1O0 52 72 85 100 52 72 85 100 

S ,P .  1.097 0.544 0.454 0.360 4.250 2.215 1.899 1.393 79.6 15.9 6.89 5.51 
C A - I S  1.449 0.510 0.439 0.415 6.310 2.493 2.089 1.649 201 13.8 4.82 6.90 
C A - 2 S  0.764 0.390 0.547 0.316 3.664 2.053 2.506 1.300 17.8 2.52 7.34 1.74 
C A - 3 S  1.517 0.653 0.985 0.285 6.107 3.131 2.581 1.263 326 23.0 2.98 0.303 
C A - 2 4 S - T 4  2.074 1.449 0.758 0.504 9.520 6.283 3.237 2.056 314 60.5 24.7 6.12 
C A - 5 0 S - T 5  1 .115t  0.490 0.430 0.150 3.701 2.271 1.876 0.627 19.1 5.45 3.49 0.344 
C A - B 5 4 S - 0  0.949 0.845 0.571 0.265 4.409 3.778 2.500 1.037 38.7 8.56 4.48 1.0O 
C A - 5 5 S - T 6  7.872* 0.839 0.540 0.252 1.166 3.950 2.474 1.042 39.7 22.0 7.76 0.397 
C A - 5 7 S - H 3 4  1.040 0.711 0.445 0.353 5.403 3.429 2.183 1.387 16.3 8.94 4.23 1.63 
C A - 6 5 S - T 6  1.353 0.573 0.713 0.599 5.920 2.903 3,191 2.341 61.1 8.01 i 0 . 0  9.18 
C A - 7 5 S - T 6  1,439 0.619 0,373 0.369 6,253 3.081 1.980 1.457 157 3.18 2 ,47 2.17 
S .P .  + 0 .05% Fc  0.524 0,298 0.154 2.558 1.446 0.632 2,29 0,611 0.126 
S .P .  + 0.10% Fe  0.526 0.407 0.275 0.161 2,540 1.935 1.382 0,681 3.74 4.64 0,647 0.0849 
S.P.  + 0.03c,,} Si  0.666 0.424 0,278 0.234 3.085 2,088 1.378 0.954 6.49 5.03 0,895 0.424 
S .P .  + 0 .20% Si 0.712 0.436 0.317 0.248 3.599 2.283 1.660 1.013 18.8 2.53 0.945 0.429 
S .P .  + 0 .20% Cu 0.828 0,380 0.462 0.298 3.904 1.945 2.037 1,234 12.2 1.56 8.61 2.74 
S .P .  + 1.5% Cu  0,747 0.639 0.815 0.335 4.037 3.219 3.600 1.412 9.44 21.7 35.6 1.38 
S.P.  + 0.5% M n  0.806 0.439 0.310 0.181 3.943 2.272 1.674 0,828 17.8 6.02 1.86 0.281 
S .P .  + 2 .0% M n  0.749 0.391 0.297 0.284 3.644 2.102 1.624 1.183 22.8 2.41 1.13 1.98 
S .P .  + 0.30% Z n  0.663 0.443 0.291 0.338 2.952 2.076 1.376 1.273 4.22 1.36 1.08 1.44 
S .P .  + 2 .00% Z n  0.576 0.449 0.314 0.199 2.795 2.291 1.563 0.830 5.60 1.59 1.71 0.198 
S .P .  + 0 .02% G a  0.687 0.446 0,259 0.219 3,039 2.084 1.261 0,857 4 .80 1.95 0.298 0.256 
S .P .  + 0 .10% G a  0.690 0.425 0.285 0.209 3,054 1,993 1.321 0,850 9.08 1.31 0,882 0.382 

t Based on 6 results. * Based on 4 results, 

Table III. Calculated thickness of oxide film on aluminum alloys 
after five years 

(in angstrom units) 

R e l a t i v e  humidity 
A l c a n  a l l o y  52 % 72 % 82% 100 % 

S .P .  222 281 378 1710" 
C A - 1 S  73 94 150 2 1 6 0 t  
C A - 2 S  77 109 132 I 0 9 5 t  
C A - 3 S  65 74 105 704t  
C A - 2 4 S - T 4  41 67 112 940 t  
C A - 5 0 S - T 5  86 142 161 1620" 
C A - B 5 4 S - O  65 l 1 4 t  185t  2 0 6 0 t  
C A - 5 5 S - T 6  46 135 115# l l g O t  
C A - 5 7 S - H 3 4  36 106t  129t  1460t  
C A - 6 5 S - T 6  55 84 94# 835 t  
C A - 7 5 S - T 6  40 156t  120t  1120t  
S .P .  + 0 .05% F e  118 170 257 2170"  
S .P .  + 0 .10% F e  121 174 228 3080* 
S .P .  + 0 .03% Si  174 138 228 2 7 8 0 t  
S .P .  + 0 ,20% Si  61 93 99 1240" 
S .P .  + 0 .20% Cu  91 133 202 4 8 2 t  
S.P. + 1.5% C u  69 91 117 540 t  
S .P .  + 0 .50% M n  63 90 103 483 
S .P .  + 2 .0% M n  61 102 117 4 2 1 t  
S .P .  + 0 .30% Z n  167 194 272 1850" 
S .P .  + 2 .0% Z n  75 93 141 2 3 4 0 t  
S .P .  + 0.02% G a  191 205 261 1180" 
S .P .  + 0 .10% G a  165 209 303 2000* 

* B l a c k  s t a i n s  d o w n  s ide  o r  a l o n g  b o t t o m  edge .  
t W h i t i s h  f i lm a l o n g  b o t t o m  edge .  

the magni tude of oxide film growth at the end of five 
years. 

The coupons exposed at 100% R. H. were observed 
to have dark spotty stains, which developed between 
two and five years. These spots were originally thought 

to be caused by droplets of condensation. However, 
this would be expected to lead to abnormal ly  high 
weight gains since film growth is much more rapid 
under  water  and should give erratic results. On the 
contrary,  the 1.00% R.H. results showed the smallest 
var iat ion from the inverse logarithmic funct ion so that  
the values are believed to be correct. No dark staining 
was observed at lower humidities,  but  some coupons 
exposed at 85% R.H. and 100% R. H. had a nar row 
band of white film along the edge of the coupon that  
rested on the desiccator plates. 

Manuscript  received Dec. 12, 1966. 

Any discussion of this paper  will appear in a Dis- 
cussion Section to be published in the December 1967 
J O U R N A L .  
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Preliminary Study of the Chemical Polishing of 
a-Corundum Surfaces with Vanadium Pentoxide 

M.  M.  Faktor, D. G. Fiddyment,  and G. R. Newns 

Post Office Research Station, Dollis Hill, London, England 

Studies of the epitaxial  deposition of thin films of 
silicon on iner t  substrates such as a -corundum require  
polished, clean surfaces free from work damage. 
Corundum substrates are usual ly  obtained by accu- 
rately sawing wafers of the required crystallographic 
orientat ion from a large, single crystal. The faces of 
the wafers are mechanical ly  polished by using diamond 

powder of diminishing particle size for each successive 
stage. These processes produce a high degree of polish 
and flatness, but  they introduce work damage such as 
scratches and associated regions of s train and disorder 
in the surface. Work damage can be removed by flame- 
polishing (1, 2), immersion in hot orthophosphoric 
acid (3-5), and mol ten  salts (1, 5-7), or by reaction 
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with silicon vapor  (8, 9). At tempts  to polish corundum 
wafers  by immersion in various mol ten salts met  wi th  
l imited success, and etched surfaces were  usually ob- 
tained. Some success was achieved with  orthophos-  
phoric acid, but this process was difficult to control 
and was sensitive to the crystal lographic orientat ion 
of the corundum wafers.  Specimens heated in a vac-  
uum after orthophosphoric acid polishing evolved 
white  fumes in which phosphorus was detected mass 
spectroscopically (10). 

A pre l iminary  examinat ion of mol ten  vanad ium 
pentoxide as a polishing agent gave encouraging re-  
sults which are reported here, al though the invest iga-  
tion is still in progress because of the technological  
importance of the problem. 

The polishing mechanism appears to be independent  
of crystal lographic orientation, since wafers  of poorly 
or ientated mater ia l  (as much as 20 ~ from the basal 
plane) have been polished successfully. 

Specimens were  usual ly 1 cm square wafers  of 
s -corundum cut f rom a large single crystal  g rown by 
the Verneui l  process. The wafers  were  accurately cut, 
perpendicular  to the "c" axis and were  approximate ly  
1 mm thick. Each face was lapped and mechanical ly  
polished with  a final abrasive of 0.5~ diamond dust. 
Other specimens which were  poorly or ientated and 
with  an inferior  surface preparat ion (sometimes in the 
"as-sawn" condition) were  also used. 

Weighed specimens were  suspended ver t ica l ly  in 
molten vanad ium pentoxide by a fine p la t inum wire. 
The vanadium pentoxide was contained in a p la t inum 
crucible, and heat ing was carr ied out in a s tandard 
crucible furnace. Specimens normal ly  remained  static 
in the melt, but some specimens were  rotated. Speci-  
mens were  immersed  slowly in the mel t  and al lowed 
to cool s lowly after  remova l  f rom the crucible to avoid 
thermal  shock. The residual  solidified vanadium pent -  
oxide was removed  f rom the specimens by immers ion 
in hot concentrated hydrochloric  acid. Specimens were  
washed in distil led water  fol lowed by alcohol, and 
air dried before being reweighed and examined. 

For  obtaining of kinetic data a fresh charge of 
vanadium pentoxide was used for each exper iment .  In 
other  exper iments  an original  melt  was sometimes re-  
used, but  concentrat ion of a lumina in the mel t  was 
noted. 

P re l iminary  work  was carried out wi th  poorly ori- 
entated mater ia l  having ei ther  a 1# diamond powder  
final polish or  the original sawn surface. Opaque 
specimens with as-sawn surfaces were  rendered  t rans-  
parent  by immersion in mol ten  vanad ium pentoxide 
(see Fig. i ) .  

In a few of these pre l iminary  exper iments  a pale 
violet  film or bloom appeared on surfaces af ter  im-  

mersion in the melt. Immers ion  in concentrated hydro-  
chloric, ni tr ic  or hydrofluoric acids, aqua regia, or a 
solution of catechol in hydrazine  hydra te  indicated 
that the bloom is modera te ly  resistant  to chemical  at-  
tack. Prolonged heat ing (~24 hr) in air at 1200~ 
resul ted in the complete  disappearance of the bloom, 
but it is not clear whether  remova l  was by evaporat ion 
or by diffusion into the specimen as weight  changes 
on heat ing were  insignificant ( ~  1 x 10-4g). 

Blooming also occurred to a lesser degree in la ter  
work  with  wel l  or ienta ted and finished specimens. The 
major i ty  of specimens did not develop bloomed sur-  
faces after  chemical  polishing in vanad ium pentoxide.  
As yet  the conditions leading to bloomed surfaces and 
the composition of the bloom have not been elucidated. 

Optical and Talysurf  assessment was made on ma-  
terial  which was wel l  or ientated and highly polished 
and were  correla ted with  alumina weight  loss. F igure  
2 shows the effect on the surface as mater ia l  is pro-  

Fig. 2. Effect of progressive removal of material from corundum 
surfaces. Magnification approximately x 240. Fig. 2a. Original sur- 
face (0.5~ diamond dust polish). 

Fig. 2b. After removal of 1 .SF 

Fig. 1. Opaque specimen of corundum rendered transparent by 
immersion in molten vanadium pentoxide (15 minutes at 900~ 
Magnification x 3. Fig. 2c. After removal of 10~ 
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Fig. 2d. After removal of 52~ 
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Fig. 2e. After removal of 126~ 

gressively removed.  The ini t ial  surface is highly pol-  
ished but possesses numerous  scratches. As dissolution 
occurs the scratches widen and become more  marked.  
Scratches disappear and a substant ial ly featureless 
surface is obtained when  sufficient mater ia l  has been 
removed.  With fur ther  remova l  of mater ia l  surfaces 
become somewhat  s t r ia ted in appearance.  Pol ishing 
occurred over  the whole surface and no significant 
edge effects were  observed. 

The Talysurf  traces (Fig. 3) of surfaces obtained 
after  different periods of immers ion in vanad ium pent -  
oxide at 900~ demonstra te  a marked  smoothing of 
the surface as mater ia l  is removed.  It  should be noted 
that  since the Talysurf  ins t rument  had a diamond 
stylus 2.5~ in diameter ,  surface features  of lesser di-  
mension appear  smaller  than their  actual  size. Thus 
the depth of scratches f rom 0.5~ abrasive part icles is 
not recorded accurately by Talysurf  measurement ,  and 
the mechanical ly  polished surface is bet ter  observed 
by the more reveal ing  optical assessment. 

Rates of dissolution plotted against  t ime show an 
ini t ial ly high rate  of dissolution, decreasing as mate -  
r ial  is r emoved  and eventua l ly  level l ing  out at a fair ly 
constant vaue. Figure  4 shows a typical  dissolution 
rate curve  obtained at 800~ f rom which the depth 
of the damaged layer  can be es t imated as approxi -  
mate ly  30~. 

The rate  of dissolution increases wi th  tempera ture .  
In addition to enhancing the rate of attack, a higher  
mel t  t empera ture  also affects the final surface appear-  
ance. Thus striations appear  if  a comparable  amount  
of mater ia l  is r emoved  at a t empera tu re  100 ~ higher  
than that  producing a featureless  surface. 

Rotation of a specimen in the mel t  (at 900~ re-  
sulted in a higher  rate  of dissolution. The effect of 
rotat ion of the specimen on the final surface appear-  

2 " o 1  

'~ 0-5 

o 

(e) 

Fig. 3. To]ysurf records of corundum surfaces: (o) origlnol surfoce 
(0.5~ diomond dust polish); (b) offer removol of 1.5~; (c) after 
removal of 3.9/~; (d) after removal of 14.7~; (e) offer removol of 
33.4~. 
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Fig. 4. Rate of dissolution of n-corundum in vanadium pentoxide 
against time (800~ 

ance is clearly seen in Fig. 5. In the absence of s t i r r ing 
a polished surface is obtained usually. 

An increase in a lumina concentrat ion in the melt  
lowers the rate  of dissolution considerably and also 
affects the final appearance of a surface. With a mel t  
containing no a lumina initially,  a high ra te  of at tack 
occurs (30 ~ h -z)  whereas  in a mel t  containing orig-  
inally 1.65% by weight  of dissolved alumina only 1.5 

h -1  was removed.  
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Manuscript  received Nov. 7, 1966; revised m a n u -  
script received Jan. 10, 1967. 

Fig. 5. Effect of stirring on surface appearance. (Magnification 
x 240). Rotated at 340 rpm 10 min at 900~ (49~ removed). 
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Rapid Electronic Switching between Potentiostatic 
and Galvanostatic Control 
Theodore  B. W a r n e r  and Sigmund Schuldiner  

United States Nava~ Re~earch Labo~'atovy, Washington, D. C. 

For a number  of applications it is desirable to obtain 
galvanostatic charging curves on an electrode that  is 
kept under  potentiostatic control at all other times. 
The t ransi t ion time from one type of control to the 
other (the "switch time") should be as short as pos- 
sible, for in this t ime the electrode potential  may be 
ill-defined. Further ,  the time between the end of one 
galvanostatic pulse and the beginning  of the next  (the 
"potentiostat t ime") should be known  accurately, and 
for adsorption rate studies it is desirable that  a t ra in  
of 2 pulses be provided. Exist ing solutions to this 
problem have general ly  involved mercury-wet ted  re-  
lays that have extremely rapid break times, but  whose 
operate times of 3-5 msec make it difficult to reduce 
switch and potentiostat times much below 1 msec. The 
circuit described here operates automatically,  e l im- 
inates the need for active switching circuitry, has an 
"on" switch time of 0.2 to 1.0 #sec at the beginning  of 
the pulse, and an "off" switch t ime of from 6 to 20 
#sec. The accuracy with which potentiostat  t ime may  
be defined is l imited only by the switch times. 

Operation of the circuit, shown in Fig. 1, depends on 
the fact that the potentiostat,  when  an off-balance 
condition exists, wil l  apply up to full  output  voltage 
(with about 1 #sec rise t ime) at the counter  electrode 
unt i l  balance is again sensed. This s tep-change in  out-  

put is used to back-bias D1 which thus isolates the 
potentiostat  from the cell, prevents  it from el iminat-  
ing the off-balance condition, and keeps it dr iven to a 

~-~ "L~ ~ REFERENCE POT E NTIOSTAT CELL ELECTRODE 

+ - -  COUNTER I - - 

CONTROL 01 ELECTRODE , /poN~R6TLAL ~,." ~ / 
! 

/ ' N ~  b ~ N  ( ~ "  IN ESE'S . . . .  L 

r -  1 L- . . . . . .  - -  . . . . . .  1 2 PULSE 
i / PRESET COUNTER I I CLOCK PULSES I ~ GENERATOR 
I . . . . . . .  ~' __ __' . . . .  '..J (OPTIONAL} 

Fig. 1. Circuit diagram of combination potentiostat-galvanostat 

Fig. 2. Potentials at points ~.~.~.and L~.~of Fig. I .  Fig. 2a: 
Pulse length 142 #see, time 20 ~sec/cm, voltage 10 v/cm trace 1, 
lv/cm trace 2. Fig. 2b: Pulse length 8 ~sec, time 5 ~sec/cm for 
traces ! and 3, 0.5 p.sec/cm traces 2 and 4, voltage 10 v/cm traces 
1 and 2, 2 v/cm traces 3 and 4. Traces 2 and 4 are expanded pre- 
sentations of the first 5 ~sec of traces 1 and 3, respectively. 



360 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  SCIENCE April 1967 

limit. The desired off-balance condition is created by 
inject ing the pulse generator  output  into the poten-  
tiostat reference circuit as well  as directly into the 
ceil. (The D2 diodes inhibi t  leakage currents  between 
pulses and R s t d  gives constant  current  conditions.) The 
47K resistor paral le l ing D1 permits  enough current  to 
flow to allow the potentiostat  to regain control at the 
end of the pulse. Its size represents a compromise be-  
tween degree of isolation desired when  D1 is biased 
off, and the rate of resumpt ion  of potentiostatic con- 
trol after the pulse is removed from the reference cir-  
cuit. 

In  operation, the cell is under  potentiostatic control 
except dur ing  the t ime of a galvanostatic pulse. The 
pulse generator  may be used single shot or repeti t ively 
pulsed. If the optional apparatus wi thin  the dashed 
lines is included, the generator  will provide two pulses 
whose t ime separation may be known as precisely as 
desired depending on the counter  or clock generator 
used. t 

1 A n y  c o m b i n a t i o n  of  c o m p a t i b l e  u n i t s  m a y  be used.  , n  the  cir-  
cu i t  d e v e l o p e d  the  c o m p o n e n t s  u sed  were  a T e k t r o n i x  547 osc i l lo-  
scope w i t h  1A,  p l u g - i n ,  an  E l ee t ropu l s e  3450 D pu l se  g e n e r a t o r  w i t h  
15 nsee r i se  t ime ,  a W e n k i n g  F a s t  Rise  61 RS po t en t i o s t a t ,  a H e w -  
l e t t  P a c k a r d  5214L E l e c t r o n i c  C o u n t e r  (max .  rate  100KC) c o u n t i n g  
t h e  o u t p u t  f r o m  a T e k t r o n i x  T y p e  105 S q u a r e  W a v e  G e n e r a t o r .  T h e  
p r e s e t  c o u n t e r  g i v e s  one pu l se  a t  t he  s t a r t  of  c o u n t i n g  a n d  one  
w h e n  the  p re se t  c o u n t  is  r eached .  T h u s  pu l ses  m a y  be spaced  a 
m i n i m u m  of  10 #sec a p a r t  a n d  a m a x i m u m  of 99,999 t i m e s  the  
bas ic  clock ra te  chosen.  D e p e n d i n g  on  t he  need  fo r  f l ex ib i l i t y  and  
t i m e  r e so lu t ion ,  c o n s i d e r a b l y  s i m p l e r  t w o - p u l s e  g e n e r a t o r s  m a y  b e  
subs t i tu t ed .  D i o d e s  D1 a n d  D2 are  noncr i t ica l ;  a n y  of  a l arge  n u m -  
ber  of  d i o d e s  h a v i n g  su i tab le  p o w e r  h a n d l i n g  charac ter i s t i c s  m a y  
b e  u s e d .  

Circuit operation is shown in Fig. 2. The working 
electrode has a real  (1) area of 0.21 cm 2, cur ren t  den-  
sity was 3.1 amp/em 2. A typical galvanostatic charging 
curve appears in  trace 2 of Fig. 2a, while trace 1 shows 
the gating signal appearing at the potentiostat  output. 
In this case the potentiostat  was set at ~0.060v (NHE) 
and the 1N H2804 electrolyte was stirred with He at 
10 ml /min .  The "off" switch t ime in  such a pulse may 
be variously considered to be between 6 and 20 ~sec 
depending on" how much potentiostat  r inging can be 
tolerated. The "on" switching times are displayed in 
Fig. 2b, as well as the "off" times for the cases where 
the electrode is little polarized by the pulse. Traces 
2 and 4 show that  the working electrode is essentially 
polarized after 0.2 ~sec, but  that  the potentiostat  is not 
completely gated off unt i l  a total of 1 gsec has elapsed. 
The total "off" switching t ime is ,~10 gsec. 

The circuit as described applied negative pulses to 
the counter electrode which results in anodic working 
electrode polarization and an inver ted display of this, 
as in Fig. 2a, trace 2. Cathodic polarization wil l  result  
from using positive pulses and reversing D1 and D2. 

Manuscript  received Nov. 28, 1966. 

Any discussion of this paper  wil l  appear in a Dis- 
cussion Section to be published in the December 1967 
J O U R N A L .  
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Conllm n cadon @ 
Carbon Dioxide Determination during the Galvanostatic 

Oxidation of Adsorbed Propane Intermediates 
W. T. Grubb and M. E. Lazarus' 

General Electric Research & Development Center, Schenectady, New York 

After adsorption of an n-paraff in hydrocarbon at 
constant  potential  on a p la t inum anode in an acidic 
electrolyte, cur rent  peaks due to intermediates  have 
been observed in subsequent  oxidation by a l inear  
anodic voltage sweep (1-3). Some of these peaks are 
not removed by cathodic hydrogenation,  and it is sup- 
posed that these contain par t ia l ly  oxidized carbon 
because of their s imilari ty to cur ren t  peaks from car-  
bon monoxide (3, 4) and reduced carbon dioxide (5). 
This communicat ion presents confirmatory analyt ical  
evidence on this point which has been obtained by 
combining electrochemical exper iments  with s imul-  
taneous CO2 analysis in  the product  gas using ex-  
t remely high-area  p la t inum-b lack  electrodes. 

A Teflon-bonded p la t inum-black  electrode prepared 
by the method of Niedrach and Alford (6) was 
mounted  in the a r rangement  shown schematically in  
Fig. 1 as the working  electrode of a half-cell .  The 
counter  electrode and reference electrode were hydro-  
gen on p la t inum black electrodes, the lat ter  communi-  
cating with the working electrode through a Luggin 
capil lary not shown. The working electrode was con- 
nected to an Anatrol  Model 4100 Controller  which 
main ta ined  its potential  against  the hydrogen reference 
at a selected constant  value. Alternat ively,  the con- 
troller was used as a constant  current  source by con- 
t rol l ing potential  across a fixed resistor in series with 

Z P r e s e a t  a d d r e s s :  K n o l l s  A t o m i c  P o w e r  L a b o r a t o r y ,  G e n e r a l  
E lec t r i c  C o m p a n y ,  I d a h o  Tes t  P l a n t  Si te ,  I d a h o  Fa l l s ,  Idaho .  

the cell. Tempera ture  of the cell was main ta ined  at 
65 ~ _ 0.5~ by means of a cons tant - tempera ture  oil 
bath. 

CONNECTION TO 
POTENIOSTAT- ~ REACTANT GAS 
GALVANOSTAT 1 OR PURIFIED HELIUM 

= 11 
. , ~P_o  

ELECTROLYTE ~ l l ~ " e  ua~ 

POROUS 1 
ELECTRODE TO GAS CHROMATOGRAPH 

AND FLOWMETER 
Fig. 1. Schematic diagram of the working electrode 
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POTENTIAL-TIME AND COz-TIME 

CURVES FOR GALVANOSTATIC OXIDATION OF A "PROPANE" RESDUE 
1.25 50 

I O0 40 

~ o75 3o~ 

= 

0 50 20 
v- 

0.25 ~ ,o ff  

,o 20 30 40 50 60 ~o 
TIME (MINUTES) 

Fig. 2. Plot of C02 production rate and voltage vs.  time for 
galvanostatic oxidation at 10 ma. The dashed line is the cal- 
culated C02 production rate for 4-electron oxidation. 

Propane was adsorbed at 0.2v vs. the hydrogen ref-  
erence with  excess propane flowing through the gas 
space adjacent  to the working  electrode. When adsorp- 
tion was complete, all gaseous propane was swept 
away with  a purified he l ium purge while mainta ining 
the same potential.  The working  electrode was then 
subjected to exhaust ive cathodic hydrogenat ion with  
the hel ium purge continuing. The mater ia l  remaining 
adsorbed was then oxidized at constant current,  and 
voltage was recorded as a function of time. A vol tage 
arrest  or plateau typical  of oxidation of carbonaceous 
species was observed. At the same time, product gas 
from the cell was swept into a gas chromatograph with  
a constant, known flow rate  of purified hel ium gas and 
analyzed for carbon dioxide content. The rate  of pro-  
duction of CO2 from the anode was obtained f rom the 
product of the total gas flow rate and the vo lume f rac-  
tion of C02 present. 

F igure  2 shows the super imposed voltage vs. t ime 
and CO2 vs. t ime curves. The CO2 curve obviously co- 
incides with the voltage arrest.  Fur thermore ,  the max-  
imum rate  of CO~ product ion exceeds that  which could 
be produced by a 4-electron oxidation reaction f rom 
the total 10 ma galvanostat ic  current  employed (the 
dashed line in Fig. 2). This could only occur if the 
surface species contain carbon already par t ia l ly  ox-  
idized, and thus the hypothesis about the nature  of 
the nonhydrogenatable  species produced on adsorption 
of propane is confirmed. 

It appears that  this type of exper iment  can provide 
useful informat ion about hydrocarbon adlayers that  is 
complementary  to results obtained on microelectrodes 
by electrochemical  methods. 
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Kinetics of Tantalum Corrosion in Aqueous Electrolytes, I 

K. Lehovec and J. D'Amico 1 

Research and Development Laboratories, Sprague Electric Company, North Adams, Massachusetts 

ABSTRACT 

The spontaneous growth  of thin (6-20A) oxide films on tan ta lum immersed 
into aqueous solutions of H2SO4, NaC1, and NaOH has been invest igated by 
means of capacitance and vol tage measurements .  There  is a ra ther  rapid init ial  
oxide growth rate in NaOH unti l  a thickness of about 12A is reached. Beyond 
that  thickness and over  the ent ire  thickness range in the other electrolytes,  
the oxide thickness increases roughly  in proport ion to the logar i thm of time. 
There  is a small, but  wel l  established dependence of "oxide capacitance" on 
the pH of the electrolyte  in which it is measured and a ra ther  large, 
revers ible  t empera ture  dependence of the oxide capacitance, which indicate 
that  these thin oxide films do not behave as an ordinary dielectric. 

In a previous paper  (1) we studied the corrosion of 
tanta lum in aqueous electrolytes whi le  permi t t ing  an 
electric current  to /low between the tan ta lum and the 
electrolyte  through an external  circuit. 

The externa l  current  was moni tored  as a funct ion 
of time, and the growth in oxide thickness was fol-  
lowed by means of capacitance measurements  be tween  
the tan ta lum substrate and the electrolyte.  The results 
seemed to indicate that  for very  thin oxide films, i.e., 
oxide thickness in the range up to about 30A, (i) a 
significant electron current  flows through the oxide 
in addition to that  through the ex te rna l  circuit, and 
(ii) the flow of ions through the oxide does not fol low 
the law encountered in anodic oxidation of thicker  
oxide films, namely  

ii = A exp BF [1] 
where  

F = (• - -  V ) / d  [2] 

with V the potential  be tween a standard calomel elec- 
trode to the electrolyte  and the tanta lum; d, the oxide 

*Presen t  address: Physics  DeI~artment, Rensselaer Polytechnic  
Insti tute,  Troy,  New York. 

TO RESERVOIR 0 2  

FROM 
RESERVOIR ~ 2  

Fig. 1. Experimental arrangement 

thickness der ived f rom the capacitance be tween  the 
tan ta lum substrate and the electrolyte;  and E, elec- 
t romot ive  force of the reaction. 

In the present  paper the growth of an oxide film 
on tan ta lum immersed  in an aqueous electrolyte  was 
studied wi thout  permit t ing  an external  current  to flow. 
In a subsequent paper an at tempt  wil l  be described 
to separate exper imenta l ly  the vol tage and thickness 
dependencies of the ionic and electronic currents  
which flow through the oxide dur ing spontaneous cor-  
rosion. 

Experimental 
Origin and t rea tment  of the tan ta lum samples used 

was described in ref. (1). High-pur i ty  vacuum an-  
nealed tanta lum was etched in HF, rinsed for a few 
seconds in disti l led water,  and inserted in the aqueous 
electrolyte  in which the spontaneous corrosion was 
studied. The test cell is shown in Fig. 1 and the test 
circuit  in Fig. 2. The ne twork  on the upper  r ight  of 
Fig. 2 is not required for the present  investigation, 
but has been included for reference in a subsequent  
paper. The counter  electrode to the tan ta lum consisted 
of two sheets of black pla t inum spaced 0.5 cm apart  
f rom the tantalum. The electrolyte  was circulated at 
a rate  of 85-90 m l / m i n  be tween the cell  and a 12-liter 
constant t empera ture  bath mainta ined at 20 ~ • 0.5~ 

Sulfuric acid, sodium hydroxide,  and sodium chlo- 
r ide aqueous electrolytes were  used. The sulfuric acid 

R ~ I M ~  o OPEN CIRCUIT 
. 2R _T_ ,~ 

4R 

(~B CATHODI - ODIC 

%s~ Z- , o 
REs ..... J l ~ A KEITHLEY| 

VOLTMETER 
.... i ---. i ....... , 

i J~OOOQQ ! 

GENERAL RADIO 1605 A 

Fig. 2. Block diagram of the measuring circuit. The cell of Fig. 1 
is connected to the points marked A, B, and C. 
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electrolyte  had a pH of about unity which was mea-  
sured with  a Beckman Model H2 pH-meter .  The pH of 
the strongly basic  sodium hydroxide  electrolyte  was 
de termined  by t i t rat ion with  1N HC1. 

A saturated calomel electrode (SCE), Beckman 
Model 39970, was inserted in the electrolyte  and the 
voltage, V, SCE vs. t an ta lum was measured wi th  a 
Kei th ley  Model 610BR Electrometer .  This voltage is 
posit ive for spontaneous corrosion, but  eventual ly  be- 
comes negat ive when anodic oxide is grown by passing 
an externa l  current.  

The a-c impedance,  tan ta lum vs. pla t inum was mea-  
sured wi th  a General  Radio Model 1650A impedance 
comparator,  using a signal voltage of 8.6 mv  rms, 100 
Hz across the sample. The bridge was balanced by 
standard capacitors and resistors, indicated by CES and 
RES. The series resistance of the s tandard capacitor 
is included in RES. The t ime dependence of V and CEs 
were  recorded continuously by use of a Varian Model 
G22A Dual Channel  Recorder.  

Open-circui t  d-c voltage vs. t ime data taken wi thout  
the a-c vol tage of 8.6 mv  applied and the bridge still 
connected, or else, wi thout  the bridge connected at all 
were  identical  to those obtained with  the small  a-c 
voltage and the bridge connected. 

Derivation of oxide thickness f rom capacitance.-- 
From the equivalent  series capacitance, CES, the quan-  
ti ty 

d = S++o/CEs [3] 

was calculated using the macroscopic contact area 
S = 18.8 cm 2 be tween  tan ta lum and electrolyte,  the 
permi t t iv i ty  of free space +o, and the dielectric constant 
+ = 27.6 (2) for Ta205. The quant i ty  d wi l l  be ident i -  
fied with the "oxide thickness" in what  follows. 

The use of Eq. [3] to der ive  the oxide thickness re-  
quires justification since: (a) there may be contr i-  
bution to CES f rom double layer  capacitances at the 
tan ta lum oxide-e lec t ro ly te  and p la t inum-e lec t ro ly te  
interfaces;  (b) the " thick" film dielectric constant used 
might  not apply to our " thin"  films. (The value  + = 
27.6 has been determined at 1000 Hz (2), while  our 
measurements  were  made at 100 Hz. However ,  the 
change of ~ be tween 100 and 1000 Hz is quite  small  
and not important  for our conclusions) ; (c) the macro-  
scopic sample area, S = 18.6 cm ~, might  differ f rom 
the effective sample area due to a roughness factor 
41.  

To invest igate  the contr ibution of solution double 
layers we proceeded as follows: Equiva len t  series 
capacitance and resistance, CES and RES, respectively,  
were  measured  for the same sample at 10O and 1000 
Hz in H2SO4, NaC1, and NaOH electrolytes of va r i -  
ous concentrations. These measurements  were  per -  

CEs(f ) 

RES (f) 

(a} 

Co 

I 

0 Cp T Rp 

(b} 

Fig. 3. Measured cell parameters (a) and cell equivalent cir- 
cuit (b). 

formed during a sufficiently short t ime and under  
conditions prevent ing  significant changes of oxide 
thickness. For  each electrolyte,  values of the four 
equivalent  circuit  parameters  of Fig. 3b were  cal- 
culated from the real  and imaginary  parts of the mea-  
sured impedances CES (f) and RES (f) Of the circuit  
of Fig. 3a. Cp and Rp represent  the capacitance and 
inverse conductance of the two double layers in the 
electrolyte at the tanta lum oxide and p la t inum elec- 
trodes lumped into only one Rp-Cp combination to 
simplify the evaluation.  Co is the oxide capacitance. 
The equivalent  paral le l  resistance RT of the oxide has 
been omitted in Fig. 3b, since the t ime constant RTCo 
is of the order of seconds as concluded f rom the t ime 
constant of the d-c potent ial  t ransient  af ter  passing a 
small  external  current  through the sample. Thus, RT 
should not affect the impedance at f requencies  of 100 
Hz and larger. 

Table I gives results of several  typical sets of mea-  
surements.  Values of Co in electrolytes of the same 
type, but  different concentrations,  differ only little. 
Moreover,  at least a portion of these differences can 
be accounted for by a dependence of oxide capacitance 
on the pH of the electrolyte,  to be discussed in more 
detail  in conjunction with  Table II. Thus we consider 
the near  constancy of the values of Co of Table I as 
support ing our simplified equiva len t  circuit  Fig. 3b. It 
can be observed in Table I that  for the most conduc- 
tive electrolytes where  RES ~ 1 ohm the oxide capaci-  
tance Co differs f rom the equivalent  series capacitance 

Table I. Oxide capacitance measured at 100 and 1000 Hz as a function of the electrolyte 

Elec t ro ly t e  used  A p p r o x i m a t e  
for capaci tance  ox ide  100 Hz 1000 Hz C o m p o n e n t s  of F ig .  3b 
measurements thickness, At RBS, ohm Css,/I/ Rss, ohm CEs,/kf Co,/~f Rp, ohm Cp,/~f 

S u l f u r i c  ac id  1.1 (pH) 17.9 1.10 251.0 0.94 242.1 256.3 0.27 4286 
1.9 4.30 248.6 4.0 210.3 251.8 0.35 1089 
2.6 26.9 223.1 25.9 163.4 236.4 1.21 495 

1.0 15.4 1.00 293.1 0.82 274.3 298.3 0.23 3257 
1,6 2.15 283.8 1.87 249.2 290.2 0.34 1631 
2.4 11.5 258.8 10.5 193.6 284.2 1.36 583 

1.0" 11.7 0.81 385.1 0.65 344.4 391.0 0.20 3619 
1.8" 3.42 378.5 3.01 294.4 393.0 0.50 1082 
2.4* ii.0 357,9 I0.4 238.8 376.0 0.80 563 

13.5 (pH) 22.7 1.21 197.6 1.01 192.4 202.6 0.41 3749 
13.3 1.47 201.3 1.26 193.0 204.9 0.31 3231 
12.9 2.26 206.9 2.04 188.5 209.0 0.28 1735 
12.3 5.46 208.2 4.96 171.9 213.0 0.62 808 
12.0 10.2 206.2 9.32 161.1 217.1 1.11 590 

3.4 % (wt) 19.1 1.13 235.9 0.92 223.6 240.0 0.27 3165 
1.9 1.47 240.3 1.26 223.3 243.6 0.26 2414 
1.0 2.05 241.9 1.82 216.0 243.0 0.28 1700 

S o d i u m  h y d r o x i d e  

S o d i u m  chloride  

t A l l  t h i c k n e s s  v a l u e s  c o m p u t e d  b y  Eq. [3] u s i n g  t he  Co v a l u e s  for  the  e l ec t ro ly t e  of l o w e s t  Rms. 
* 60 ~a cathodic  current  a p p l i e d  d u r i n g  m e a s u r e m e n t  to suppress  the  ox ide  g r o w t h  w h i c h  w o u l d  occur  o t h e r w i s e  by  s p o n t a n e o u s  cor ro-  

s ion.  
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CEs measured at 100 Hz by less than 2%. In Table I 
we list data obtained with a sulfuric acid electrolyte  
using three different oxide thicknesses (on three 
different samples of tan ta lum) .  Values of ( C o - - C E s ) /  
Co with Co measured at 100 Hz and for electrolytes of 
pH --~ 1 are 2.0, 1.7, and 1.5% for the thicknesses of 
17.9, 15.4, l l .7A, respectively.  This suggests that  Eq. 
[3] remains val id  even for thicknesses below l l .7A. 

The use of "thick film" values for dielectric con- 
stant and density is justified by the fol lowing ex-  
periment:  A known anodic charge was passed through 
an oxide film. The oxide capacitance, Co, was calcu- 
lated by means of the equiva len t  circuit  of Fig. 3b, 
f rom impedance measurements  at 100 and 1000 Hz. 
The increment  in thickness der ived f rom the Co values 
before and after passing the anodic charge was 1.74A. 
This value was corrected for the open-circui t  oxide 
growth during the measurements  (0.04A) and for the 
oxide growth due to the internal  electronic current  
during passage of the anodic charge (0.09A) assumed 
to be equal  2 to the open-circui t  growth which would  
have occurred dur ing the same t ime in terva l  if no 
anodic current  would have been passed. With this cor- 
rection the increment  in oxide thickness result ing f rom 
the anodic charge and calculated from the change of 
Co becomes 1.61A compared to the 1.56A calculated 
f rom Faraday 's  law using 

~d M 
-~ ~ -- - -  3.1 • 10 -6 cm/coul  [4] 

fiat 2FpSz 

based on the molecular  weight  M -~ 442 of Ta205, the 
Faraday  constant F = 96,500 coul /g-equiva len t ,  the 
density (2) p : 7.93 g / c m  3, and the valence z : 5 for 
the tanta lum ions. This good agreement  supports the 
use of Eq. [3] to derive oxide thickness as wel l  as the 
numerica l  values used in conjunction with  Eq. [3] and 
[4]. Mutual  compensation of several  large errors in the 
constants is possible though unlikely. 

In Table II capacitance measurements  are listed for 
samples exchanged between different electrolytes. The 
data were  analyzed in terms of the equivalent  cir-  
cuit  of Fig. 3b, with the result  that the oxide capaci- 
tance Co depends somewhat  on the nature  of the elec- 
t rolyte in a general ly  revers ible  manner.  

Thicknesses measured in NaC1 of 3.44 % wt  [pH ~ 6] 
and in NaOH of pH _~ 13.5 are larger  than those in 
H2804 of pH ~ 1 by about 2, and 4A, respectively,  in 
the range of oxide thicknesses 14-23A. These differ- 
ences in "oxide thickness" with the type of the elec-  
t rolyte suggest a dependence of d on the pH. The 
change of about 4A from H2804 of pH ~ 1 to NaOH 
of pH ~ 13.5 corresponds to about 0.3 A / p H ,  i.e., a 
relat ive change of about 2%/pH.  Such a dependence 
would also account for most if not all of the changes 
of Co in Table I in the same electrolyte  with pH. 
Changes of oxide capacitance with  pH have  been re-  
ported by Vermilyea  (3). 

A fur ther  indication of an anomalous behavior  of 
oxide capacitance is the large tempera ture  dependence 
of Co. Table III gives values of the apparent  "oxide 
thickness" d der ived f rom capacitance measurements  

~" A c t u a l l y  t h e  c o r r e c t i o n  s h o u l d  be s o m e w h a t  less  s ince  a n  ex-  
t e r n a l  anod ic  c u r r e n t  has  the  t e n d e n c y  to suppres s  the  i n t e r n a l  
e l e c t r o n  cu r r en t .  

Table II!. Reversible change of oxide thickness, d, with temperature 

T e m p e r a t u r e  c h a n g e  Ad, A .~deorr0 A 

F r o m  41 to 20 ~ + 0.93 + 0.84 
F r o m  20 to 41~ - 0 . 7 2  --0.87 
F r o m  41 to 20~ ~- 0.91 + 0.87 

by Eq. [3] when  al ternat ing the electrolyte  tempera-  
ture be tween 41 ~ and 20~ The oxide film chosen for 
these measurements  was fair ly thick (about 22A) so 
that the oxide growth rates at these tempera tures  
were only 5.5 x 10 -4 and 1.6 x 10 -4 A/sec,  respec-  
tively. The "thickness changes" with tempera ture  
were  corrected for these growth rates and are listed 
under the heading ~dcorr. The resul t ing change of 
"oxide thickness" with tempera ture  is --0.04 A/~  
i.e., --0.2%/~ 

Our open-circui t  measurements  extended over the 
thickness range f rom about 5 to 20A. At  the lower  
thickness limit, the oxide growth rate became so large 
that balancing the bridge by hand was not possible. 
At the upper  limit, the growth rate  became quite slow 
so that extending the measurements  any fur ther  was 
impractical.  Fi lm thicknesses in the range discussed 
here have been de termined  from capacitance measure-  
ments previously by Vermi lyea  (4) when  studying air 
oxidation of tantalum. 

Since there is an open-circui t  potent ial  VPt-Ta of the 
order of several  tenths of a volt, an anodic charge 
CEsVPt-Ta flOWS when connecting the bridge circuit  to 
the cell. This corresponds to an increment  of oxide 
thickness, -~d ~ ~CEs~rPt.Ta, of about 0.5A. However ,  
this growth occurs before balancing the bridge. Fu r -  
ther  growth of this type does not occur during the run 
since CEs is decreased by switching off sections of the 
balancing capacitor. 

As VPt-Ta decreases dur ing the open-circui t  growth 
of the oxide, the standard capacitor is slowly dis- 
charged into the oxide capacitor, represent ing a ca- 
thodic bias current  of the magni tude --CEs. ~Vpt-Ta/0t 
(cathodic bias currents  are counted here posit ive so 
that the minus has been added since 0 V p t - T a / 0 t  < 0 ) .  

However,  this cathodic bias current  should have no 
significant effect on the growth rate if it is small  com- 
pared to the ionic growth current,  i.e., if --OVpt.Ta/Ot 
< <  II/CEs or using Faraday 's  law if - - 0 V p t - w a / 0 d  ~___ 

OV/Od ~ II[CEs Od/at] - I  ~ (~. CES)-1. In the range 
invest igated by us, the le f t -hand  side of this inequal i ty  
was two orders smaller  than the r igh t -hand  side. 

Results 
Typical data of oxide thickness, d, vs. time, for 

spontaneous corrosion in aqueous H2804 (pH ---- 1), 
NaC1 (3.4 % wt) ,  and NaOH (pH = 13.5) solu- 
tions are shown in Fig. 4. Time is counted f rom 
insertion of the sample into the electrolyte,  which 
is about 5 sec af ter  the extract ion f rom the HF-etch.  
The data are replot ted in Fig. 5 as growth rate  Od/Ot 
vs. oxide thickness, d. 

Af ter  an init ial  growth period, the oxide thickness 
increases about l inear ly  wi th  the logar i thm of time. 
This is similar to the observations by Vermi lyea  (4) 
on open air oxide growth on tanta lum also using 
capacitance measurements  to de termine  oxide thick- 
ness. Oxide growth in sulfuric acid resembles  that  in 

Table II. Change of oxide capacitance with the electrolyte 

O x i d e  Ox ide  a t  100 Hz a t  100O Hz C o m p o n e n t s  os F ig .  3b d (A) by  
g r o w n  in  m e a s u r e d  i n  C~s, ~ REs, o h m  C~s,/~f R~s, o h m  Co, #f  Rp, o h m  Cp, ]d Eq.  [3] 

H~SO~ NaC1 3.44% (wt) 235.9 1.13 223.6 0.92 240.0 0.28 3165 19.1 
p i t  --~ 1 H._,SO~ pH ~ 1 260.8 1.11 247.6 0.93 265.1 0.24 3608 17.3 

H~.SO~ NaOH p H  ~ 13.5 197.6 1.21 102.4 1.01 202.6 0.41 3749 22.7 
PH ~ 1 H~SO~ p H  ~ 1 227.9 1.08 220.8 0.91 232.6 0.29 4275 19.7 

NaOH pH -- 13.5 205.8 l.Ol 200.4 0.82 210.5 0.35 4091 21.8 

N a O H  NaOH p H  ~ 13.5 251.8 1.02 241.6 0.80 259.9 0.40 3381 17.7 
PH ~ 13.5 H~SO, pPI ~ 1 315.7 1.06 299.1 0.85 325.9 0.33 3570 14.1 
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Fig. 4. Oxide thickness vs. time during spontaneous corrosion 
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Fig. 6. Voltage, SCE vs. tantalum, vs. oxide thickness during 
spontaneous corrosion. 
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Fig. 5. Growth rate vs. oxide thickness during spontaneous 
corrosion. 

sodium chloride electrolytes except  that  the growth 
rate is somewhat  faster  in the sodium chloride solu- 
tion. 

The growth behavior  in the sodium hydroxide  solu- 
tion is quite different: Af ter  an init ial  growth at the 
rapid rate  of ().4 A/sec  (see Fig. 5) up to a thickness of 
about 12A, there  is a ra ther  abrupt  drop of growth rate 
by about an order of magni tude  be tween 12 and 13A, 
fol lowed by a decreasing growth rate  similar  to that  
exper ienced in H2SO~ and NaC1 solutions. The lateral  
displacement  of the three curves of Fig. 5 may be in 
part  due to the dependence of "oxide thickness" on the 
electrolyte  in which the measurements  were  taken 
(see Table II). 

Figure  6 shows the voltage (SCE vs. tanta lum) in 
the three electrolytes as a function of thickness during 
open-ci rcui t  corrosion for the same runs used in the 

previous figures. In H2SO~ and NaC1 electrolytes the 
vol tage decreases in a monotonous fashion wi th  time. 
In the NaOH-elec t ro ly te  the vol tage passes through 
a m ax im um  at the thickness at which the transi t ion 
f rom the init ial  constant growth rate to a growth  be- 
havior  similar  to that  in H2SO~ and NaC1 occurs. 

The occurrence of a voltage m ax im um  during spon- 
taneous corrosion in the NaOH electrolyte  is an ex-  
per imenta l  fact which is unre la ted  to our thickness 
determinat ion for capacitance measurements  and the 
assumptions thereby made. 

Discussion 
An inspection of the curves V ( t )  and Od/at vs. d for 

spontaneous corrosion (Fig. 5 and 6) shows that  all 
electrolytes invest igated by us behave  similarly,  ex-  
cept for the rapid init ial  oxide growth rate in NaOH, 
which ceases fair ly abrupt ly  when a thickness of 12A 
(as measured in NaOH) is reached. The near ly  con- 
stant growth rate  of about 0.4 A/sec  corresponds to an 
ionic current  of 65 #a/cm 2 by means of Faraday 's  law. 

The initial growth behavior  in the NaOH-elec t ro-  
lyte suggests the mechanism discussed by Mueller  (5), 
i.e., electrolyte  t ransport  through pores be tween the 
growing anodic film and that at about 12A the t ransi-  
tion occurs to a full  coverage of the tan ta lum by oxide. 
The occurrence of this g rowth  mechanism might  be 
related to the small  but finite solubili ty of Ta205 in 
NaOH. 

With the except ion of the init ial  growth in the NaOH 
electrolyte,  the t ime dependence of oxide thickness is 
roughly in proport ion to the logar i thm of t ime with  a 
proport ional i ty  constant Od/O In t of the order of 1 to 
3A. 

Observations which shed some doubt on the exist-  
ence of a wel l -def ined oxide film acting as a dielectric 
of width  d are as follows: (i) the dependence of d 
on the electrolyte in which it is measured (Table I I ) ;  
and (ii) the revers ib le  change of d by about 0.04 
A/degree  or 0.2% per degree wi th  tempera ture  (Table 
III) .  These phenomena may arise by a port ion of the 
oxide being so conducting that  it contributes to the 
equivalent  series resistance ra ther  than to the equiv-  
alent series capacitance (6, 7). A conducting port ion of 
the oxide may arise from a space charge of electrons 
in the oxide adjacent  to the tan ta lum metal  (8-10), or, 
more likely, by a space charge of protons in the oxide 
adjacent  to the electrolyte  (3). In the la t te r  case, an 
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increase in the conducting portion of the oxide with 
H + concentrat ion in the electrolyte (i.e., decreasing 
pH) may be expected, in quali tat ive agreement  with 
the decrease of "d" with pH of the electrolyte in 
which capacitance is measured (Table II) .  The space 
charges of electrons or protons in the oxide need not 
necessarily be of such magni tude  as to modify signifi- 
cantly the d-c field s trength in the oxide. 

While the effects described are quite pronounced, 
the resul t ing thickness changes of at most 2A are, 
nevertheless, very small  compared to the total thick- 
ness d. It might be hoped, therefore, that identification 
of d with the total oxide thickness is a justified ap- 
proximation,  and in particular,  that the ionic currents  
determined from Od/dt by Faraday 's  law are not 
affected significantly. 

The dr iving "force" of the corrosion process is the 
free energy change of the reaction between tan ta lum 
and water to form tan ta lum oxide. The reaction pro- 
ceeds by migrat ion of positive t an ta lum ions and /or  
oxygen ion vacancies from the tan ta lum toward the 
electrolyte, or possibly by migrat ion of negative oxy- 
gen ions in the opposite direction. This charge migra-  
tion tends to charge the tan ta lum negatively. In  the 
absence of any additional charge flow for charge com- 
pensation, a potential  equal to the emf of the reac- 
tion would rise across the oxide, the field in the oxide 
would vanish according to Eq. [2], and the ionic charge 
transport  causing oxide growth would cease. Cont inu-  
ing oxide growth thus requires some mechanisms for 
charge neutral ization,  usual ly  in the form of flow of 
electrons or holes. The potential  across the oxide es- 
tablishes itself at a level providing a balance of elec- 
tronic and ionic flow at the thickness in question. 
Thus, a theoretical analysis of growth rate would seem 
to require assumptions on both electronic and ionic 
charge transports. In a subsequent  paper  we shall dis- 
cuss methods by which we at tempted to obtain ex- 
per imenta l  informat ion on the voltage and thickness 
dependences of electronic and ionic charge transports. 
These values will then be compared to theoretical 
concepts of protective oxide film growth such as the 
Mott-Cabrera  (11) mechanism and others. 

Conclusions 
1. Spontaneous corrosion of t an ta lum in  aqueous 

electrolytes of H2804, NaC1, and NaOH is quali tat ively 
similar, except for an ini t ial  rapid t ime- independent  
corrosion in NaOH which ceases abrupt ly  at about 
12A thickness. 

2. The oxide capacitance increases in the sequence 
H2SO4-NaC1-NaOH for a given sample when changing 
the electrolyte. This sheds some doubt on models t reat -  
ing thin oxide films as a perfect dielectric with a 
dielectric constant  independent  of the ambient  elec- 
trolyte. Furthermore,  there are abnormal ly  large re- 
versible changes of oxide capacitance with tempera-  
ture, which indicate that the oxide does not behave as 
a perfect dielectric. However, since these changes in 
oxide capacitance are only a small  fraction of the ca- 
pacitance, the analysis of the measurements  based on 
an "oxide thickness" as determined from capacitance 
appears to be a valid first order approximation. 

Manuscript  received Sept. 20, 1966; revised manu-  
script received Nov. 7, 1966. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1967 
JOURNAL. 
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Structure and Luminescence of the Phosphate-Vanadates 
of Yttrium, Gadolinium, Lutetium, and Lanthanum 

Michael A. Aia 
General Telephone & Electronics Laboratories Incorporated, Bayside, New York 

ABSTRACT 

Phosphate-vanadates of Y, Gd, Lu, and La, formed from powders at 1000~ 
were solid solutions having the structure of either xenotime or monazite. Com- 
positions containing 25-50 mole % GdVO4, YVO4, or LuVO4 exhibited in- 
tense blue photoluminescence arising from absorption and fluorescence within 
the vanadate groups. The fluorescence of phosphate-vanadates activated by 
europium was also investigated and is compared to the fluorescence of the 
corresponding vanadates. 

Reviews of the l i terature on the structures of the 
rare earth phosphates (1, 2) and vanadates (1, 3) have 
been published recently. In  general, these compounds 
have either the xenotime (tetragonal)  or the monazite 
(monoclinic) s t ructure  at ord inary  pressures. A hex-  
agonal form of LaPO4 is also known (4). Scheelite 
structures are found in the rare earth vanadates  and 
arsenates at high pressures (3). The cell constants for 
the phosphates, vanadates,  and arsenates having the 
xenotime structure have been precisely determined (1). 

Rare ear th-act ivated luminescence in  the phosphates 
(5, 6) and vanadates of Y, Gd, Lu, and La (7-14) has 
been actively studied, and YVO4: Eu is used as the red-  
emit t ing component  in cathode-ray tubes for color 
television (9, 14). Weak blue fluorescence is emitted 
by the unact ivated vanadates  of Y, Gd, and Lu at room 
temperature;  at --196~ the fluorescence is much more 
intense (13). In  the present  work the crystal lography 
and luminescence of solid solutions of unact ivated rare 
earth phosphates and vanadates  are examined. It  is 
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shown that  the blue emission arising from the vana-  
date groups is great ly enhanced when the vanadate  
concentrat ion is di luted by adding a large amount  (e.g. 
75 mole %) of phosphate and firing to produce a solid 
solution of the vanadate  in the phosphate. 

J. Electrochem. Soc.: SOLID STATE SCIENCE April  1967 

Table I. Structure and lattice parameters for the compounds 
prepared 

Experimental Procedures 
Preparation of samples.--Stoichiometric mixtures  of 

(NHO2HPO4, NH~VOs, and the appropr ia te  rare  ear th  
tr ioxide were  heated in covered silica crucibles; for 
samples not containing phosphate a 40% excess of 
NH4VO~ was added to insure complete  reaction of the 
trioxide. 

Because the phosphates contained large amounts of 
unreacted rare  earth oxide when prepared  f rom solid 
(NHO ~HPO4, they were  precipi tated at 90~ by slowly 
adding an excess of 0.4M (NHO2HPO4 solution to a 
0.4M solution of the rare  ear th  nitrate.  Af ter  washing 
and oven drying, the phosphates were  ground, sieved, 
and then fired like the other  compositions. The pow-  
ders were  heated  for 18 hr  at 450~ ground, and 
reheated for 4 hr at 1000~ both times start ing f rom 
a cold furnace. After  gr inding and sieving 150 mesh 
the powders were  suspended in hot 10% NaOH (to 
remove  unreacted  V2Oa), washed with water ,  and oven 
dried at 120~ Al though the pur i ty  of the rare ear th  
oxides was al leged by the manufac ture r  to be 99.9% 
or better,  the Gd20~ contained sufficient Eu 8+ to pro-  
duce intense red luminescence in the samples high in 
GdVO~; the Lu20~ contained sufficient amounts of Tb, 
Eu, and Tm to produce the luminescence characteris t ic  
of those e lements  (13). Microscopic examinat ion  of the 
finished powders showed that  the phosphates were  
micro-crys ta l l ine  (particles <1~), while  the vana-  
dates were  wel l  crystal l ized (5-50~,); the phosphate-  
vanadates  were  in termedia te  (2-5~). More crystal l ine 
phosphates have been prepared  by using Pb2P207 as a 
flux (2) or by hydro thermal  t rea tment  wi th  aqueous 
phosphoric acid (15, 16a). 

X-ray diffraction analysis.--A cal ibrated Phi l ips-  
Norelco diffractometer  was used with  Ni filtered CuKa 
radiation. The scanning ra te  was one degree 20 per 
minute. The d-spacings of the powder  pat terns  were  
indexed wi th  the help of a computer  af ter  s tar t ing 
f rom the indexing given for YPO~ (xenot ime)  and 
LaPO~ (monazite)  in the ASTM Powder  Data Fi le  
(16). The cell parameters  were  then calculated by the 
method of least squares. 

Luminescence measurements.--Excitation and fluo- 
rescence spectra were  obtained on a dual -gra t ing  
Aminco-Bowman  spectrophotofluorometer  wi th  a 
xenon lamp as source and ei ther a 1P28 or RCA 6217 
photomult ip l ier  as detector,  depending on the wave-  
length region studied. The intensi ty of the blue lumi-  
nescence of the compounds was measured  re la t ive  to 
that of CaWO~ (Sylvania  type No. 2402) and CaWO4: 
Pb (NBS 1026) using a 1P28 photomul t ip l ie r  and 
Corning CS5-61 blue filter. A CS2-63 red filter was 
used with  a 6217 photomul t ip l ier  to measure  red 
brightness of samples act ivated by europium. Photo-  
luminescence was excited by a G4T4 germicidal  lamp 
with principal  emission at 253.7 nm after  filtering by 
a Corning 7-54 v is ib le- l ight -absorbing  filter. Cathodo- 
luminescence was measured in a demountable  cathode- 
ray tube after  sett l ing the powders uni formly  at 5 
mg/cm"  onto Corning EC (elect r ical ly-conduct ing)  
glass and baking at 450~ the phosphors were  exci ted 
using a beam current  densi ty of 0.15 #a /cm 2 and an 
accelerat ing potent ia l  of 15 kv. 

Results and Discussion 
Unit -ce l l  dimensions calculated f rom x - r ay  powder  

data are summarized in Table I. Values for YPO4, 
YVO4, GdVO4, LuPO4, and LuVOr are close to those 
of Schwarz  (1). All  the compounds of Y, Gd, and Lu 
had the te t ragonal  s t ructure  except  GdPO4 which was 
monoclinic, l ike the compounds of La. The addit ion of 

Composition S t r u c t u r e  a , ,  A co, A 

YPO4 X e n o t i m e  
YPo.TsVo.~O~ X e n o t i m e  

( + 10% Y P O 0  
YPo.~oVo.hoO~ X e n o t i r n e  
YPo.~Vu.750~ X e n o t i m e  
YVO~ X e n o t i m e  

G d P O i  M o n a z i t e  
GdPo.7~Vu...,~O ~ X e n o t i m e  

( + 10% GdPO~} 
GdPo.;,)Vv.~O~ X e n o t i m e  
GdPo.25Vo.7504 X e n o t i m e  
GdVO~ X e n o t i m e  

LuPO~ X e n o t i r n e  
LuPonsVo,'.';O~ X e n o t i m e  

( + 10% L u P O 0  
LuP,.~oVo.~Ot X e n o t i m e  
LuPo.25Vo.750 r X e n o t i m e  
L u V O  = X e n o t i m e  

6.882 6.030 
6.934 6.095 

6.980 6.141 
7.061 6.230 
7.121 6.292 

7.046 6.189 

7.102 6.236 
7.165 6.283 
7.218 6.353 

6.816 5.967 
6.873 6.046 

6.935 6.131 
6.987 6.186 
7.038 6.249 

ao bo c o  fl ~ 

GdPO~ M o n a z i t e  6.66 6.85 6.29 104.6 

L a P O t  M o n a z i t e  6.84 7.07 6.46 104.0 
LaPu.7~Vu.c;O~ M o n a z i t e  6.89 7.14 6.57 103.8 
LaPo.~,Vu.aJOi M o n a z i t e  6.95 7.16 6.62 103.6 
LaPo.:,~Vo.~O L M o n a z i t e  6.99 7.24 6.67 103.3 
LaVOi M o n a z i t e  7.07 7.26 6.69 102.6 

25 mole % vanadate  to GdPO4 caused the occurrence 
of xenot ime as the major  structure.  The format ion of 
phosphate-vanadate  solid solutions is indicated by the 
l inear  increase in the cell  dimensions wi th  increasing 
mole per cent vanadate,  as shown on Fig. i and 2. 
Vegard's  law is fol lowed except  in the case of the co 
parameter  of the La compounds where  there  is a de- 
par ture  from linearity.  In general,  there was con- 
siderable line broadening, indicat ing lattice strain, in 
the diffraction pat terns  of the samples containing 25 
mole % vanadate;  GdP0.75Vo.2504, YP0.7~Vo.2504, and 
LuPo.7~Vo.250r contained about 10% GdPO4, YPO4, and 
LuPO4, respectively.  

Inspection under  253.7 nm light at room tempera ture  
showed that  several  of the phosphate-vanadates  
emit ted  bright blue fluorescence, similar in color and 
intensi ty to that  of CaWO4 phosphor. Under  365 nm 
light the samples were  only feebly luminescent.  F luo-  
rescence and exci tat ion spectra were  obtained at room 
temperature.  Typical  uncorrected exci tat ion and fluo- 
rescence curves are shown in Fig. 3 where  
GdP0.ThV0.250~ is compared to both CaWO4 and 
CaWO4: Pb (NBS 1026). The apparent  excitat ion peaks 
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Fig. 1. Unit-cell parameters for the phosphate-vanadates with 
xenotime structure. Solid lines are ao parameters; dashed lines are 
co parameters. 
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Fig. 2. Unit-cell parameters for the phosphate-vanadates of 
lanthanum (monazite structure). 

EXC I TATIO N 
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Table II. Summary of luminescence properties of unactivated 
phosphate-vanadates at room temperature 

lOC 
(Xf = 450nm) 

9(3 
. . . .  CaWO 4 :Pb 

8C Gd 1~7sV.zsO 4 
. . . . .  COW04 

7C | 

1 
i-- FLUORESCENCE 
m ( kx = 2 7 0 n m )  

z 
,,, 4C t 

' ~  Eu 3+ IMPURITY 

200 400 600 

WAVELENGTH (nonometers) 

Fig. 3. Comparison of the photoluminescence of GdPo75Vo.2504 
and standard blue phosphors. 

of Fig. 3 are exaggera ted  in sharpness. In agreement  
with Kroeger  (17), the exci tat ion peak of CaWO~:Pb 
lies at a longer wave leng th  (285 nm) than that  of 
CaWO4 (270 nm).  The exci tat ion peak of GdP0.75V0.2~O4 
lies near  310 nm, as found for the vanadates  of Y, Gd, 
Lu, and La (13). When exci ted at the opt imum wave -  
length for CaWO4, the fluorescence of GdP0.75Vo.2504 
is much more  intense than that  of CaWO~, but  less 
than that  of NBS 1026. However ,  when  exci ted at 
wavelengths  f rom 290 to 320 nm, the GdP0.~V0.2504 
is much br ighter  than NBS 1026, as can be seen f rom 
the exci tat ion spectra. 

A summary  of the fluorescence and exci tat ion peaks 
of the phosphate-vanadates  is given in Table II. The 
re la t ive  intensities of blue fluorescence were  mea-  
sured under  exci tat ion by 253.7 nm light and by cath-  
ode rays and compared to CaWO4. These results are 
also given in Table II. The exci tat ion peak shifts to 
longer wavelengths  as vanadate  is combined wi th  
phosphate;  the biggest changes occur wi th  the first 25 
mole % vanadate.  Changes in the fluorescence peaks 
of Table  II are due most ly to the effects of ra re  ear th  
impuri t ies  whose luminescence is at longer  w a v e -  
lengths and becomes more  pronounced as the vanadate  
concentrat ion is increased. 

In agreement  wi th  visual  inspection, the br ightest  
host luminescence was obtained at 25-50 mole  % 
vanadate.  Al though the blue brightnesses in Table II 

I n t e n s i t y  of  
b l u e  f luorescence ,  

% vs.  CaWO~ 

F luo re s -  Ca thode  
cence E x c i t a t i o n  253.7 n m  ray,  15 kv ,  

C o m p o s i t i o n  peak ,  n m  peak ,  n m  e x c i t a t i o n  e x c i t a t i o n  

YPO~ 440 270 7 ND* 
YPo.~aVo.-~O~ 445 310 108 68 
YPo.soVo.~oO~ 445 312 106 51 
YPo.~Vo.7~O~ 445 320 70 44 
YVO~ 442 328 46 24 

GdP04 -- 270 1 ND 

GdPo,75Vo,.-~O~ 443 312 131 72 
GdPo.~oVo.5oO4 443 318 92 47 
GdPo.~Vo.7~O~ 443 324 55 31 
GdVO~ 442 328 23 21 

LuPO4 440 276 5 ND 
LuPo.~Vv.~O~ 445 296 73 29 
LuPo.~Vo.~O~ 455 308 51 18 
LuPo.~sVon~O~ 455 312 33 11 
LuVO~ 455 323 19 12 

L a P O t  - -  270 3 ND 
LaPon~Vo.~O~ -- -- 6 4 
LaPo.~oVo.~oO~ - -  316 3 3 
LaPo.25Vo.7~O~ -- -- 2 1 
LaVO~ -- 328 2 ND 

* N D ,  no t  de tec tab le .  

peak at 25% vanadate,  the over -a l l  brightnesses at 
50% vanadate  (not shown) were  comparable,  due to 
a greater  component  of emission at longer  wave-  
lengths as vanadate  content  increased. This was espe- 
cially t rue for the samples containing Gd since the 
start ing Gd203 contained an appreciable amount  of 
Eu 3+ which activates GdVO4 and the phospha te -vana-  
dates very  efficiently (e.g. ,  see Fig. 3). Despite Eu 3+ 
contaminat ion the br ightest  blue phosphor was 
GdP0.75V0.2504 whose host emission was 31% greater  
than that of CaWO~ under  short  uv light. Under  cath-  
ode- ray  excitat ion the re la t ive  intensities vs.  CaWO~ 
were  lower, which may be par t ly  due to the poor crys-  
ta l l ini ty  of the samples containing phosphate. 

Act ivat ion of YP0.sV0.504 with  rare  ear th  ions was 
investigated. When 0.01 and 0.05 mole Eu, Tb, Ho, or 
Er were  added the blue host emission (due to vanadate  
ions) was quenched;  however ,  only Eu 3+ produced 
an appreciable level  of fluorescence at room tempera-  
ture. Comparison of the fluorescence spectrum of 
Eu3+-act ivated YP0.sV0.504 with  that  of Eu~+-act i-  
vated YVO4 revea}ed that  the re la t ive  intensi ty of the 
line group peaking at 595 nm was appreciably greater  
in the phosphate-vanadate .  Similar  results were  ob- 
tained with the Gd and La series containing Eu s+. The 
red brightnesses of the samples compared to a com- 
mercial  Y0.95Eu0.o~VO4 standard are given in Table III, 
together  with the intensi ty of emission at 595 nm 
compared to that  of the main emission at 619 nm. De- 
spite smaller  part icle  sizes and general ly  poorer  crys-  
tall inity,  the phosphate-vanadates  act ivated by Eu 3+ 
were comparable  in brightness, but  were  more  orange 

Table Ill. Comparison of Eu 3+ fluorescence in vanadates and 
phosphate-vanadates of Y, Gd, and La (RCA 6217 

Photomultiplier and Coming CS2-63 red filter) 

C o m p o s i t i o n  

R e l a t i v e  red  
A v e r a g e  b r i gh tne s s ,  R e l a t i v e  
pa r t i c l e  ~/~ of std. i n t e n s i t y  
size,/z Yo.9-.~Euo.o~VO~ I~,~5 ,,,./IG19 nm 

Yo.~,gEuo.otPo.~Vo.504 2-5 67 0.28 
Yo.ugEuo.o~VO4 5-15 79 0.17 

Yo. 9~E no. oc-Po. ~Vo.~O ~ 2-5 77 0.29 
Yo.w, Euo.~VO4 5-15 85 0.18 

Gdo.~Euo.oiPo, 5Vo.~O~ 2-4 57 0,26 
Gdo.99Euo.otVO~ 5-15 86 0,18 

Gdo.osEuo.~Po.~Vo.~O~ 2-4 83 0.27 
Gdo.~-Euo.o~VO~ 5-15 92 0.17 

Lao.9-oEuo.~Po. ~Vo. 504 2-4 29 0.52 
Lao.~Euo.0~VO~ 10-50 19 0.36 



370 J. Electrochem. Soc.: S O L I D  S T A T E  S C I E N C E  A p r i l  1967 

in emission than their vanadate  counterparts.  The 
phosphors containing La were most orange in emission, 
but  lowest in over-al l  brightness,  as found previ-  
ously (13); they also differ in that they have the 
monazite structure. 

Summary 
The unact ivated rare earth phosphates-vanadates  

provide an interest ing system in  which the interact ion 
of two types of l igand can be deduced, in the solid 
state, from x- ray  and luminescence measurements .  
Phosphate is a good di luent  for vanadate  because it 
can substi tute isomorphously in the xenotime struc-  
ture and does not introduce undesirable  absorption 
bands. Dilut ion with phosphate leads to considerable 
enhancement  of the vanadate  fluorescence which oc- 
curs in a broad band that peaks in the blue with the 
cations Y, Gd, and Lu. As with the undi lu ted  vana-  
dates, the addition of Eu 3+ diminishes the host emis- 
sion of the phosphate-vanadates  and gives rise to in-  
tense emission in  the orange and red regions of the 
spectrum. However, the t ransi t ion probabilit ies of the 
Eu 3 + fluorescence are altered appreciably by the phos- 
phate ligands and the relat ive emission at higher en-  
ergies (e.g., 589 nm) is increased at the expense of the 
principal  emission at 619 nm. 
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An Electronic Paramagnetic Resonance Study of the 
Chemistry of Mn ++ during the Formation of Fluorapatite 

J. A. Parodi 
Lighting Research Laboratory, Lamp Division, General Electric Company, Cleveland, Ohio 

ABSTRACT 

Electronic paramagnetie resonance (EPR) is used to study the disposi- 
tion of Mn + + among the various phases present during the course of the 
reaction producing fluorapatite, Ca10-xMnxF2(PO4)6 where x = 1.5 x 10 -3. 
EPR spectra of Mn + + in the various phases are presented. Pertinent spectra of 
one firing mixture are presented and discussed. The distribution of Mn + + 
between some of the phases, principally calcium oxide and fluorapatite, is 
determined from relative intensities of EPR lines. The progress of solid solu- 
tion of Mn + + in  apati te is followed by  the intensi ty  of the apatite: Mn spec- 
trum. In  atmospheres of N~ and CO/CO2 = 1/ i0  solid solution of Mn + + is 
complete at 1100% CaO is shown to have a strong affinity, relat ive to the other 
phases present, for low concentrat ions of manganous  ion. I t  has been possible 
to follow the consumption of Ca2P2Or and CaO during the apatite forming 
reaction by means of EPR, but  not CaF2. 

The chemical reactions involved in the formation 
of calcium halophosphate phosphor have been the sub- 
ject of much research activity (1-9). For the most 
part  the exper imental  methods employed (x- ray  dif- 
fraction, differential thermal  analysis, thermal  gravi-  
metric analysis, etc.) have lacked the requisite sensi- 
t ivity to observe the behavior of manganese,  because 
of its relat ively low concentration, dur ing  the course 
of these reactions. Determinat ion of the luminescent  
properties of halophosphates has been used to s tudy 
the diffusion of Mn+ + and also Sb + + + into the apa- 
tite lattice (10), but  this approach gives no informa-  
tion about the presence of manganese  in  other phases. 
A method which allows for the direct observation of 
Mn + + in all of the phases which may be present  dur -  

ing the course of the apatite forming reaction is that  of 
electronic paramagnet ic  resonance (11, 12). 

The work reported in  this paper is an EPR (elec- 
tronic paramagnet ic  resonance) investigation of the 
distr ibution of manganese  among the various phases 
present  dur ing the format ion of calcium fluorapatite. 
The study has been l imited to calcium fluorophosphate 
because the EPR spectrum of Mn + + in this mater ia l  is 
well  defined and of relat ively good intensity,  whereas 
the corresponding spectra of chlorapatite and chlor- 
fluorapatite are an order of magni tude  weaker  and 
show considerable var ia t ion from sample to sample of 
purportedly equivalent  material .  Also, in order to 
avoid a magnet ical ly  concentrated condition which 
would cause spin-spin  broadening of the spectral lines 
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(13) ,  i t  h a s  b e e n  n e c e s s a r y  to use  a b o u t  one  h u n d r e d -  
fo ld  less m a n g a n e s e  t h a n  is n o r m a l  in  h a l o p h o s p h a t e  
p r o d u c t i o n .  

Experimental 
Preparation o~ mater ia ls . - -Al l  f i r i ng  m i x t u r e s  w e r e  

f o r m u l a t e d  to  y ie ld ,  on  c o m p l e t i o n  of t he  r e a c t i o n ,  a 
p r o d u c t  of t h e  c o m p o s i t i o n  C a l 0 - z M n x F 2  (PO4)6 w h e r e  
x = 1.5 • 10 -3.  R a w  m a t e r i a l s  u s e d  w e r e  l a m p  p h o s -  
p h o r  g r a d e  CaHPO4,  CaCO3, CaF~, a n d  v a r i o u s  c o m -  
p o u n d s  c o n t a i n i n g  M n  ++  w h i c h  w e r e  p r e p a r e d  as 
fo l lows:  ( a )  CaHPO4:2 .5  • 10 -4  Mn,  b y  r e c r y s t a l -  
l i z a t i on  of a n  a q u e o u s  s l u r r y  of C a H P O 4  �9 2 H 2 0  a n d  
m a n g a n o u s  ion  (12) ;  (b )  CACO3:5 • 10 -4  Mn,  b y  
p r e c i p i t a t i o n  f r o m  a n  a q u e o u s  s o l u t i o n  of Ca  ++ a n d  
M n  ++ w i t h  a n  a m m o n i u m  c a r b o n a t e  so lu t i on ;  (c)  
CaF2:1.5  • 10 -3  M n  b y  t r e a t m e n t  of CaCO3:1 .5  • 10 -3  
M n  w i t h  h y d r o f l u o r i c  ac id ;  (d)  C a g M n F 2 ( P O 4 ) 8  b y  
f i r ing  a m i x t u r e  of CaHPO4,  CaCO3, CaF2, a n d  MnCO3 
a t  1125 ~ . M a n g a n e s e  w a s  also a d d e d  to t h e  f i r i ng  m i x -  
t u r e  as M n  (NO3)~ so lu t ion .  T h e  c o m p o n e n t s  of a g i v e n  
m i x t u r e  w e r e  w e t  b l e n d e d  in  a c e t o n e  e i t h e r  b y  m o r t a r  
a n d  pes t l e  or  b a l l  mi l l .  

P o r t i o n s  of e a c h  of t h e s e  m i x t u r e s  w e r e  f i red  a t  100 ~ 
i n t e r v a l s  o v e r  t h e  r a n g e  600~ ~ f o r  10, 30, a n d  60 
m i n  in  a t m o s p h e r e s  of b o t h  N2 a n d  C O / C O 2  ~ 1/10. 
T h e  p u r p o s e  of t h e  l a t t e r  gaseous  m i x t u r e  w a s  to p r o -  
v ide  a m i l d l y  r e d u c i n g  a t m o s p h e r e  (14) t h a t  w o u l d  
p r e v e n t  M n  + + f r o m  o x i d i z i n g  a n d  a t  t h e  s a m e  t i m e  
n o t  r e d u c e  p h o s p h a t e .  

Electronic paramagnetic resonance.--Electronic p a r a -  
m a g n e t i c  r e s o n a n c e  of the  p o l y c r y s t a l l i n e  s a m p l e s  w a s  
m e a s u r e d  on  a V a r i a n  Assoc i a t e s  E P R  s p e c t r o m e t e r  
w i t h  a r e s o n a n t  f r e q u e n c y  of 9160 M H z  a n d  a m o d u -  
l a t i o n  f r e q u e n c y  of 100 kHz.  A p p r o x i m a t e l y  ~/4 in.  of 
p o w d e r  at  one  e n d  of a f u s e d  q u a r t z  s a m p l e  t u b e  (4 
m m  OD x 3 m m  ID x 6 in. l e n g t h )  w a s  used.  T h e  E P R  
s p e c t r a  r e p r o d u c e d  in  t h i s  p a p e r  a r e  p o t e n t i o m e t r i c  
r e c o r d e r  t r a c i n g s  of t h e  f i rs t  d e r i v a t i v e  of  a b s o r p t i o n  
of m i c r o w a v e  e n e r g y  vs. t h e  m a g n e t i c  field, w h i c h  i n -  
c r eases  f r o m  le f t  to r i g h t  in  t h e  f igures .  

Preparatio~ of EPR s tandards . - -Some of t h e  r a w  
m a t e r i a l s  u s e d  in  t h e  f i r ing  m i x t u r e s  a r e  too p o o r l y  
c r y s t a l l i z e d  a n d / o r  too m a g n e t i c a l l y  c o n c e n t r a t e d  in  
m a n g a n e s e  to b e  good  E P R  s t a n d a r d s .  D i f f e r ences  in  
t h e  f o l l o w i n g  p r e p a r a t i v e  p r o c e d u r e s  f r o m  t h o s e  g i v e n  
a b o v e  w e r e  m a d e  n e c e s s a r y  b y  t h e  r e q u i r e m e n t s  of 
good c r y s t a l l i n i t y  a n d  suff ic ient  d i l u t i o n  of  M n  + + to 
a v o i d  s p i n - s p i n  b r o a d e n i n g .  

P r e c i p i t a t e d  c a l c i u m  c a r b o n a t e  is g e n e r a l l y  a m i x -  
t u r e  of v a t e r i t e  a n d  calc i te .  E P R  s p e c t r a  of CaCO3: M n  
p r e p a r a t i o n s  in  w h i c h  t h e  p r o p o r t i o n s  of v a t e r i t e  a n d  

~-_ Cazp20.r: 5 x lO-4Mn G-800 

~ .  Ca2 F~ Or:.~ xl0.4Mn G ~AO00 

.~- CO~{ P041;~: 5xlO'4M~ G-IO00 

CaF z : 10 .4 Mn G- 20 

Fig. 1. EPR spectra of Mn + + in solid solution in the indicated 
compounds, G is the relative gain of the spectrometer. H increases 
from left to right. 
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ca lc i t e  v a r i e d  w e r e  a l w a y s  t h e  s p e c t r u m  of M n  + + in  
t h e  c r y s t a l l i n e  f ie ld of ca lc i t e  o n l y  (15) ,  t h e  i n t e n s i t y  
i n c r e a s i n g  w i t h  ca lc i t e  c o n c e n t r a t i o n .  I r r e v e r s i b l e  
t r a n s f o r m a t i o n  of v a t e r i t e  to ca lc i t e  occu r s  a t  430 ~ 
440 ~ (16) ,  a n d  a t  500 ~ t he  i n v e r s i o n  goes r a p i d l y .  P r e -  
c i p i t a t e d  CaCO3:10  -4  M n  w a s  h e a t e d  fo r  1 h r  a t  500 ~ 
t h e r e f o r e ,  for  u se  as a n  E P R  s t a n d a r d .  C a O : 1 0  -4  M n  
w a s  m a d e  b y  i g n i t i n g  t h e  c a r b o n a t e  fo r  I h r  a t  1170 ~ 
in  a n  a t m o s p h e r e  of C O / C O 2  : 1/10. CaF2 :10  - 4  M n  
o b t a i n e d  b y  t r e a t m e n t  of CaCO3:10  -4  M n  w i t h  a q u e o u s  
H F  w a s  h e a t e d  a t  1000 ~ in  a s t r e a m  of n i t r o g e n  p a s s e d  
o v e r  NH4HF2 a t  200 ~ T h i s  a t m o s p h e r e  w a s  n e c e s s a r y  to  
p r e v e n t  t h e  f o r m a t i o n  of C a O : M n ,  w h i c h  is p r o d u c e d  
v e r y  r e a d i l y  i f  o n l y  a t r a c e  of o x y g e n  is a v a i l a b l e  (17).  
T h e  p y r o p h o s p h a t e s  w e r e  m a d e  b y  t h e  t h e r m a l  d e c o m -  
pos i t i on  of CaHPO4:2 .5  • 10 -4  Mn.  

T h e  d i s t r i b u t i o n  of m a n g a n e s e  b e t w e e n  two  or  m o r e  
p h a s e s  was  e s t i m a t e d  f r o m  r e l a t i v e  i n t e n s i t i e s  of  t h e i r  
E P R  l i ne s  b y  c o m p a r i s o n  w i t h  s t a n d a r d  m i x t u r e s  of 
t he  a b o v e  E P R  s t a n d a r d s .  

Results and Discussion 
C o m p o u n d s  t h a t  one  m i g h t  e x p e c t  to b e  p r e s e n t  

d u r i n g  v a r i o u s  s t ages  of t h e  r e a c t i o n  to f o r m  f l u o r a p a -  
t i t e  ( a t  t e m p e r a t u r e s  of 600 ~ a n d  g r e a t e r )  a r e  
7-Ca2P207,  fl-Ca2P2OT, CaCO3, CaO, CaF2, ~-Ca3 (PO4)2,  
a n d  Ca loF2(PO4)~  (1, 2) .  E P R  s p e c t r a  of M n  + + in  so l id  
s o l u t i o n  in  e a c h  of t h e s e  c o m p o u n d s  a r e  g i v e n  in  Fig.  
1 a n d  2. T h e s e  a r e  t h e  bas ic  s p e c t r a  t h a t  h a v e  b e e n  
u s e d  to d e t e r m i n e  t h e  p r e s e n c e  of m a n g a n e s e  i n  t h e s e  
c o m p o u n d s  in  t h e  f i red m i x t u r e s .  In  t h i s  c o n n e c t i o n  
t h e r e  a r e  s e v e r a l  p o i n t s  t h a t  s h o u l d  b e  d i scussed .  F i r s t ,  
i t  is n o t e d  t h a t  t h e  f i rs t  s t r o n g  l i ne  of  t h e  a p a t i t e  
s p e c t r u m  is f r ee  of i n t e r f e r e n c e s  a n d  t h a t  t h e  l ines  of 
a p a t i t e  a r e  m o d e r a t e l y  s t r o n g  a n d  s h a r p .  I t  is t h u s  
pos s ib l e  to d e t e c t  low c o n c e n t r a t i o n s  of a p a t i t e  i n  t h e  
p r e s e n c e  of o t h e r  p h a s e s J  T h e  s p e c t r a l  l i ne s  of CaO 
a n d  CaCO3 a r e  m u c h  s t r o n g e r  t h a n  t h o s e  of a p a t i t e  a n d  
o t h e r  p h a s e s  w h i c h  a r e  l i k e l y  to b e  p r e s e n t ,  a n d  v e r y  
l ow  c o n c e n t r a t i o n s  of  t h e s e  c o n s t i t u e n t s  c a n  b e  d e -  
t e c t e d  i n  m i x t u r e s .  F o r  e x a m p l e ,  less t h a n  1% of 
CaCO3:10  -4  M n  i n  C a l o F 2 ( P O 4 ) o : l . 5  • 10 - 3  M n  a n d  
0.1% of C a O : 1 0  -4  M n  in  7-Ca2P2OT:5 • 10 - 4  M n  a r e  
d e t e c t a b l e .  O n  t h e  o t h e r  h a n d ,  t h e  p r e d o m i n a n t  spec -  
t r a l  l i nes  of 7-Ca2P2OT, ~-Ca2P2OT, a n d  t~-Ca3(PO4)~ 
a r e  r e l a t i v e l y  w e a k  a n d  a r e  n o t  a t  a l l  w e l l  r e s o l v e d  
f r o m  t h e  s t r o n g e s t  a p a t i t e  l ines ,  so t h a t  o n l y  r e l a t i v e l y  
l a r g e  a m o u n t s  of  t h e s e  c o m p o u n d s  a r e  o b s e r v a b l e  i n  
t h e  p r e s e n c e  of apa t i t e .  T h e  s p e c t r u m  of CaF2 h a s  
good  i n t e n s i t y  w i t h  one  r e l a t i v e l y  s t rong ,  s h a r p  l i n e  
in  t h e  f o u r t h  h y p e r f i n e  g r o u p  ( m  = 1/2), so t h a t  e v e n  

x S e e  A p p e n d i x .  

CoCOs: lO'4Mn G-16 

CaO:10.4Mn G-2 

** ColoF2(PO416:I.SxK)-~Mn G-160 

Fig. 2. EPR spectra of Mn + + in solid solution in the indicated 
compounds. G is the relative gain of the spectrometer. H increases 
from left to right. 
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az+~,*/3 
,i. Ca0 

A b A2+~ 

o .  

~C03 

Fig. 3. EPR spectra of the mixture, 6CaHPO4:2.5xl0-4Mn -I- 
3CaCO~ + CaF2 fired in CO/CO2 ~ 1/10:A, unfired mixture; B, 
10 min, 500~ C, 60 min, 700~ D, 10 min, 800~ E, 60 min, 
800~ F, 10 min, 900~ G, 10 min, 1000~ H, 60 min, 1200 ~ 

version of ~-Ca2P207 to ~-Ca2P2072 (Fig. 3e). In the 
presence of even only moderate  concentrat ions of apa- 
t i t e :Mn the detection and est imation of Ca2P2OT:Mn 
becomes difficult, because of factors ment ioned earlier. 
It is possible nevertheless  to make a plausible, if not 
unambiguous,  est imate of the distr ibution of man-  
ganese be tween the pyrophosphates  and apatite 
phases by de termining the re la t ive  intensi ty of the 
first and second strong apatite lines ( the first strong 
line of the pyrophosphates  falls direct ly on the second 
apatite line) and comparing with  standard mixtures.  
This was done over  the range 800 ~ 10 min through 
1000 ~ 10 min beyond which there is no indication of 
the presence of Ca2PzOT. The spectrum of CaO: Mn first 
appears at 900 ~ 10 rain, a l ready at its m a x i m u m  in-  
tensity for this set (Fig. 3f). The predominate]y CO., 
a tmosphere has prevented  significant decomposition of 
CaCO3 to this point. Distr ibut ion of manganese be- 
tween CaO and apatite is est imated as indicated in the 
fol lowing paragraph over the range, 900 ~ 10 min 
through 1100 ~ 30 min, above which only the apatite 
spectrum remains. These distr ibution coefficients to- 
gether with those for Ca2P207, apatite appear in Table 
I. At 1000 ~ 10 min  (Fig. 39) manganese is distr ibuted 
through four phases: CaO, CaCO3, ~-Ca2P207, and 
CaIoF2(PO4)6. A mixture  containing 0.3% CaO:10 -4 
Mn, 1.7% CaCO3:10 -4 Mn, 49% ~-Ca2P2OT:5 • 10 -4 
Mn, and 49% Ca~0F2(PO4)6:1.5 • 10 -3 Mn has an EPR 
spectrum near ly  identical  to that of Fig. 3g. F rom the 
spectra presented it is clear that  the intensi ty of the 
apatite spectrum is steadily increasing with  firing t em-  
perature.  Over the tempera ture  range, 800~ ~ the 
spectral  intensi ty increase is 60 fold. 

Insofar as it is possible to express the data more or 
less quant i ta t ively,  the results of the firings of the 
various mixtures  are presented in Tables I through VI, 
for which a few words of explanat ion are desirable. 
Al though the concentrat ion of a paramagnet ic  species 
in a given phase is, s tr ict ly speaking, proport ional  to 
the total area under  its EPR absorption curve  and 
hence to the area under  one of its absorption lines, it 
was considered sufficiently accurate for the purposes 
of this presentat ion to use the peak to peak distance of 
the first der ivat ive  of an absorption line as a roughly 
quant i ta t ive  measure  of the manganese concentration, 
provided  it is below the level  where  l ine broadening 
would become a factor. Lines selected for intensi ty 
measurement  are indicated by arrows in Fig. 1 and 2. 
The number  of moles of manganese in one phase re la-  
t ive to the number  of moles of manganese in another  
phase is called here the distr ibution coefficient of 
manganese be tween the two phases, 

though this l ine falls in a fair ly complex region of 
the apat i te  spectrum the sensi t ivi ty for detection of 
calcium fluoride in fluorapatite is reasonably good; for 
example,  2% of CaF2:10 -4 Mn in CaloF2(PO4)6: 
1.5 • 10 -3 Mn is observable.  

It is not practical  to reproduce all of the original  
data, which are potent iometr ic  recorder  tracings of 
EPR spectra, but it wil l  be instruct ive to present  and 
discuss some of the salient spectra of one set of fired 
samples. A set which contains most of the spectra that  
are encountered is that  obtained from firings in CO, 
CO,, of the mixture,  6CAHPO4:2.5 • 10 -4 Mn -t- 
3CACO3 + CaF2. For  the unfired mix tu re  the spectrum 
is, of course, that  of CaHPO, :Mn  (Fig. 3a). At 500 ~ 10 
min the dibasic calcium orthophosphate  has largely 
decomposed to 'y-Ca2P207 (Fig. 3b). The spectrum is 
almost as well  developed as that  of the firing at 500 ~ 
and 60 min, conditions which are known to effect com- 
plete decomposition. Except  for some sharpening of 
the spectral  lines, indicating bet ter  crystal l ini ty,  there  
is little change in the spectra over  the 5000-700 ~ range. 
There is probably a trace of apatite appear ing at 700 ~ 
60 min  (Fig. 3c); this is definite at 800 ~ 10 min (Fig. 
3d). At  800 ~ 60 min  there  is evidence for par t ia l  con- 

For  example,  

Phase 1 
D. 

Phase 2 

CaO moles Mn in CaO 
D - -  - -  

Apati te  mole Mn in Cal0F.~ (PO4)6 

When a t tempt ing to get a picture of the re la t ive  
amounts of manganese in two phases it is wise to de- 
termine the distribution coefficient of manganese be- 
tween the two phases, because a considerat ion of the 
EPR line intensities alone can be misleading. 

As the incorporat ion of manganese  into fluorapati te 
is of pr ime importance let us confine our at tent ion for 
the moment  to the apatite spectral  intensities (Table 
II) .  The appearance of ve ry  weak apatite lines at 700 ~ 
is the first indication of manganese  solid solution in 
apatite. At this t empera tu re  the predominant  react ion 
to form apatite is that given by Montel (18), viz., 
18Ca2P207 + 14CAF2 --> 5Ca10F~(PO4)6 + 6POF3 (7). 
This reaction requires  2.8 moles of CaF2 for each 
mole of apatite produced and at 700 ~ goes to about one 
third of complet ion in reasonable firing times (19), so 

See  re f .  (12t ,  F ig .  4 f o r  s p e c t r a  o~ m i x t u r e s  of t h e s e  t w o  phase s .  
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Table I. EPR line intensities and distribution coefficients of manganese for fired apatite mixture: 
6CaHPO4:2.SxlO-4Mn -I- 3CAC03 -t- CaF2 

A t m o s p h e r e :  CO/CO~ ----- 1/10 

373 

Ca..P.~O~ CaO 
F i r i n g  F i r i n g  D ~ D 

romp, ~ t ime,  m i n  I7-ca~P~o~ Icao IA z Icaco a A p a t i t e  A p a t i t e  

CaC08 

A p a t i t e  

500 10 63 
30 60 
60 47 

600 10 46 
30 50 
60 09 

700 10 65 
30 62 
60 55 0.8 

SO0 10 66 9 
30 63 23 
60 52 33 

900 10 95 58 
30 99 88 
60 61 75 

1000 10 41 120 
30 36 220 
60 47 270 

1100 10 25 210 
30 25 530 
60 500 

1170 10 430 
30 560 
60 440 

1200 I0 470 
30 560 
60 520 

39 
16 

0.2 
2.1 0.19 
1.3 0.15 
0.7 0.12 

39 0.4 0.057 0.02 
15 0.032 0,005 
9 0.033 0,002 

13 0.025 0.004 
0.012 

Table II. Intensity of apatite EPR line, A1 

Source  o f  m a n g a n e s e  a n d  f i r i ng  a t m o s p h e r e  

CaHPO~: 
F i r i n g  F i r i n g  2.5 • 10-~ Mn CACO3:5 • 10-~ Mn Mn(NO3)~* CaF~:I .S • 10-3 Mn Ca�MnF._,(PODa Mn(NO3).-* 

t emp ,  ~ t ime ,  ra in  N.- CO/CO2 N~ CO/CO,_, N~ CO/CO2 iN= CO/CO2 N.~ CO/CO~ N~ A i r  

700 10 
30 1 
60 1 0.8 3 2 

800 10 1 9 0.6 8 2 3 3 3 
30 6 23 7 4 20 3 7 8 6 
60 6 33 2 18 9 37 42 10 10 7 6 

900 10 6 58 11 30 15 37 24 23 2 6 16 14 
30 44 88 38 44 28 50 34 20 6 17 44 9 
60 85 75 67 50 56 58 88 31 22 32 79 10 

1000 10 45 120 90 55 65 57 130 22 38 32 100 18 
30 130 220 240 100 130 130 330 70 110 92 170 35 
60 200 270 270 140 220 140 340 120 170 140 210 50 

1100 10 170 210 370 120 110 160 350 95 200 160 210 69 
30 350 530 510 280 390 330 490 300 280 210 210 110 
60 530 500 560 420 460 430 570 430 350 270 220 110 

1170 10 490 430 680 260 270 240 210 
30 710 560 870 280 150 180 210 
60 720 440 570 490 300 290 550 250 370 290 210 190 

1200 10 660 470 
30 730 560 
60 730 520 

* Da ta  of c o l u m n s  13 a nd  14 were  o b t a i n e d  f r o m  a m i x t u r e  d i f f e r en t  f r o m  t h a t  of c o l u m n s  7 and  8. 

that one might  expect about  1/10 the formula ted  
amount  of apatite to be produced in an hour at 700 ~ 
It is seen that  the solid solution of manganese  in apa- 
tite is far less than this, indicat ing that  the dr iving 
force for the incorporat ion of manganese  into the apa-  
tite lattice is very low at this temperature.  

The effect of the ambient  atmosphere on the solid 
solution of manganese  in apatite is evident. In  the tem- 
perature  range of 7000-800 ~ the mildly  reducing at-  
mosphere of CO, CO2 promotes greater incorporat ion 
of manganese  in apati te than the neut ra l  n i t rogen 
atmosphere. Except for the mixture  containing CaF2: 
M_n, the concentrat ion of manganese  dissolved in 
apatite is about the same for both atmospheres at 900 ~ 
At the highest temperatures  used manganese  incor-  
poration seems to be somewhat  bet ter  in  ni t rogen than 
in the reducing atmosphere. The det r imenta l  effect of 
an oxidizing atmosphere is underscored by the results 
of firing one mixture  in both N2 and air. It  is seen 
(last two columns of Table II) that  only at 1170 ~ is 
manganese  incorporat ion as complete in  air as in  n i -  
trogen. All  of these results emphasize the fact that 
manganese must  be in the manganous  state before it 

can substi tute for Ca + + in  apatite. At  low and in ter -  
mediate temperatures  it is expected that  the Mn ++ 
oxidation state would be favored by reducing (CO, 
CO2) and neut ra l  (N2) atmospheres, in that  order. 
For temperatures  approaching 1200 ~ the effect of a 
reducing atmosphere is not so significant, because, as 
is well  known,  the equil ibria  

6Mn203 ~ 4Mn304 ~ O2 
and 

2Mn~O4 ~ 6MnO ~ O2 

shift to the r ight  with increasing tempera ture  (20, 
21). The reason for bet ter  incorporat ion of manga-  
nese at 1100~ ~ in N2 relat ive to CO, CO2 is not 
clear. Possibly a manganese  carbonyl  (22, 23), which 
might  be expected to be volatile at these temperatures,  
is formed in the lat ter  atmosphere. Mn2(CO)10 can 
only be prepared in  reasonable yield by treat ing a 
manganous  salt suspended in a suitable organic sol- 
vent  with carbon monoxide at several hundred  atmos- 
pheres pressure in the presence of a powerful  organo- 
metallic reducing agent  (24, 25). But  this does not 
preclude the possibility that  minor  amounts  of this 
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Fig. 4. Arrhenius plot of fluorapatite mixture fired 1 hr in N2 
and in CO/CO2 ~ 1/10. Mn added as CaCO3:5xl0-4Mn. IAI is 
intensity of EPR line of Mn § + in apatite (ref. Fig. 2). 

compound, or some other combination of manganese 
and carbon monoxide,  could be produced under  the 
conditions described above. 

Except  for one firing mixture ,  that  containing 
CaHPO4:2.5 • 10 -4 Mn 3, the amount  of manganese 
in solid solution in apati te has leveled off at 1100 ~ 
in both neutra l  and reducing atmospheres whereas  in 
air a higher  firing tempera ture  (e.g., 1170 ~ is re-  
quired to bring about an equivalent  amount  of manga-  
nese incorporation. Insofar as solid solution of manga-  
nese is concerned, therefore,  it should not be neces-  
sary to fire a halophosphate phosphor over  1100 ~ in 
a nonoxidizing atmosphere.  

If Arrhenius  plots are made of the data of Table II, 
i.e., log IA1 vs. l /T ,  it wil l  be observed that  the curves 
approximate  s t raight  lines between 700 ~ and 1100 ~ 
Because the EPR line intensi ty is proport ional  to the 
concentrat ion of manganous ion in fluorapatite, it 
should be possible f rom this type of plot to de termine  
the act ivation energy for solid solution of manganese 
in apatite. There has been no a t tempt  to use the pres-  
ent  data for such a purpose, because it is too inac-  

A poss ib le  e x p l a n a t i o n  for  th i s  is t h a t  t he  d ibas i c  c a l c i u m  or -  
t h o p h o s p h a t e  u sed  in  th i s  m i x t u r e  is a l a b o r a t o r y  p r e p a r a t i o n  w i t h  
d i f f e ren t  c rys ta l  shape  a n d  size d i s t r i b u t i o n ,  a n d  the re fo re  d i f f e r en t  
r e a c t i v i t y ,  f r o m  the  f a c to ry  p r o d u c e d  CaHPOL used  in  a l l  of the  
o t h e r  m i x t u r e s .  

curate, but sufficient ref inement  of the measurements  
could be effected to make  meaningfu l  de terminat ion  
of the act ivat ion energy possible. 

F igure  4, which is presented as a more or less typ-  
ical example  of an Arrhenius  plot of the data of 
Table II, also serves to i l lustrate  two points discussed 
above. First  it is noted that, in the CO, CO2 atmos-  
phere  which has a CO2 part ial  pressure of about 670 
mm, apatite is produced at 800 ~ At this t empera ture  
the equi l ibr ium part ial  pressure of CO2 above CaCO~ 
is 208 mm (26) and no CaO is produced as is evident  
from Table IV, so that  the major  contr ibution to apa- 
tite formation must be the reaction involving only 
CaF2 and Ca2P207. The second point i l lustrated is that  
in the reducing atmosphere  incorporat ion of manga-  
nese in apatite is greater  than in ni t rogen at 800 ~ 
This brings up a question, however :  if CACO3:5 • 
10 -4 Mn is not decomposing in an essentially CO,, at-  
mosphere how is the manganese being removed  from 
it so that  it may enter  into the apatite? A reasonable 
answer  might  be that  the mobi l i ty  of manganese  is 
enhanced by the presence of carbon monoxide  at this 
re la t ive ly  low tempera tu re  as wel l  as at higher  tem-  
peratures  as indicated above. Support  for this hy-  
pothesis is given by the observat ion of vapor  phase 
t ransport  of manganese at 600 ~ in an a tmosphere  of 
water  vapor  and carbon monoxide (27). This, of 
course, implies that  the necessity for manganese to be 
d ivalent  is not the whole  reason for bet ter  incorpora-  
tion of manganese in apatite at 7 0 0 0 - 8 0 0  `= in a CO, CO2 
atmosphere as compared with  N2. 

Implici t  in the discussion of the results to this point 
has been the idea of manganese possessing a degree of 
mobility, increasing with  temperature ,  which enables 
it  to become incorporated in the apati te structure.  
This is apt ly demonstra ted by the EPR spectra of 
the mix ture  containing CagMnF2(PO4)6 as the source 
of manganese (Table III). At  low temperatures  the 
spectrum is a single ve ry  broad structureless line of 
about 400 gauss half  width, due to the presence of the 
magnet ical ly  concentrated manganese apatite. At 
800 ~ or 900 ~ , depending on the atmosphere,  ve ry  weak 
apatite lines superimposed upon the broad peak first 
appear. These re la t ive ly  sharp lines gradual ly  increase 
in intensi ty wi th  increasing t empera tu re  unti l  at about 
1100 ~ there  is a plateau. Concurrent ly  the broad apa-  
ti te peak has decreased in s t rength and disappeared. 
Manganese has acquired enough mobil i ty  to diffuse 
out of the preformed apatite into the newly  produced 
apatite. 

In addit ion to the diffusion of manganese and its 
solid solution in the newly  formed apatite another  in-  
terest ing phenomenon is occurring. In a ni t rogen at-  
mosphere  lines of CaO:Mn appear  weakly  at 700 ~ 
increase in intensity to a m a x i m u m  for 10 rain firing 
at i000 ~ and as the CaO is consumed in the apati te 
react ion disappear after  10 rain at 1100 ~ Al though at 
800 ~ there  is no indication of manganese incorpora-  
tion in f reshly formed apatite, the CaO:Mn spectral  

Table III. EPR line intensities and distribution coefficients of manganese for fired apatite mixture: 
6CaHP04 ~- 3CAC03 -t- CaF2 d- 1.SxIO-3Ca�MnF2(PO4)e 

Atmosphere: N2 Atmosphere: C O / C O s  = 1 / 1 0  

CaO CaO 
Firing Firing D - -  D 

temp, ~ time, rain IA z leas Apatite IA I Jcao Apatite 

700 60 B r o a d  l ine  15 B r o a d  line 
800 60 B r o a d  l ine  140 10 
000 10 2 180 0.30 6 

30 6 190 0.16 17 
60 22 320 0.11 32 

1000 l 0  38 380 0.089 32 
30 110 170 0.024 92 
60 170 70 0.009 140 

1100 10 200 10 <0.002 160 
39 280 210 
60 350 270 

1170 10 260 270 
30 280  150 
60 370 290 

Trace  
47 0.082 
39 0.032 
37 0.020 

8 0.006 



Vol. 114, No. 4 375 E P R  S T U D Y  O F  C H E M I S T R Y  O F  M n  + + 

Table IV. EPR line intensities and distribution coefficients of manganese for fired apatite mixture: 
6CaHP04 -I- 3CaCO3:5xlO-4Mn ~ CaF2 

A t m o s p h e r e :  N.~ 

CaO 

A t m o s p h e r e :  CO/COs ~ 1/10 

F i r i n g  F i r i n g  D - -  
t e m p .  ~ t i m e ,  r a i n  Icaco a Icoo I~j. A p a t i t e  Icaco 3 Icao IA z 

CaO 

A p a t i t e  

600 30 5000  
60 380O 150 

700 10 3200 64 4300  
30 2900 460 4200 
60 2600 1200 4200 

800 10 3100 750 2900 
30 1800 1700 3100 
60 1500 3000 2 2700  

900 10 4500 11 > 0 . 3 1  * 
30 4700 38 0.31 * 
60 3800 67 0.22 * 

1000 10 2700 90 0.19 * 
30 1300 240 0,066 * 
60 670 270 0 .034 * 

1100 i0  360 370 0.018 * 
30  510 * 
60 560 T r a c e  

1170 10 68O 
30 870 
60 570 

280 
260 
230 
400 
250 
210 
230 

75 
30 

7 
18 
30 
44 
50 
55 

i00 
140 
120 
280 
420 

490 

0.91 
0.73 
0.69 
0.79 
0.48 
0.25 
0.43 
0.064 
0.024 

" C a C O s : M n  is  p r e s e n t ,  b u t  l i n e  i n t e n s i t y  is d i f f i cu l t  to e s t i m a t e  b e c a u s e  of  p o o r  r e s o l u t i o n .  

intensi ty has a l ready at tained one third of its m a x -  
imum strength. Calcium oxide appears to be r emov-  
ing manganese from Ca9MnF2(PO4) 6. Indeed this af- 
finity of calcium oxide for manganese is so pronounced 
that if one at tempts to produce Cal0F2(POD 6: Mn f rom 
a mix ture  containing only a slight excess of CaO he 
wil l  obtain the EPR spectrum of CaO: Mn only. 

Another  example  of the affinity of calcium oxide for 
manganese is given by the firings of the mix ture  con- 
taining CaCO3:5 X 10 -4 Mn (Table IV).  For  ni t rogen 
firings the spectrum of CaO:Mn first appears at 600 ~ 
reaches a m a x i m u m  at 900 ~ and has disappeared at 
1100 ~ As is expected, in an a tmosphere  which is pr in-  
cipally carbon dioxide the decomposit ion of CaCO3 is 
delayed unti l  900 ~ when  the spect rum of CaO:Mn is 
first noted. The intensi ty of the spectrum remains 
fair ly constant over  the 900~ ~ range, drops off at 
1100 ~ and is zero at 1170 ~ It is observed that  the max-  
imum intensi ty is sl ightly less than one tenth the 
m a x i m u m  intensi ty of the n i t rogen firings. The lines 
are, however ,  one and one-ha l f  to twofold broader.  

These differences are in terpre ted  as follows. In 
ni t rogen the rate of decomposition of CACO3:5 X 
10 -4 Mn is a l ready very  rapid before apati te format ion 
becomes significant, so that  a fa i r ly  large amount  of 
unreacted CaO is produced with manganese in solid 
solution in the approximate  molar  concentrat ion of 
5 X 10 -4. On the other  hand for the atmosphere,  CO/  
CO2 : 1/10, the rate  of carbonate  decomposition is 
still fa ir ly slow when the formation of apatite becomes 
appreciable so that much of the calcium oxide is en- 
ter ing into the apatite forming react ion as soon as it 
is formed. The CaO that  does not enter  into the apati te 
reaction combines wi th  a substantial  proport ion of the 
manganese produced by the decomposition of the car-  
bonate. The concentrat ion of manganese in calcium 
oxide is now high enough to cause significant spin-  
spin interact ion evidenced by line broadening. From 
comparison with CaO:Mn preparat ions of known 
manganese content  it is est imated that  the manganese  
concentrat ion varies f rom 7.5 X 10 -4 to 8.5 X 10-4M 
over  the tempera ture  range, 900~ ~ , corresponding 
to an enr ichment  of 50-70%. 

The affinity of CaO for manganese is very  str iking 
in the case of CaF._,, CaO mixtures.  When a mix ture  of 
CaF2 with  1% CaO and manganous ni t ra te  in the pro-  
portion, Mn/Ca  : 10 -4, is fired for 2 min or longer at 
1100 ~ the resul t ing EPR spectrum is that  of CaO:Mn 
only. Indeed, if CaF2:Mn is fired for several  hours in 
an a tmosphere  which contains only a trace of air, the 
EPR spectrum of CaF2:Mn disappears and is replaced 
by that of CaO:Mn. One has to be very  careful  in pre-  
par ing CaF2: Mn for EPR purposes to exclude all  traces 
of CaO and /o r  air (11, 28). 

It  must  be emphasized that  al though the affinity of 
CaO for manganous ion is ra ther  high for low concen- 
trations of the lat ter  such is not necessarily the case 
for higher  concentrations. 

There  were  three reasons for introducing manganese 
into the react ion mix ture  in one of a number  of dif-  
ferent  phases. Firs t  i t  was bel ieved that  a more uni-  
form dispersion of manganese in the mix tu re  could 
be obtained by this expedient  than by customary pro-  
cedures. It was also of interest  to know whether  the 
abili ty of manganese to enter  into the apatite s t ructure  
is inflluenced by its source. As we have seen, except  
for the mix ture  containing CaHPO4:2.5 X 10 -4 Mn, 
manganese incorporat ion in fluorapatite in all cases 
levels off at 1100 ~ Finally,  one might  expect  to be 
able to fol low the consumption of a component  which 
is a source of manganese by observing the change in 
s t rength of its EPR spectrum. As an example,  for 
ni t rogen firings of the mix ture  containing CaHPO4: 
2.5 X 10 -4 Mn (Table V),  it is observed that  the 
spect rum of Ca2P-2O7, the decomposit ion product  of the 
acid phosphate, has essentially the same strength over  
the range 500~ ~ indicating lit t le consumption. 
Over  the 900~ ~ t empera tu re  in terval  the change 
in distr ibution of manganese between calcium pyro-  
phosphate and apatite indicates that pyrophosphate  is 
being used up in the apatite forming reaction. At 
1100 ~ there is no EPR evidence for the existence of 
Ca2P2OT. This is substantiated by x - r a y  diffraction 
analysis. 

For mixtures  containing CaF2:1.5 X 10 -3 Mn as a 
source of manganese (Table VI) ,  in terpreta t ion of 
the curves is not so readi ly  accomplished. Because it 
is magnet ica l ly  concentrated in manganese  the spec- 
t rum of CaF2:Mn in these mixtures  consists of six 
broad, structureless lines. In a CO, CO2 atmosphere  
these lines progressively diminish in s t rength between 
700 ~ 10 min, and 800 ~ 10 min, at the same t ime pick- 
ing up a l i t t le structure.  The spectra for apatite and 
CaCO3 appear at 800 ~ 10 min, but  they are very  weak 
and can account for only a very  small proport ion of 
the manganese which has disappeared f rom its CaF2 
environment .  Thus one cannot infer  f rom the EPR 
spectra whe ther  CaF2 is taking part  in the apati te re-  
action or is s imply losing its manganese.  X - r a y  dif- 
fraction analysis, however ,  tells us that  CaF2 is being 
consumed over  this firing range; the last CaF2 is ob- 
served at 800 ~ 60 min. For samples prepared  in a n i -  
t rogen atmosphere  CaF2:Mn is still  observable after  
10 rain at 700 ~ but  is not seen for longer firing times 
or higher  temperatures .  According to x - r a y  diffrac- 
tion analysis, however ,  calcium fluoride is not ent i re ly  
consumed until  af ter  30 min firing at 1000 ~ Rela t ive ly  
intense CaO:Mn lines wi th  very  broad wings dom- 
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Table V. EPR line intensities and distribution coefficients of manganese for fired apatite mixture: 
6CaHPO4:2.5xlO-~Mn -f- 3CAC03 ~ CaF2 

A t m o s p h e r e :  N~ 

F i r i n g  F i r i n g  
t emp,  ~ t ime,  m i n  

Ca2P~O7 CaO 
D - -  D - -  

I~-ca.2P.~o 7 Icao I~ 1 A p a t i t e  A p a t i t e  

CaO 

Ca~P=O~ 

500 10 
3O 
6O 

600 10 
30 
6O 

700 10 
3O 
60 

800 10 
3O 
60 

900 10 
3O 
60 

1000 10 
3O 
6O 

1100 10 
3O 
60 

1170 i0 
3O 
6O 

1200 10 
3O 
50 

32 
51 
45 
50 
37 
46 
41 
56 
50 
53 
55 
45 

21 
47 1 150 7 

100 1 
330 6 0.22 
320 6 39 ~ 0.21 
400 6 > > 5 . 3  7 + fl 0.25 
610 44 >5.3  fl 0.I1 
730 85 2.0 ~ 0.095 
700 48 >5 .3  ~ 0.11 
750 130 1.2 ~ 0.066 
810 260 0.2 fl 0.040 
120 170 0.031 
150 350 0.0096 
42 530 0.0035 
54 490 0.0024 
19 710 <0.002 
30 720 <0.002 

3 660 
3 730 

730 

0.0017 
0.0036 
0.0064 
0.015 
0.017 

inate the spectra over  the 700~ ~ range. Calcium 
oxide has apparent ly  accelerated the removal  of man-  
ganese f rom calcium fluoride and combined with it. 

In the case of mixtures  containing CACO3:5 • 
10 -4 Mn it is re la t ive ly  easy to fol low the decompo- 
sition of the carbonate to the oxide and the consump- 
tion of the lat ter  during the format ion of apatite. In 
a ni t rogen atmosphere,  decomposit ion of CaCO3 seems 
to be complete for 10 min firing at 900 ~ and calcium 
oxide is gone after  10 min at 1100 ~ whereas  in the 
CO, CO2 atmosphere traces of carbonate appear  to 
persist, along with some calcium oxide, through 60 
min of firing at 1100 ~ after  which only the spectrum 
of apatite remains. 

It turns out that  the spectrum of calcium oxide, 
because of its high intensi ty and the great  affinity of 
this compound for manganese,  persists unti l  the apa- 
ti te react ion is v i r tua l ly  complete. Thus the course 
of the react ion can be fol lowed by observing the 
CaO:Mn spectrum, or the distr ibution of manganese 
between calcium oxide and apatite. 

Finally,  it is wor th  ment ioning that  in none of the 
fired mixtures  was there  any evidence by EPR or 
x - r ay  diffraction for the formation of Ca3(PO4)2 as 
an in termedia te  in the production of apatite. This is 
in accord with  the findings of Rabat in  and Gil-  
looly (7). 

Summary 
Electronic paramagnet ic  resonance is used to study 

the disposition of Mn + + among the various phases 
present dur ing the course of the react ion to form 
fluorapatite. For materials  prepared in N2 or CO/CO., 

1/10, solid solution of manganese  in fluorapatite 
is first detected at 700 ~ and is observed to increase ex-  
ponent ia l ly  through 1100 ~ at which tempera ture  in-  
corporation of manganese is v i r tua l ly  complete. Ar -  
rhenius plots of the EPR line intensi ty of Mn + + in 
apatite are approximate  s t raight  lines f rom 700 ~ 
through 1100% Over  the range 700~ ~ incorpora-  
tion of manganese in fluorapatite is bet ter  in the CO, 
CO~ atmosphere  than in N~, whereas  the reverse  is the 
case over  the range 1000~ ~ . Air  inhibits the en t ry  
of manganese into the apati te structure,  and only at 
tempera tures  approaching 1200 ~ is solid solution com- 
plete. The differences in solid solution associated with  
the various atmospheres can be a t t r ibuted largely  to 
the necessity for manganese to be in the d ivalent  ox-  
idation state. However ,  in order  to explain some of 
the observed behavior  of manganese  it is necessary to 
postulate volati le compound format ion involving car-  
bon monoxide. At 800 ~ chemical ly  bound manganese  in 
apatite acquires enough mobil i ty  to diffuse into 
freshly formed apat i te  or iginal ly  possessing no 

Table VI. EPR line intensities and distribution coefficients of manganese for fired apatite mixture: 
6CaHP04 -f- 3CAC03 ~ CoF2:I.SxlO-3Mn 

A t m o s p h e r e :  N~ Atmosphere:  CO/COe = 1/10 

CaO Ca~P20~ CaO 
F i r i n g  F i r i n g  D - -  D - -  D - -  

t emp,  ~ t ime,  ra in  IA 1 Ic~o A p a t i t e  IA 1 IA2 IC=O Icaco 3 A p a t i t e  A p a t i t e  

700 10 81 
30 420 
60 480 

800 10 2 650 >0.30 3 6 
30 3 1000 >0.30 7 9 4 3.5 
60 42 1000 0.14 19 12 7 2.6 

900 10 24 970 0.18 23 19 82 * 0,045 
30 34 1300 0.17 29 26 80 * 0.039 
60 89 1200 0.10 31 29 55 * 0.027 

1000 10 130 1200 0.082 22 18 110 * 0.057 
30 330 520 0.030 69 52 150 * 0.031 
60 340 150 9.0094 120 110 110 * 0.017 

1100 i 0  350 45 0.0035 95 85 93 * 0.018 
30 490 300 270 Trace  <0.001 
60 570 430 400 

1170 60 550 250 220 

* M i n o r  amount  of  CaCOs :Mn is  p resen t ,  b u t  l i ne  i n t e n s i t y  is  d i f f i cu l t  to e s t i m a t e  because of poor r e so lu t i on .  
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manganese. At various stages of the reaction there is 
also evidence for the incorporat ion of manganese  into 
Ca2P2OT, CaCO3, and CaO. The most conspicuous of 
these, from the point  of view of f requency of occur- 
rence, intensity,  and persistence, is CaO:Mn, due in 
part  to its inheren t ly  intense EPR spectrum, but  also 
because of its strong affinity for manganese.  It  is pos- 
sible to follow the consumption of Ca2P20~:Mn and 
CaO:Mn dur ing the reaction by observation of their 
EPR spectra, but  this is not feasible for CaFe:Mn. 
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APPENDIX 
It is appropriate to discuss the capabilities and 

l imitat ions of EPR as a method for s tudying solid- 
state reactions. The EPR spectrum of a paramagnet ic  
ion in solid solution in a given crystal l ine compound 
is characteristic of that  compound. Thus, the presence 
of a paramagnet ic  ion in solid solution in a number  
of different identifiable crystal l ine phases can, in  p r in -  
ciple, be detected unambiguously.  In  practice this is 
not always possible; e.g., if a paramagnet ic  ion is in 
a crystal l ine field of low symmetry,  its EPR spectrum 
will in all likelihood be a broad characterless line, or 
for mixtures  of compounds containing paramagnet ic  
ions in solid solution the different EPR spectra may 
interfere with one another  so severely that identifi- 
cation of the different consti tuents is not possible. Al-  
though one can detect with certainty the presence of 
a phase by EPR, one cannot in general  use EPR as a 
criterion for the absence of a phase. Thus, a state- 
ment  such as, "There is a trace of apatite appearing 
at 700 ~ 60 min," is in tended to mean  that the EPR 
spectrum of a mix ture  fired for 60 min  at 700 ~ showed 
the presence of a trace of Mn + + in solid solution in 
apatite, which phase may or may not have been pro- 
duced at a lower tempera ture  or shorter firing time. 
The area under  the EPR absorption curve of a para-  
magnetic species is proport ional  to the number  of ab-  
sorbing ions and therefore the in tensi ty  of the EPR 
spectrum can be related to the amount  of a para-  
magnetic ion in solid solution in a given phase. It  
should be realized, however,  that there is some am-  
biguity in such a relationship, because, wi thin  limits 
where line broadening is not a factor, it does not dis- 
t inguish between large and small  amounts  of the host 
phase. All  that can be said, for example, is that  there 

are Xg of Mn + + in solid solution in an unspecified 
amount  of fluorapatite per gram of sample subjected 
to the resonance conditions. This is the meaning  that 
should be read into the portions of this paper dealing 
with concentrat ions of manganese and its dis t r ibut ion 
among the various phases. 
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A Low-Temperature Synthesis of Manganese Activated 
Zinc Silicate of Superior Crystallinity 

Gleb Gashurov and Albert K. Levine 1 

Generat Telephone & Electronics Laberatories, Bayside, New York  

ABSTRACT 

A new method for synthesis of manganese activated ZnsSiO4 is reported. 
The method, which is based on the reaetion between ZnF2 and SiO2 in molten 
ZnC12, yields typical ly wel l -crys ta l l ized rods of 10 by 100~; act ivation with  
manganese can be obtained dur ing or af ter  the synthesis. The fluorescence 
efficiency of mater ia l  prepared in this manner  is comparable  to that  of com- 
mercial  Zn2SiO4: Mn phosphors. 

Zinc silicate is usually synthesized by a sol id-state  
reaction between ZnO (or ZnCO3) and silicic acid. 
Typically,  as when the manganese act ivated phosphor 
is prepared,  the react ion between the thoroughly 
blended ingredients  is carr ied  out at 1200~ for about 
2 hr. An e lect ronmicrograph of a representa t ive  
sample of zinc silicate obtained f rom such a synthesis 
is shown in Fig. 1. The mater ia l  is seen to consist of 
i r regular ly  shaped, often agglomerated  and in ter -  
grown particles ranging f rom less than 1~ to several  
microns in size. The absence of wel l -deve loped  faces 
is notable. The use of fluxes to promote  crystal l iza-  
tion and growth dur ing synthesis is general ly  objec- 
t ionable in the case of Zn2SiO4, since most common 
fluxes (e.g., alkali  and alkaline ear th  halides and 
sulfates) react wi th  silica to form silicates (1). Wilke 
(2) fluxed ZnSiO~ with  small  percentages of KC1 and 
Li.,SO4 at 920~ for 1 hr. His results show no increase 
in particle size wi th  KC1, while there  is an apparent  
increase with Li.,SO4. No informat ion is given on the 
morphology of the individual  crystallites. 

This paper reports a Zn.,SiO~ synthesis which pro- 
ceeds at tempera tures  considerably lower  than those 
previously reported for solid-state preparat ion and 
which produces a mater ia l  of superior  crystall inity.  
Manganese act ivation can also be accomplished ei ther  
dur ing or af ter  the synthesis to produce a green-  
emit t ing phosphor, comparable  to the commercia l  
product  in fluorescence characteristics.  

Materials and Measurements 
The materials  used were  Mall inckrodt  silicic acid 

(s tandard luminescent  grade) ,  Fisher  ZnCO3 (certified 
reagent) ,  Fisher  ZnC12 (certified reagent ) ,  and Fisher  

Presen t  address :  R ichmond  College of the City Un ive r s i t y  of 
New York,  S ta ten  Island,  New York.  

Fig. 1. Electronmicrograph of representative sample of commer- 
cially prepared Zn2SiO4:Mn phosphor. 

MnC12.4H20 (certified reagent) .  Anhydrous  zinc fluo- 
ride was obtained f rom the Chemical  and Metal lurgical  
Division of Sylvania  Electric Products Inc. Silica was 
obtained by firing silicic acid in air at 1000~ for 2 hr. 

X- r ay  measurements  were  made on a Norelco wide 
range goniometer.  Manganese concentrat ion in Zn2SiO~ 
samples was determined by the x - r ay  fluorescence 
method. Zinc and silicon were  determined gravi-  
metr ical ly;  colorimetr ic  analysis was used in fluorine 
determination.  

Results and Discussion 
The sluggishness of the solid-state react ion be tween  

zinc carbonate and silicic acid may be demonstrated 
by the fact that  even after  2 hr at 1350~ the - reac -  
tion is incomplete.  The possibility of accelerat ing the 
formation of zinc silicate by heat ing the reactants  
under  high pressure was invest igated first. Samples 
containing an int imate  mix ture  of ZnO and SiO2 in 
their  stoichiometric ratio were  heated in a hot pressing 
assembly for 1 hr  at 900~ under  a pressure of 4 tons /  
in.'-'. Al though this t rea tment  must  have led to an im-  
provement  in the contact between reactants,  the re-  
action was largely incomplete,  and the major  crys- 
tall ine phase of the result ing product  was ZnO. In 
fact, comparison of the various re levan t  peaks in the 
x - r ay  spectrum show that the ratio of ZnO to Zn2SiO4 
obtained when the synthesis is carr ied out under  pres-  
sure is approximate ly  the same as that  obtained when 
the sample is heated at the same tempera ture  and at-  
mospheric pressure. These results indicate that  im-  
p rovement  in contact be tween  ZnO and SiO2 over  the 
degree of contact obtained in normal  blending is not 
a factor in the rate  of Zn2SiO.~ formation. Exper iments  
by Jander  and Riehl  (3) indicate that  the growth  of 
Zn2SiO4 by solid-state reaction appears to proceed by 
the diffusion of ZnO through a zinc silicate layer 
which forms about a silica particle. In such a case, 
once a certain min imum degree of contact is estab- 
lished, the rate  would be re la t ive ly  insensit ive to 
pressure. 

The synthesis of zinc silicate by the react ion of ZnF2 
and SiO2 has been described by Lenard,  Schmidt,  and 
Tomaschek (4). This method proceeds according to 
the fol lowing s toichiometry 

2ZnF2 -}- 2SIO2 --~ Zn2 SiO4 -}- SiF4 

Lenard  et al. state that  the synthesis is complete  after 
1 hr at 950~ Since Lenard  et al. give no description 
of the nature  of the crystalli tes,  we decided to in-  
vest igate the synthesis in greater  detail. Our  results 
re la t ive  to the speed of the react ion agree wi th  those 
of Lenard  et al.; as a mat ter  of fact we find that  the 
react ion goes to complet ion within  less than 1 hr  at 
tempera tures  as low as 750~ The completeness of the 
react ion was established by x - r ay  analysis which 
showed Zn2SiO4 as the only phase. The crystal  size 
of the zinc silicate resul t ing f rom the fluoride syn-  
thesis is not, however ,  significantly different f rom that  

378 
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obtained by react ion of the oxides; that  is, in both 
cases the crystall i tes are small and of poor morphol -  
ogy. Nor is there any notable change in ei ther crystal  
size or crystal  habit  when  the ZnF2-SiO2 react ion is 
carried out at 900~ for longer periods, extending to 
24 hr, or at 1200~ for 2 hr. This indicates that  ZnF2 
reacts completely wi th  SiO2 particles in a short t ime to 
form small  zinc silicate crystals;  however ,  af ter  the 
SiO2 is consumed crystal  growth proceeds very  slowly. 
Fur thermore ,  in the react ion with  ZnF2, the size of 
the SiO2 particles appears to de termine  the size of 
the Zn2SiO~ crystals which are formed. A similar  con- 
clusion has been drawn (5) for the crystals synthe-  
sized by the react ion between SiO2 and ZnO. 

Diffusion processes and mass t ransport  are much 
more rapid in l iquid medium than in solid; hence it 
was decided to carry out the react ion be tween ZnF2 
and SiOe in molten zinc chloride. Zinc chloride was 
selected because (i) it exists in the liquid form over 
a sui tably wide t empera tu re  range (318~176 (ii) 
it is quite  soluble in wate r  and therefore  can be 
easily separated f rom Zn2SiO4; and (iii) it has a com- 
mon cation with Zn2SiO~ which el iminates the possi- 
bil i ty of objectionable cation contamination.  The ini-  
tial exper iments  showed that  zinc silicate of excel lent  
crystal l ini ty  is obtained when ZnF2 and SiO2 are 
caused to react in mol ten zinc chloride. However ,  care 
must be exercised to insure that all  SiO2 reacts. Thus, 
for example,  when 1.00g of ZnF2, 0.58g of SiO2, and 
20g of ZnCI.,_ are maintained at 600~ for 4 hr  in a 
covered plat inum crucible, the x - r ay  analysis of the 
resul t ing mater ia l  af ter  washing in boiling water  
shows Zn2SiO~ as the only crystal l ine phase. However ,  
microscopic analysis reveals  a re la t ive ly  large number  
of large, i r regular ly  shaped particles among the 
smaller  we l l - fo rmed  Zn2SiO~ rods. The x - r ay  pat tern  
of the i r regular  particles, which were  separated f rom 
Zn~SiO4 rods by sieving, showed them to be 
amorphous, and the particles are presumed to be sil- 
ica. 

Significant reduction of the amount  of unreacted 
silica and larger, more perfect  zinc silicate crystall i tes 
are obtained when the react ion is carr ied out near  
730~ the boiling point of ZnC12. In this case pro-  
vision must be made to condense ZnC12 vapor  and re-  
turn it to the system. The boiling also provides suffi- 
cient agitation to assist in the reaction. In this proce-  
dure an equimolar  mix ture  of ZnF2 and SiO2 is placed 
together  wi th  a large excess of ZnCI., (35g of ZnC12 to 
lg  of ZnF2) into a quartz  flask provided with  a long 
nar row neck. The flask is then lowered into a ver t ical  
tube furnace maintained at about 600~ Af ter  15 min 
the tempera ture  of the furnace is raised, and the m i x -  
ture refluxed at the boiling point of ZnC12 (730~ 
for about  5 hr. To preven t  bumping, the react ion 
flask is continuously agitated. Af te r  completion of the 
run, the mix ture  is poured into a quartz  beaker,  cooled 
and washed with  boiling wate r  to remove ZnC12. If 

Fig. 2. Photomicrographs of (a) Zn2SiO~ prepared by the 
ZnF2/ZnCI2 method and (b) commercial Zn2SiO4:Mn (Sylvania 
#16U. 

Fig. 3. Electronmicrograph of Zn2Si04 prepared by ZnF2/ZnCI2 
method. 

the ingredients are sufficiently anhydrous, there is 
only little etching of the quartz flask. 

Figure  2a shows a photomicrograph of a typical 
Zn2SiO~ sample synthesized by the technique outlined 
above. For  comparison (Fig. 2b), a photomicrograph 
of a sample of commercial  Zn2SiO4: Mn phosphor, Syl-  
vania No. 161, is included. One can see that  the crys- 
tals prepared by the ZnF2/ZnClz method are on the 
average about 100n in length and 10~ in cross section. 
An e lect ronmicrograph (Fig. 3) of these crystals shows 
them to possess very  wel l -deve loped  faces. Examina-  
tion under  crossed polarizers reveals  that  most of the 
particles are s t ra in- f ree  crystals, and x - r a y  diffraction 
analysis shows a-Zn2SiO4 as the only crystal l ine phase. 
Chemical analysis of the synthesis product indicates 
that it contains some free silica. An assay of a typical  
product  gives 30% by wt  SiO2 and 70% ZnO, whereas  
the respect ive stoichiometric values are 27 and 73%. 

The following exper iment  indicates that  the growth 
of Zn.2SiO4 is controlled by its solubili ty and diffu- 
sion in mol ten ZnC12. A stoichiometric mix ture  of ZnF2 
and SiO._, was placed at the bottom of a quartz tube, 
which was then filled to about 50% of its capacity 
wi th  molten ZnC12 and heated to 600~ During the first 
few minutes silica particles were  observed to rise to 
the surface of the l iquid and the solution acquired a 
gray color. Af ter  about 15 rain all the particles sank 
to the bot tom of the tube (probably indicat ing conver -  
sion of SiO=, to Zn2SiO~) and the ZnCI_~ solution be-  
came colorless. Addit ional  molten ZnC12 was then 
added to fill the tube to about 80% of its volume. The 
tube was sealed and placed in an inclined position in a 
horizontal  tube furnace. A tempera ture  gradient  was 
established such that  the lower  end of the tube was 
at 690~ while  the upper  end was at 650~ After  18 hr  
the tube was careful ly  removed,  quenched to room 
temperature ,  and cut into sections. The quartz  tube 
was only sl ightly etched, indicat ing l i t t le react ion 
with  its contents. It  was found that, while  most of 
the Zn2SiO4 was in the hot ter  end, which had the 
initial charge, there  was a significant amount  of 
Zn2SiO4 in the cooler zone. There was, however ,  a 
notable difference in the size of the crystals. Figure  4 
shows that  the crystals grown in the hot zone are on 
the average  a few microns in size, whi le  those grown 
in the lower t empera tu re  region are up to 100g in 
length. This result  indicates mater ia l  t ransport  and 
deposition due to the tempera ture  dependence of the 
solubility. 

Large zinc silicate rods may also be obtained by 
heat ing silicon dioxide alone in boiling zinc chloride. 
The crystals obtained in this way  are essentially of the 
same size and morphology as those prepared  by the 
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Fig. 4. Photomicrographs of Zn2SiO4 crystals grown in (a) the 
low-temperature zone and (b) the high-temperature zone of ZnCI2 
maintained at a temperature gradient. 

ZnF2/ZnC12 method, a l though the reaction rate is sub- 
s tant ial ly slower than that in the case of ZnF2-SiO2 
reaction. For example,  refluxing a mix ture  of SiO2 and 
ZnCI~ for 5 hr  at 730~ produces Zn2SiO4 containing a 
ve ry  large excess of free silica. In a typical  case, the 
composition of the solid phase was 47% SiO2 by weight  
and 53% ZnO, whereas  the stoichiometric composition 
of Zn2SiO4 is 27 and 73%, respectively.  When a mix-  
ture of SiO2 and ZnC12 was heated at 600~ for 5 hr, 
no zinc silicate was formed;  the solid product af ter  
aqueous washing was shown to be amorphous by x - r ay  
diffraction, and its weight  was the same as that of the 
SiO2 used in the experiment .  

Crystal l izat ion exper iments  of the ZnF2-ZnCIe type 
carried out at tempera tures  below the boiling point of 
zinc chloride, and in the absence of mechanical  agita-  
tion, result  in Zn2SiO4 rods which are mostly smaller  
than 25g in length. In such syntheses the amount  of 
unreacted  silica is considerably larger  than that  found 
when the crystal l izat ion is carried out at the boiling 
point of ZnC12. 

Luminescence of Zn,,SiOd:Mn 
Incorporat ion of manganese into zinc silicate may be 

accomplished by ei ther of two techniques:  (i) An 
aqueous solution of MnC12 is added to the Zn2SiO4 
rods, the s lurry is dried at 110~ for several  hours and 
then fired under  argon at 1200~ for 2 hr; the amount  
of manganese added is that  which is desired in the 
final product. (ii) MnC12 is added to the inital  react ion 
mixture ,  ZnF2, SiO2, and ZnCI2, which is then refluxed 
for 5 hr. In the lat ter  technique a large excess of man-  
ganese chloride is requi red  to achieve the desired con- 
centrat ion level  in the zinc silicate lattice, because of 
the miscibil i ty of MnC12 in ZnC12 under  the synthesis 
conditions. Table I presents results of photo- and 
cathodoluminescence measurements  made on repre -  
sentat ive preparations.  The output  of a low-pressure  

Table I. Luminescence of Zn2SiO4:Mn prepared by the 
ZnFyZnCI2 method 

R e l a t i v e  
f luorescence  

e fhc ieney  

E x e i t a -  
Exc i t a -  t i on  by  
t i on  b y  15 k v  
254 n m  e lec t rons  

Zn~SiO~:Mn (1 mo le  v~ ), a c t i v a t e d  by  p r o c e d u r e  1 88 
Zn,~SiO~:Mn (1.5 mo le  ~ ) ,  a c t i v a t e d  by  p rocedu re  I 90 
Zn :S iO~:Mn (2.0 mo le  %),  a c t i v a t e d  by  p r o c e d u r e  1 100 
ZneSiO~:Mn (2.5 mo le  ~ ) ,  a c t i v a t e d  by p rocedu re  1 98 
Zn..~iO~:Mn (3.0 mole  ~ ) ,  a c t i v a t e d  by  p rocedu re  1 98 
Z n ~ i O t : M n  (0.5 m o l e  ~ ) ,  a c t i v a t e d  by p rocedure  2 80 
Zn~SiO~:Mn (1.0 m o l e  %t ,  a c t i v a t e d  b y  p r o c e d u r e  2 98 
Zn~SiO~:Mn ~1.5 mo le  cE), a c t i v a t e d  by  p r o c e d u r e  2 113 
Zn._,SiO~:Mn (2.0 mo le  ~ ,  a c i i v a t e d  by p r o c e d u r e  2 104 
S y l v a n i a  Zn~SiO~:Mn ~161  100 

93 
90 
92 
89 
86 
75 
S4 
85 
78 

100 

Fig. 5. Photomicrograph of Zn2SiO4:Mn crystals illuminated by 
their own emission when excited with uv radiation. 

mercury  discharge, rich in 254 nm radiation, was used 
for uv excitation. Cathodoluminescence measurements  
were  made by sett l ing the mater ia ls  on glass slides and 
excit ing in a demountable  assembly with 15 kv  elec- 
trons. The light emit ted f rom the phosphors was 
measured from the i r radiated side. To obtain layers  
suitable for measurement ,  the rodlike crystals had to 
be f ractured prior to settling. (Grinding was found 
to reduce the fluorescence efficiency.) This was ac- 
complished by causing the Zn2SiO4 crystals to be 
carried by a high-speed stream of air directed at the 
wall  of a bent quartz tube. The f ractured crystals were,  
on the average, about one- th i rd  the length of the 
original crystals, and are still not wel l  suited for the 
sett l ing of cathodoluminescent  screens. This comminu-  
tion procedure was found to produce no significant 
change in the photoluminescence efficiency of the zinc 
silicate samples. The effect, if any, of the f ractur ing 
process on the cathodoluminescence efficiency of the 
mater ia l  was not determined because with  the large, 
unfrac tured  rod-shaped crystals it was not readi ly  
feasible to form a suitable screen for reproducible  
measurements .  

The data show no significant difference in efficiency 
between samples act ivated by the two different syn-  
thesis procedures. There  is, however ,  some reason to 
speculate that the intrinsic luminescence efficiency of 
Zn2SiO4: Mn rods may be higher  than the values listed 
above. Because of the re la t ively  smooth crystal  sur-  
faces, internal  reflection of the fluorescence may be ex-  
pected to reduce by a significant amount  the luminous 
flux that  might  otherwise be intercepted by the de- 
tector. Comparison of Fig. 1 and Fig. 3, taken wi th  the 
same magnification, shows the difference in surface 
smoothness between a part icle of commercia l  Zn2SiO4: 
Mn phosphor and a crystal  prepared  by the method 
of this paper. Indeed, as Fig. 5 shows, under  uv ex-  
citation the fluorescence f rom the wel l -crysta l l ized 
rods is emit ted predominant ly  f rom their  ends which 
are inclined re la t ive  to their  major  faces. 
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The Growth and Etching of Si through Windows in Si02 

W. G. Oldham and R. Holmstrom 1 

Department of Electrical Engineering, University of California, Berkeley, California 

ABSTRACT 

A theory of the kinetics of vapor  deposition and etching through small 
openings in an oxide layer  on Si is developed and compared  with  experiments.  
A model  that assumes equi l ibr ium at the Si surface and purely  diffusive t rans-  
port  through the gas phase is used to der ive  the concentrat ions and fluxes of 
the interest ing gaseous species in the neighborhood of the window. The pre-  
viously reported concave growth surfaces and convex etching surfaces are ex-  
plained by the constriction of the flow near  the edges of the windows. The 
measured etch rate is in quant i ta t ive  agreement  with theoret ical  estimates 
based on this model. Fur thermore ,  the der ived concentrat ion profiles explain 
the appearance and re la t ive  size of the band of oxide free f rom Si overgrowth  
which surrounds each window in the growth experiments .  

Because of the integrated circuit  industry 's  interest  
in the epitaxial  growth of Si on selected areas of Si 
wafers, some consideration has been given to the 
scheme of deposition through windows in an SiO2 
layer  (1). The results reported thus far have been dis- 
appointing; growth on the oxide has been difficult to 
prevent ,  and growth in the desired region has usu- 
ally been uneven (2). A typical result,  which i l lus- 
trates most of the features,  is given in Fig. 1. Some 
impor tant  general izat ions that  may be made for small  
windows are: (i) the Si deposited in the windows is 
usually smooth and of satisfactory perfection;  how-  
ever,  (ii) the thickness varies with position, e.g., in the 
case of deposition without  prior gas etching, the de- 
posit is thicker  near  the edges than in the center;  
(iii) Si crystall i tes grow more or less un i formly  over  
the surface of the oxide; except  that  (iv) a band of 
oxide free from crystal l i tes general ly  surrounds each 
window. 

To ident i fy the impor tant  processes responsible for 
this behavior,  some exper imenta l  and theoret ical  stud- 

1 P r e s e n t  addres s :  S p r a g u e  Elec t r ic  C o m p a n y ,  N o r t h  Adams ,  Mas- 
sachuse t t s .  

(a) 

/ Si crysta~tes 
SrO~ F: . . . . . . . . .  :4 ( 

Si 

(b) 
Fig. 1. (o) Typical wafer in the neighborhood of a ]6-mil diam- 

eter window offer Si deposition; (b) cross section (schematic dio- 
gram) of o typical wafer. The profile in the bottom of the window 
depends on the conditions during deposition; three possible profiles 
ore shown. 

ies were  made of a typical  vapor deposition system. 
Because of the s imilar i ty of etching processes to 
growth processes and the technological  importance of 
vapor  etching, we include as well  the invest igat ion of 
etching through windows in an oxide layer.  

In the fol lowing we  first develop the theory of (a) 
the growth of Si through windows in the oxide, (b) 
the react ion of Si with H20, and (c) the growth of 
Si on the surface of the oxide. Second, we discuss our 
exper iments  on each of the above and finally make  
some conclusions regarding the control of such proc-  
esses. 

Theory of Growth and Etching of Si 
in and around Windows in the Oxide 

General consideratiens.--In this laboratory,  the sys- 
tem used for the deposition of Si is the thermal  de- 
composition of SIC14. It is unnecessary to rev iew the 
growth mechanisms in Si deposition since they are 
adequate ly  t reated in the l i terature.  In particular,  
Shepherd (3) treats the kinetics of a typical  system 
and refers to ear l ier  works. Like Shepherd,  we  use a 
SIC14 system with cold reactor  walls. 2 In order  to dis- 
cuss selective growth using this type of system quan-  
t i tat ively,  it is necessary to de termine  whe ther  the 
growth rate  is l imited by the surface kinetics of a 
par t icular  react ion or by the mass t ransfer  of some 
species into (or out of) the region of reaction. A series 
of exper iments  was conducted to de termine  the de- 
pendence of growth rate  on the tempera ture  of the 
substrate  and on the mole ratio of silicon to hydrogen 
in the gas stream. A typical set of results is given in 
Fig. 2, which  shows the logar i thm of the growth ra te  
plotted vs. the reciprocal  of the t empera tu re  wi th  the 
mole fract ion of SIC14 in Ha as a parameter .  

The data show that  at low tempera tures  there  is 
l i t t le dependence on the amount  of silicon; however ,  
at high tempera tures  the growth rate is near ly  pro-  
port ional  to the mole fract ion of SIC14, e.g., at 1270~ 
the growth ra te  is 3.2 �9 10 -4 ~ / m i n / p p m  SiCla over  the 
range 1000 to 8000 ppm SIC14. Fur thermore ,  the growth 
rate  becomes near ly  tempera ture  independent.  Thus, 
both the t empera tu re  and concentrat ion dependence 
of the growth rate  indicate that  it is possible to work  
in a regime where  growth rate  is mass- t ranspor t  l im-  
ited. Most of the exper iments  described here were  con- 
ducted under  such conditions. 

Shepherd (3) provides very  strong evidence that  
growth in such a regime as indicated by the le f t -hand  

-" De ta i l s  of t he  a p p a r a t u s  a re  g i v e n  in  the  e x p e r i m e n t a l  section.  
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Fig. 2. Deposition rate of silicon for growth over large areas as 
a function of temperature and SiCI~ concentration in the input 
stream. 

part  of Fig. 2 is indeed l imi ted by t ransport  through 
the gas phase. He calculates the absolute growth rate, 
assuming purely diffusive transport,  and finds good 
agreement  wi th  data obtained in a horizontal  reactor  
configuration. Such a calculation is more difficult for 
our reactor;  however ,  the calculation becomes again 
feasible for the case of growth or etching in small  
windows and is t reated in the next  section. 

G r o w t h  of Si through smal l  openings  in the o x i d e . ~  
If we assume diffusion-l imited kinetics, a calculation 
of the most impor tant  parameters  in the growth proc-  
ess becomes feasible, provided that  a sufficiently simple 
geometry  is chosen. A small  window in a much larger  
inactive surface is a t ractable geometry  if the addi- 
t ional assumption of a s tagnant  gas phase is made. We 
shall first calculate the concentrat ions of the var i -  
ous gaseous species in the neighborhood of the window 
in the oxide, then apply appropriate  boundary condi-  
tions, and finally der ive  the fluxes of per t inent  species. 
The details of the solution are given in the appendix;  
only an outline and summary  of the calculation are 
given here. 

The cylindrical  coordinate system used in the cal- 
culation is shown in Fig. 3. The height  above the sur-  
face of the Si wafer  is z, and the distance f rom the z 
axis is p. The thickness of the oxide is assumed to be 
negligible, and a circular window of radius ~ is cen-  
tered about the z axis. In the absence of growth on the 
oxide, the window acts as a sink in a surface of infinite 
extent.  Fur thermore ,  in the mass- t ranspor t  l imited 
regime, the window may be assumed to be a surface of 
equiconcentrat ion.  Because the flux through the oxide 
surface is zero, we may take advantage of the sym- 
met ry  and solve the problem of a disk-shaped sink in 
an infinite region, that  is, e l iminate  the oxide surface 
entirely.  

For  any gaseous species, we wish to find s teady-  
state solutions to the diffusion equation 

04' 
0 = ~- DV2,~ [1] 

Ot 

subject to the boundary conditions 

4 , = ~ s  z ~ O ,  p ~  [2] 

* = 4,0 Jzl + fp[--> oo [3] 

Z 

Fig. 3. Cylindrical coordinate system used to derive the con- 
centration profiles. The radial coordinate is p and the radius of 
the window, centered on the z axis, is ~. 

where  r denotes the concentration, and D is the dif- 
fusivi ty (assumed constant)  of the par t icular  species 
of interest,  cs is the surface concentrat ion (in the Si 
window) ,  and ~o is the free s tream concentration. The 
val idi ty  of applying the second boundary condit ion at 

ra ther  than at a finite distance is established in the 
appendix. It  is shown that as long as the window 
radius is small compared to effective boundary layer  
thickness for large area growth,  the distance f rom the 
surface at which the concentrat ion reaches the free 
s t ream concentrat ion is not impor tant  and may be set 
at infinity. 

The solution to Eq. [1] applies both to deposition and 
etching, only the re la t ive  magni tudes  of 4,0 and Cs are 
different for the two cases. As shown in the Appendix,  
the gaseous diffusion problem here is analogous to the 
electrostatic problem of a charged disk in an infinite 
three-di tnensional  space, and the la t ter  has been 
solved (4). We obtain for the solution to Eq. [1] 

q'o ~ (I's 
4,(p,z) ~- �9 2cos -1 

\ / ( ~  + o) 2 + z 2 + k / ( ~ - -  p)" + z 2 

Equat ion [4] gives the concentrat ion at any point 
(z, p), and its der ivat ives  give the various components  
of the flux densities at (z, p). We are par t icular ly  in-  
terested in the flux density incident on the surface of 
the bare Si magni tude of which is given by 

F(p)  = --DV~I~=0 [5] 

Evalua t ing  Eq. [5] in the region p < a we have that  

2 1 
F(p) = D ' - - [ r  �9 [6] 

:C ~ a 2 _ _  p 2 

It is seen that  the magni tude  of • is largest  near  the 
edges, in fact, it approaches ~ as p approaches a. In 
spite of the s ingular i ty  of Eq. [6] at p = a, the total 
flux F, given by the integral  of F over the surface 
0 < p < ~ is finite and is given by 

F (TOTAL) ~ 4aD[~o--  4,s] [7] 

Equat ion [7], when divided by the area, yields the 
average growth rate. Expressing the lat ter  in more 
convenient  units, we obtain for the veloci ty  of the 
growing surface (or etching surface if ,~o < ~ )  

o 
VAVG = 1.55 • 10 - 2 0 -  ( r  4,s) [8] 

We have used a molecular  weight  of 28 and density 
of 2.3 for Si and assumed that  one Si atom is deposited 
(etched) for each molecule transported.  C.G.S. units 
are used for all parameters .  A rough idea of the uni -  
formity  of the growth rate over  the surface may  be 
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obtained by comparing the average growth rate  wi th  | ~  
the growth  rate at the center. If the lat ter  is denoted 
by Vc, it may be readi ly  verified f rom Eq. [6] and 
[7] that  +2 

Vc ~ 1/2VAvo 

Equations [4]-[8] give the concentrat ions and fluxes +l 
of the various species in terms of the f r ee - s t r eam 
concentrat ion r and the surface concentrat ion Cs. The 
former  may be assumed to be equal  to the input  con- 0 
centrat ion;  however ,  the lat ter  depends on the the rmo-  
dynamic propert ies  of the Si surface, as well  as on 
certain properties of the gases. We solve for cs in the -I-  
u s u a l  way, making use of the s teady-sta te  r equ i rement  
of conservat ion of C1 atoms (or O atoms in the case of 
t ransport  via SiO).  In the case of chloride t ransport  -2- 
we must  decide which species are impor tan t  because 
the s imultaneous solution for the surface concentra-  
tions in the presence of many  interact ing species is 
arduous. If the input  gas is SiCI~ in low concentrat ions 
in H2, Lever ' s  calculations (5) indicate that the im-  
portant  species present  in the tempera ture  range of 
interest  are SIC14, SIC12, HC1, and H2. Consider the 
growth of Si in such a system. Either  SIC14 diffuses to 
the Si surface and reacts, or SIC14 first reacts in the 
gas phase with H2 to form HC1 and SiCI~. The la t ter  
diffuses to the surface, or some combinat ion of the two 
processes occurs. Fortunately,  they give very  similar 
answers for the growth rate, so only the - fo rmer  wil l  
be considered here. 

We assume a net  flux of SIC14 to the Si surface; the 
C1 balance is maintained by a flux f rom the surface 
of SIC12 and HC1. The reactions of interest  are 

SiCl4 H- 2H2--> Si + 4HC1 [9] 
and 

SIC12 + H2-* Si -~ 2HC1 [10] 

The equi l ibr ium constants, denoted respect ively by K9 
and K10, may be obtained f rom the J A N A F  Tables (6). 
The order of mangi tude of K9 and K10 at 1500~ are 
0.01 and 1, respect ively;  thus we need to consider only 
the flux of SIC14 toward the surface and HC1 from the 
surface. 3 

Evaluat ing  Eq. [7] for the two fluxes, we have for 
the conservat ion of C1 

- - D s c l [ r  Hc! - -  ~s Hcl]  = 1/4Dsicl4[r  ~sSiCl4] [ 1 1 ]  

From Eq. [9] we have, in addition 

( r  4 
-- Ky / (RT /No)  3 [ 12] 

~sSiCl4 

in which R is the gas constant, T the temperature ,  and 
No Avogadro 's  number.  We assume ideal gas law be- 
havior  and constant H2 pressure of 1 atm. 

Equations [11] and [12] are the solutions for the 
surface concentrations in terms of the input  concen- 
trations. Ei ther  the pair r Hcl and Cs Hcl or the pair 
�9 oSlCl4 and csSiCl4 may be used in Eq. [8] to obtain the 
growth rate. We note that  the cases of etching and 
growth are completely symmetric,  only the sign of 
( r162  changes. The expected profiles for growth 
and etching of Si through windows in the oxide, based 
on the init ial  rate, are given in Fig. 4. Of course these 
solutions are valid only when  the boundary conditions 
as formula ted  are met  in the physical system. Thus, as 
soon as growth or etching progresses to the point 
where  the Si surface is no longer approximated  by a 
flat disk, the solutions are invalid. This effect would 
modify the shape of the surface for etching in the 
manner  of the dashed l ine in Fig. 4. An even more 
severe l imitat ion is that  no Si deposition occur on the 
oxide, at least wi thin  a few window radii. In almost all 
the growth exper iments  in this laboratory,  deposition 
on the oxide did occur. Thus, in the exper imenta l  part  

8 We are interested in the concentrat ion range  of C1 in the gas 
s t ream of up to at most  a few per  cent. Thus for 1% HC1, we 
would have  only 0.02% SIC12 at  the surface. 
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Fig. 4. Expected etching and deposition profiles across the bot- 
tom of the window in the oxide; the left half is for growth and the 
right half for etching. The solid curve is the theoretical prediction 
based on the initial growth (etch) rate. The actual shape would be 
modified by the constriction near the edge and for etching might 
look something like the dashed curve (arbitrarily sketched). 

of this paper, we use the etching profile ra ther  than 
the growth profile to compare with  Fig. 4. In the pres-  
ence of dense growth on the oxide, the growth rate in 
the window would be constant across the window and 
the same for all windows, as in normal  epitaxy. That 
this is approximate ly  true, even in the presence of a 
band of S i - f ree  oxide surrounding the window, may be 
seen f rom the fol lowing argument.  Suppose that  the 
radius out to the edge of the Si - f ree  band is p'. The 

Si f rom the r ing ~< p ~ (~  -p p')/2 is deposited in the 
window, in addition to the usual share from the region 
p < a. The amount  of this mater ia l  is proport ional  to 
~a(p ' - -a ) ,  i.e., it is proport ional  to both ~ and the 
wi~lth of the S i - f ree  band. We show in the next  sec- 
tion that  the width of the band is proport ional  to a, 
thus the amount  of ext ra  mater ia l  is proport ional  to 
the window area. 

Reaction o~ Si with O2 and H20. - - I f  oxygen is pres-  
ent in the epi taxial  reactor,  the etching of the silicon 
to form silicon monoxide competes wi th  any deposition 
which may be taking place. In the tempera ture  region 
of interest,  the react ion 

H 2 0  -~ S i  ~ -  S i O  -~- H 2  [ 1 3 ]  

is dr iven to the r ight  as long as the concentrat ion of 
silicon monoxide is less than the equi l ibr ium concen- 
trat ion determined by the react ion 

Si -}- SiO2 ~.~ 2SiO [14] 

For  silicon monoxide concentrat ions below the equi-  
l ibr ium value, stable silicon dioxide wil l  not  form on 
the silicon surface. 

The oxygen concentrat ion at which the oxide be-  
comes stable may be calculated by considering the net  
oxygen flux in the system. 4 The dominant  oxygen 
species are assumed to be silicon monoxide and water  
vapor, because of the hydrogen a tmosphere  and tem-  
peratures  in excess of l l00~ Our exper iments  to be 
described indicate that  the oxidat ion of silicon to form 
silicon monoxide is sufficiently fast that  the r a t e - l im-  
i t ing process is again mass transfer.  As in the case of 
chloride transport,  the condit ion that  the net  flux of 
oxygen in the system is zero can be expressed by 

D s i o  ~s  siO = DH20  r  [ 1 5 ]  

where  Dsio and DH2O are, respectively,  the diffusion 

This calculation and its exper imenta l  verification have  been 
carr ied out by Shepherd  (7). Wagner  made  a similar  calculation to 
de te rmine  the passivity of mol ten Si in an oxidizing a tmosphere  
(8,~. 
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coefficients of SiO and H20 in hydrogen, ~s si~ is the 
surface concentrat ion of SiO, r is the concentrat ion 
of H20 in the gas stream, and we assume that ~o sio 
and (l, sn20 are negligible in comparison with Cs si~ and 
r O, respectively.  F rom Eq. [14] the vapor  pressure 
of SiO over  Si when SiO2 begins to form is given by 

~s sio (MAX) = (K14) 1/. [16] 

in which K14 is the equi l ibr ium constant for reaction 
[14]. Combining Eq. [15] and [16], we obtain the 
m a x i m u m  permissible water  vapor  concentrat ion in 
the gas s t ream 

Dsio 
�9 on20  (MAX) = - -  (K14) t/'_, [17] 

D H 2 0  

Above this concentration,  a stable oxide will  form. 
Using 0.6 for the ratio (Dsio/Du2o) (8) and the data 
for KI~ from the J A N A F  Tables (6), we obtain for 
the max imum allowable H20 pressure in the input  
s t ream in the neighborhood of 1500~ 

PH2o(MAX) = 0.6 exp ( -11 '300 ) (Atmos),  
T 

about 100 ppm at 1150~ 

As in the case of growth, the reactor geometry  pre-  
vents an exact  calculation of the etch rate  over large 
surfaces, however ,  the previous calculation, Eq. [1]- 
[8], apply direct ly to the etching through small  win-  
dows. It  is only necessary to solve for the surface con- 
centrat ion of SiO and H20. Denoting the equi l ibr ium 
constant for reaction [13] by K13, and making use of 
Eq. [15] 

r H20 ~ ~o  H20 D r l 2 0 / ( K 1 3  �9 D s i o )  ~- 0 [ 1 8 ]  

We are justified in assuming that ~o si~ < <  ~s si~ and 
Csn2 ~ < <  q, on2 ~ because El3 is of the order of 100 in 
the tempera ture  range of interest.  Final ly,  f rom Eq. 
[8], the etch rate  of Si in small windows of radius a 
is given by 

PH2o 
VAV~ = 290 �9 ( T / T o )  �9 - -  (~m/min)  [19] 

in which we have assumed ideal gas law behavior  
and used the approximate  relat ionship 

DH._,o = D o ( T / T o )  " 

where  Do ---- 0.7, To = 273 (11), and ~ is the window 
radius in centimeters.  

G r o w t h  of Si on SiO,,.--As is apparent  f rom Fig. 1, 
small crystal l i tes of Si are deposited on the oxide, at 
least under  some reactor  conditions. In our system, 
such growth is in fact  ve ry  difficult to prevent .  Alex-  
ander  and Runyan (2) have made an extensive study 
of the role of the growth conditions and the cleanliness 
of the oxide surface in de termining the density and 
size of these crystalli tes,  including purposely con- 
taminated surfaces. We repeated a few of these exper i -  
ments and made similar  conclusions, namely,  that  
any handl ing or contaminat ion great ly  increases the 
nucleat ion of Si on the oxide. Exposure  to photoresist  
materials  is par t icular ly  beneficial in enhancing dense, 
nonuniform nucleation. 

Bicknel l  et  aL suggest that  oxygen-def ic ient  sites 
provide locations for the formation of nuclei  (9). 
Oxygen-def ic ient  sites could be produced by the hy-  
drogen reduct ion of the oxide surface by the reactions 

SiO2 + H2 ~ SiO -p H20 [20] 

SiO2 q- 2H2 ~- Si q- 2H20 [21] 

Both of these reactions are thermodynamica l ly  favor -  
able at deposition temperatures ,  but exper imenta l  evi-  
dence indicates that they are quite slow. We baked 
wafers for 30 min  in hydrogen at 1150~ and found 

only pinhole formation, but no measurable  reduct ion 
in over -a l l  oxide thickness. A rough calculat ion pre-  
dicts that equi l ibr ium for the react ion would produce 
a reasonably fast (i.e., 50 A/ra in)  oxide etch rate 
under  the conditions of the experiment .  Our fai lure 
to observe such a reduction indicates that  e i ther  the 
above reactions are kinet ical ly l imited and far f rom 
equi l ibr ium under  our conditions, or the rapid pinhole 
formation produces sufficient SiO via reaction [14] that 
reactions [20] and [21] are suppressed. We consider 
the former  as the more l ikely explanat ion as v i r tu -  
ally no thickness decrease was observed except  in the 
pinholes. 5 

The apparent ly  very small  rate  constant for reac-  
tion [20], plus the wel l -es tabl ished contaminat ion 
effects indicate that, at least under  most reactor  con- 
ditions, the role of oxygen-def ic ient  sites in nuclea-  
tion is minimal. In any case we may still draw some 
quant i ta t ive  conclusions provided that  the nature  and 
density of the nucleation sites may be controlled. Sup- 
pose that  the free energy change ---~G for react ion 
[9] in the presence of crystal l ine Si is -- - - •  per 
atom deposited. Growth  on the oxide is inhibi ted com- 
pared to growth on Si if the average free energy 
change per molecule,  - - - -~G0 is less than --•  
Clearly, --• is a funct ion of the number  of atoms 
participating, and the nucleat ion rate is a strong func-  
tion of the concentration. One might  speak of super-  
saturat ion then in the sense of some combination of 
gaseous species sufficiently far  f rom the equi l ibr ium 
values (de termined by - - •  to dr ive  the react ion to 
the r ight  and achieve a given nucleation rate. The 
effect of contaminat ion is to provide sites wi th  
---~G(=---~Gc) larger  than ---~G0 for a given number  
of atoms participating. Thus the supersaturat ion to 
achieve a given nucleat ion ra te  is lowered. 

If --.XGc or the density of sites cannot be controlled 
from wafer  to wafer,  some conclusions may still be 
drawn by comparing different areas on one wafer,  for 
which such control is considerably easier. 

The variables  control l ing the ra te  of nucleat ion dur-  
ing the early stages of growth are of major  importance 
in the explanat ion of the wid th  of the s i l icon-free 
oxide band surrounding the windows. In order  for the 
growth to take place on the oxide, the SIC14 must  be 
reduced to silicon. We assume for simplici ty that 
SIC14 does not react in the gas s tream but diffuses to 
the surface before reacting. With this simplification, 
nucleation may be described in the form of a typical  
heterogeneous reaction, i.e., (i) diffusion of SIC14 to 
the surface; (if) adsorption of SIC14 on the surface; 
(iii) formation of nuclei  by react ion of H2 and SiCI~ 
to form Si and HC1 (this reaction may proceed by 
in termedia te  reactions involving other  silicon species) ; 
( iv)  desorption of HC1; and (v) diffusion of HC1 
away from the surface. If SiCI~ reacts in the gas 
s tream to form SIC12 or SiHC13, the above process will  
remain  unchanged except  for a change in the diffusing 
and react ing species. A similar  a rgument  holds if 
SIC12 is a reaction product;  however ,  under  our con- 
ditions HC1 is favored as a react ion product. 

If one of the steps in the series listed above is slower 
than the others, it wil l  control the nucleat ion rate. 
Steps (i) and (v) are not rate  l imit ing since before 
the nuclei are formed, the ra te  of format ion of nuclei  
is not  controlled by diffusion; i.e., no concentrat ion 
gradients are set up unti l  g rowth  starts. Because of 
the band of s i l icon-free oxide, we conclude that  the 
dr iving force for the ra te - l imi t ing  step appears to 
vary  as a function of distance f rom the edge of the 
window. Because the rates of these processes are con- 
centrat ion dependent,  we are interested in evaluat ing 

I t  is i n t e r e s t i n g  t h a t  the  ra te  c o n s t a n t  m e a s u r e d  by  G r o v e  and  
Deal  I10) for  the  w a t e r  o x i d a t i o n  of  s i l icon,  i .e . ,  the  r eve r se  of  [21] 
w h e n  c o m b i n e d  w i t h  t he  e q u i l i b r i u m  c o n s t a n t  for  [21], p red ic t s  an  
e t c h i n g  ra te  of less t h a n  one  m o n o l a y e r  an  hour .  Of course ,  such  a 
c a l c u l a t i o n  is open to some c r i t i c i sm  as the  species  i n v o l v e d  in  the  
HzO o x i d a t i o n  of s i l i con  has  no t  been  p o s i t i v e l y  iden t i f i ed ,  a n d  the  
SiO-z-Si in t e r face  is s o m e w h a t  d i f f e ren t  t h a n  the  He-$iOc in t e r face  in  
ou r  e x p e r i m e n t s .  
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concentration along surface 

B 

I I I I I p 

a 2a 5a 4a 5a 
Fig. 5. Concentrations ~-~ and ~B of two gaseous species, A and 

B, along the surface of the oxide. For species A, ~s h > ~o A, 
whereas for species B, ~s B < ~o B. The subscript s denotes values 
on the Si surface, i.e., p ~ a, and the subscript o denotes the 
limiting value as p --~ ~ .  

the concentrat ions of the various species in the gas 
phase along the surface of the oxide. Evaluat ing  Eq. 
[4] for z = 0, p > a, we obtain 

2 
�9 ( p )  = ( @ o - - q b s )  - - C O S  - 1  (a/p) -~- r s [22] 

n 

This function is plotted for the two cases r > Cs, ~o < 
�9 s in Fig. 5. In our model, the concentrat ions of all 
species fol low such curves, only the values r and cs 
vary. The significance of these plots is that  some 
combination of such curves gives the supersaturation.  
Notewor thy  about the function is that the distance at 
which the value of �9 has decreased (increased) some 
fraction of its total change is proport ional  to the 
window size, and fur ther ,  �9 drops (increases) from 
�9 s most of the way to r in a few window radii. Even 
though the boundary layer thickness for the reactor 
is on the order of centimeters,  effective boundary layer 
thicknesses vary  with window size and are of the or- 
der of a.  

Exper imenta l  
Apparatus and procedures.--The epitaxial  growth 

system used in these exper iments  is similar to the 
vert ical  system used by Theuerer  (12). The SIC14 is 
held in a Pyrex  container  suspended in an ice -water  
bath. This a r rangement  does not lead to a constant 
mole ratio of SIC14 to H2, hence it is necessary to 
measure  the mole ratio for each run. This is accom- 
plished by bubbling the output  gas s t ream from the 
react ion chamber  through a s tandard solution of 
NaOH with  a suitable indicator. Airco u l t ra -h igh-  
pur i ty  hydrogen (less than 2 ppm impuri t ies)  is used 
wi thout  fur ther  purification. A ra ther  s tandard pro-  
cedure is used, a 5-min reactor  purge in H2 and a 
5-min prebake in H2 at 1200~ fol lowed by the etch- 
ing or growth experiment .  When oxygen is used, it 
is added in the form of a 2% oxygen- in -a rgon  mix-  
ture prepared  in this laboratory.  The substrate tem-  
pera ture  is measured wi th  an optical pyrometer  cali- 
brated at the mel t ing points of silicon and germanium. 
The thickness of the resul t ing epi taxial  layers  is de-  
termined by measur ing stacking faul t  size. 

Deposition of Si in windows in the oxide.--As pre-  
viously noted (2), the deposition rate  in small  win-  
dows is a function of the window size, a l though in 
previous work  the ratio of Si area to SiO2 area ra ther  
than window size, has been used as a parameter .  
Quant i ta t ive  data are difficult to obtain, however ,  as 
growth on the oxide initiates after  some short period 
under  deposition conditions. As soon as Si is nucleated 
on the oxide, our model  is inval idated,  and no com- 
parison can be made between growth  rates, for ex-  

ample  in windows of different size. However ,  the qual -  
i ta t ive observations that  deposition rate decreases wi th  
increasing window size and that  the growth  ra te  is 
h igher  near  the edges of the window, agree wi th  the 
model. Fur thermore ,  the simple modification of the 
theory in the presence of growth on the oxide predicts 
that  the growth rate  is independent  of window size for 
long growth times. This is in agreement  wi th  our ob- 
servations. 

Etching of Si with O2.--For convenience, we intro-  
duced O2, ra ther  than H20, into our system for the 
etching studies. Hence all the water  concentrations 
quoted are effective H20 input  concentrations,  equal  by 
definition to twice the actual  O2 input  concentrations. 
If the 02 is conver ted  into H20 reasonably far  f rom 
the wafer  surface, then this procedure is correct. If, 
on the other hand, O2 diffuses most of the way to the 
surface before being conver ted to H.,O, some correc-  
tions might  seem necessary. Each O2 molecule  t rans-  
ports two Si atoms; however  this factor is taken into 
account in doubling O2 concentrat ions to obtain effec- 
tive H20 concentrations. Only the difference in diffu- 
sion constants produces a difference then and, because 
the lat ter  would  only be expected to be 10-20%, it  
wi l l  be ignored. 

The wafers  used in this study were  all nominal ly  of 
( l l l ) - p l a n e  orientat ion and had five windows wi th  
radii  of 1, 2, 4, 6, and 8 mils etched through the oxide 
by standard photol i thographic techniques. The win-  
dows were  at least 0.25 in. apart  in order  to min-  
imize interactions. The wafers  were  subjected to a 
var ie ty  of tempera tures  and oxygen concentrations. 
The exper imenta l  results for the etch rate in the cen- 
ter of the window are plotted in Fig. 6. The impor tant  
results to note are that  for the larger  windows the 
etch rate  is: (a) proport ional  to oxygen concentra-  
tion, (b) inversely  proport ional  to window radius, and 
(c) re la t ively  insensit ive but inversely  related to tem- 
perature.  

The theoret ical  etch rate  in the center  of the win-  
dow was calculated with  Eq. [19] and is plotted for 
each concentrat ion in Fig. 6. 8 The theory predicts an 
etch rate  of approximate ly  twice the exper imenta l  
rate  for the larger  window sizes. 

A possible explanat ion of the difference be tween the 
theoret ical  and exper imenta l  etch rates is the presence 
of a nonzero background of SiO. Silicon monoxide,  in 
excess of the amount  formed by H.,O etching in the 
windows, is supplied by the oxidation of the silicon 
covering the susceptor and by the undercut t ing  mech-  
anism (2) at the edges of the windows. The la t ter  
source of SiO would explain the larger  deviations 
f rom the theory at the small windows. If SiO is pro-  

The  t e m p e r a t u r e  of the  s u b s t r a t e  is used  because  of the  s m a l l  
e f fec t ive  b o u n d a r y  l aye r  t h i c k n e s s  on the  o rder  o f  a .  

o 1240~ [H20] : 
150 PPM 60 PPM [] 1500~ 130PPM 

1300~ 60PPM 

t21~176 rH ol 
~2.0. v f260~ 2 ~: 
.-= o a �9 1300od 20PPM 

a [ x.. 20 PPM 
LO : Theory 

' ~ 0.~ 0 0.11 ~ Window radius - I  ( I /a) (mils) - I  

Fig. 6 .  Etch rote of Si through small windows in the oxide by 
oxygen. The solid curves give the theoretical etch rates for the 
three concentrations stated. 
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duced at a constant rate around the per imeter  of each 
window, then the effect on the etch rate  wil l  be larger  
in the small  windows since the rat io  of area to pe r im-  
eter is smaller.  Other contributions to the difference 
between exper iment  and theory could come from back-  
s t reaming of the react ion products f rom the Si-coated 
susceptor, f rom kinetic l imitat ions of the etch rate,  
and from the significant depth of the holes. The lat ter  
mechanism is par t icular ly  a t t ract ive because it p re -  
dicts larger  deviations for smaller  holes as observed. 

The exper imenta l  t empera tu re  dependence is small, 
but  is in the opposite direction of that  predicted by 
ei ther  a kinetic or diffusion a rgument  wi th  respect to 
the pr imary  etching reaction. An excess in the SiO 
background concentration, e i ther  f rom the per imeter  
of the window or f rom the Si susceptor, could cause 
such a t empera tu re  dependence;  however  we cannot 
evaluate  these or other  possibilities. 

The profile across the bottom of the window was 
measured both by a Talysurf  and using the l imited 
depth of field of a meta l lurgica l  microscope. A typical 
Talysurf  plot is shown in Fig. 7 for 16, 12, and 8 mil  
windows. The theoret ieal  profiles, f rom Fig. 4, are 
shown as dots on the 16 and 12 rail plots for com- 
parison. Similar  results were  obtained on all samples 
examined using both methods of measurement .  While 
the general  shape of the predicted profile is substan- 
tiated, the agreement  is not quanti tat ive.  The etch 
rate  is too slow near  the edges, leading us to conjec-  
ture that the production of SiO by the react ion of 
SiO2 with  Si around the per imeter  of the windows is 

responsible. Jackson has reported the etching of essen- 
tially f lat-bottomed holes through windows in SiO~ 
(13). However ,  he indicates that  the proper  combina-  
tion of temperature ,  HC1 concentration, growth rate. 
geometry,  and orientat ion are required,  indicating that 
the mass t ransport  regime examined  in this paper  is 
not operative. 

Growth of Si on the oxide.--As pointed out earlier,  
the nucleation rate of Si on SiO., depends both on 
reactor envi ronment  and previous history of the speci- 
men. Some attempts were  made to vary  the surface 
preparat ion to control  the surface propert ies and de- 
termine the most important  contaminants,  but no in- 
formation beyond that  reported by Alexander  and 
Runyan (2) was obtained. In fact, the ra ther  poor con- 
trol over  the nucleation density was the general  rule  
in our experiments.  Nevertheless  some exper iments  
were  made to try to unders tand the Si - f ree  band with 
the hope that the necessary supersaturat ion for nu-  
cleation is near ly  constant over  a given wafer,  how-  
ever  much it might  be lowered by contaminants.  We 
made special at tempts to prepare  several  wafers  iden- 
t ically in order that  some process parameters  could be 
varied and comparisons made between wafers. 

We first established that  the width of the Si - f ree  
band surrounding each window is a characterist ic of 
the reactor  and surface condition only and not a strong 
function of the growth time. In Fig. 8(a) and (b) we 
demonstrate  this for a wafer  that has been removed  
and photographed after  1 min, then placed back in the 
reactor for 4 min. One notes that  the only effect of 
increasing the growth t ime by a factor of five is to 
increase the crystal l i te  size; the density of crystall i tes 
in the region close to the window does not increase. 
This is an impor tant  observation, because it implies 
that the reactor  conditions in the very  beginning of the 
growth cycle control nucleat ion in the neighborhood 
of the window. 

We propose the fol lowing model:  When deposition 
is ini t ia ted by admit t ing SIC14, the bare  Si surface re-  
mains essentially in equi l ibr ium with the gas stream, 
but the concentrat ions of the various chlorides build 
up over  the surface of the oxide. Some time after  they 
exceed the supersaturat ion requi red  for nucleation, 
depending on the kinetics, Si begins to nucleate on the 
oxide. After  the Si crystal l i te  density has built  up to 
something less than that  indicated by Fig. 8(a) ,  nu-  
cleation ceases even on the bare  region remaining near  

Fig. 7. Profile of the bottom of the window after an 02 etch. 
The theoretical prediction, adjusted to match at the center is 
shown as a series of dots. (a) 16 rail diameter window; (b) 12 rail 
diameter window; (c) $ mil diameter window. Vertical scale: 1 ~m 
per division, horizontal scale: 50 ~m per division. 

Fig. 8. Comparison of the nucleation rates on the oxide during 
the initial and later stages of growth. (a) (top) after ! rain of 
growth. (b) (bottom) the same wafer after S min of growth. The di- 
ameter of the window is 8 mils. 
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Fig. 9. Ratio of window radius to width of Si-free bond for sev- 
eral wafers. 

the edge of the window because the large amount  of 
Si present  maintains the Si concentrat ion in the gas 
phase below the supersaturat ion requi red  for nuclea-  
tion on the oxide. Hence, the concentrat ion profiles, 
Eq. [22], control the width of the Si - f ree  band. As 
noted earlier,  Eq. [22] indicates that  the ratio of the 
width of the band to the radius of the window wil l  be 
constant on a given wafer.  Such has been found to be 
the case over  a ve ry  wide range of reactor  conditions. 
Typical  results are shown in Fig. 9 which, in addition, 
i l lustrates the ra ther  large scatter in the data, pre-  
sumably due to contaminat ion effects. Because these 
exper iments  bear  out  the role of the concentrat ion 
profiles in de termining  the bandwidth,  we  a t tempted  
to determine  fu r the r  which species are crucial  in de- 
te rmining  nucleat ion rate, and to what  power their  
concentrat ions appear  in the nucleat ion rate equa-  
tions. We were  successful only in establishing that  HC1 
is not the most impor tant  species in control l ing the 
nucleation rate. The addit ion to the gas s tream of con- 
centrat ions up to one half  the input  SIC14 concentra-  
tion had no effect on the nucleat ion density. We note 
that Jackson had success in control l ing the nuclea-  
tion on the oxide wi th  the addit ion of HC1 (13), how-  
ever  the concentrat ions were  not  given;  therefore  the 
results are not necessari ly in contradiction to ours. 
Varying the SIC14 pressure, we found that  large 
changes were  produced in the nucleat ion density;  
however ,  no quant i ta t ive  informat ion was possible 
because of the variat ions in crystal l i te  size, which 
made bandwidth  comparisons difficult, and because 
of contamination,  which produced large differences 
be tween one wafe r  and another.  

These exper iments  suggest that  the ra te - l imi t ing  
process in nucleat ion is probably adsorption of some 
silicon chloride species, or its subsequent  decomposi-  
tion reaction. Both processes would be strongly sensi- 
t ive to foreign substances on the surface and could be 
independent  of the HC1 pressure. Much more precise 
exper iments  are needed in this area before even these 
tenta t ive  conclusions can be accepted. 

In an a t tempt  to test the hypothesis of oxygen-de-  
ficient sites (1), various amounts of oxygen were  
added to the gas s t ream during deposition. It  was 
found that  O2 decreased the crystal l i te  density for a 
given growth  time, i.e., lowered  the nucleat ion rate.  

However ,  the addition of 02 during the H2 prebake 
prior to the deposition, wi th  none present  dur ing the 
deposition, had s imilar  effects. It  was found that  the 
most effective procedure  was to add O2 dur ing the 
5-min prebake  and during the deposition. 7 The effec- 
t iveness of a prebake in O2 suggests that  O2 might  
simply be an etchant  for some of the contaminants  on 
the oxide, e.g., adsorbed hydrocarbons.  However ,  ex-  
per iments  on oxides t ransported direct ly f rom the ox-  
idation furnace to the deposition chamber  also showed 
a reduced nucleat ion rate  with 02 prebake. Our oxides 
were  not  satisfactori ly clean even in the lat ter  ex-  
periments,  however ,  in comparison wi th  the oxides 
g rown in s~tu by Alexander  and Runyan  (2). The hy-  
pothesis of oxygen-def ic ient  sites cannot be dismissed, 
but in our laboratory,  contaminants  are playing a 
larger  role than such sites. 

Conclusions 
A model  has been developed for the concentrat ion 

profiles in the gas phase around a small  opening in 
an oxide-covered  Si surface. The average  etch rate  
of Si using water  vapor,  as well  as the local etch rate  
across the surface of the window, agree with  the pre-  
dictions of the model.  The observations that  the growth 
and etch rates are higher  near  the edge of the window 
are explained by the crowding of the flux lines in this 
region. 

The presence of a S i - f ree  band around the window, 
even when dense nucleat ion on the oxide occurs, is the 
consequence of the s teady-sta te  profiles derived.  The 
role of oxygen in h inder ing nucleat ion on the oxide 
is still not clear. 

If a uniform growth rate across the window surface 
is intended, deposit ion under  conditions which  prevent  
nucleat ion on the oxide is not desirable. In  fact, one 
method of assuring uni form growth in the window 
is to have dense growth on the oxide, e l iminat ing the 
strong concentrat ion gradients near  the edge of the 
window responsible for the uneven  growth. On the 
other  hand, if gas etching is employed pr ior  to depo- 
sition, then a clean oxide is mandatory  in order  that  
the e tched-out  volume, deeper  at the edges, be ex-  
actly refilled by a growth, thicker  at the edges, re-  
sult ing in a flat surface. Any reactor  conditions that  
p reven t  growth  on the oxide, do not resul t  in rough 
growth,  and introduce no kinet ic  l imitations other  than 
diffusion in the gas phase can presumably  be used suc- 
cessfully in such an "etch and backfill" process. 
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A P P E N D I X  

Derivation of the Concentration Profiles 
To solve Eq. [1], subject  to the boundary conditions 

given by Eq. [2] and [3], we first solve the easier 
problem in which the second boundary  condition is re -  
placed by 

r lz]-Slp['-> oo [23] 

The problem is the analog of the problem in electro-  
statics of a charged metal l ic  disk in an infinite me-  
dium. By analogy of Eq. [1] wi th  LaPlace 's  equation, 

and D are the duals of potent ial  r  and dielectric 

7 Of course ,  the  su r face  of the  e p i t a x i a l  Si  suffered because  the  
02 does no t  e tch  t he  S i  s m o o t h l y  a t  these  c o n c e n t r a t i o n s  a n d  t e m -  
p e r a t u r e s .  
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constant e, respectively.  Further ,  the gaseous flux den-  
sity is the dual of the dielectric displacement,  and by 
Gauss's law, the in tegrated normal  component  of the 
flux density over  a surface is the dual of the charge 
enclosed by the surface. We make  use of this dual i ty  
because the electrostatic problem has been solved (4) 
and has the solution 

Q 
r z) - -  sin - I  

4~e~ 

2a 
[24] 

~ / ( ~  + p)2 + z 2 + ~ / ( ~ _  p)2 + z 2 

where  r is the potential,  and Q is the charge residing 
on the disk. We may express Q in terms of r the po- 
tential  at z = 0, p < a. Before we wri te  the dual  to 
this equat ion we may  al ter  the second boundary con- 
dition by adding a constant to ,I~' everywhere ,  which 
allows both a finite potent ial  at oo and an a rb i t ra ry  
potential  at some finite boundary,  independent  of Cs. 
This boundary condition permits  the potential  (con- 
centrat ion) to be specified at a distance equal  to the 
thickness of some boundary layer. In order that  the 
present solution remain  valid, we must  apply the 
boundary condition over  an equipotent ia l  surface of 
the present  solution. These surfaces are ellipsoids that  
may  be specified by the radius pb of the circle formed 
by their  intersection with  the plane z ---- 0. E l imina t -  
ing Q in terms of the surface potential  ~'s (surface 
cor~centration ~s) and specifying that  the concentra-  
tion equals ~o, the f ree -s t ream concentration, over  the 
equiconcentrat ion surface that  intersects the plane 
z = 0 in a circle of radius Pb, we have for the dual 
of Eq. [24] 

A p r i l  1967 

(p, z) = cos -  1 
cos -1 (~/pb) 

[ 2~ ] + r  [25] 
~ / (~  + p)2 + z 2 + ~ / ( ~ _ p ) 2  + z 2 

In this work  we are concerned with  very  small  win-  
dows; a is typical ly 2-16 mils. Typical  growth rates 
such as exhibi ted in Fig. 2 correspond to effective 
boundary layer thicknesses of centimeters,  the exact  
value depending on the model  that  is used. Hence, a 
is much less than any 1 conceivable boundary  layer  in 
our system, and cos -  (a/Pb) will  be approximated by 
~/2. 
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ABSTRACT 

This report describes a method of growing CuCl single crystals of the zinc 
blende phase directly from a melt which contains a flux such as SrCI2 or 
BaCI2. The presence of the flux at 2 mole % depresses the temperature of the 
melt below 407~ The melting point of pure CuCI is 422~ thus making it 
possible to grow the crystal without going through the phase transition from 
the wurtzite phase at 407~ Because of the elimination of the phase transition 
in the solid, strain-free single crystals of large size, particularly in the di- 
rection of growth, can be grown by this method. As a consequence, a very 
large Pockels effect (maximum phase difference of 240 ~ can be obtained from 
a cell made by this method. 

Cubic CuC1 has a large Pockels effect (1) and can 
be used for electrooptic light modulators.  Optical 
modulators  using cubic crystals such as CuC1 have  
some advantages  over  d ihydrogen phosphate  modula-  
tors (3). 

However ,  it is difficult to grow s t ra in- f ree  CuC1 
single crystals of a practical  size by the usual Br idg-  
man method, pr incipal ly because CuC1 has a phase 
transit ion at 407~ (2). 

CuC1 crystals have the zinc blende phase in the 
tempera ture  range below 407~ and the wurtzi te  phase 
from 407 ~ to the mel t ing point at 422~ Therefore,  
crystals grown from the mel t  are in the wurtz i te  phase 
at first and then convert  to the zinc blende phase 
when  cooled below 407~ This phase t ransi t ion oc- 
curs in the solid state so that  there  remains in the 
crystal  a heavy  strain which can not be e l iminated by 
annealing. 

If the mel t ing point of CuC1 is depressed below the 
transi t ion point, however ,  the solid-state phase t ransi-  
tion is e l iminated and CuC1 should crystall ize in the 
zinc blende phase direct ly  f rom the mel t  (3). The crys-  
tal thus obtained should be almost free from strain. 

Purilication.--CuC1 is purified first by recrystal l iz ing 
and then by zone refining as follows: Commercial  
grade CuCl powder  (sl ightly b lue-colored) ,  the pur i ty  
of which is guaranteed 85% or better,  is recrystal l ized 
in hydrochloric  acid. The recrystal l ized snow-whi te  
leafy CuC1 is then washed repeatedly  with  acetic acid 
unti l  the hydrochloric  acid is completely  e l iminated 
before being dried in an air bath at 120~ 

The dried CuC1 is put in a clean quartz tube. The 
air wi thin  the quartz tube is flushed out by pure  ni-  
t rogen gas in order to avoid oxidation of the mel ted  
CuC1 during the zone refining process. Before the zone 
refining process, the n i t rogen gas is pumped out of the 
quartz tube whi le  the CuC1 is baked at 350~ and the 
tube is sealed off. The quartz  tube loaded with  CuC1 
is passed through a zone refining furnace with  a speed 
of about 100 m m / h r .  A colorless t ransparent  CuC1 
crystal  is obtained after some twenty  passes of zone 
refining. The pure  CuC1 thus obtained is ready  for the 
next  process, i.e., single crystal  growing. 

Crystal growing.--The crystal  growing procedure is 
the same as the usual Br idgman  method, except  for 
adding flux. The s t ructure  of the furnace and the 
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Fig. 1. (a). (left) Structure of the furnace for growing CuCI 
single crystals; (b). (right) temperature distribution of the furnace. 

temperature  profile, as measured with the quartz tube 
not present, are shown in Fig. 1. The voltage applied 
to the heaters is stabilized wi th in  0,1%, and the tem- 
perature  fluctuation of the furnace is less than  _+I~ 
throughout  the procedure. The tempera ture  gradient  
of the furnace at the crystall izing section is approx- 
imately 5 ~ 

The purified CuC1 and  a flux are placed in  a quartz 
tube (8 mm inner  diameter)  which is used as a cru-  
cible. The crucible is sealed off as described in the 
previous section and then is placed in the furnace. 
CuC1 and the flux are melted and mix themselves dur -  
ing the ini t ia l  stage of the procedure; then a CuC1 
single crystal of zinc blende phase begins to grow 
from the capil lary section of the bottom end of the 
crucible as the crucible moves through the furnace. 
Our experience shows that a growth rate of 1 m m / h r  
or less is adequate. 

Setection of f lux.--Various anhydrous  chlorides, each 
of which was a special grade having 99% or bet ter  
purity,  were fur ther  purified by recrystal l izing or zone 
refining for use as fluxes. 

The amount  of flux required to depress the mel t ing 
point of CuC1 to 407~ was about 1.8 mole % in each 
case, independent  of the valence of the cation. There-  
fore 2 mole % of flux was added to the CuC1, assum- 
ing a small  weighing error. 

As a result  of crystal growing experiments,  the 
fluxes were divided into two groups as shown in Fig. 
2, where  each chloride used as a flux is represented 
by a small  circle or a group of three circles. Three 
circles a, b, c, of a group correspond to the lattice 
constants of the a, b, and  c axes of the chloride crys- 
tal, respectively. Abscissa and ordinate indicate the 
radii of the cation (4) and the crystal lattice con- 

0 FLUXES WHiCHMAKE CuCI CRYSTAL TRANSPARENT 

I I  FLUXES WHICHMAKE CuCI CRYSTAL OPAQUE 
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Fig. 2. Chart of selecting fluxes for CuCI crystal 
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stants of the corresponding chloride, respectively. A 
white circle represents  a chloride which leaves the 
CuC1 crystal t ransparent  while a black circle repre-  
sents a chloride which makes the crystal opaque at 
room temperature,  though both depress the mel t ing 
point  of CuC1. 

I t  is seen from Fig. 2 that  chlorides whose cation 
radius and a lattice constant  are somewhat  larger than 
those of CuC1, such as SrC12, BaC12, and RbC1, are 
suitable for fiuxJ These chlorides are segregated easily 
when  CuC1 crystallizes because of their large cation 
radius and lattice constant. 

As the volume of the melt  decreases, the concentra-  
t ion of flux in the melt  increases above its ini t ia l  value 
of 2 mole % by segregation. When the concentrat ion 
of flux in the melt  reaches about 5 mole %, the crys- 
tal becomes opaque, even when such suitable fluxes 
are used. 

It  was found that  SrC]2 and BaC12 had a slight 
tendency to react with the quartz tube, and the crys- 
tal grown in the crucible was adherent  to the wall. 

Preparation of the electroceptic cell .--After being 
removed from the crucible, the single crystal rod is 
annealed at 350~ for 24 hr  to reduce the s t ra in caused 
by adherence to the crucible wall. The crystal must  
undergo another  24-hr anneal ing  at 250~ after the 
cutt ing and shaping processes. The surface of the cell 
becomes less t ransparent  after the second annealing.  
This, however,  can be e l iminated by washing it in  
ni tr ic  acid, d~stilled water, acetic acid, and tr ichloro- 
ethylene, in this order, each for a few seconds. As the 
final process of the electrooptic cell preparation,  
electrical contacts are made by conductive paint  on 
the top and bottom surfaces of the cell. 

Characteristics.--Characteristics of CuC1 single crys- 
tals grown by the flux method are shown in  Table I, 
where the corresponding parameters  of single crystals 
grown without  flux are also shown for comparison 
purposes. The methods of measur ing these parameters  
are described in  the next  section. 

The single crystals grown by the flux method have 
a comparat ively small  optical s train as shown in 
Table I. This is due to the e l iminat ion of the solid- 
state phase transit ion,  and the remain ing  small  s train 
is easily reduced by annealing.  

The el iminat ion of the phase t ransi t ion makes it 
possible to grow crystals of large size, in  particular,  in 
the direction of growth. A s t ra in-free  single crystal 
cube of 5 mm on each edge is easily obtainable by the 
flux method. 

Specific resistance and breakdown field of the crys- 
tals grown with SrC12 or BaC12 flux are increased. 
The optical density is somewhat increased by flux 
which remains  in the crystal. However, this slight 
drawback is not impor tant  compared to the marked  
improvements  of the breakdown field and specific re-  
sistance. Since this increase of optical density is small, 
the amount  of flux remain ing  in the crystal seems to 
be very  small. 

Because of the high breakdown field, it is possible 
to apply high electric field to the cell. Consequently,  
a large electrooptic effect is obtained as shown in 

1 J a p a n e s e  P a t e n t  P e n d i n g .  Th i s  w o r k  was  sponso red  b y  the  Min -  
i s t r y  of  E d u c a t i o n  of  J a p a n .  

Table I. Characteristics of CuCI single crystals 
grown by the flux method 

F l u x ,  O p t i c a l  Specif ic  B r e a k d o w n  
a d d i n g  2 mo le  s t ra in ,  Op t i c a l  r e s i s t ance ,  field, 

% to CuC1 pe r  m m  d e n s i t y  o h m - c m  k v / m m  

SrCls  0.005 0.20 5 • 10 a 1,45 
BaC16 0.007 0.19 6 x 105 0.83 
PbCl=  - -  0.58 1.5 x 10s - -  
KC1 - -  1.1 1 • 106 - -  
RbC1 - -  0.47 9 • 10s - -  

G r o w i n g  
w i t h o u t  f l u x  0.02 0.12 3.5 • 106 0.58 
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Fig. 3. Electrooptic effect of CuCI single crystals grown by adding 
fluxes and without flux. 
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Fig. 4. Optical arrangement for measurement of electrooptic 
effect and optical strain of the CuCI cells. 

Fig. 3. For  example, a m a x i m u m  phase difference of 
240 ~ was observed by the cell grown with SrC12 flux. 
The size of the cell used in this exper iment  was 6.4 
mm in its axial length and 3.1 mm in its height, which 
is the distance between the electrodes. The ma x i mum 
intens i ty  of the applied electric field was 1.45 k v / m m  
as shown in  Fig. 3. 

The crystals grown with KC1 or RbC1 flux have 
larger optical density and lower specific resistance, 
which indicate a considerable amount  of flux r emain -  
ing in  the crystal. For this reason, KC1 and RbC1 are 
inferior  to SrCl~ and BaC12 as flux. 

Measurement.--Electrooptic e~ect.--Figure 4 shows 
the exper imental  a r rangement  for measur ing the 
electrooptic effect. The directions of polarization of 
the polarizer and the analyzer  are crossed. Phase dif- 
ference can be measured as follows: First, read the 
t ransmit ted  light in tensi ty  when  a voltage is applied 
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to the cell; Second, wi th  no voltage applied to the cell, 
rotate the analyzer  to obtain the same light in tensi ty  
as obtained before. Then the phase difference through 
the cell is given by twice the rotat ion angle of the 
analyzer.  

Optical strain.--If the cell has no strain, no light is 
t ransmit ted  through the analyzer  unless a voltage is 
applied to the cell. For the case of the actual cell, how- 
ever, a certain amount  of leakage light is t ransmit ted 
even when no voltage is applied. This is due to the 
strain remain ing  in the cell. Therefore, an "optical 
strain" can be expressed in terms of ratio of the t rans-  
mit ted light in tensi ty  with crossed polarizers to the 
t ransmit ted  light in tensi ty  through the analyzer  when  
it is parallel  to the polarizer. 

Conclusions 
A method of growing CuC1 single crystals of zinc 

blende phase directly from the melt  with a flux has 
been developed. 

Chloride fluxes whose cation radius and a lattice 
constant  are somewhat larger than  those of CuC1 de- 
press the mel t ing point  of CuC1 below its t ransi t ion 
point  and leave the CuCI crystal  t ransparent  at room 
temperature.  

I t  is found that SrC12 and BaCI~ of 2 mole % are 
suitable for the flux and a growing rate of 1 m m / h r  or 
less is adequate. 

CuC1 crystals grown by this method have several  
advantages;  for example, reduct ion of strain, enlarge-  
men t  of crystal  size, and increase of b reakdown field 
and specific resistance. 

A large electrooptic effect has been observed on 
cells made by this method. 
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Control of Photoconductive Properties in Cadmium Selenide 
Brian Sunners 

IBM Components Division, East Fishkill Facility, Hopewell Junction, New York 

ABSTRACT 

Some aspects of the chemistry of sintered cadmium selenide photoconductors 
are presented. A tenta t ive  scheme is outl ined whereby electrical requirements  
for such photoconductive devices can be used to define the chemistry of the 
sintered layer. Exper imenta l  methods are outlined, and the effects of some 
process variables on the electrical properties are described. The application of 
the method is described. 

Various aspects of the chemistry of sintered poly- 
crystal l ine photoconductive layers of group I I -VI  
compounds have been reported in the l i terature (1-3), 
bu t  as yet these systems are not  completely unde r -  
stood. The available informat ion  gives only an indi -  
cation of the present  state of the chemical ar t  and, as 

such, is not sufficient to define the parameters  required 
to prepare a photoconductor that  meets any  given 
set of electrical specifications. Previous approaches 
have apparent ly  been designed to formulate  a chem- 
ical description of the system, and no at tempt  has been 
made to relate electrical properties quant i ta t ive ly  
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with  the chemical  constitution. In this paper, we  wi l l  
describe this new approach and present  a ten ta t ive  
scheme whereby  electr ical  specifications may be used 
to outl ine the type and concentrat ion of dopants re -  
quired to yield cadmium selenide photoconductors 
wi th  the requ i red  range of properties.  

As the geometry  of the photoconductor  system is 
governed by var ious mechanical  considerations, l ight 
sources, interconnections,  etc., the electrical  r equ i re -  
ments for the photoconductor  must  be re la ted to the 
propert ies  of known mater ia ls  on a "per  square"  basis. 
The electr ical  requi rements  are, usually, the resistance 
under  given conditions of i l lumination,  the dark r e -  
sistance, and the fall  t ime from the "on" condit ion to 
a given resistance level. Also operat ing t empera tu re  
limits may be set. As the rise times are usual ly  v e r y  
fast and therefore  acceptable compared  to the fal l  
times, they will  be neglec ted  in this t reatment .  In 
addition, as we have found that  a ful ly  compensated 
binary compound photoconductor  of the type con- 
sidered here  has a dark resistance greater  than 10 I0 
ohms per square, this value also wil l  be considered 
adequate  in all cases. The remaining  properties,  l ight 
resistance and fall  time, can be considered in more  
detail. The photoconduct ivi ty  (l ight resistance -1) and 
the recombinat ion t ime are re la ted by the equat ion 1 

RL = (~H~e~a) -1  [1] 

where  RL is l ight resistance, H pho tons / sec /cm 2, e 
electronic charge, T recombinat ion time, ~ mobil i ty  of 
major i ty  carrier,  a number  of squares in parallel ,  

quantum efficiency. This relat ionship is der ived f rom 
the fundamenta l  equation for conduct ivi ty  

ff = ne~ 

The recombinat ion t ime �9 wil l  be equal  to the fall  
t ime T o only in the absence of all t rapping effects. 
However ,  if  the t ime of photocurrent  decay is meas-  
ured only over  the init ial  port ion of the decay, then 
the effects of t rapping can be largely discounted. For  
practical  purposes, however ,  l ight intensities must be 
high in order  to observe this condition, and, in general,  
fall  t imes are greater  than recombinat ion t imes by 
factors dependent  on t rap distr ibutions and free car-  
r ier  concentrat ions (4). 

This effect has been used to de te rmine  the mobi l i ty  
of current  carriers by measurements  of photocurrent  
and fall  t ime to 1/e  of the max imum value  as a func-  
tion of increasing incident  l ight energy. This measure-  
ment  gives values for ~ as T o approaches T, and the 
saturated value  of T o gives the mobil i ty  value. Of 
more practical  value is the "device"  mobil i ty  ~T, 
measured under  specified conditions of i l lumination.  
This is general ly  lower than the t rue  mobil i ty  because 
light intensities fal l  below the saturat ion value  and 

Z T h e  a u t h o r  i s  g r a t e f u l  t o  D r .  A .  S .  M i l l e r ,  n o w  of  N a t i o n a l  
R e s e a r c h  C o r p o r a t i o n ,  f o r  a d i s c u s s i o n  o f  t h i s  r e l a t i o n s h i p .  

70[ 
6 0  

50 

e 
T 4 0  

~ ~o 
o 

~ 2o ::k 

I0  

i J r 
IO0 200  3OO 

INCIDENT ENERGY (~LW/cm 2)  

Fig. 1. Determination of mobility 

CONTROL OF PHOTOCONDUCTIVE PROPERTIES  

i 
4 O 0  

391 

10 

8 

v 

tIJ u 6 
Z 

Y, 
(D 
"' 4 n- 

F- " r  

-J 2 

i 

~ 2 

\ 
, ,  ~ F1 <F2<F3 . . . .  etc 

~ - ~ - - -  B ~1 

i i L i i 

4 6 X I 8 10 12 

FALL TIME (msec) 
Fig. 2. Relationship between fall time, light resistance, and mo- 

bility. Light resistance is measured under 1000 #w/cm ~ from neon 
lamp. 

appreciable numbers  of electrons are trapped. Some 
values of device  mobili t ies are shown in Fig. 1. 

The relat ionship 
RL = ( ~ H T e ~ a ) - 1  

is i l lustrated in Fig. 2. In this figure, it has been assumed 
that  the required propert ies  are indicated by Xl and 
Y1. All  points wi th in  the square Y1BX]O therefore  lie 
in specification. Theoretically,  mater ia l  wi th  a carr ier  
mobil i ty  of exact ly  #s can meet  the specifications, but, 
in practice, as the photoresistance and the fall  t imes 
are tempera ture  sensitive, any increase in the de-  
vice operat ing t empera tu re  causes an increase in the 
l ight resistance and a decrease in the fall  t ime be- 
cause of thermal  desensitization. As the mobil i ty re-  
mains re la t ive ly  constant over  small ranges of t em-  
pera ture  change, any given set of photoconductor 
propert ies wi l l  shift  along the lines of constant mo-  
bil i ty as indicated in the figure. A mater ia l  wi th  the 
min imum mobil i ty  (~3 as shown in Fig. 2) wil l  meet  
specification only over  a ve ry  nar row tempera ture  
range and, therefore,  is not a pract ical  working ma-  
terial. The higher  the mobi l i ty  that  can be achieved, 
the larger  the operat ing tempera ture  range wil l  be. In 
addition, propert ies  must  be selected such that  the 
photoresistance is at a m ax im um  at the highest  speci- 
fied working tempera tu re  (along Y1B) and such that  
the fall  t imes are at a m ax im um  at the lowest  specified 
working tempera ture  (along XlB) .  This effect is shown 
in Fig. 3, which is taken f rom data for a large number  of 
photoconductors measured  under  operat ing conditions. 
The contour lines (distr ibution of propert ies)  represent  
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Fig. 3. Change in photoconductor properties with temperature. 
Light resistance is measured under 1000 #w/cm s from neon lamp. 
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the spread in the propert ies  at specific temperatures .  
We can now define the problem as control  of carr ier  
mobili ty;  this has been effected by adjust ing acceptor 
and donor impur i ty  concentrat ion and the re la t ive  
ratio. However ,  polycrystal l ine materials  (powder  or 
sintered) are usual ly prepared in such a way as to 
leave considerable doubt as to the exact  concentrat ion 
and nature  of the donors present, par t icular ly  in the 
case of systems involving the use of halide fluxes, and 
so to de termine  this number,  we have developed a 
solid-state ti tration, described below. This enables us 
to achieve the necessary control of acceptor- to-donor  
ratio. For  m a x i m u m  sensitivity, the op t imum ratio has 
been quoted as 1.05 (5). 

Exper imenta l  M e t h o d s  

Cadmium selenide was mixed wi th  cadmium chlo- 
ride and dilute solution of copper chloride in the re -  
qui red  proportions. Water,  glycol, and glycerol  were  
added to form a paste of a consistency suitable for 
screen printing. This paste was deposited on an a lumi-  
num oxide substrate having prefired p la t inum elec-  
trodes and was then careful ly  air dried. The photo- 
conductors were  fired in an a tmosphere  of flowing 
ni t rogen in a furnace lined with a quartz tube. Typical  
t empera ture  cycles are shown in Fig. 4. The electr ical  
propert ies were  measured at 10v d.c. and the response 
to neon l ight was determined.  The effect of vary ing  
the light intensi ty has been explored previously (1, 2) 
and, in this work (for practical  purposes) ,  was 
main ta ined  at an incident  energy level  of 300 ~w/cm 2, 

Impurity doping.--It should be noted that no 
"donors" are del iberate ly  added to the above mixture ;  
the chloride (usually described as a donor) is requi red  
in this process because of its fluxing action. In fact, 
chloride probably does enter  the latt ice as a donor, 
and selenium vacancies may also occur as donors. Thus 
to fix the acceptor and donor concentrat ions as re-  
quired above, we must de termine  the total donor con- 
centrat ion and, if possible, dist inguish be tween elec-  
t r ical ly  act ive impuri t ies  and crystal  defects as a func-  
tion of processing variables.  

Based on an observat ion by Avinor  (6) that  the 
max imum rate of change of dark current  wi th  ac- 
ceptor concentrat ion in single crystals of CdS occurs 
when  the acceptor and donor concentrat ions are equal, 
we have  developed a solid-state t i t rat ion method to 
de te rmine  the concentrat ion of both vacancy and im-  
pur i ty  donor centers. A typical t i t rat ion is carr ied  out 
by prepar ing and processing a number  of photo-  
conductors, each under  ident ical  conditions, wi th  the 
one exception that  the added acceptor (copper) con- 
centrat ion is varied in steps throughout  the series. It 
must  be assumed that  change in the copper concen- 
t ra t ion causes no other  changes (vacancy concen- 
tration, etc.) in the mater ia l  and that  a constant f rac-  
tion of the added copper enters the lat t ice as an elec- 
t r ical ly  active species. Reisman and Birkenbl i t  (7) 
have shown that  the first assumption is probably val id 
but that  a Cu + ~ Cu + + equi l ibr ium probably e~ists. 
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We must therefore  assume that  this equi l ibr ium is 
constant for identical processing conditions. The prop-  
erties of the resul t ing photoconductors are strongly 
dependent  on the total copper concentrat ion (Fig. 5); 
and, by analogy to Avinor ' s  work, the m ax im um rate  
of change in dark current  is in terpre ted  as the 
"equivalence point" of the ti tration. A typical t i t rat ion 
curve  is shown in Fig. 5. We now have  a tool for ex-  
amining the effect of process var iab les  on the chem-  
is try of the photoconductor and so should be able to 
proceed to relate  such processes to the requi red  elec- 
tr ical  properties.  Copper "acceptor" concentrat ions and 
donor concentrations obtained by t i trations are re la-  
t ive and relate, we assume, to the added acceptor con- 
centrations by the position of the equi l ibr ium refer red  
to above; that is, by a constant factor. This simple 
picture of copper and chloride impuri t ies  neglects the 
possibility of other  e lectronical ly  active centers such 
as lattice defects and vacancies, or  impuri t ies  in the 
s tar t ing material .  (A typical analysis is shown in Table 
I.) The existence of selenium vacancies up to 104 ppm 
may be expected (8) and is, in part, confirmed by the 
effects of the post t rea tment  described below so that  
we carl add selenium vacancies to the list of e lectroni-  
cally active centers that  can be examined by the t i t ra-  
tion method. 

Post treatment.--If  a t i t rat ion series of ni t rogen-f i red 
photoconductors is reheated to 200 ~ or 300~ in ni t ro-  
gen containing about  2 mm selenium vapor  (sulfur 
vapor  may  be used) ,  then the t i t ra t ion point  decreases 
typical ly f rom 1200 to 300 ppm copper (atom parts per 
mil l ion) .  We assume that  the decrease is due to the 
loss (filling) of 900 ppm selenium vacancy donors. 
Support  for this assumption is obtained by examining 
the donor concentrat ion as a function of cadmium chlo- 
r ide flux concentration. F igure  6 shows that  the total 
donor concentrat ion af ter  firing is proport ional  to the 
ini t ial  flux concentrat ion and extrapolates  to about 
1000 ppm at zero flux concentration,  again presumably  
due to selenium vacancies. The low va lue  obtained at 
2*~% (W/W) CdCI~ is probably  due to incomplete  
s inter ing action at this low flux level. I t  should be 
fur ther  noted that  nonpost - t rea ted  photoconductors 
are not  as stable as af ter  post t rea tment  and that  some 
have propert ies  that  change even at room tempera tu re  

Table I. Spectrographic analysis of cadmium selenide* 

Supplier's analysis 
F e  Cu N i  P b  
2 < 0 . 5  < 0 . 2  2 

I B M  a n a l y s i s  
Fe Cu Ni Pb A g  
2 1 9 3 1 

A1 B i  M n  
1 2 2 

* S u p p l i e d  b y  G e n e r a l  E l ec t r i c  C o m p a n y .  
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in a direction that parallels  the effect of post t reat-  
ment.  The effect of change in firing time at peak tem- 
perature,  shown in Fig. 7, is not inconsistent wi th  this 
postulate: the "selenium vacancy" concentrat ion in-  
creases with time, whereas the copper concentrat ion 
appears constant. The effect of tempera ture  on the 
equivalence point is less marked, but  there is a maxi -  
mum in the photosensit ivi ty of all  ful ly compensated 
materials between 550 ~ and 575~ believed to be a re-  
sult  of var ia t ion in  the chloride concentration.  Ob- 
viously gas flow velocities are critical in order to 
achieve reproducible chloride vapor concentrations, 
and effects are f requent ly  observed due to variat ions 
in  position when  two or more photoconductor stripes 
are fired together. 

It  might  be argued that the two-step process could 
be e l iminated by firing in an atmosphere containing 
ni t rogen and a critical pressure of selenium; we have 
explored only the possibility of firing in n i t rogen /oxy-  
gen mixtures.  The photocurrents  of such materials  are 
slightly higher than post- treated photoconductors, and 
the equivalence point  is lower, 200 ppm. It is not clear 
why this should be lower than the usual  value (change 
in the Cu + ~ Cu + + equi l ibr ium may be responsible) ,  
but  this point  has not  been pursued because it  has been 
found difficult in air to keep dark currents  repro-  
ducibly low. This may be due to the formation of cad- 
mium oxide on grain boundaries;  in  the extreme case 
of high oxygen concentrat ion (>20%)  and long firing 

time, cadmium oxide can be detected by x - r ay  diffrac- 
tion as might be expected. 

Carrier mobi l i ty . - -Measurements  of the carrier mo-  
bil i ty have been made in materials with a number  
of different donor concentrat ions and have shown that  
the mobil i ty increases with donor concentrat ion (Fig. 
8), al though it might  be ini t ia l ly expected that  the mo- 
bil i ty would decrease with increasing impur i ty  con- 
centration. However, it is known that carr ier  mobil i ty 
also increases with increasing light level, i.e., with in-  
creasing number  of carriers (9-I1) and dependence of 
a similar  na ture  has been noted by Kroger  on cadmium 
sulfide single crystals (12). Thus, by fixing the donor 
concentrat ion of a sintered layer  by controlled proc- 
essing, it is possible to select (within limits) the mo- 
bil i ty required to meet device design specifications. 
Values of the speed and sensit ivity still have to be 
fixed so that  at room tempera ture  they fall at the slow 
and sensitive end of the constant  mobil i ty lines in Fig. 
2. As shown in Fig. 5, the addition of acceptors beyond 
the equivalence point  results in a loss in photosensi- 
t ivi ty and a decrease in the fall t ime; yet the mobil i ty 
remains  constant  over a wide range of acceptor con- 
centrations (10). The decrease in fall  t ime may be 
due to the fact that  an uncompensated acceptor forms 
a recombinat ion center (13). Thus, the acceptor con- 
centrat ion may be adjusted to move the properties to 
the left or to the r ight  along the constant  mobil i ty 
lines of Fig. 2. This then permits  a mater ia l  to work 
within its ma x i mum tempera ture  limits without  going 
out of specification. 

If in an at tempt to decrease RL, the acceptor concen- 
t rat ion must  be decreased to such an extent  that er-  
ratic low dark resistances result, then the mobil i ty is 
too low for max imum temperature  lat i tude although 
all other electrical specifications may be met. From 
this, it might be deduced that in all cases it is desirable 
to have as high a mobil i ty as possible and to increase 
the working temperature  range of the mater ial  by add- 
ing acceptors. This, however, is not  the case, as other 
phenomena are observed as the acceptor- to-donor 
ratio increases. We have already stated that  the sta- 
bili ty of high donor concentrat ion materials  may be 
less than  with lower levels of doping, and  Fig. 9 shows 
another effect, the "fatigue" or shor t - te rm photodegra- 
dation, arbi t rar i Iy  defined as izo/io, where i0 is the 
ini t ial  photocurrent  and i~0 is the current  after 30 rain 
continuous i l luminat ion.  The effect of increased ac- 
ceptor concentrat ion would obviously be undesirable  
when  the device duty  cycle involves long "on" times 
or short recovery times. Thus, the duty cycle must  be 
considered in selecting the appropriate material .  

Applicatio~.--By taking an arbi t rary  set of specifi- 
cations, we can i l lustrate an application of the above 
scheme. The conditions of i l luminat ion  were given as 
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DONOR CONCENTRATION= effect by which the first and last units of each sub- 
i.o �9 ~ D=50 strate are of lower  sensi t ivi ty or by which the first 

and last substrates differ f rom the rest of the run. It  is 
o.e - interest ing to note that  the donor concentrat ion before 

o post t rea tment  is between 1800 and 2100 ppm, showing 
~. 06 300 that  the selenium vacancy concentra t ion (600 to 900) 
.~ ~ ~ is sl ightly reduced in line wi th  the reduced t ime at 

o.4 x .  peak tempera ture  in the continuous belt  furnace (see 
D=I200 Fig. 4 and 7.) Addit ion of 1500 ppm copper to the 

o2 mater ia l  gives the propert ies  outl ined in Fig. 3. 

: . . . .  A k  I d g  ,.o 20 3.0 4.0 5o 6.0 c n o w e  ments 
ACCEPTOR/DONOR RATIO The author  wishes t o  acknowledge the assistance of 
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Phase Equilibria in the Cd-Se System 
R. A.  Burmeister,  Jr., 1 and D. A.  Stevenson 

Depa~me~t of Materials Sc / e nc e ,  Stanford University, Stanford, California 

Pure  binary semiconduct ing compounds exist over  a 
na r row range of composition by the incorporat ion of 
na t ive  point  defects. The concentrat ions of these de-  
fects may play a dominant  role in control l ing the 
electrical  and optical propert ies  of these compounds. 
Because the range of composition is ex t r eme ly  small, 
it is not operat ional ly  feasible to adjust  the defect 

1 P r e s e n t  addres s :  H e w l e t t - P a e k a r d  Labora to r i e s ,  Pa lo  Al to ,  Cal i -  
fo rn ia .  

ABSTRACT 

A consistent set of tempera ture-composi t ion  and pressure - tempera ture  data 
has been obtained for the Cd-Se system by combining the results of several  
previous investigations. It is shown that  CdSe vaporizes congruent ly  and that 
the range of congruent  sublimation extends to tempera tures  in excess of 
1200~ Values of the s tandard free energy, enthalpy,  and entropy of fo rma-  
tion of CdSe are der ived f rom the exper imenta l  vapor-sol id  equi l ibr ium data. 
The act ivi ty  coefficients of Cd and Se in the l iquid phase in equi l ibr ium wi th  
solid CdSe are calculated from the exper imenta l  data. The l iquid is found to 
exhibi t  near ly  ideal behavior  in the region Nse ~--- 0.0 to 0.4 for Cd, and 
Nse z 0.6 to 0.77 for Se. The relat ionship of these data to the at tainable con- 
centrat ion ranges of crystal l ine imperfect ions is discussed. 

concentrat ion by direct  compositional control  of the 
solid. The composition of the equi l ibr ium vapor,  how-  
ever,  changes appreciably over  the stabil i ty range of 
the solid compound. The control of the component  
vapor  pressure in equi l ibr ium with  the solid thus pro-  
vides a convenient  exper imenta l  method for adjust ing 
the defect concentration. A description of the h igh-  
t empera ture  equi l ibr ia  be tween liquid, solid, and vapor  
phases is essential  for this purpose. This informat ion  
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is also impor tant  for determining the range of tem- 
perature  and pressure suitable for crystal growth of 
the compound. Vapor-solid equi l ibr ium data may be 
used to evaluate basic thermodynamic  properties such 
as the s tandard free energy, enthalpy,  and entropy of 
formation of the compound. These thermodynamic  
properties provide information concerning the na ture  
of the b inary  system and a quant i ta t ive  measure of 
the stabil i ty of the compound. 

Studies have previously been made of various 
aspects of phase equi l ibr ia  in  the CdSe system. The 
min imum vapor pressure has been studied as a func-  
tion of temperature  by several  investigators (1-6). 
The temperature-composi t ion diagram was determined 
in an independent  invest igat ion (7), and recent ly 
three-phase (sol id- l iquid-vapor)  equi l ibr ium data 
have been reported (6). In this paper the data ob- 
tained in earlier investigations are combined and re-  
vised where necessary to construct a set of tempera-  
ture-composit ion (T-X) and pressure- tempera ture  
(P-T)  diagrams. This informat ion is used to derive 
thermodynamic  data for CdSe and to describe the gen- 
eral behavior of the Cd-Se system. 

S o l i d - V a p o r - E q u i l i b r i a  
It is well established that  most I Ib-VIa  compounds 

sublime according to the equation 

MX(s) ~--- M(v) + VzX2(v) [1] 

at temperatures  well  below the max imum melt ing 
point (4). 

For CdSe, the equi l ibr ium constant  corresponding to 
Eq. [1] is 

Kp (T) ---- PcdPse21/2 [2] 

At any temperature  the total vapor pressure over 
the solid is the sum of the part ial  pressures 

P T  = PCd + P s e 2  [ 3 ]  

The condit ion for m in imum total vapor pressure is ob- 
tained by setting OPT/OPcd ~ OPT/OPse2 = O, yielding 

Pcd = 2Pse2 [4] 
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Combining Eq. [2], [3], and [4] gives 

2 
Kp = ~ PT(min )  3/2 [5] 

3x/~ 
Several  different methods have been used to deter-  

mine PT(min) as a function of temperature,  including 
Knudsen  cell (1,4),  Bourdon gauge (2), and t r an-  
spiration techniques (3). Shiozawa (6) employed a 
novel var iat ion of the "boiling point" method (8) 
commonly used for liquids. The results of the experi-  
menta l  measurements,  shown in Fig. 1, are in good 
agreement.  The measurements  of Somorjai  (2) have 
not been included, since they were made using a 
closed system and therefore do not represent  the min i -  
mum total pressure (9). Knudsen  cell measurements,  
although corresponding to an effusive steady state 
which is slightly different from a state of congruent  
sublimation, give essentially the same value for the 
mi n i mum total pressure (10). 

The s tandard heats of subl imation corresponding to 
reaction [1 ]  were calculated from the data of Fig. 1 by 
use of the Van ' t  Hoff equation, and the values obtained 
are given in  Table I. The corresponding values for the 
s tandard entropy of subl imation are shown in Table II. 
It is not possible to make a Third Law calculation to 
substant iate  the Second Law values given here, since 
the necessary low-tempera ture  heat capacity data for 
CdSe(s) are not available. 

In  order to calculate the s tandard heat of formation 
of CdSe at 298~ from the vapor pressure data it is 
necessary to estimate the heat capacity change for the 
subl imation reaction. Shiozawa (6) applied Kopp's 
rule to CdSe(s) using tabulated Cp values for Cd(v) and 
Se2(v) (11), obta ining an approximate value of 
• = 2.8 eal/deg-mole.  WSsten estimated a value of 
3 cal /deg-mole  for the same reaction. The s tandard 
heat of formation of CdSe(s) at 298 ~ from Cd(s) and 
Se(s) calculated by use of these estimated values of 
ACp are shown in Table III, together with the results 
of the emf measurements  of Terpilowski et aL (12). 

The exper imental  values of the s tandard entropy of 
CdSe at  298~ are summarized in  Table IV. 

Table I. Heat of sublimation of CdSecs) 

Temp era tu r e  
AHs ~ range  studied, 

keaI /mole  ~ Inves t iga tor  

78.7 1020-1170 W6sten (3) 
73.9 870-1050 Goldfinger et aL (4) 
77.6 1070-1470 Shiozawa et al. (6) 

Table II. Standard entropies of sublimation for CdSe(s) 

Temperature  
range studied, 

AS~ ~ eu ~  Inves t iga tor  

47.7 1020-1170 W6sten (3) 
46.4 870-1050 Goldfinger (4) 
46.8 1070-1470 Shiozawa et aL (6) 

Table III.  Heat of formation of CdSe(s) at  298~ 

AH~ ~ 
kea l /mole  Invest igator  Method 

--37.5 W6sten (3) Vapor pressure data  
--32.5 Goldfinger et aL (4) Vapor pressure data  
- -33.8  S h i o z a w a  eta/ . .  (6) V a p o r  p ressure  da ta  
--34.6 Terpi lowski  et al. (12) EMF measurements  

Table IV. Standard entropy of CdSe(s) at  298~ 

S ~ eu  Invest igator  Method 

18.6 W6sten (3) Vapor  pressure data  
23.1 Goldfinger e t  al. (4) Vapor  pressure data 
18.6 Terpilowski  et al. (12) EMF measurements  



396 

1300 

J. Electrochem. Sac.: S O L I D  S T A T E  SCIENCE 

I I I 

1250 
LIQUID ~ VAPOR 

1200 

SOLID ~VAPOR 

S-L-V EQUILIBRIA o 

I I 0 0  

I 0 0 0  

95O 

9O0 
5 I0 15 20  

Cd PRESSURE (ATM) 

Fig. 2. Solid-liquid-vapor equilibria on the Cd-rich portion of the 
CdSe system: x, no melting; o, melting observed. 

1500 

April I967 

Solid-Liquid-Vapor Equilibria 
Shiozawa (6) has made exper imental  studies of the 

sol id- l iquid-vapor  equil ibria  in the CdSe system. In 
these experiments,  the part ial  pressure of Cd or Se 
over a CdSe crystal was fixed by means of a reservoir 
of the elements held at a lower temperature.  The 
three-phase equi l ibr ium points were determined by 
not ing the points of incipient  melting. The vapor pres- 
sure of l iquid Cd was obtained from the data of Kelley 
(13), which are in  good agreement  with the recent  
measurements  of Brebrick et aL (t0) and Van Goal 
(14). The data for the three-phase l ine corresponding 
to Cd-saturat ion are shown in  Fig. 2. Note that the 
max imum melt ing point will in general  not corre- 
spond precisely to the min imum vapor pressure as 
shown. The difference in  the max imum subl imation 
point and the max imum melt ing point cannot  be de- 
termined precisely due to the lack of exper imenta l  
data in this region. It  is expected that the difference 
is ra ther  small. 

In  evaluat ing the data for the Se-saturated three-  
phase line, it  is necessary to consider the equil ibria  
among the various vapor species of Se. I l lar ionov and 
Lapina (15) have shown that the dominant  species in 
selenium vapor are Se2, Se4, Se6, and Se8 and have 
determined the re levant  equi l ibr ium constants. More 
recently Brebrick (16) investigated the vapor species 
over l iquid selenium using optical densi ty techniques. 
These data can be combined with the total pressure 
measurements  of Brooks (17) to give part ial  pressure 
of any species as a funct ion of temperature.  2 

In  the tempera ture  range investigated by Shiozawa, 
the dominant  species are Se2 and Se4. 3 We have cor- 
rected that data of Shiozawa for the Se2(v) z:~ Se4(vl 
equi l ibr ium and obtained the results shown in  Fig. 3. 
Also shown in  the figure is the part ial  pressure of Ses 
over pure l iquid selenium. 

The m a x i m u m  mel t ing point of CdSe was deter-  
mined by Shiozawa to be 1268 ~ • 2=C, as compared to 
the value of 1239~ reported by Reisman et al. (7). 
Par t  of this discrepancy may be due to the difference 
in exper imental  methods employed. Shiozawa em- 
ployed visual  examinat ion of mel t ing of vapor grown 
single crystals in a sealed quartz ampoule with a rela-  
t ively large free volume. Reisman used weighed ele- 
ments  in a DTA capsule with a relat ively small  free 
volume. In  the lat ter  method, an excess pressure of 
one of the components is more l ikely with a conse- 

= R e c e n t  m e a s u r e m e n t s  of the  t o t a l  p r e s su re  of  Se v a p o r  o v e r  
l i q u i d  Se b y  B o n i l l a  a nd  S h u i m a n  (18) d e v i a t e  s i gn i f i can t l y  f r o m  
those  of  Brooks ,  p a r t i c u l a r l y  a t  h i g h  t e m p e r a t u r e s .  The  r eason  fo r  
the  d i s c r epancy  is no t  clear.  S ince  the  a g r e e m e n t  a m o n g  the  o the r  
i n d e p e n d e n t  m e a s u r e m e n t s  (15, 17) is  q u i t e  good,  we  h a v e  chosen  
their da t a  fo r  ou r  ca lcu la t ions .  

S h i o z a w a  (6) u sed  the  da t a  of  K e l l e y  (13), w h i c h  i nc ludes  on ly  
the  Se~ a n d  Se~ species,  
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Fig. 3. Solid-liquid-vapor equilibria on the Se-rich portion of the 
Cd-Se system: x, no melting; o, melting observed. 

quent  reduction in mel t ing point  in accordance with 
Fig. 2 and 3. 

By combining the data of Fig. 1 through 3 with the 
T-X diagram it is possible to calculate the activity co- 
efficients of Cd and Se in the liquid phase in equi l ib-  
r ium with solid CdSe, using the following relat ion-  
ships 

I (Pcd) [6] 
~Cd ~--- Nc"""~ P~ 

- -  1 ( Pse2 ) 1/2 [7] 

7Se = Nse P~ 

where -a denotes the activity coefficient, Nt the mole 
fraction, Pi the part ial  pressure, and the superscript 
o denotes the pure component.  

The activity coefficients obtained in  this manne r  are 
plotted in Fig. 4. No values are shown for the region 
0.675 EL Nse "~ 0.995, since in this region the l iquid con- 
sists of two phases (7). The activity of Cd in the l iq- 
uid phase in equi l ibr ium with solids CdSe shows only 
a slight deviation from Raoult 's  law in the region 
0.0 --~ Nse < 0.4. Near the region of compound forma- 
tion there is a very sharp negative deviat ion from 
ideality; as expected. 

The solid-vapor equi l ibr ium data can be combined 
with the l iquid-solid vapor equi l ibr ium data to con- 
struct a pressure- temperature  diagram which indi-  
cates the limits of solid stability. This diagram is 
shown in  Fig. 5. The ordinate has been expressed in 
terms of cadmium pressure ra ther  than total pressure, 
since only one part ial  pressure can be independent ly  
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Fig. 4. Activity coefficient of Cd (o) and Se (x) in the liquid 
in equilibrium with CdSe(sl. 
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Fig. 5. P-T diagram of the Cd-Se system in the region of CdSe 

controlled at a given temperature.  The projection of 
the exper imenta l ly  determined port ion of the three-  
phase blade onto the P-T plane is represented by a 
solid curved line; the dashed port ion is an extrapola-  
tion. Also shown on this diagram are the lines repre-  
sent ing the vapor pressure of pure cadmium (P~ 
and that of pure selenium (P~ The lat ter  has been 
expressed as an equivalent  cadmium pressure by use 
of the equi l ibr ium constant  data derived from the 
min imum vapor pressure measurements .  

Discussion 
It has been suggested previously that  CdSe does not 

exhibit  congruent  subl imation (7). While this may be 
true for short t ransient  period at the beginning  of the 
vaporization process, the exper imental  data sum- 
marized in  this paper  clearly indicate that the steady- 
state vaporization of CdSe is a two-phase subl imation 
process in which the solid and  the vapor have the 
same composition. If the vaporization of CdSe pro- 
ceeded only by a three-phase process, as postulated by 
Reisman (7), the total pressure over the vaporizing 
solid would be equal to that of the l iquid phase pres-  
ent. At temperatures  below ~950~ the vapor pres-  
sure of the l iquid phase is near ly  equal to that  of 
the pure component  [see Fig. 1 of ref. (7) and Fig. 
2-4 of this paper].  The pressures measured experi-  
menta l ly  over the solid dur ing steady-state vaporiza-  
tion, however,  are several orders of magni tude  smaller  
than those over the liquid phase. Fur thermore,  the 
l inear  behavior  of log PT(min) VS. 1/T up to 1200~ 
(Fig. 1) would not be expected if a three-phase 
vaporization process obtained. Under  three-phase va-  
porization, the l iquidus would change composition with 
temperature  in  accord with the T-X diagram. This 
change is reflected in the log P vs. 1/T diagram [see, 
for example, the data for HgSe (19)]. 

Since the concept of congruent  subl imation is ger- 
mane to this discussion, we wish to examine it in more 
detail. The basic requi rement  for congruent  subl ima-  
tion in  a b inary  compound MX is that the saturated 
vapor pressure tempera ture  curves of both components 
(corresponding to the ful l  width of the solid phase 
field) overlap. The temperature  range of congruent  
subl imation corresponds to the region of overlap. As a 
consequence of Gibbs-Konovalow theorem (20), the 
congruent ly  subl iming solid will  produce the m i n i m u m  
total pressure at a given temperature.  It  should be 
recognized, however, that  the congruent ly  subl iming 
solid need not  be stoichiometric. The congruent  subl i -  
mat ion of a nonstoichiometric compound MX+-y where 
y denotes the nonstoichiometry and the vapor of X is 
diatomic, can be represented as 

M X l - y ( s ) ~ M ( v ) - ~ -  / - ~ )  X 2 ( v )  [ 8 ]  

By following the differentiation procedure outl ined in 
the section on Solid-Vapor-Equil ibr ia ,  the relationship 

PM = Px2 [9] 

is found for congruent  sublimation. Expressions for 
Kp and PT can be obtained in a similar manner .  

In  the case of CdSe, the saturated vapor  pressure 
curves do overlap up to the highest temperatures  
(1200~ for which exper imenta l  data are available. 
This can be seen from the data for Fig. 2, 3, and 5. The 
compound can therefore subl ime congruent ly  dur ing  
steady-state vaporization in this tempera ture  range. 
This is in distinct contrast  to the behavior  of I I I -V 
compounds such as GaAs and GaP, where congruent  
subl imation is l imited to much lower temperatures  
(21). The difference in behavior is largely a t t r ibutable  
to the magni tude  of the difference in vapor pressures 
of the e lementa l  components,  which is small  in the 
case of Cd and Se but  large in  the case of GaAs and 
GaP (21). Other I I -VI compounds which have com- 
parable elemental  vapor pressures and therefore a 
large degree of overlap of the P-T curves should also 
sublime congruent ly  up to temperatures  near  the 
mel t ing point. 

A question of central  importance is the degree of 
nonstoichiometry of the congruent ly  subl iming solid, 
since the condition of congruent  subl imat ion pertains 
in most phase crystal growth processes. The data of 
Reisman (7) suggest that the congruent ly  subl iming 
solid is nonstoichiometric with an excess of Cd. A 
quant i ta t ive  knowledge of the exact composition of the 
congruent ly  subl iming solid as a funct ion of tempera-  
ture would allow corrections of Eq. [1] through [5] 
to be made as outl ined above. Since the nonstoichiom- 
etry is undoubtedly  less than 1 a/o, these corrections 
will be slight. 

The pressure- tempera ture  diagram (Fig. 5) is of 
considerable value in studies of properties of CdSe 
related to point  defect concentrations. At any specific 
temperature,  the a t ta inable  values of PCdmax and PCdmin 
can be ascertained. At a temperature  of 900~ for 
example, the extremes in pressures for the solid CdSe 
phase are Pcdmax = 3.8 a tm and PCdmin = 2.3 X 10 -5 
atm. These data can be used to predict the relat ive 
max imum and mi n i mum concentrat ions for point  de- 
fects consistent with a given defect equi l ibr ium. A de- 
te rminat ion  of the concentrat ion and charge state of 
crystal l ine defects at high temperature  obtained, for 
example, from high- tempera ture  Hall  effect measure-  
ments  as a function of Cd pressure, would accurately 
define the width and position of the solid phase field 
on the T-X diagram. This information is required to 
draw firm conclusions concerning the a t ta inabi l i ty  of 
p- type conductivi ty in CdSe by stoichiometry control. 

The variat ion of the activity coefficients with com- 
position along the l iquidus (Fig. 4) shows a very small  
deviation from ideali ty for Cd on the Cd side of the 
diagram and for Se on the Se side of the diagram, ex- 
cept in  the vicini ty of the compound, viz., 40-60 a/o 
Se, where pronounced negative deviat ion is observed. 
This behavior  is somewhat different from that found 
in I I I -V systems (21). The existence of a wide range 
of near ly  ideal behavior  has impor tant  implications in  
predicting the phase equil ibria  of other I I -VI  com- 
pounds. It is possible, for example, to construct  large 
portions of the P - T  diagram by assuming the val idi ty 
of Raoult 's law in the appropriate regions (22). 

The fact that the m i n i m u m  total pressure of CdSe 
at the mel t ing point is less than 1 atm is of practical 
importance in crystal growth processes since it indi-  
cates that CdSe can be grown from the melt  wi thout  
need for elaborate high pressure apparatus.  In  ex- 
per iments  of this type it is imperat ive to achieve an 
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ini t ial  composition close to or equal to the congruent ly  
subl iming composition, since in  a closed system an ex- 
t remely small  amount  of excess Cd or Se may pro- 
duce pressures considerably in excess of one atmos- 
phere at the melt ing point. 

Acknowledgments 
The authors are indebted to Mr. L. Shiozawa of the 

Clevite Corporation for providing much of his ex- 
per imenta l  data at an early date. They are also grate- 
ful to Dr. R. F. Brebrick of Lincoln Laboratories for 
valuable comments concerning the selenium pressure 
data. Portions of this work were sponsored by the 
United States Atomic Energy Commission under  Con- 
tract AT (04-3)-283. 

Manuscript  received Ju ly  26, 1966; revised m a n u -  
script received Dec. 5, 1966. 

Any  discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1967 
JOURNAL. 

REFERENCES 

1. I. V. Korneeva,  V. V. Sokolov, and A. V. Novo- 
selova, Zhur. Neorg. Khim., 5, 241 (1960). 

2. (3. A. Somorjai, J. Phys. Chem., 65, 1059 (1961). 
3. W. J. WSsten, J. Phys. Chem., 65, 1949 (1961). 
4. P. Goldfinger and Jeunehomme,  Trans. Faraday 

Soc., 59, 2851 (1963). 
5. P. HSschl and C. Konak, Czech. J. Phys., B13, 364 

(1963). 

6. L. R. Shiozawa and J. M. Jost, Reports No. ARL 
62-365 (Mar. 1962) and (May, 1965), ARL-65-98, 
Aerospace Research Lab., U.S.A.F. 

7. A. Reisman, M. Berkenbli t ,  and M. Witzen, J. Phys. 
Chem., 66, 2210 (1962). 

8. A. N. Nesmeyanov, "Vapor Pressure of the Ele-  
ments", Academic Press, New York (1963). 

9. G. A. Somorjai  and J. E. Lester, J. Chem. Phys., 
42, 4140 (1965). 

I0. R . F .  Brebrick and A. J. Strauss, J. Phys. Chem. 
Solids, 25, 1441 (1964). 

11. D. R. Stull  and G. C. Sinke, "Thermodynamic 
Properties of the Elements," Amer ican  Chemical 
Society, 1956. 

12. J. Terpilowski and E. Ratajczak, Bull l' Acad. 
Polon. Sci., 12, 355 (1964). 

13. K. K. Kelley, U. S. Bureau of Mines Bull. 383 
(1935). 

14. W. Van Gool, Proc. Kon. Ned. Akad. Wet., B66, 
209 (1963). 

15. B. V. I l lar ionov and L. M. Lapina, Dokl. Akad. 
Nauk. SSSR, 114, 1021 (1957). 

16. R. F. Brebrick, J. Chem. Phys., 43, 3031 (1965). 
17. L. S. Brooks, J. Am. Chem. Soc., 74, 227 (1952). 
18. C. F. Bonilla and G. Shulman,  Nucleonics, 22, 3, 58 

(1964). 
19. R. F. Brebrick, J. Chem. Phys., 43, 3846 (1965). 
20. I. Prigogine and R. Delay, "Chemical Thermody-  

namics," p. 282, John Wiley & Sons, Inc., New 
York (1954). 

21. C. D. Thurmond,  J. Phys. Chem. Solids, 26, 785 
(1965). 

22. M. R. Lorenz, J. Phys. Chem. Solids, 23, 939 
(1962). 

Vacuum Thermal Etching of Germanium and Silicon Surfaces 
G. J. Russell and D. Haneman 

School of Physics, The University of New South Wales, Sydney, Australia 

ABSTRACT 

The surface structures formed on {111}, {110}, and {112} surfaces of silicon 
and germanium heated in the temperature  ranges 900~176 for silicon and 
650~176 (mp) for germanium have been detailed. The changes in  topog- 
raphy were found to be markedly  dependent  on the degree of undersa tura t ion  
main ta ined  dur ing  heating, as well  as on the temperature  range. The {111} 
surface of germanium was par t icular ly  sensitive to surroundings  of the crystal. 
The proximity  and shape of the surroundings  influenced the free evaporat ion 
rate from the heated surface. Either  "worms" or oriented pits formed accord- 
ing to whether  the degree of undersa tura t ion  was low or high. The various 
topographical changes are discussed in terms of bond breaking,  surface atom 
mobilities, and free energy minimization.  

Surface changes on heat t reated germanium and 
silicon surfaces, under  nonoxidizing conditions, have 
been reported by a number  of authors (1-11). The sur-  
face changes appear to be diverse in nature.  A sys- 
tematic study has not been made. For surfaces heated 
to wi thin  a few degrees of their mel t ing points geo- 
metrical  pits were observed (1), each one with a hi l-  
lock prot ruding from the center. On part ia l ly  melted 
{111} silicon (2) and germanium (3) surfaces, t r i -  
angular  pits were not  reported but  only hillocks. 
Differing results have also been reported for silicon 
and germanium surfaces heated to temperatures  well  
below the mp in high vacuum. The surface changes on 
the low index surfaces of silicon vary  from geometrical 
thermal  pits on all surfaces (4, 5) to an apparent ly  
smooth surface containing hillocks on the {111} sur-  
face (6) and a "sandblasted" surface s tructure on the 
{110} and {100} surfaces (4,6).  These changes are 
markedly  dependent  on temperature.  However Batdorf 
and Smits (7) observed that  vacuum thermal ly  etched 
{111} silicon surfaces contain a n u m b e r  of flat-bot- 
tomed etch pits for the same temperature  range that 
Hagstrum (6) reported a smooth surface containing 
hillocks. 

For germanium surfaces heated in high vacuum, 
only observations on the {111} surface have been re- 
ported. The init ial  surface changes reported appear to 
be inconsistent in that "pocking" of the surface at a 
temperature  of 850~ was first observed by Gatos and 
Lavine (8) while Gabor (9) found geometrical pits 
and hillocks as well as straight l ine pits in the tem- 
perature range 570~176 In  this lat ter  case, it was 
found that a number  of structures were dependent  on 
the exper imental  conditions. For temperatures  close 
to 850~ however, a n u m b e r  of authors (8-11) report  
the presence of "wormlike" structures. According to 
Haidinger  and Courvoisier (10) these "worms" are 
hillocks which modify their s t ructure with tempera-  
ture. 

The mechanism for the formation of the worm struc- 
ture on the {111} germanium surface is not  fully 
understood and has been discussed by Haidinger and 
Courvoisier in terms of surface GeO., particles (left 
after chemical etching) which init iate the worms and 
by Gatos and Lavine who postulate that surface oxide 
controls the thermal  etching of the surface, the l imit-  
ing factor being the rate of removal  of the oxide pres- 
ent  on the surface. 
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It is desirable to obtain fu r the r  informat ion on the 
behavior  of the various low index single crystal  sur-  
faces of silicon and germanium, both to account for 
some of the above discrepancies and to provide more 
complete data to assist in providing explanat ions for 
the observed changes. 

Exper imenta l  
Single crystals of silicon and ge rmanium were  cut 

so that the front  surface exposed a (111} plane and the 
side surfaces exposed {110} and {112} planes, each sur-  
face being or iented to wi thin  �89 degree by x - r ay  meth-  
ods. Severa l  thin silicon and germanium wafers  ex-  
posing {111} and (111} planes were  also prepared.  The 
surfaces were  lapped, polished (0.1~, Cr203) and chem-  
ically etched before being placed in a high vacuum 
system for heating. The background pressure was 
~10 -9 Torr  and pressures in the range 10-7-10 - s  Torr  
were  mainta ined during heating. 

The silicon surfaces were  chemical ly  etched in a 
solution of 100 : 16 : 44 HNO3 : HF : CH3COOH (4) 
while  the germanium surfaces were  genera l ly  chemi-  
cally etched in ei ther  CP4 or CP4B. In all cases the 
react ion was stopped wi th  distilled water .  The surfaces 
appeared fiat and free of damage under  high power  
optical microscopy, wi th  etch pit (1~6~) density of 
the order  of 10-200 per  cm 2. The crystals were  then 
rinsed in concentrated HF  fol lowed by disti l led water ,  
and then placed in molybdenum holders, to minimize  
contaminat ion effects. These were  enclosed in an all 
glass high vacuum system, the f ront  (111} crystal  sur-  
face being heated by electron bombardment ,  Fig. 1. 
Because surroundings were  sufficiently far  f rom the 
crystal  surface to remain  cool and not re turn  vapor, 
the conditions correspond to high undersaturat ion,  the 
percentage ratio R of the crystal  evaporat ion rate  to 
the free evaporat ion rate  being ~100%. (The side 
(110} and {112} surfaces were  heated par t ly  by electron 
bombardment  and par t ly  by conduction f rom the front  
surface.) 

The surface tempera tures  of the silicon surfaces were  
obtained f rom calibrated optical pyrometer  measure-  
ments  using emissivi ty  data (12) to ~20~ The tem-  
peratures  of the Ge surfaces were  measured by a com- 
bined pyromete r  and thermocouple  technique, but  the 
t empera tu re  could not be given to bet ter  than approxi-  
mate ly  •176 in most cases. 

The three  low index surfaces of germanium were  also 
the rmal ly  etched in a second high vacuum system 
under  conditions of  low undersaturat ion.  The crystals 
were  placed in a quartz  tube under  continuous evacu-  
ation and heated by an axial  oven. The nearness and 
high tempera ture  of the surrounding walls resulted in 
appreciable re tu rn  of ge rmanium vapor  (R -~ ~1 
- -  25%). The surface tempera ture  was measured by a 
cal ibrated chromel -a lumel  thermocouple,  the head of 
which was spaced f rom the germanium surface by a 
small, thin molybdenum sheet as ge rmanium attacks 
the thermocouple  material .  Measurements  were  ac- 

~NICHRCIHE SPACERS ..,.. I .ONISATION 

Fig. 1. Glass experimental tube used for electron beam heating 
of silicon and germanium crystals. 
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Fig. 2. Triangular thermal pits on the (111} silicon surface, 
temperature 1080~ heating time 30 hr. 

curate to • 7~ and the t empera tu re  difference across 
the crystal  face was ~ I ~  and along the crystal  length 
~2~ 

The surface structures before and af ter  heat ing were  
examined at room tempera tu re  by high power  optical 
and electron microscopy (shadowed replicas) .  

Results 
The surface topographies observed on the three low 

index surfaces of silicon and germanium which had 
been heated in high vacuum under  a high undersatu-  
rat ion are  summar ized  in Table I and Table II. 

The silicon surfaces were  studied in the t empera -  
ture range 900~176 and for heat ing t imes of 2.3-115 
hr, while  the germanium surfaces were  studied in the 
tempera ture  range 650~ to the melt ing point (937~ 
and for heat ing times of 0.03-52 hr. In both cases the 
resul tant  surface changes were  found to be signifi- 
cantly t empera tu re  dependent  (for observable  surface 
changes) ,  and the observed surface topographies can 
be approximate ly  correlated to tempera ture  ranges. 

The nucleat ion sites for thermal  pit formation on 
silicon and germanium surfaces appeared to be ran-  

Table I. Silicon surfaces, high undersaturation 

Temperature 
Surface range, ~ Surface  s tructure  

(111} 900-1110 Triangular thermal pits exposing (311} 
planes (mainly 80 ~ with respect to the 
surface,  some 29.5 ~ and (111} plane,  
Fig. 2. 

1110-~1250 Transitional surface structure.  The tri- 
angular pits "deteriorated" at the l ower  
l imit  and a "scalloped" background  
w i t h  smal l  hi l locks  formed  at the upper  
l imit,  Fig.  3. 

~1250-1380 Surface  covered  w i t h  hi l locks* and a 
(mp 1412) w a v y  s tepped background  structure,  

Fig .  4. 
(112) 900-1130 Triangular  thermal  pits w i t h  exposed 

{111) planes. 
1130-1180 Thermal  pits  began to "deteriorate" in 

a w a y  similar to that  observed  for the 
(111} surface.  

1180-~1250 A "sandblasted" (4) surface structure 
is f o r m e d  w h i c h  changes  to a m u c h  
smoother  background surface s tructure  
and hi l locks  at  the upper  l imit ,  Fig. 5a. 

~1250-1380 Surface  covered  w i t h  hil locks* and a 
w a v y  s tepped  background  structure.  

(110) 900-1050 Striat ion thermal  pits  and  about  an  
equal  n u m b e r  of  h e x a g o n a l  thermal  
pits, both  types  of  pits e x p o s i n g  {111} 
and (311} planes,  Fig.  5b. 

1050-1130 Striation thermal pits and a small num- 
ber of large hexagonal thermal pits at 
the  l o w e r  limit.  

1130-1180 Thermal  pits  began to "deteriorate" in 
a w a y  similar to that  observed  for the  
(111) surface.  

1180-~1250 A "sandblasted" surface structure is 
formed  w h i c h  changes  to a m u c h  
smoother  background  surface  s tructure  
and hi l locks  at the upper  l imit.  

~1250-1380 Surface  covered  w i t h  hil locks* and a 
w a v y  s t epped  background  structure,  

* The  h i l l o c k s  a p p e a r e d  to  be  f i a t - topped ,  but by careful  repl ica-  
tion i t  was  f o u n d  t h a t  a s m a l l  " g l o b u l e "  had formed  on each hil lock 
top during heating.  
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Table Ih Germanium surfaces, high undersaturation 

Temperature 
Surface ~ange, ~ Surface structure 

(1115  650-~800 Hexagonal-like thermal pits with exposed 
{1115 and (3115 planes. A number of tri- 
angular thermal pits exposing {1115 
planes were also observed, Fig. 6. 
Triangular thermal pits with exposed 
{111} planes. A small number of hexag- 
onal-like thermal pits exposing (111} and 
{3115 planes were also observed. 

~937 Surface broken up forming hillocks w i t h  
an associated pit structure. 

( 1125  650-~800 Hexagonal-like thermal pit structure with 
exposed (1115 and {3115 planes and sev- 
eral triangular pits exposing {111} planes, 
Fig. 7. 

~800-~937 Triangular thermal pits with exposed 
{1115 planes. 

~937 Surface broken up forming hillocks with 
an associated pit structure. 

{110} 650-~800 Hexagonal thermal pits and several stri- 
ation thermal pits, both types of pits ex- 
posing {1115 and {3115 planes. 

~800-<937 Striation thermal pits and a large number 
of very small hexagonal thermal pits, 
both types of pits exposing {111} and 
{311~ p~anes. 

~937 Surface broken up forming hillocks with 
an associated pit structure. 

Fig. 3. Deteriorated triangular thermal pits on the {111} silicon 
surface, temperature 1131 ~ heating time 40 hr. 

~800-<:937 
(mp 937) 

Fig. 4. Hillocks and a wavy stepped surface structure on a {111) 
silicon surface, temperature 1265~ heating time 8.5 hr, angle of 
shadowing ~ 2 5  ~ 

dora .  D i s l o c a t i o n s  i n t e r s e c t i n g  t h e  s u r f a c e  w e r e  f o u n d  
to  b e  p r e s e n t  a t  t h e  b a s e  o f  a n u m b e r  of  t h e  t h e r m a l  
p i t s  b u t  t h e r e  e x i s t e d  no  o n e - t o - o n e  c o r r e s p o n d e n c e .  

F o r  {111} g e r m a n i u m  s u r f a c e s  of  t h i n  w a f e r s  h e a t e d  
i n  h i g h  v a c u u m  u n d e r  a h i g h  u n d e r s a t u r a t i o n  b y  
c o n d u c t i o n  of  h e a t  f r o m  t h e  e l e c t r o n  b o m b a r d e d  f r o n t  
s u r f a c e s ,  t h e  d o m i n a n t  s u r f a c e  f e a t u r e s  w e r e  h e x a g -  
o n a l - l i k e  a n d  t r i a n g u l a r  t h e r m a l  p i t s  a s  i n  T a b l e  I I .  
H o w e v e r ,  a w o r m l i k e  f o r m a t i o n  w a s  d e t e c t e d  a f t e r  
h e a t i n g  to  ~ 7 2 5 ~  a n d  w o r m s  w e r e  p r e s e n t  a f t e r  t e m -  
p e r a t u r e s  of  900~  A f t e r  7 2 5 ~  h e a t i n g ,  a n u m b e r  of  

Fig. 5a. Sandblasted surface structure on a {112} silicon surface, 
temperature ~1200~ heating time 10 hr, angle of shadowing 
~ 2 0  ~ 

Fig. 6. Hexagonal thermal pit on a {111} germanium surface, 
temperature 775~ heating time 43 hr, angle of shadowing ~-~32 ~ 

Fig. 5b. Striation and hexagonal thermal pits on a {110} silicon 
surface temperature 1040~ heating time 40 hr, angle of shadow- 
ing ~ 2 5  ~ 

Fig. 7. Electron micrographs of the {112~ germanium surface 
showed that a number of the hexagonal-like thermal pits had eight 
sides meeting the {112} surface, as above, temperature 650~ 
heating time 30 hr, angle of shadowing ,-~20 ~ 
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Fig. 8. Worms on a {111} germanium surface, temperature 
861~ heating time 10 hr. 

Fig. 9. Worm on a (111} germanium surface. The hillock in the 
triangular pit worm-head is prominent; temperature 736~ heat- 
ing time 30 hr, angle of shadowing ~ 3 0  ~ 

the hexagonal- l ike (and t r iangular)  thermal  pits 
pointed in the ~211~  directions due to the increased 
exposure of {311} planes. 

Radiation heating of the low index surfaces of ger- 
man ium in a high vacuum system giving conditions of 
low undersa tura t ion  caused the formation of a number  
of somewhat different structures which are sum- 
marized in Table III. 

The worms were found to be pits, and not hillocks 
as reported by Haidinger and Courvoisier (10), and to 

Table Ill. Germanium surfaces, low undersaturation 

T e m -  
p e r -  H e a t -  

a t u r e  i n g  
r a n g e ,  t i m e ,  S u r -  

~ h r  R, % f a c e  S u r f a c e  s t r u c t u r e  

669-661 10-34 5-10 {111} W o r m  f o r m a t i o n ,  F ig .  8. 
738-867 10-30 25 {111} W o r m  f o r m a t i o n  a n d  a n u m b e r  of  

s m a l l  t r i a n g u l a r  a n d  h e x a g o n a l -  
l i ke  t h e r m a l  pi ts .  

669-861 10-34 25 {112}* F o r  t e m p e r a t u r e s  < 7 9 0 ~  t r i a n -  
g u l a r  t h e r m a l  p i t s  e x p o s i n g  {111} 
p l a n e s  a n d  h e x a g o n a l - l i k e  t h e r m a l  
p i t s  e x p o s i n g  {111} a n d  {311} 
p lanes .  F o r  h i g h e r  t e m p e r a t u r e s  
t r i a n g u l a r  t h e r m a l  p i t s  e x p o s i n g  
{111} p l anes .  

792-867 10-30 10 {112} T r i a n g u l a r  t h e r m a l  p i t s  w i t h  one  
s ide  " d e t e r i o r a t e d "  a n d  ~111} 
p l a n e s  e x p o s e d .  

669-861 10-34 25 [110}* S t r i a t i o n  t h e r m a l  p i t s  e x p o s i n g  
m a i n l y  {111} p l anes ,  {311} p l a n e s  
a lso  b e i n g  o b s e r v e d  in  a n u m b e r  
of  cases .  S e v e r a l  v e r y  s m a l l  h e x -  
a g o n a l  p i t s  o b s e r v e d  fo r  t e m p e r -  
a t u r e s  > 750~ 

749 30 I0  {110} M a i n l y  s t r i a t i o n  p i t s  a n d  a n u m -  
b e r  of  v e r y  s m a l l  w o r m  l i k e  f e a -  
t u r e s .  

802-886 5-30 < 1  {110} W o r m  f o r m a t i o n ,  t h e  w o r m s  b e -  
i n g  r e l a t i v e l y  s m a l l  c o m p a r e d  
w i t h  t h o s e  o b s e r v e d  on t h e  {111} 
s u r f a c e s .  

* A t  a t e m p e r a t u r e  of  861~ h e a t i n g  t i m e  10 h r ,  s e v e r a l  s m a l l  
w o r m s  w e r e  also o b s e r v e d  on  t h e s e  s u r f a c e s .  

Fig. 10. Pear-shaped worm on a {111} germanium surface; tem- 
perature 742~ heating time 30 hr, electron bombarding voltage 
500v, angle of shadowing ~-~25 ~ 

have the following characteristics: worm formation 
occurs predominant ly  on the (111} surfaces; the worms 
are connected to t r iangular  pits on the {111} surface, 
as in Fig. 9 (at low temperature  ~750~ the t r iangular  
pits had either ~ 1 1 ~  or ~2i-1~ directions on the 
same surface while for higher temperatures  the pits 
had only the ~211> direction and exposed {111} 
planes) ;  a small  hillock is associated with each worm, 
general ly associated with the t r iangular  worm-head;  
the shape of the worm is very sensitive to temperature  
gradients on the surface; the worms increase in length 
and surface area with increasing temperature  and 
heating time, and a large number  of planes are ex- 
posed by the worms. 

Consideration of the above results indicated that the 
degree of undersa tura t ion  main ta ined  dur ing heat ing 
of the germanium surfaces had a profound effect on 
the surface changes, causing either t r iangular  (and 
hexagonal)  or worm like etch figures at high and low 
undersaturat ions  respectively. To obtain more detailed 
informat ion the {111} surface was studied intensively.  

Simultaneous electron bombardment  (very low 
power) and radiat ion heating of {111} germanium sur-  
faces in high vacuum under  a low undersa tura t ion  
(R ~ 5-10%) resulted in a number  of surface changes 
which were voltage dependent.  Under  various experi-  
mental  conditions the following surface changes took 
place; at 200-500v, temperatures  742~176 heating 
time 30 hr, "pear-worms" (Fig. 10) and several t r i -  
angular  and hexagonal  pits formed; at 850v, tempera-  
ture 807~ heating t ime 30 hr, pear-worms,  worms, 
and several t r iangular  and hexagonal  pits formed; at 
1000v, tempera ture  780~ heat ing time 30 hr  the pear-  
worms were absent, the normal  worm formation oc- 
curred, and a large number  of t r i angular  pits were ob- 
served. 

In  each case where pear -worms were observed, their 
size was notably  smaller than  that  of normal  worms. 
Their s t ructure consisted of a type of hemispherical  
head, the planes exposed not being well  defined. A 
hillock associated with each pear -worm was again ob- 
served, while very  small  hillocks were observed on the 
surface between the pear -worms in several cases. 

In  a number  of cases a "reference" crystal exposing 
a {111} ge rmanium surface was placed beside the elec- 
t ron bombarded crystal and held at a negative voltage 
with respect to the rest of the system. The (111} sur-  
face of the reference crystal developed worms, but  the 
surface also appeared to have been ion bombarded, 
the amount  of surface damage increasing with electron 
bombarding voltage (13). 

Thus, the different surface structures observed on 
the (111} germanium surfaces of the exper imenta l  
crystals can be in terpre ted in  terms of a change in  the 
undersa tura t ion  main ta ined  in the exper imental  tube 
dur ing  heating. The bombarding electrons ionize the 
germanium vapor atoms, these are then removed at 
a negative electrode, and the undersa tura t ion  is in -  
creased. The mechanism for the formation of the pear-  
worms is not fu l ly  understood. 
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The effect of depositing germanium atoms from a 
beam onto a hot {111} germanium surface was also 
studied. The {111} surface was heated resistively, tem- 
perature 716~ for 7.5 hr, under  free evaporat ion con- 
ditions in high vacuum and hexagonal  and t r iangular  
thermal  pits resulted. A beam of ge rmanium atoms im-  
pinging on a hot {111} surface (the beam density being 
slightly larger than the calculated number  of atoms 
evaporated),  temperature  722~ for 7.5 hr, caused al-  
most complete suppression of the thermal  pits and 
worm formation was observed. These conditions cor- 
respond to low undersaturat ion,  and confirm the pre-  
vious conclusion that t r iangular  etch figures are sup- 
pressed by re tu rn ing  Ge vapor. 

The final exper iment  consisted of placing a clean 
molybdenum sheet in  front of a {111} germanium sur-  
face heated in high vacuum under  a low undersa tura -  
tion. This resulted in the formation of t r iangular  and 
hexagonal  thermal  pits and almost complete suppres- 
sion of worms. The molybdenum sheet reached ap- 
proximately the same tempera ture  as the {111} surface 
and the surface of the molybdenum sheet facing the 
{ i l l}  germanium surface was found to have a thin 
coating of germanium which would increase the un-  
dersaturat ion main ta ined  dur ing  heating. 

These tests confirmed that the undersa tura t ion  ma in -  
tained dur ing  vacuum heating of germanium surfaces 
is a very impor tant  factor in de termining surface 
topography changes. 

Discussion 
Even though germanium and silicon have the same 

lattice s t ructure  a n u m b e r  of different topographical 
features formed on corresponding surfaces of the two 
crystals. 

Heating low index surfaces of silicon and ge rmanium 
under  high undersa tura t ion  in  high vacuum to rela-  
t ively low temperatures  resulted in basically the same 
surface change. Geometrical  pits formed in all cases, 
the planes exposed by the pits being main ly  {111} 
planes, but  in many  cases {311} planes were exposed as 
well. Simple mechanisms based on bond breaking can 
be postulated for the ini t ial  pit formation. The pits 
of atomic dimensions then grow by various processes. 
These include preferent ial  evaporation which involves 
the propagation of steps on the surfaces and the in-  
hibit ion of lateral  motion of steps at the surface-pit  
k ink positions perhaps in part  by adsorbed species 
(14), such as GeO2, SiO,, (8). Thus the pits form a 
geometrical shape. The planes exposed by the pits 
indicate that there must  be sufficient t ime for the ma-  
terial to be removed by exposing low surface energy 
crystallographic planes. The variat ion in facet size of 
the {311} planes with temperature  may be considered 
as a variat ion of specific surface free energy with 
temperature  as discussed by Herr ing (15). 

On increasing the temperature,  the topographical 
features on the ge rmanium surfaces appeared not to 
change even at temperatures  close to the mel t ing point;  
however, for silicon surfaces a number  of changes were 
observed. The most significant change is the formation 
of hillocks and a stepped surface s t ructure  on the 
{111}, {112}, and {110} silicon surfaces at a temperature  
of approximately 1250~ This tempera ture  is s imilar  
to that found by a number  of workers (1257~176 
to be necessary to "clean" silicon surfaces on the 
atomic scale by hea t - t r ea tment  alone. This s imilar i ty  
of temperatures  may have some significance. Germa-  
n ium surfaces do not  undergo these surface topo- 
graphical changes as a funct ion of temperature.  I t  may 
be noted that ge rmanium surfaces cannot usual ly  be 
"cleaned" by high vacuum hea t - t rea tment  alone, al-  
though Jona (16) has reported a chemical t rea tment  
for {111} germanium surfaces that leads to clean sur-  
faces after a very  long period of heat t rea tment  (~20 
hr) .  

The cause of the hillock formation on the silicon 
surfaces appears to be the aggregation of refractory 
surface impuri t ies  into "globules" which mask the 

Fig. 11. Worms and hillocks on a {111} germanium surface. 
Oblique lighting used. The worm-heads have a triangular pit struc- 
ture; temperature 792~ heating time 30 hr. 

under ly ing  surface dur ing  evaporation. From the work 
of Newman and Wakefield (17) it appears that silicon 
carbide precipitates may be the refractory impurit ies 
in the globules. 

The stepped surface s tructure can be explained by 
the nucleat ion of steps at the crystal edges and the 
movement  of these steps across the surfaces with a 
mechanism such as t ime dependent  impur i ty  adsorp- 
tion (18) or p inning  by the hillocks to cause the for- 
mat ion of the observed submacroscopic steps. The 
crystal edges must  be protected by "impurit ies" at the 
lower temperatures.  

The mechanism proposed as an explanat ion of the 
worm formation is analogous to that proposed for the 
formation of surface structures on a part ial ly melted 
{111} germanium surface. Near the melted region, the 
surface broke up at random sites, forming hillocks and 
an associated pit structure. The hillocks are assumed 
to obtain material  for growth from the sur rounding  
pit (1). Close to the melted region the hillocks moved 
toward the hottest region leaving behind a type of 
worm pit s t ructure while closer to the mel ted  region 
the hillocks grew rapidly in size and appeared to move 
according to the mechanism proposed by P f a nn  (19) 
for a two-phase eutectic system. 

The above mechanism may be applied to the worm 
formation which occurs at lower temperatures.  The 
hillocks which are observed could be ge rman ium- im-  
pur i ty  aggregates (GeO2 is probably the impur i ty)  the 
excess germanium now being supplied by the r e tu rn -  
ing germanium vapor. The favored sites for the init ial  
hillock formation appear to be the thermal  pits, Fig. 
11. These hillocks migrate  from the pits along surface 
temperature  gradients and form the worm structure  by 
preferential  evaporat ion of the surface atoms in  the 
immediate  vicinity. 

The above mechanisms for worm formation must  of 
course apply to all surfaces of germanium. The reason 
for the ease with which the {111} germanium surface 
forms worms can be considered in terms of surface 
energy criteria. A small increase in the surface energy 
of the {111} surface dur ing  hea t - t rea tment  is found 
(pit formation) and so hillock formation is possible. 
For the {110} and {112} surfaces, hea t - t rea tment  ap- 
pears to lead to a decrease in the surface energy, 
whereas hillock formation would increase this energy. 
Thus, hillock formation on these lat ter  surfaces should 
be suppressed by preferent ia l  reevaporat ion of the 
excess germanium from the hillocks. 

The topographical changes reported in this work for 
the {111}, {llO}, and {112} silicon and germanium sur-  
faces after hea t - t rea tment  in high vacuum show that 
changes on each surface are dependent  on the experi-  
menta l  conditions and the temperature,  the heat ing 
t ime being of secondary importance for the ranges 
studied. 

Manuscript  received Aug. 3, 1966; revised m a n u -  
script received Nov. 3, 1966. 
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Any discussion of this paper will  appear in a Dis- 
cussion Section to be published in the December 1967 
JOURNAL. 
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Technical Notes 

Growth of CdS from Liquid Cd Solution 
Naim Hemmat and Martin Weinstein 

Tyco Laboratories, Inc., Waltham, Massachusetts 

Single crystals of the wide-band  gap II -VI com- 
pounds (CdS, ZnS, CdTe, etc.) have been prepared 
from the melt  and from the vapor phase. Growth 
from solution, al though not applied previously, has 
many  advantages in  the specific case of such refrac- 
tory crystals, since the tempera ture  of growth could 
be significantly lower than that of the other methods. 
Such problems at high temperatures  as contaminat ion 
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Fig. I. Schematic diagram of the CdS crystal growth setup and 
temperature profile. 

from the crucible and excessive const i tuent  vapor 
pressures would therefore be minimized. If a proper 
solvent is chosen, purification may also b e  accom- 
plished dur ing growth. From a basic s tandpoint  also, 
solution growth from metallic solution is less suscep- 
tible to local uncontrol lable  temperature  fluctuations; 
therefore, crystals of exceptional perfection and homo- 
geneity can be grown more easily by this technique. 

For these reasons an at tempt was made to show the 
feasibili ty of growing bulk  CdS from Cd solution. 
Cadmium essentially chose itself as the solvent since 
(i) the solubility of CdS in l iquid Cd is known (1), 
(ii) Cd solvent extraction has been previously shown 
to be effective in the purification of CdS (2), and (iii) 
the use of Cd el iminates the need for a third con- 
stituent.  

Procedure 
Figure  1 is a schematic diagram of the crystal  

growth setup and its accompanying temperature  pro- 
file. Approximately  21g of h igh-pur i ty  Cd (99.9999%) 
and 2.9g of h igh-pur i ty  sulfur  (99.999%) were placed 
in the quartz ampoule and sealed under  vacuum 
(,~ 5 x 10 -6 m m  Hg). The S charge was then slowly 
heated in contact with Cd to form CdS. Care was taken 
to minimize severe reaction. In  this case since such a 
large excess of Cd was present, l i t t le trouble was 
encountered. The quartz ampoule was 16 mm OD, 
2 mm thick, and 5 in. long. The quartz rod served to 
increase the radiat ion heat  t ransfer  at the ini t ial  point  
of nucleation. As can be seen from the temperature  
profile, the resistance furnace was controlled so that 
the max imum temperature  (1080~ was at the top 
of the ampoule. A pancake rf  coil was provided to 
produce a peak temperature  of 1050~ and a sharp 
thermal  gradient  at the l iquid-solid interface. After 
the reaction was complete, the quartz ampoule was 
placed in the furnace with its pointed end at approx- 
imately 1020~ The ampoule was then lowered 
through the tempera ture  gradient  at a rate of 2.5 mm 
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Fig. 2. Photograph of typical (2.5 cm long) polycrystalline CdS 
boule grown from Cd solution. 

Fig. 3. Longitudinal cross section through a CdS-Cd solvent com- 
posite ingot 50 X: (a) Cd; (b) CdS boule. 

per day. The growth interface was mainta ined at 
approximate ly  940~ 

Results 
Figure  2 is a photograph of a typical  2.5 cm long 

polycrystal l ine CdS boule grown f rom Cd by the above 
technique. The 5 mm Cd zone is clearly seen on the 
left. In the best cases the ingots contained single 
grains of CdS, 4 mm 2 in cross section and 3-4 m m  
in length. After  polishing the surface, the polycrysta l -  
line boules appeared yel lowish in color and were quite  
transparent .  No prefer red  growth direction was ob- 
served. 

Observation of quenched ingots indicated a fair ly 
diffuse boundary between the Cd solvent  zone and 
the polycrystal l ine boule. Figure  3 is a longitudinal  
cross section through the CdS boule-Cd solvent com- 
posite ingot. As can be seen, a slight amount  of Cd 
is found entrapped in the grain boundaries near  the 
interface. Little, if any, free Cd was found in the first 
port ion of the boule to grow. This may be due to mi-  
gration of the entrapped Cd after growth took place. 
CdS dendrites frozen out in the Cd solution can also 
be seen easily. In some cases hexagonal  CdS platelets 
(Fig. 4) were  also found at the upper  port ion of the 
Cd solvent  zone. 

The resis t ivi ty of the polycrystal l ine mater ia l  was 
approximate ly  10 -1 ohm-cm. The impur i ty  concentra-  
t ion was found to be s imilar  to that  of crystals grown 
from the consti tuent elements from the vapor  phase 
(3 ppm atomic total) (3). 

Fig. 4. Hexagonal CdS platelets, on the top surface of the Cd: (a) 
(top) magnification ca. 30X; (b) (bottom) ca. 260X. 

It is clear f rom this initial a t tempt  that  it is feasible 
to grow crystals of CdS from Cd solution. With proper  
control of the thermal  conditions and with  proper  
seeding, it should be possible to grow well-defined 
large single crystals of CdS and the other  high gap 
I I -VI  semiconductors at tempera tures  significantly 
below those used for vapor phase and mel t  growth. 
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Anodic Oxide Growth Behavior on Silicon 

J. Kraitchman 1 and J. Oroshnik 2 

Westinghouse Electric Corporation, Research and Develop~nent Center, Pittsburgh, Pennsylvania 

Phosphorous doped anodic oxides grown on silicon 
have previously been shown to be suitable n - type  
dopant sources (1). Dur ing  diffusion dr ive- in,  large 
out-diffusion losses can occur from these oxides. These 
out-diffusion losses can be prevented by using a non-  
doped anodic oxide as a shield (2). The nondoped 
anodic oxide is grown on top of the original phos- 
phorous doped oxide by reanodizing in a KNO2-tetra-  
hydrofur fury l  alcohol (THF) solution to about twice 
the original  forming voltage. 

We have observed similar large out-diffusion losses 
dur ing dr ive- in  from boron doped anodic oxides grown 
on silicon (anodization in  polyhedral  borane acid- 
te t rahydrofurfuryl  alcohol solutions).  These out-dif-  
fusion losses from the boron doped oxides were not 
prevented by the technique used with the phosphorous 
doped oxides. Moreover, drastically reduced doping 
levels in the silicon after dr ive- in  were obtained on 
samples which were reanodized in  the KNO2-THF 
solution. Experiments,  to be described below, indicated 
that the neut ra l  anodic oxide was growing undernea th  
the boron doped oxide ra ther  than on top of it. This 
growth behavior  appears to be responsible for its 
failure to prevent  out-diffusion losses from the boron 
doped oxides. 

Borane anodic oxides and neut ra l  anodic oxides can 
be distinguished by their  etch rates in  a s t ructure-  
sensitive etch such as p-etch (3). 

Experimental 
Two types of samples were prepared. Both types of 

samples were first anodized in the borane ac id-THF 
solution. In type I only part  of the borane oxide was 
reanodized in the n i t r i t e -THF solution. In  type II 
the ent i re  borane oxide plus an unanodized portion of 
the silicon was reanodized in the n i t r i t e -THF solution. 

The oxide regions were etched in a diluted form of 
p-etch (3 parts HF, 2 parts HNO3, and 645 parts  H20).  
Oxide thickness was determined by visual  comparison 
with known standards. The standards were calibrated 

1 P r e s e n t  a d d r e s s :  P i t t s b u r g h  P l a t e  G l a s s  R e s e a r c h  C e n t e r ,  P i t t s -  
b u r g h ,  P e n n s y l v a n i a .  

~ P r e s e n t  a d d r e s s :  C o m i n g  G l a s s  W o r k s ,  R a l e i g h ,  N o r t h  C a r o l i n a .  

Fig. 2. Etch rate plot of a type II sample 

by mul t ip le -beam interference techniques. A plot of 
oxide thickness as a funct ion of total etch t ime 
yielded the etch rates, permi t t ing  identification and 
location of the faster and slower etching oxides wi thin  
the reanodized region. 

An etch rate plot for a type I sample is shown in 
Fig. 1. In  the reanodized region two different etch 
rates are readi ly dist inguishable (see curve 6 ) .  The 
upper  layer has a rapid etch rate of 3.5 A/sec. The 
lower layer has a slow etch rate of 1.4 A/sec. Curve B 
is an etch rate plot of the region anodized only in the 
bo rane -THF solution, which has a rapid etch rate of 
5.3 A/sec. 

Figure 2 shows the etch rate plot for a type II sam- 
ple. This plot shows the same characteristics as the 
previous one. The upper layer  of the reanodized re-  
gion has a rapid etch rate of 4.1 A/sec, while the lower 
layer has a slow etch rate of 1.3 A/sec (see curve A).  
Curve B is a plot of the region anodized only in the 
nondoping solution, which has a slow etch rate of 1.0 
A/sec. 

Results and  Discussion 
Table I is a summary  of etch rates determined from 

rate plots for a number  of samples of both types. This 
tabulat ion reveals that  the etch rates of the oxide 
layers in the reanodized region lie between the l imi t -  
ing values characteristic of the rapid-etching borane 
anodic oxide, and the slow-etching neu t ra l  anodic 
oxide. The upper  layer  always etches somewhat slower 
than the free borane anodic oxides. Concurrent ly,  the 
lower layer always etches somewhat faster than the 
free neu t ra l  anodic oxide. 

Instead of the anticipated result  of a s low-etching 
upper layer, and a rapid-e tching lower layer  in the 
reanodized region, exactly the opposite is obtained. 
This suggests that  dur ing  the reanodization, growth 

Table |. Summary of etch data on samples of both types 

Etch rate, A / s e e  

Sample  Free* Upper Lower  Free* 
type  borane layer layer  neutral  

I 5 .3  "4- 0 .3  3 .5  - -  O.1 1 .41  - -  0 . 0 6  
I 5 .8  ----. 0 .3  5 .1  ----- 0 . 9  1 . 66  ----- 0 . 0 7  
I 6 . 0  -~ 0 .3  5 .2  • 0 . 8  1 . 48  ----. 0 . 0 7  

I I  ~4.8 ~ 0 .2  1 .85  ----- 0 . 2 2  0 . 8 0  -~- 0 . 0 2  
I I  4 .1  ~ 0 .2  1 ,29  ----- 0 . 0 4  0 . 9 6  4" 0 . 0 3  

Fig. 1. Etch rate plot of a type I sample 
* Free, indicates an i n d e p e n d e n t  m e a s u r e m e n t  o f  a s i n g l e  l a y e r  

oxide  t a k e n  s i m u l t a n e o u s l y  w i t h  the compound region measure-  
ments .  

405 
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is not proceeding at the oxide-e lec t ro ly te  interface by 
migrat ion of silicon ions through the oxide. Instead, 
growth is proceeding at, or close to the oxide-si l icon 
interface by migrat ion of oxygen ions through the 
boron oxide. 

In the boron doped oxides, the mobil i ty  of the oxy- 
gen diffusing species may be enhanced by the pres-  
ence of boron. Oxygen migrat ion in these oxides pre-  
sumably occurs by diffusion of oxygen vacancies. 
Boron doping would be expected to increase the oxy-  
gen vacancy concentrat ion in these oxides and thus 
increase the diffusion rate  of oxygen vacancies. 

The etch rate  data also suggests that  the upper  layer  
is not "pure"  borane anodic, and the lower layer  is 
not "pure"  neutra l  anodic oxide. While somewhat  
oversimplified, the fol lowing picture appears to ex-  
plain the observed results. During reanodization, while  
oxide growth proceeds pr imar i ly  by migrat ion of oxy-  
gen (or an oxygen-bear ing  species) through the boron 
doped layer, some silicon migrat ion also occurs. Thus, 
some nondoped oxide is grown within  the boron doped 
oxide. Simultaneously,  some boron doped oxide is 
t rapped within  the growing neut ra l  layer. The result  
is an upper layer  consisting essentially of boron doped 
oxide admixed with some neutral  oxide, and a lower 
layer consisting essentially of neutra l  oxide contain-  
ing a small  amount  of boron doped oxide. 

In summary,  etch rate measurements  reveal  the ex-  
istence of two distinct layers. In reanodizing to a 
higher  voltage in a nondoping solution "over"  a p re -  
existent  borane anodic oxide, the nondoped oxide 

grows between the borane anodic oxide and the sil- 
icon. This is possibly the first known instance where  
anodic oxidation of silicon proceeds at, or close to 
the oxide-si l icon interface. The upper, rapid-e tching 
anodic oxide has been modified during reanodizat ion 
so that  it etches slower than a free borane oxide. The 
underlying,  s low-etching anodic oxide etches some- 
what  faster than a free nondoped oxide. 
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Recrystallization of Germanium 
Thin Films on Insulating Substrates 

by Electron Beam Zone Melting 
C. T. Naber 

Research Division, McDonnell Company, St. Louis, Missouri 

There is a need in thin film microelectronics for 
singIe crystal  semiconductor thin films of device 
quality. Most previous at tempts at a t ta ining single 
crystal  thin films on insulat ing substrates centered on 
an epi taxial  process in which the crystal l ine propert ies  
of the deposited film are strongly dependent  on the 
crystal l ine propert ies of the substrate. Recently,  tech- 
niques of recrystal l izat ion of ge rmanium films by 
electron beam zone mel t ing have demonstra ted in- 
terest ing possibilities for the format ion of large area 
single crystal  thin films on both metal l ic  and insulat-  
ing substrates (1-5). The most successful results in 
obtaining large area single crystal  ge rmanium films 
on insulat ing substrates are repor ted  by Maserj ian (3) 
who formed single crystal  thin film regions of approx-  
imate ly  0.6 mm~ on single crystal  sapphire substrates. 
In the research described here, at tempts were  made to 
form large area single crystal  thin films of ge rmanium 
on both single crystal  and polycrystal l ine substrates 
by electron beam zone melting. 

Germanium,  which was specified intrinsic by the 
supplier  and exhibi ted n - type  conduct ivi ty  by the hot-  
point probe technique, was evaporated f rom a tungsten 
boat in a vacuum of about 5 x 10-~ Torr  onto sub- 
strates which were  heated to about 500~ The thick-  
nesses of the films were  be tween 50,000 and 200,000A. 
After  deposition, the films were  placed in an electron 
beam processor where  an electron beam of small  cross 
section and appropriate  intensi ty was scanned across 
an area of the film in a par t icular  manner  so as to 
create  a process of mel t ing  and recrystal l ization.  In 
order  to reduce the thermal  strains induced dur ing 

processing, the film and substrate were  preheated to 
about 600~ A number  of substrates were  invest igated;  
only polished sapphire and polished alumina were 
found to be compatible with electron beam zone mel t -  
ing of ge rmanium films. 

In one scan pat tern invest igated the electron beam 
was oscillated la tera l ly  over  the film in a t r iangular  
wave  fashion with a f requency of 0.5 cps and ampli tude 
of about 5 mm and s imultaneously swept along the 
film at slow speeds (O.1 to 1.0 m m / m i n )  perpendicular  
to the direction of oscillation. The voltage and current  
of the electron beam were  adjusted so that  the beam 
power  was sufficient to form a small  circular  mol ten  
zone in the film. Beam currents  of about 0.5 ma and 
beam voltages be tween 25 and 35 kv were  used for 
most of the films. F igure  1 shows regions of germa-  
nium films on sapphire and a lumina processed in this 
manner  after etching in WAg (6) along with  x - r ay  
back reflection Laue patterns. As can be seen, long 
slender crystal  grains appear  in the processed region. 
The spotty character  of the germanium rings in the 
back reflection Laue pat tern indicates the presence of 
re la t ively  large crystal  grains of various orientations. 
It was found that  the size of the crystal  grains formed 
in the processed region increased with  increasing tem-  
pera ture  of the heated zone dur ing processing. The 
largest  crystal  grains were  formed when  the electron 
beam parameters  were  adjusted to heat  the film to a 
t empera ture  just  below the value  at which the molten 
zone would  break into globules. The largest  crystal  
grains observed were  about 0.2 mm wide and 5 mm 
long. 
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Fig. 1 (a). Photomicrograph of processed region of Ge film on 
polished alumina; (b) Laue back-reflection photograph of film in 
(a); (c) photomicrograph of processed region of Ge film on sapphire; 
(d} Laue back-reflection photograph of film in (c). 

After  deposition and prior  to electron beam process- 
ing, all films exhibi ted p - type  conduct ivi ty  as de ter -  
mined by the hot-point  probe technique. Af ter  process- 
ing, the regions that had re la t ive ly  large crystal  grains 
exhibi ted n - type  conduct ivi ty  while  the regions that  
had re la t ive ly  small  grains exhibi ted p- type  conduc- 
tivity. Photomicrographs of sections of a ge rmanium 
film on polished a lumina after etching in WAg with 
grain sizes characteris t ic  of p - type  and n- type  con- 
duct ivi ty  are shown in Fig. 2(a) and 2(b) .  The region 
of the film shown in Fig. 2 (a) which has smaller  crys-  
tal grains than the region shown in Fig. 2 (b) exhibi ted 
p- type  conduct ivi ty  while  the region shown in Fig. 
2(b) exhibi ted n - type  conductivity.  There  is some 
question in the l i te ra ture  as to whe ther  the p - type  
character  of vacuum deposited germanium films is 
due to: (i) s t ructural  defects (7-10), (ii) impuri t ies  
(11), or (iii) surface states (12, 13). Since the con- 
duct ivi ty  type of the film changed f rom p- type  to n-  
type when the size of the crystal  grains increased and 
since the regions of the film containing the larger  
crystal  grains cer ta inly have fewer  s t ructural  defects 
than the regions containing smaller  crystal  grains, 
it appears that  s t ructura l  defects which act as ac- 
ceptor centers are responsible for the p- type  character  
of the films investigated.  

Hall  measurements  at room tempera ture  were  made 
on a few processed and unprocessed films on sapphire. 
The Hall  mobili t ies of the processed films ranged f rom 
as low as 50 cm2/(v-sec)  wi th  a charge carr ier  con- 
centrat ion of about 1.3 x 10 I~ cm -3 to as high as 1200 
cm2/ (v-sec)  wi th  a charge carr ier  concentrat ion of 
about 6.7 x 10 TM cm -3. Af te r  the Hall  measurements  
were  made, the films were  etched and were  found to 
consist of a wide var ie ty  of crystal  grain sizes. The 
largest crystal  grains were  observed in the film which  
exhibi ted a mobil i ty  of 1200 cm2/(v-sec) .  

Fig. 2 (a). Photomicrograph of processed region of Ge film on 
alumina exhibiting p-type conductivity; (b). Photomicrograph of 
processed region of Ge film on alumina exhibiting n-type con- 
ductivity. 

In another  scan pattern,  the electron beam was pro-  
g rammed to sweep across the film in a spiral  wi th  a 
f requency of rotation of about 0.5 cps. Figure 3 is a 
photomicrograph of a film processed in this manner  

Fig. 3. Photomicrograph of region of Ge film on sapphire proc- 
essed with spiral pattern. 
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after etching. As can be seen, relat ively large crystal 
grains appear in the processed region. 

The results of this research indicate that recrystal-  
lization can be induced in ge rmanium films on insula t -  
ing substrates by electron beam zone melting. Similar  
recrystall ization effects were observed in germanium 
films deposited on both single crystal sapphire and 
polycrystal l ine alumina.  This indicates the recrystal-  
lization process is independent  of the crystal l ine prop- 
erties of the substrate. The principal  technological dif- 
ficulty involved in the process is the main tenance  of a 
stable molten zone through the entire thickness of the 
film. 
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Ohmic Contacts to GaAs by a Simple 
Low Temperature Alloying Process 

D. K. Jadus, H. E. Reedy, and D. L. Feucht 
Department of Electrical Engineering, Carnegie Institute o~ Technology, Pittsburgh, Pennsylvania 

Standard al loying techniques allow one to make 
good ohmic contacts to the elemental  semiconductors, 
but  they do not work well on gal l ium arsenide (1-3). 
In this report  a simple low-tempera ture  process is 
described for making shallow ohmic contacts to n- ,  u, 
or p-type gal l ium arsenide. The contacts are made by 
alloying appropriate metallic spheres into bulk GaAs 
at temperatures  between 300 ~ and 450~ in an ambient  
of argon, hydrogen, and hydrogen chloride gas. The 
contacts obtained in this manner  have very shallow 
penetra t ion depths and thus offer significant advan-  
tages for contacting thin epitaxial  layers of GaAs. 
Similar  results using metal -hal ide  fluxes have re-  
rent ly  been reported (4). The results described be- 
low show that good ohmic contacts using Sn spheres 
can be made to n - type  GaAs having a bulk resistivity 
in the range of 0.012 to 108 ohm-cm at alloying tem- 
peratures as low as 300~ with a resul t ing penetra t ion 
depth of less than 0.1~. Shallow ohmic contacts were 
also made to p- type GaAs having a bulk  resistivity of 
0.0065 to 0.33 ohm-cm using Zn, In  -t- 1% Zn and Cd 
spheres at alloying temperatures  near  the mel t ing 
point of the spheres. 

The alloying apparatus consists of a carbon strip hot 
stage with a Pyrex cover and gold or nickel plat ing on 
all metal  parts in contact with the gas ambient.  This 
gas ambient  consists of Ar-15% H2 gas plus approxi-  
mately 5% high-pur i ty  anhydrous HC1 gas, 1 delivered 
by noncorrodable tubing. The small HC1 component  
serves to clean the spheres and promote wetting. With-  
out HC1 the spheres do not wet, adhere well, or make 
ohmic contact to the GaAs at these low temperatures.  
It is observed that at a temperature  below the sphere's 
mel t ing point  a white haze, almost certainly the metal  
dichloride, appears on the sphere. This haze disappears 
abrupt ly  as the sphere melts, and an extremely bright  
surface on the sphere is observed. It  is possible that 
this process is microscopically identical  to that of 
Schwartz and Sarace (4) in that the metal  dichloride 
is formed and serves as the flux; however, no observ- 

1 Precision Gas Products  Inc.,  Linden,  New Je r sey .  

able deposit of metal  halide remains after the alloy- 
ing cycle is completed. 

To make a contact, the clean GaAs wafer is placed 
on the carbon strip and one or more clean spheres are 
placed on the surface to be alloyed. The Pyrex cover 
is placed over the carbon strip assembly and sealed, 
and the assembly is purged by flowing about 100 alloy 
stage volumes of Ar-15% H2 through the stage. The 
Ar-H2 flow is reduced to 1 vo l /min  and 2-5% by vol- 
ume of HC1 is added to the gas flow. After 5 volumes of 
flow, the carbon strip temperature  is l"aised quickly to 
the alloying temperature  for 1-5 sec, and then allowed 
to cool. The HC1 is purged, and the sample is removed. 

For the alloy contacts reported here, the GaAs was 
lapped, moderately etched in methanol-0.5% bromine, 
rinsed in methanol  and tr ichlorethylene,  and stored in 
t r ichlorethylene unt i l  used. The alloy spheres were 
cleaned in dilute HC1, r insed in distilled water  and 
methanol  and stored in tr ichlorethylene.  Alloy con- 
tacts to unetched, but  organic solvent cleaned epitaxial  
GaAs layers yield identical results. 

The following characteristics of the alloy contacts 
were investigated: penetra t ion depth, area wetted by  
the sphere for a given tempera ture  and substrate ori- 
entation, and max imum current  density or electric 
field s trength obtainable in  the GaAs without  depart-  
ing from an ohmic relat ion at the contact. 

Metallurgical evidence on the penetrat ion depth into 
commercial GaAs was obtained by prepar ing alloyed 
samples under  conditions known  to result  in ohmic 
contacts, and either sectioning and lapping perpendicu-  
lar to the direction of alloy penetrat ion or removing 
the alloy dot from the surface by etching in HC1. A 
typical Sn contact alloyed at 400~ for 5 sec in the 
( l l l ) A s  face of n - type  GaAs, is shown sectioned and 
lapped to a 1~ finish in Fig. la. A similar Sn contact 
alloyed at 3O0~ in the same ( l l l ) A s  face is shown 
sectioned and lapped to a 1~ finish in Fig. lb  at a 
greater magnification. The alloy penetra t ion depth into 
the sample at 400~ is 7.5~, but  no penetra t ion is ap- 
parent  for the 300~ case. Figure 2a is a view of the  
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Fig. 1. Cross-section of Sn alloy an (111)As face of GaAs at: 
a (top) 400~ b (bottom) 300~ 

Fig. 2. Surface of (111)Go face after alloying at 300~ and 
removal of the Sn dot to show wetted area: a (top) 200x, b (bot- 
tom) 1100x. 

( l l l ) G a  face of GaAs afLer a 300~ alloy and dot re-  
moval  in acid. The outer  r ing is the boundary of the 
area wet  by the 10 mil  Sn sphere and is approximate ly  
9.7 x 10 -~ in. in diameter.  A section of the region of 
the al loyed area is shown in grea ter  magnification in 
Fig. 2b. The portion of this wafe r  inside the curved 
line was wet ted  by the Sn, the exter ior  was not. The 
significant observation is that this ohmic contact has 
not visibly al tered the surface s t ructure  of the sample. 
Photographs of the al loyed face prepared  as in Fig. 2 
for the crystal  orientations ( l l l ) A s ,  (110), (100), and 
(111) Ga show that under  identical conditions at 300~ 
a 10 rail Sn sphere wets an area of d iameter  15.6, 10.7, 
10.7, and 9.7 mils, respectively,  with a deviat ion of less 
than ___0.5 mils. Holding the contact at these al loying 
tempera tures  for several  minutes  does not visibly in-  
crease the wet ted  areas. 

A typical  Zn contact alloyed at 430~ for 2 sec to 
p- type  GaAs is shown sectioned and lapped to a 1~ 
finish in Fig. 3. No alloy penetrat ion is evident,  and 
fu r thermore  there  is no perceptible difference in 
wetted area on the ( l l l ) G a  or ( l l l ) A s  faces. 

The electr ical  contact to heavi ly  doped n GaAs was 
evaluated by de termining the max imum current  den-  
sity that  was achievable wi thout  depart ing f rom 
ohmicity. For  10 mi l  Sn spheres al loyed at 300~ on 
the (111) faces of 0.012 ohm-cm GaAs the i -v  charac-  
teristics of the s tructure remained l inear  at a current  
density of 1.5 x 104 a m p / c m  2. The measurements  were  
made using 2 ~sec pulses on a s t ructure  in which the 
current  density was approximate ly  uniform. For  Sn 
spheres al loyed at 250~ the contacts had high re-  
sistance and were  unreliable.  

The electr ical  contact to n type GaAs in the re-  
sistivity range appropriate  for Gunn effect devices is 
described by exper iments  on 100 ohm-cm GaAs. The 
nonl inear  i -v  characterist ics and large  t empera tu re  
coefficient of resistance repor ted  (5) and confirmed by 

our observations for bulk GaAs in this resist ivi ty 
range necessitated a more careful  study of the nature  
of the contacts. For  this invest igat ion the voltage mea-  
sured at a contact carrying current  was compared to 
the voltage measured  at an adjacent  noncurrent  car ry-  
ing contact as a function of vol tage level. For 5 mil  
Sn spheres al loyed at 300~ these two voltages were  
direct ly proport ional  up to a field s t rength in excess of 
2000 v / c m  in the bulk material .  F rom these measure-  
ments it is clear that  the voltage drop of the current  
carrying contact must  be quite  small  compared to the 
bulk drop. Gunn effect devices have  not been made to 
determine  if this contact shows any improvement  over  
present  contacts. Similar  alloy contacts to 4 ohm-cm 
GaAs also appeared to be ohmic, al though because of 
heat ing it was impossible to obtain a large field or 
high current  density in the bulk material .  

Fig. 3. Cross section of Zn alloy on (111)As face of GaAs at 
430~ 
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The extent  to which an ohmic contact may be made 
to semi- insulat ing GaAs was tested using commercial  
l0 s ohm-cm mater ia l  with Sn spheres alloyed on the 
opposite faces at ei ther 300 ~ or 40O~ The i -v  charac-  
teristic of such a device is l inear up to 104 v / c m  at 
room tempera ture  in the dark. When i l luminated 
strongly by a microscope lamp at room tempera ture  
the current  for a par t icular  voltage is much increased 
and is related to the voltage by I = K V 2 up to 
5 x 103 v / c m  indicating space charge l imited flow. The 
contact photovoltage due to the same intensity of 
i l luminat ion is less than 5 my, indicating that  the con- 
tacts do not add any appreciable voltage drop. 

Ohmic contacts to p- type  GaAs were  obtained by 
the same al loying technique using Zn, In + 1% Zn or 
Cd spheres at an appropriate  temperature.  In order to 
obtain good ohmic contacts with Zn, it was necessary 
to alloy the Zn spheres at approximate ly  430~ (10~ 
above the melt ing point) for 1 to 2 sec, in order  to 
l imit  the formation of Zn~As2 (4). Good ohmic con- 
tacts, capable of carrying greater  than 800 a m p / c m  2, 
on 0.33 and 0.0065 ohm-cm p- type  GaAs, were  ob- 
tained using this technique. Ohmic contacts were  also 
obtained on p- type  GaAs by al loying In + 1% Zn 
spheres at approximate ly  160~ Al though ohmic con- 
tacts may be made to p- type  GaAs using Cd spheres 
they must be al loyed at 400~ (considerably above 
their  mel t ing point) in order to obtain wetting. 

GaAs alloy diodes were  made using the above tech-  
niques on n-  and p- type  GaAs. When Sn spheres were  
alloyed to p - type  GaAs at 500~ good diodes were  ob- 
tained on 0.33 ohm-cm mater ia l  s imilar  to the results 
of Schwartz  et al. (4). On 0.0065 ohm-cm p- type  GaAs, 

however ,  nonl inear  resistors resulted. In and In + 1% 
Zn spheres alloyed into 0.012 ohm-cm n- type  GaAs 
just  above their  mel t ing points yielded good GaAs 
diodes also. When using the Zn spheres, however ,  it 
was determined that  in order to obtain an ohmic con- 
tact wi th  Sn fol lowing the Zn alloy it was necessary to 
etch the sample lightly. 
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Epitaxial Deposition of GaAs in an Argon Atmosphere 
R. C. Taylor 

IBM Watson Research Center, Y o r k t o w n  Heights, New York  

Of the several  methods current ly  avai lable for 
epi taxial  deposition of GaAs, the open tube method 
using Ga and AsC13 in a hydrogen atmosphere has 
given mater ia l  with the best electrical  propert ies to 
date for applications such as Gunn effect devices (1). 
In the present investigation, argon was substi tuted 
for hydrogen as the carr ier  gas. There are several  
potential  advantages suggesting the use of argon for 
the purpose of obtaining bet ter  and more reproducible  
films. Among these are: substitution of an iner t  spe- 
cies for a react ive one to el iminate at least one reac-  
tion f rom the system, substitution of a heavier  carr ier  
gas to minimize the density differential  between the 
carr ier  and the react ing species and decrease any com- 
positional gradient  exist ing in the gas phase, and 
el iminat ion of the hydrogen reduct ion of quartz  as a 
source of silicon contamination to give a purer  GaAs 
deposit. 

Experimental 
The apparatus and procedures used were  similar to 

those employed by other  invest igators of the Ga-AsC13 
system (2, 3) the principal  difference being the use of 
argon throughout  in place of hydrogen. The main part  
of the apparatus was a 30 mm ID quartz  reactor  tube 
into which  was inserted a 25 mm ID quartz  l iner  to 
facil i tate loading and cleaning. The reactor  tube ex-  
tended through a h igh- t empera tu re  (source) zone in 
which the tempera ture  was uniform to wi thin  I~ for 
3 to 4 in., and a downst ream low- tempera tu re  sub- 
strate (deposition) zone in which the tempera ture  
gradient  was 10~ Pure  argon was metered  into the 
reactor  through two stainless steel and quartz  lines, 
o n e  line going direct ly into the reactor  and the other  
through a quartz bubbler  containing AsC13 where  

saturat ion of the gas s tream took place. Exhaus t  gases 
passed out of the reactor at the downst ream end 
through a quartz end cap into an oil bubbler.  Source 
and substrate holders  were  of quartz, the substrate 
holders being platforms at tached to thermocouple  
tubes which could be positioned through a Teflon seal 
in the exhaust  cap. 

The Ga source t empera tu re  was mainta ined at e i ther  
800 ~ or 850~ for the argon runs and at 850~ for 
comparat ive  hydrogen runs. GaAs substrate tempera-  
tures varied with the AsCI~ flow rate but  were  nor-  
mal ly  650~176 during argon runs and 700~176 
during hydrogen runs. The AsC13 bubbler  was at 25~ 
Temperatures  were  controlled to within I~ during a 
run. The flow of argon through the AsC13 was var ied  
over  a range which resul ted in a flow of 3 x 10 -4 to 
3 x 10 -3 moles /h r  of AsC13. All  mater ia ls  employed in 
the runs were  of a min imum pur i ty  of 99.999% and 
were used wi thout  fur ther  purification. 

Af te r  polishing the GaAs substrates (Czochralski 
crystals, Cr doped),  the Ga source and the substrates 
were  weighed and loaded into the reactor  which was 
then flushed with  argon at a high flow rate. Af te r  
flushing, both source and substrates were  raised to 
the source tempera ture  and the substrates were  vapor -  
etched in a high Ar/AsC18 flow. The flow rate  was then 
lowered to a normal  deposition rate  and the sub- 
strates lowered to deposition temperature .  Deposition 
usually proceeded overnight  af ter  which the AsCI~ 
flow was terminated,  the tempera tures  were  measured,  
and the furnaces shut off. The films were  removed  at 
a low temperature .  Under  the proper  conditions, 
mir ror  smooth films with  thicknesses ranging from 1 
to 15 mils were  g rown with  crystal lographic qual i ty 
equal  to those grown in hydrogen. 
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Table I. Effect of substrate temperature on growth rate. 

C a r r i e r  AsC13 flow, S u b s t r a t e  M a x .  g r o w t h  Max .  g r o w t h  T e m p  r a n g e  
gas  m o l e s / h r  o r i e n t a t i o n  r a t e  t e m p ,  ~ r a t e ,  t~/hr fo r  e p i t a x y ,  ~ 

A r  f l x  1O-t i 0  ~ off 111A 650 20 540-680 
A r  1.5 • 10-a 5 ~ of f  l l l B  700 35 580-7:]0 
H~ 1.5 • 1O-~ 5 ~ off  111B 750 25 640-780  

Chemical  analysis of the byproduct  condensate was 
performed by dissolving the mater ia l  in an aqueous 
5% sodium hydroxide solution and t i t rat ing for Ga 
with EDTA and for C1 with  AgSCN. 

Results and Discussion 
Effect of substrate orientation and temperature on 

growth rate.--Substrates with nine different or ienta-  
tions were  studied in argon. The growth rate de- 
creased in the order: 10 ~ off l l l A ,  7 ~ 110, 110, 100, 
10 ~ off l l l B ,  5 ~ off l l l A ,  5 ~ off l l l B ,  l l l A ,  and l l l B .  
Under  flow conditions of 3 x 10 -4 moles /h r  of AsCl:~ 
in 25 cc /min  of argon the growth rate  at a substrate 
t empera ture  of 650~ var ied from 20 # /h r  on 10 ~ off 
l l l A  to 4 ~/hr  on l l l B .  Since the rat io of arsenic in 
the vapor  to the amount  of Ga being formed by GaC1 
disproport ionat ion is 1 : 1, one can expect  the growth 
rate  to be fastest on stoichiometric surfaces. This is 
found to be true wi th  the basic planes of i i0,  100, and 
111. When the orientat ion is a few degrees off of a 
basic plane, the h igh- index  plane that  results has a 
surface composed of a large number  of small steps. The 
stepped s t ructure  consists of " t reads"  and "r isers"  
which are made up of the basic planes (4). Deposition 
on such a surface should be energet ical ly  favored 
with the result  that  a plane a few degrees off of a 
basic plane would have a higher  growth rate than the 
basic plane. This is also seen to be true. 

Severa l  runs were  made to establish the dependence 
of growth rate on substrate temperature .  The results 
of two argon runs and a comparat ive  hydrogen run  
are shown in Table I. The source tempera ture  was 
850~ Above the h igh- tempera tu re  l imit  for epi taxial  
deposition etching took place, while  below the low- 
t empera tu re  l imit  the film was polycrystal l ine.  In all 

Fig. 1. Effect of substrate orientation on film surface morphology 

cases epi taxial  growth occurred over  about a 150~ 
tempera ture  range with the tempera ture  of m ax imum 
growth rate about 30~ below the h igh- tempera tu re  
l imit  for epitaxy. Increasing the AsC13 flow rate  in- 
creased both the growth rate  and the tempera ture  for 
m a x i m u m  growth rate, and under  identical  conditions 
growth in the hydrogen system took place 50~ higher  
than in argon. Growth  rate fell  off ve ry  rapidly at 
temperatures  above the m ax im um  growth rate  tem-  
pera ture  due to less supersaturat ion of the gas phase 
and possibly some substrate etching or vaporization. 
It fell  off at lower  temperatures ,  but much more 
slowly, due to a reduced react ion rate of Ga (or GaC1) 
and As at the substrate surface. The tempera ture  of 
max imum growth rate was independent  of source tem- 
pera ture  over  the range studied and independent  of 
substrate orientation. 

Effect of substrate orientation and temperature on 
film surface.--The effect of substrate orientat ion on 
the appearance of the deposit was studied for all  nine 
of the aforement ioned orientations in the argon system. 
Films were  grown at the m ax im um  growth rate tem-  
pera ture  of 650~ at a flow rate of 3 x 10 -4 moles /h r  
of AsC13. Severa l  of the argon system, as-grown,  sur-  
faces are shown in Fig. 1. It can be seen that  the pits 
and stacking faults which are abundant  in films de- 
posited on substrates oriented on l l l A  or 5 ~ off l l l A ,  
are not observed in a film deposited on a 10 ~ off l l l A  
substrate. Similar  observations were  made by Gabor 
(5) on GaAs films grown on germanium and his ex-  
planat ion of the observations wi th  regard to inde-  
pendent  nucleat ion on two sides of a stacking fault  
followed by film propagation may apply equal ly  well  
here. Growth on substrates or iented 5 ~ off l l l B  re-  
sulted in mi r ro r - smooth  films which were  far  superior 
to those on all  other  orientations. I t  is be l ieved that  
the etching effect of the AsC13 vapor  is the main 
factor in de termining  film surface morphology.  One 
would therefore  expect  some differences in the films 
grown in hydrogen since in that  case the etchant  is 
HC1 produced by hydrogen reduct ion of the AsC13 (3). 

A study was made in the argon system of the effect 
of substrate t empera ture  on film surface morphology 
with  films of equal  thickness on substrates or iented 10 ~ 
off l l l A ,  grown with  an AsC13 flow of 3 x 10 -4 moles /  
hr. Growth  occurred on the substrates over  the tem-  
pera ture  range of 540~176 At  540~ a grainy, poly-  
crystal l ine film resul ted which converted at a sl ightly 
higher  tempera ture  to an epi taxial  film with severe 
pitting. As tempera ture  increased, the pits (conical in 
shape as in Fig. 1, 5 ~ off l l l A )  diminished in number  
and increased in size, finally becoming shallow depres-  
sions in a fair ly smooth film at about 640~ (see Fig. 1, 
10 ~ off l l l A ) .  At 680~ continuous growth no longer  
occurred, only occasional epi taxia l  islands being pres-  
ent. In a similar  study made on substrates that  were  
or iented 5 ~ off l l l B  no pit t ing occurred, all films being 
re la t ive ly  smooth, wi th  mir ror  like surfaces at the 
higher  temperatures ,  Apparen t ly  the reason for this is 
that the AsC18 vapor  used in the vapor  etch p re fe ren-  
t ially pits the l l l A  surface but polishes the l l l B .  Thus 
the surface morphology of the film is de termined  pr i -  
mar i ly  by substrate vapor  etching, and the degree of 
conformity to the substrate surface is de termined by 
the surface mobil i ty  of the deposit ing atoms as a func- 
tion of substrate temperature .  

Transport reactions of the system.--In both the ar-  
gon and the hydrogen systems, the ratio of the amount  
of gal l ium t ransported f rom the source to the amount  



412 J. Electrochem. Soc.: S O L I D  S T A T E  S C I E N C E  Apr i l  1967 

Table II. Proposed intermediate reactions. 

R e a c t i o n  H y d r o g e n  A r g o n  

A s C h  r e d u c t i o n  
G a  t r a n s p o r t  
D ich lo r ide  red.  
D i s p r o p o r t i o n a t i o n  
Depos i t i on  

2AsCIa + 3H~--) 6HCI + ~hAs~ 
6HCI + 5 G a - )  GaCI._, + 4GaC1 + 3H~ 
G a C l :  + V2H~ ~ GaCI  + HCl  
5GaC1--> 2 ~'~GaCI: + 2 ~,hGa 
2 !~Ga + l,,hAs~ ~ 2 G a A s  + l, hGa  

5Ga + 2AsCla-> GaCI :  + 4GaC1 + {,~As~ 

4GaC1 ~ 2GaCI~ + 2Ga  
2Ga + 1/~AsL---> 2 G a A s  

Table III. Electrical properties of GaAs films. 

C ar r i e r  R e s i s t i v i t y ,  ohm-e ra  Mobi l i ty .  em~/v-sec  Ca r r i e r  cone, 1/cnV 
gas  298 ~ 77 ~ 298 ~ 77 ~ 298~ 77 ~ 

H~ 1.6 0.5 6700 32000 6 • i0  I~ 4 • 10z~ 
Ar 1.3 0.8 5200 12000 1 • I0 ~ 6 • 1014 

of AsC13 introduced into the system was found to be 
approximate ly  5/2. To ar r ive  at equations for the over -  
all reactions, analysis of the byproducts  was carr ied 
out. 

Hydrogen system.--In runs where  flow conditions were  
such that no deposition of GaAs took place, the en-  
tire amount  of Ga transported from the source was 
recovered at the exhaust  end of the reactor  as metal l ic  
Ga and as a gal l ium chloride; 50% was recovered as 
metall ic Ga and 50% as a white chloride. The chloride 
was identified as the dichloride, GaCl.,, ra ther  than the 
tr ichloride claimed by other  invest igators  of this sys- 
tem (2, 3). Identification was made f rom the analyt i -  
cally determined Ga/C1 ratio of 1/2, and by the ap- 
proximate  melt ing point. The chloride was found to 
condense as a solid in the tempera ture  range of 150 ~ 
200~ The melt ing point of the tr ichloride is 77~ and 
of the dichloride, 170~ (6). When flow conditions 
were such that epi taxial  deposition of GaAs took place, 
50% of the Ga from the source was still recovered as 
the dichloride, but the amount  of metal l ic  Ga byprod-  
uct was reduced proport ionately to the amount  of 
GaAs deposited. The over -a l l  reaction in the hydrogen 
system may therefore  be expressed as 

5Ga q- 2AsCI~ q- 1/2H._,--> 21/zGaCl., 

+ 2V2Ga q- HC1 -t- VzAs4 [1] 

with the gal l ium and arsenic products that appear  in 
e lemental  form decreasing as GaAs is formed. It can be 
seen that  there will  always be some excess Ga as a 
byproduct. 
Argon system.--In the argon runs there was never  any 
metall ic Ga as a byproduct.  I t  always appeared as 
GaAs. Under  all flow conditions, 60% of the Ga re-  
moved from the source was recovered as a GaCI., 
byproduct. The over -a l l  reaction may be expressed as 

5Ga + 2AsCIi--> 3GaCL, q- 2GaAs [2] 

The amount  of GaAs appearing as an epi taxial  deposit 
and the amount  appearing as a polycrystal l ine byprod-  
uct was determined by tempera ture  and flow condi- 
tions. 

Al though there is not enough data to establish con- 
clusively the in termedia te  reactions occurring in the 
system, nor to preclude the formation of GaCI~ (which 
could recombine with Ga at a low tempera ture  to form 
GaCl.,), the in termedia te  reactions leading to the 
above over -a l l  reactions may be proposed tenta t ively  

on the basis of the observations made. They are shown 
in Table II based on GaC12 and GaC1 as the dominant  
gall ium chloride species. The As4 vapor  ini t ia l ly  pro-  
duced is dissolved by the Ga until  saturat ion occurs. 
In both systems, the ra te  of formation and transport  of 
gal l ium chlorides is constant throughout  the runs, both 
dur ing and after  saturat ion of the Ga with As4. There 
might  also be additional hydrogen reduct ion of GaC1 
at a higher  t empera ture  than where  disproport ionation 
occurs, accounting for the fact that under  equal  con- 
ditions deposition in the hydrogen system occurs 50~ 
higher  than in the argon system. 

Electrical properties.--Electrical propert ies  were  
measured on the films grown in both the argon and the 
hydrogen systems. The results are shown in Table III 
for a 3 rail thick film grown in argon at 700~ and a 
5 mil thick film grown in hydrogen at 750~ Both 
were grown on semi- insula t ing GaAs substrates ori-  
ented 5 ~ off l l l B .  The hydrogen system film was 
grown at a higher  AsCl~ flow rate than the argon sys- 
tem film. Considering the differences in growth condi- 
tions and the lack of additional purification procedures,  
the results are comparable.  It seems probable that with 
the higher  pur i ty  potent ia l ly  obtainable  in the argon 
system due to lower growth tempera ture  and reduced 
silicon contamination,  the electrical  qual i ty  of films 
grown in argon can eventua l ly  surpass that  of films 
grown in hydrogen. 
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Determination of Microscopic Rates of Growth 
in Single Crystals 

A u g u s t  F. W i t t  and Har ry  C.  Gatos  

Department of Metallurgy and Center fo~" Materials Science and Engineering, 

Massachusetts Inskltute oy Technology, Cambrfdge, Massach~setts 

In our studies (1) as in those of others (2) it has 
become apparent  that  the various impur i ty  he tero-  
geneities in the form of periodic or random striations 
or in the form of an impur i ty  "core" in single crystals 
pul led from the mel t  are in t imately  associated wi th  
the microscopic rate of growth. No method has been 
availabIe for the direct de terminat ion  of the micro-  
scopic rates of growth as a function of t ime and loca- 
tion in the sol id-mel t  interface. The present  com- 
municat ion reports  on the development  of such a 
method. 

We have introduced in the melt  high f requency (of 
the order  of 50 Hz) and low ampli tude vibrat ions 
wi thout  a l ter ing the growth characterist ics of the crys- 
tal. Such vibrat ions are reflected in the crystal  in the 
form of ve ry  sharp impur i ty  striations superimposed 
on the regular ly  appearing impur i ty  or other  he tero-  
geneities. F rom the known f requency of the vibrat ions 
and the separat ion of the resul t ing striations one can 
readi ly  determine  the microscopic rates of growth. 
Appropr ia te ly  prepared  cross sections of the single 
crystals (or polycrystals) al low the analysis of the 
growth process in the various parts of the interface as 
a function of time. By employing suitable etching tech-  
niques and in ter ference  contrast  or dark  field micros-  
copy, striations 0.2~ apart  can be distinguished. This 
distance represents the l imit  of l ight microscopy reso- 
lution. The distance be tween two striations under  the 
growth conditions of the crystal  depicted in Fig. 1 
corresponds to growth which has taken place in 1/20 
sec. Higher  frequencies (of the order  of 100 Hz) have 

been successfully employed. There  appears to be no 
reason for sett ing an upper  l imit  to the useful f re -  
quency range. It is bel ieved that  the increased resolu-  
tion of electron microscopy wil l  lead to a significant 
decrease in the observable growth t ime intervals.  

We have developed this method employing InSb and 
pull ing from the mel t  by a Czochralski- type technique. 
Small  amounts of te l lur ium (of the order of parts per 
mill ion) were  introduced in the melt  as the detecting 
impurity.  The h igh- f requency  vibrat ions were  intro-  
duced by coupling (contacting) a v ibra t ing  rod to the 
crucible containing the melt. A signal generator  and 
an audio amplifier were  used as the source of the 
known frequencies.  Vibrations can also be introduced 
electrically,  eddy currents.  Crystals were  pul led with 
and without  rotation. By introducing and then dis- 
continuing repeatedly  the high f requency vibrat ions 
during the growth of a large number  of crystals it was 
shown that the vibrat ions do not in ter fere  wi th  the 
growth characterist ics under  study. 

Two typical instances of the use of the high f re-  
quency vibrat ions are shown in Fig. 1 and 2. It is 
seen in Fig. 1 that  the separat ion of the striations due 
to the constant f requency of vibrat ions reaches a maxi -  
mum between two successive rotat ional  striations in 
the "off core" region. The separation then decreases, 
and near the rotat ional  striation no vibrat ional  s tr ia-  
tions are visible. Obviously, the rota t ional  striations 
are associated with a very  slow microscopic rate of 
growth and in fact wi th  remelt ing.  It is also apparent  
f rom Fig. 1 ( immedia te ly  before and after  each ro-  
tat ional  striation) that  the microscopic rate of growth 
is smaller  in the "core" region than in the "off core" 
region. The curved lines on the figure reflect in ter -  
ference of the int roduced vibrat ions wi th  random 
vibrat ions present  in the exper imenta l  a r rangement .  

Fig. 1. Cross section, (211) plane, of InSb single crystal grown 
in the ~111~> direction. A, "core" region of crystal (see for de- 
tails Witt and Gatos, This Journal, 113, 808 (1966); B, "off core" 
region of crystal; C, rotational striations (remelt lines). Growth di- 
rection is perpendicular to the "core" A. Striations due to the high 
frequency vibration (20 Hz) are clearly shown. Magnification ca. 
600X. 

Fig. 2. Cross section, (211) plane, of InSb crystal grown in the 
~ 1 1 1 ~  direction (orientation as in Fig. 1). Twin boundaries are 
clearly visible. Magnification ca. 600X. 
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Figure  2 depicts the presence of a twin in the grown 
crystal. It should be noted that s tr iking differences in 
the rate  of growth  can be seen on ei ther  side of the 
twin boundary and for quite  some distance away. No 
quant i ta t ive  analysis wil l  be presented here. Al though 
not shown in the figure it  is of interest  to point  out  
that before the twin appears there  is a disturbance in 
the microscopic rate  of growth. 

We bel ieve that  the present  method can serve as a 
unique tool in observing variat ions in growth condi- 
tions at the sol id-mel t  interface. It can fur ther  pro-  
vide quant i ta t ive  informat ion regarding the incorpora-  
tion, distr ibution of impuri t ies  during crystal  growth 
and the format ion of crystal  defects, or ientat ion effects, 
and other  aspects of the solidification process in gen-  
eral. 
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Observation of Etching of n-Type Silicon 
in Aqueous HF Solutions 

$. M. Hu and D. R. Kerr 

IBM Co~ponents Division, East Fishkill Facility, Hopewell Junction, New York 

This note reports  the observat ion of the etching in 
silicon in aqueous solutions of hydrofluoric acid. Mea-  
surements  were  made on n-type,  2 ohm-cm wafers  of 
<111> orientat ion with  HC1 vapor -e tched  surfaces. 
Af ter  masking a port ion of the surface with  wax,  
wafers  were  placed in HF  solutions at 25~ for periods 
on the order of 15 hr. In this t ime sharp steps were  
obtained which were  measurable  by Tolansky in ter -  
f e romet ry  to an accuracy of _50A after  evaporat ion 
of a luminum to increase reflectivity. For  concentrated 
(48%) HF a ra te  of 0.3 A/ ra in  was observed. To be 
assured that  this e tching action was not caused by the 
presence of dissolved molecular  oxygen in aqueous HF 
solution, an t i -oxidant  hydroquinone  was added to the 
solution. Again, the etching was observed. The inde- 
pendence of the etching process on dissolved oxygen  
was also shown by the fact  that  continuous bubbling 
of oxygen through dilute HF  did not change the etch 
rate. It was fur ther  found that  concentrated (48%) HF 
solution etched silicon at a lower rate than dilute HF 
solution. We then concluded that  the etching action is 
most probably caused by the oxidation of silicon by 
the hydroxy l  ions in the aqueous solution. 

It  is obvious, f rom the ex t reme dispari ty be tween 
the etch rates of SiO., and silicon, that  the oxidation of 
the silicon must  be the ra te-cont ro l l ing  step in the 
silicon etching with SiO2 being removed  as fast as it  is 
formed. One then expects that  the silicon etching rate  
should be a function of the O H -  ion concentration,  
provided there are no other  oxidants present  in the 
solution. A number  of solutions were  prepared  wi th -  
out any other  oxidants  except  the var ia t ion of O H -  
concentrat ion by means of dilution by pure water  as 
well  as by adding hydrochlor ic  acid, sodium fluoride, 
and sodium acetate. The soluUon compositions, the 
calculated O H -  ion concentrations, and the observed 
etch rates are given below: 

E t c h  
[ O H - ] ,  r a t e ,  

C o m p o s i t i o n  o f  s o l u t i o n  m o l e s / l  A / r a i n  

H 2 0  96 cc  + H F  ( 4 8 % )  4 .5  cc  + H C 1  ( 4 0 % }  8 e c  10  -14 0 . 2 9  
H F  ( 4 8 % )  1 0  -13 0 . 3 0  
H 2 0 4 0  c c  + H F  ( 4 8 % )  1 0 e c  2 • 10  - l a  0 . 4 7  
HuO 40  e c  + H F  ( 4 8 % )  10  cc  § NaCzH~O.~  3 g  3 • 1 0  - ~  0 . 5 9  
H 2 0  9 6  c c  + H F  ( 4 8 % )  2 .0  cc  + N a F  4 . 3 g  3 .5  • 10 -z t  0 , 7 8  

1.0 

0.9 

0.8 

Results are plotted in Fig. 1. As seen f rom the re-  
sults, the dissolution ra te  of the silicon is far  f rom 
direct ly  propor t ional  to the O H -  ion concentrat ion in 
the aqueous solutions. I t  appears that  the react ion be-  
tween O H -  ions in the solutions and the silicon pro-  
ceeds via an in termedia te  step of adsorption, which 
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Fig. I. Silicon etch rate vs. OH- ion concentration in HF solu- 
tions. 

occurs very  fast. The ra te-cont ro l l ing  step is then the 
react ion be tween the adsorbed O H -  and the silicon 
surface. Let  us assume that  this react ion rate  is pro-  
port ional  to the surface concentrat ion of adsorbed 
[ O H - ] .  If the adsorption fol lowed a Langmui r  iso- 
therm, one would expect  r = dc / (1  ~- gC) where  r is 
the etch rate, C is the [ O H - ]  concentrat ion in the 
solution, and d and g are constants. As seen in Fig. 1 
such a function does not fit the data. Over  a certain 
range of [ O H - ]  concentration, however ,  adsorption 
could fol low a Temkin  isotherm (1). This would  give 
r ~ a -}- b log C, which follows the data more  closely. 
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ABSTRACT 

The cathodic reduction of 7-MnO~ in  alkal ine electrolyte has been studied 
by examinat ion of constant  current  discharge curves, by x - r ay  diffraction and 
by chemical analysis. The reaction has been shown to take place by a three-  
step process whereby an amorphous intermediate  is formed by assimilation 
of protons in the -y-MnO2 lattice. As reduction proceeds the intermediate  
crystallizes to give Mn~O4 and finally Mn(OH)2 depending on the electrode 
potential. The rapid increase in electrode resistance at approximately half 
of the capacity has been related to the formation of interracial  films of Mn304. 

The cathodic reduct ion of 7-MnO2 in  alkal ine elec- 
trolyte has been the subject of considerable invest i -  
gation (1-6). 

Cahoon and Korver  (2) on the basis of x - r ay  crys- 
tallographic and chemical analyses concluded that the 
reaction proceeded by three steps. First, the manganese  
dioxide is reduced s imultaneously to Mn407 and 
Mn(OH)2. The second step is the reduction of Mn407 
to Mn304 and Mn(OH)2, and the final step is the re- 
duction of Mn304 to Mn (OH)2. 

The existence of Mn407 and Mn(OH)2 at the start  
of discharge was questioned by Bell and Huber  (4) 
who, based on x - r ay  diffraction analysis, found no 
evidence of these compounds. It  was postulated that 
this was perhaps a t t r ibutable  to the different current  
densities employed in the two studies. They concluded 
that the reaction proceeded by the homogeneous re-  
duction of -y-MnO~ to MnO1.7 followed by the heteroge- 
neous phase reduction of MnOI.~ to MnOI.47 and finally 
the heterogeneous reduction of MNO1.47 to Mn(OH)2. 
In  this study MnO1.7 was identified as MnO(OH) and 
M-nO1A7 as 7-Mn203. 

It  was pointed out by Kozawa and Yeager (5) that 
both of these studies were conducted with s tandard 
alkal ine MnO2 cells containing zinc electrodes which 
could possibly lead to complications in  in terpre t ing 
the results. In  addit ion to this, the electrodes were 
subjected to a rigorous washing and  drying procedure 
before analysis which may have caused changes in 
their chemical composition. Kozawa and Yeager con- 
cluded that  the reaction proceeded by two steps, the 
first being the reduction of MnO2 to MnO (OH) and the 
second the reduct ion of MnO(Ot t )  to Mn(OH)2. 

The clear differences in the above results suggest 
that fur ther  work should be done to clarify the course 
of the discharge reaction. In  the present  work the 
cathodic reduction of 7-MnO2 in alkaline electrolyte is 
interpreted on the basis of discharge curves, chemical 
a n d  x - r ay  diffraction analysis. 

Experimental 
The electrodes were prepared by compacting lg of a 

mixture  containing 87.5% electrolytic MnO2 and 12.5% 
micronized graphite  around a p la t inum wire at 5279 
kg �9 cm-2. The electrodes were cylindrical  in shape 
having the dimensions 0.635 cm in diameter  by 0.635 
cm in  height. Available oxygen analyses conducted by 
the arsenous acid method (7) indicated that the sample 
of MnO~ used had an  empirical  formula  of MnO1.9~ 

giving the electrodes a nomina l  capacity of 0.45 amp 
hr based on the following discharge reaction 

MNO1.92 -t- 1.92H20 -I- 1.84e = M n ( O H ) 2  -t- 1.84 O H -  [1] 

The electrodes were discharged at 5 ma �9 cm -2 in 7M 
KOH solution at 25~ The cell used is shown in  Fig. 1. 
The potential  of the electrodes was measured against 
an Hg/HgO reference electrode and converted to the 
hydrogen scale for plotting. Resistive polarization be-  
tween the Luggin capil lary tip and the electrode was 
measured throughout  the discharge by an in ter ruptor  
technique employing a Tektronix  Model 535 oscillo- 
scope. The current  was in ter rupted  for a period of 
10 ms and then init iated by use of a switch. The poten- 
tial t ransients  (break and make) were recorded on the 
screen of the oscilloscope and photographed with a 
Polaroid camera. The IR drop was determined from 
the break in the ini t ia l  par t  of the transient.  The 

Hg/HgO I 
REFERENCE p ; 
ELECTRODE 

I 

I 

3OCC VIAL ~ L ~  

37% KOH 
ELECTROLYTE 

PRESSED 
-ELECTRODE MIX NI SCREEN '~.~'~ - -  r:-..--~ 

COUNTER 
ELECTRODE 

Fig. 1. Cell for discharge of Mn02 electrodes. Hg/HgO reference 
electrode; 30 cc vial; 37% KOH electrolyte; pressed electrode 
mix; Ni screen counter electrode. 
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-2o Fig. 3. X-roy diffraction patterns of 7-Mn02: 1, starting mate- 
~o rial; 2, discharged to Mn01.72; 3, discharged to MnOL52; 4, dis, 
o charged to Mn01.22. 

Fig. 2. Discharge curve of a manganese dioxide electrode in 7M 
KOH; C.D., 5 ma'cm -2. 

amount  of oxygen diffusing to the cathode from the 
nickel counter  electrode dur ing  discharge was ne-  
glected (5). Discharge curves recorded in  this way 
were very reproducible, a typical curve with its cor- 
responding IR t rans ient  being shown in Fig. 2. Two 
well-defined steps of approximately equal capacity are 
observed in  the discharge curve, the first correspond- 
ing to the change MnO1.92-MnOi.52 and the second to 
the change MnO1.52-MnO1.2v The IR t ransient  shows a 
gradual  increase up to the end of the first step in the 
discharge curve at which point  a rapid increase to a 
max imum is observed after which the resistance de- 
creases to a final steady reading about  six times 
greater than  the ini t ial  value. 

X-Ray Diffraction and Chemical Analyses 
Electrodes prepared as described above were placed 

on discharge at a current  of 12.5 ma (5 ma �9 cm-2) .  At 
0.1 increments  of the nomina l  capacity, representat ive 
electrodes were removed from the circuit, crushed, 
covered with a thin film of Durco cement to prevent  
atmospheric oxidation, and submit ted to x - r ay  diffrac- 
tion and available oxygen analysis. No washing or 
drying procedures were carried out to prevent  possible 
changes in  the chemical composition due to atmos- 
pheric oxidation. The available oxygen value was 
compared to the theoretical value calculated from the 
assumption that  2F of electricity are required to reduce 
1 mole of "y-MnO2. Thus the coulombic efficiency of 
the reaction was determined together with the true 
empirical formula  of the reduced oxide. The results of 
the available oxygen analyses are shown in  Table I. 

X- ray  pat terns obtained from electrodes discharged 
to various depths are shown in  Fig. 3, and correspond- 

Table I. Results of chemical analysis of discharged 
7-Mn02 electrodes 

E x p e r i  - C o u l o m b i c  
D i scha rge  T h e o r e t i c a l  A c t u a l  C a l c u l a t e d  m e n t a l  efficiency,  

to  MnO2, % MnO2, % x in  MnOx x in  MnOz m e a n  

0.90C 68.33 67.23 1.83 1.82 113.17 
67.22 

0.80C 60.78 60.35 1.74 1.73 114.99 
59.57 

0.70C 53.14 52.36 1.64 1.63 98.67 
51.75 

0.60C 45.55 46.04 1.55 1.55 101.02 
45.15 

0.50C 37.96 38.96 1.46 1.47 97.83 
39.05 

0.40C 30.37 28.47 1.37 1.34 96.09 
28.00 

0.30C 22.78 23.81 1.28 1.29 93.50 
24.63 

0.20C 15.19 16.42 1.18 1.20 97.74 
16.95 

O.IOC 7.60 15.09 1.09 1.18 89.19 
15.32 

0.00 0.00 13.81 1.00 1.16 81.65 
13.98 

ing d-values  calculated from the pat terns are shown in 
Table~ II. 

Examinat ion  of the x - ray  analyses reveals that  the 
ini t ial  s tart ing mater ia l  is composed of 7-MnO~ to- 
gether with a small  amount  of ~-MnO2 and quartz as 
an impuri ty.  In  the ini t ia l  stages of the discharge the 
lattice dilation observed by Bell and Huber  and Brenet  
(8) is clearly seen. However, no d-values character-  
istic of the formation of new compounds are apparent.  
As discharge proceeds peaks having d-values  char-  
acteristic of Mn~O4 begin to become apparent  in the 
x - r ay  pat tern  and at levels below MnO1.84 manganous  
hydroxide is detected. The chemical analyses indicate 
that  the coulombic efficiency is 100% in the early 
stages of the discharge. Below MnO1.~ the coulombic 
efficiency drops, presumably  due to reduction of water  
at the cathode. 

Discussion 
The cathodic reduct ion of ~-MnO2 in  alkal ine elec- 

trolyte is seen to proceed by two well-defined steps. 
The first step occurs be tween MNO1.92 and MnO1.52. In  
this region, x - r ay  analysis fails to detect any new 
crystal l ine phases as has been observed by other 
workers in (NH4)2SO4 electrolyte (9). This is in con- 
trast  to the results of Bell and Huber  who concluded 
that  MnO(OH) is formed at the start  of discharge. 
These authors based their conclusion on the existence 
of a l ine of d-value  1.07A which was observed in  one 
of their  cells. The relative in tens i ty  of this l ine to the 
most intense l ine of MnO(OH) at d = 4.17A is 30%. 
The 4.17A line was not observed in their  electrodes, 
therefore it seems unl ikely  that  the 1.O7A line should 
be seen. It is probable that this l ine is in fact that 
observed in  the star t ing mater ia l  at 1.06A, the slight 
difference being a t t r ibutable  to lattice dilation. If the 
l ine corresponding to 1.07A is interpreted as above, the 
results of Bell and Huber  and the present  work are in 
fairly good agreement. No evidence of Mn(OH)2 or 
Mn407 is seen in  the ini t ia l  stages of discharge, con- 
t rary  to the findings of Cahoon and Korver.  

The available oxygen analysis shows that  the 
7-MNO2 is being reduced with 1.00% coulombic effi- 
ciency in  this region; therefore changes must  be oc- 
curr ing in the composition of the electrode. A possible 
explanat ion is that  protons are being assimilated into 
the lattice thus causing dilation accompanied by some 
strain (8) according to 

MnO2 + n H  + + ne = MnO(2-n) (OH)~ [2] 
o r  

MnO2 + nH20 + ne = :MnOc2-.)OHn + n O H -  [3] 

This process continues unt i l  the lattice is strained to 
the point  at which it becomes unstable  and crystallizes 
to a more stable phase. The in termediate  formed is 
amorphous to x- rays  and  would not  be  detected by 
convent ional  techniques. Examina t ion  of the x - r ay  
pat terns  of Fig. 3 clearly shows the increasingly amor-  
phous na ture  of the reaction product in the early part  
of the discharge. At a composition approaching MNO1.44 
rapid recrystal l ization to a new phase is observed with 
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Table II. X-ray diffraction analyses (d value in A) and chemical analyses 
of partially discharged 7-Mn02 

Calculated empirical formula based an coulombs passed 

MnOx.~s MnO~.ss MnO~.vi MnOLc~ M n O I . ~  MnOx_46 MnO1.3v MnOz.~ MnO~.ls MnOx.o9 MaxC~.0o 

3.35 G, Q 3.35 G. Q 3.35 G, Q 3.35 G, Q 3.35 G, Q 
3.11 B 3.11 B 3.11 B 

2.53 
2.51 

2,47 
2.43 

2.40 7 2.40 2.40 2.40 2.40 

2.19 2.19 
2.17 

2.14 
2.13 

2.11 7 

1,676 G 1,675 

1.657 
1,624 

1.693 
1.685 
1.675 1.677 

1.629 7 

1.540 
1.534 
1.432 

3.35 G,  Q 

2.75 M 

2.48 M 

2.41 

16.89 

4.90 M 4.91 M 4.92 M 4.90 M 4.90 M 
4.71 H 4.72 H 4.71 H 4.71 4.71 
3.35 G, Q 3.35 G, Q 3.35 G, Q 3.35 G, Q 3.35 G,  Q 

3.07 M 3.08 iVl 3.06 3.08 3.08 
2.87 M, H 2.87 M, H 2.87 2.87 2.87 
2.76 M 2.76 I~I 2.76 M 2.76 lVI 2.76 lY/ 

2.48 2.48 2.48 2.48 2.47 
2.45 H 2.45 2.45 2.45 

2.41 

2.36 M, H 2.36 2.36 2.36 2.30 

2.03 M 2.03 2.03 2.03 2.08 

1.825 H 1.827 1,825 1.825 1,825 
1.794 M 1.797 1,796 1.798 1,796 

1.700 1.699 1.699 1.698 

1.677 1.677 1.675 1.673 
1,658 H 1,657 1.657 

1,640 M 1,637 1.637 1.637 
1.575 M 1.574 1,573 1.574 
1.566 M 1,566 1.565 1.564 

B = ~MnO.~; ,y = 7MnO=; G = g r a p h i t e ;  Q = qua r t z ;  M = MnaO4; H = Mn(OH)s .  

many new peaks appearing in the x-ray pattern. These 
peaks give d-values characteristic of Mn304 which is 
probably formed by a reaction of the type 

3MnOc2-.) (OH)~ + (4-- 3n)H + + (4-- 3n)e 

= Mn304 + 2H20 [4] 

This result is essentially in agreement with that found 
by Cahoon and Korver. At this point in the discharge 
curve a rapid drop in potential is observed together 
with a sharp increase in the electrode resistance. This 
is similar to observations made on the Leclanch6 cell 
(10) and is consistent with the rapid recrystal l ization 
of a highly resistive oxide at the electrode/electrolyte 
interface or at the electrode/contact  interface. The 
dist inction between Mr~O4 and 7-Mn203 is difficult 
on the basis of x - r ay  values because the compounds 
have very similar  x - r ay  patterns. A n u m b e r  of peaks 
are present  however in the Mn304 pat te rn  (d = 1.57, 
1.534, 1.43) which are absent  in  ~-Mn203, and these 
were observed in our  results. The weight of evidence 
thus lies with Mr~O4 although the existence of 
~-Mn203 cannot be completely ruled out. 

At a composition approaching MNO1.34 manganous  
hydroxide is s tar t ing to crystallize, and this process 
continues unt i l  the end of discharge. To determine 
whether  Mn (OH)2 is formed from Mn304 or the amor-  
phous phase an exper iment  was conducted whereby an 
electrode composed of Mn304 and graphite was sub-  
jected to electrochemical reduct ion under  the same 
conditions as the T-MnO2 electrodes. A n u m b e r  of 
coulombs were passed equivalent  to the complete re-  
duction of Mn304 to Mn (OH)2 based on the reaction 

Mn304 + 4H20 + 2e = 3Mn(OH)2 + 2 O H -  [5] 

The electrodes were then  analyzed by x - ray  diffraction 
and chemical analysis. No evidence of reduct ion could 
be detected by either method. It  thus appears clear 
that  Mn(OH)2 is a reduct ion product of the amorphous 
phase according to 

MnO(2-.)OHc.) + (2 - -n )H  + + (2- -n)e  = Mn(OH)2 [6] 

Conclusion 
The cathodic reduction of 7-MnO2 in strongly alka- 

line solutions proceeds by the fol10wing steps. 

1. Protons are assimilated into the ~-MnO2 lattice 
causing dilation and the formation of an amorphous 
phase according to 

MnO2 + nH+ + ne ---- MnO(2- .)OH(.)  

2. Protons are taken up by the intermediate  unt i l  
saturat ion is reached whereupon it  recrystallizes to 
form Mn304. 

3MnO(2-.)OH(,o + ( 4 - -  3n)H + + ( 4 - -  3n)e 
= MnsO4 + 2H20 

3. At potentials below 0.40v vs. hydrogen the amor-  
phous phase crystallizes directly to Mn (OH)2 

MnO(2-n)OH(.) + ( 2 - -  n ) H  + + (2 - -  n)e  ~- Mn(OH)2 

The final product  of discharge is Mn(OH)2 although 
any  Mr~O4 formed is not  subsequent ly  reduced and  
remains  in  the electrode. 

Manuscript  received Nov. 10, 1966; revised manu-  
script received Jan. 30, 1967. 

Any discussion of this paper will appear in  a Dis- 
cussion Section to be published in the December 1967 
J O U R N A L .  
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Structure and Stoichiometry of Nickel Hydroxides 
in Sintered Nickel Positive Electrodes 

Michael A. Aia 
General Telephone & Electronics Laboratorie~ Incorporated, Bays{de, New York 

ABSTRACT 

Differential  the rmal  analysis (DTA) is shown to be a powerfu l  tool in the 
study of the s t ructure  of e lectrochemical ly  act ive materials.  DTA was com- 
bined with  chemical  and x - ray  diffraction analysis to follow both the elec- 
trolytic development  in KOH solutions and the thermal  decomposit ion of the 
charged state of s intered nickel electrodes impregnated  with nickel hydroxide.  
The charged state contains act ive oxygen, insoluble potassium, water  of con- 
stitution, and water  of hydration.  The electrochemical  capacity is close to the 
electrochemical  equiva len t  of the act ive oxygen formed on charging. The layer 
lattice is distorted and decomposes exothermical ly  to NiO when  heated above 
IO0~ 

The format ion and s ta te-of-charge  of Ni posit ive 
electrodes have been studied extensively  by chemical 
analysis (1-3), magnetochemical  analysis (3), x - r ay  
diffraction ( i -4 ) ,  and recent ly  by infrared absorption 
analysis (5). To date, no definitive informat ion has 
been obtained by differential  thermal  analysis (DTA) 
al though considerable effort has been expended (6). 

The present  work shows that valuable  insight into 
s t ructural  changes occurr ing in Ni positive electrodes 
can be obtained by DTA, provided that  the instru-  
mental  parameters  are recognized and controlled. 
Compositional analyses are made at various s tates-of-  
charge to show how the electrolyte interacts with the 
e lectrochemical ly  active material .  

Experimental Methods 
The DTA apparatus was a s tandard unit  manufac-  

tured by the Rober t  L. Stone Company of Austin, 
Texas. The sample holders contained a Plat inel  II, 
r ing- type  differential  thermocouple,  which is especially 
suited for precise work  with  small samples because of 
the high sensit ivity of Plat inel  II (comparable to 
chromel -a lumel )  and the readi ly  reproducible  sample 
geometry.  Samples were  prepared by gr inding the 
sintered electrode wi th  a mortar  and pestle, af ter  
thorough washing and drying at 60~ Analysis for 
active oxygen in the ground electrodes gave results in 
good agreement  with those found by Labat  (3) for 
electrodes analyzed immedia te ly  after charging (see 
Fig. 6). The sample (1-10 rag) was weighed into a 
small, disposable A1 pan which then was placed on 
one side of the thermocouple  ring. A pan containing an 
iner t  reference mater ia l  was placed on the other  side. 
A 10 mg pellet  of AI, made from A1 foil, was a good 
reference mater ia l  for the conditions used. The results 
were  more reproducible and trends were  much bet ter  
defined when  the samples were  pelletized. The sam- 
ples were  not diluted with inert  material ,  al though 
this is common practice in DTA work. All  the the rmo-  
grams shown were  traced directly from the exper i -  
menta l  curves. 

A flow of about 60 cm3/min of he l ium was passed 
through the sample chamber  to inhibit  oxidation re-  
actions. Oxidat ion of the sintered nickel in the elec- 
trodes was shown to have  a negl igible  effect below 
350~ by making  blank runs wi th  carbonyl nickel  
powder  and also by analyzing for hydrogen in the 
gases l iberated from the samples using a mass spec- 
t rometer ;  a m a x i m u m  of 6.5 cc H2 (STP)  per gram of 
sample was evolved. The furnace was p rogrammed to 
give a l inear  t empera tu re  rise of 10~ The effect 
of heat ing rate  was invest igated and is reported be- 
low. Heat ing was terminated  at 500~ because the re-  
actions of interest  occurred at lower  temperatures .  

Samples of Ni (OH)2 were  precipi tated at 100~ 
from nickel  salts wi th  various anions using methods 
given by Cairns and Ott (7). Samples of electrode 
materials  were  prepared  after  thorough washing and 
drying of 80% porous sintered Ni plaques (0.5 x 2.25 
x 0.045 in.) impregnated  with 96% nickel  hydroxide-  
4% cobalt hydroxide  ( lAg)  by a procedure similar  to 
that  described by Fleischer  (8). All  e letrochemical  cy- 
cling was done in 7N KOH solution with  a typical 
carbonate content of 0.5 g/1. Electrodes were  washed 
overnight  with running cold water  and, in some cases, 
wi th  boiling water  in a continuous extractor.  For 
electrodes dried in vacuum, a pressure of 5 x 10 -2 Torr  
was mainta ined by a mechanical  pump. 

A simple magnetic susceptibil i ty technique was de- 
veloped to determine  the weight  per cent of act ive ma-  
terial  in the impregnated  plates both before and after  
cycling. This determinat ion el iminated the need for 
mechanical  separat ion of metall ic nickel before anal-  
ysis. The amount  of metall ic Ni ( ferromagnet ic)  was 
de termined  directly, while  the act ive mater ia l  (para-  
magnet ic)  was obtained by difference. The magnetic 
method makes use of the fact that the magnet ic  
susceptibili ty of the active mater ia l  is ve ry  low com- 
pared with  that  of metal l ic  nickel. Details of the pro-  
cedures are as follows. A 5-15 mg sample (weighed to 
0.1 mg) of the powdered electrode mater ia l  was added 
to a previously weighed glass sample tube, and the 
total weight  was recorded. The apparent  weight  in-  
crease per mi l l igram of the sample in a magnet ic  field 
of about 500 oe was determined by suspending the 
tube f rom one arm of a balance at a fixed distance be- 
tween the poles of a large permanent  magnet.  The 
balance was capable of weighing reproducibly to 0.01g. 
An apparent  weight  gain of 50 m g / m g  sample  was 
typical, indicating that the force of magnet izat ion was 
high compared wi th  the sample weight.  These results 
would be expected for a sample containing a high 
percentage of a fe r romagnet ic  mater ia l  such as meta l -  
lic nickel. The weight  increase for a 10 mg sample of 
carbonyl  nickel powder  was then de termined  in the 
same manner  and was, typically,  1O0 mg/mg.  To cal- 
culate the percentage of metal l ic  nickel in the elec-  
trode mater ia l  the weight  increase per mi l l igram of 
sample was divided by that  of the nickel  powder  and 
then mult ipl ied by 100%. Synthet ic  standards con- 
taining 50:50 of carbonyl  nickel powder  and chemical ly  
precipitated (7) Ni (OH)2 or Ni20~ �9 H20 were  ana-  
lyzed by this method;  the resul t ing  values of metal l ic  
nickel  were  accurate to wi thin  1.5%. Unformed  plates 
were  found to contain 50 ___2% green nickel-cobal t  hy-  
droxide;  after 1 to 100 cycles in 30% KOH, 47-52% of 
act ive mater ia l  was found. These and other  results 
gave direct  evidence that  the sintered Ni mat r ix  of 
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electrodes of this type was not appreciably oxidized 
dur ing  electrochemical cycling, even with extensive 
overcharging, and fur ther  established that  the samples 
used for DTA could be considered to consist of 50% 
Ni-50% active material.  

Nickel was analyzed by precipitat ion with d imethyl-  
glyoxime and also by atomic absorption. Potassium 
and cobalt were determined by atomic absorption. 
Active oxygen was determined by dissolving 0.1g of 
the powdered electrode mater ia l  in  sodium acetate- 
buffered acetic acid solution containing potassium 
iodide and starch indicator solution; the iodine l iber-  
ated was t i trated with 0.1N sodium thiosulfate solu- 
tion. The active oxygen [O] was then calculated using 
the following equation 

16 
(Volume of Na2S208, ml) (Normali ty) - -  -- g [O] 

2000 

Water was determined by heating at 400~176 in a 
s tream of argon and collecting the effluent in a pre-  
weighed drying tube containing magnesium perchlo- 
rate. Correction for the metallic nickel in the samples 
was made before calculating the results given in Table 
II. 

Results and Discussion 
To detect reproducible differences in thermal  be- 

havior, the impor tant  exper imental  parameters  must  
be carefully controlled. These parameters  include sam- 
ple weight, sample particle size, crystall inity,  and 
shape, sample geometry, and heat ing rate. For ex- 
ample, the effect of heating rate on the decomposition 
of Ni(OH)2 is demonstrated i n  Fig. 1. There is a 
gradual  loss of loosely bound H20 up to about 200~ 
where the lattice begins to decompose by dehydroxyl-  
ation. It can be seen that  the dehydroxylat ion reaction 
appears to occur more discretely as the heat ing rate is 
increased. The temperature  at the reaction peak 
(Tmax) increases considerably over the range 5-16~ 
rain but  changes only slightly from 16-20~ The 
fact that  the same amount  of dehydroxylat ion occurs 
wi thin  each DTA peak was determined by graphical 
integrat ion of the area under  each peak. The results 
are summarized in Table I. A heat ing rate of 10~ 
min  was selected for all  subsequent  work because i t  
was convenient  and gave reproducible thermograms. 

Ef]ect of anions during precipitation of Ni(OH)2 . - -  
In  the impregnat ion of sintered Ni plaques for use in  
batteries Ni nitrate,  perhaps because of higher solu- 
bility, is usual ly  preferred over Ni sulfate. However 
the sulfate is used to make the active mater ia l  for 
tubular  Ni electrodes. I t  is of interest  to know what  
effects the Ni salt has on the precipitated Ni(OH)2. 
Figure 2 gives a comparison of the DTA thermograms 

I 00  ~ 2 0 0  ~ 3 0 0  ~ 400"C 

IN 

- o. oc 

- - ,  2~ 

300~ 

Fig. 1. Effect of heating rate on decomposition of Ni(OH)~, 

Table I. Effect of heating rate on the dehydroxylation of Ni(OH)~ 
precipitated from nitrate solution 

T h r e s h o l d  
d e c o m -  

R a t e  o f  h e a t -  p o s i t i o n  R e l a t i v e  a r e a  
i n g ,  ~  t e m p ,  ~  Tmax,  ~  u n d e r  p e a k  

5 2 1 0  2 7 5  1 0 0  
10 2 2 0  2 9 4  97 
16 2 2 2  3 0 4  98  
2 0  222  3 0 6  97  

of Ni(OH)2 precipitated from four different Ni salt 
solutions. The Ni(OH)2 from the ni t ra te  exhibits the 
sharpest decomposition peak. Dehydroxylat ion of 
Ni(OH)2 prepared from the formate and acetate starts 
and peaks over the same region of temperatures  (225 ~ 
296~ as the nitrate.  The behavior  is different for the 
sulfate-derived Ni(OH)2 which does not start to de- 
compose unt i l  262 ~ and does not peak unt i l  324~ 
(confirmed by duplicate runs) .  The difference in  ther-  
mal  behavior has been at t r ibuted by Duval  (9) to the 
absorption of SO4 = ions which are e l iminated only 
beyond 700~ Similar  sorption problems are known 
to occur when nickel chloride is the s tar t ing material.  
DTA thus readi ly shows the effects of changing the 
anion in the precipitat ion process. 

Changes in structure wi th  electrochemical cycling. 
- - T u o m i  (10) has discussed the process known as form- 
ing in  nickel electrode technology. Forming occurs 
dur ing  init ial  electrochemical cycling in alkal ine solu- 
tion and induces complex chemical and crystallo- 
graphic changes, and, especially, a stable electrochemi- 
cal capacity. Cycling is manifested by the develop- 
ment  of so-called higher oxides of Ni dur ing  the 
oxidation part  of the cycle (charging) and by subse- 
quent  reduction to a mater ial  having  the over-al l  
s tructure of Ni(OH)2 dur ing discharge. The changes 
in Ni(OH)2 due to cycling are still not well  char-  
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Fig. 2. Effect of nickel salt used to prepare Ni(OH)2 
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Fig. 3. Changes in positive capacity with cycling for the elec- 
trodes used in this work. Each electrode contained 1.1g Ni(OH)~. 
For a transfer of one electron the theoretical capacity is 289 
ma-h/g Ni(OH)2. Electrodes were charged 3 hr at the 2-hr rate, 
and discharged at the 2-hr rate to 0.0v vs. Hg/HgO reference. 
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acterized. For example, the infrared spectra of pure 
Ni(OH)2, unformed Ni(OH)2, and formed Ni(OH)2 
are practically indist inguishable from each other (5), 
and yet considerable changes in  the DTA thermograms, 
as well  as in  the storage capacity and composition, 
occur as a funct ion of cycling. I t  is shown in  Fig. 3 
that  for the sintered Ni electrodes used in this work, 
the capacity ini t ia l ly drops slightly, then builds up to 
a plateau after 60 cycles, for the conditions indicated. 
The results are typical of several electrodes studied. 
At a later point (Table II) we will  see that  appre-  
ciable amounts  of t ightly bound potassium and active 
oxygen are always found in  electrodes after formation. 

Addit ional  effects of forming Ni(OH)2 are shown in 
the DTA curves of Fig. 4. Considerable s t ructural  re-  
ordering occurs dur ing the forming process. For  ex- 
ample, the Ni(OH)2 in an unformed plate (curve A) is 
well  crystallized and decomposes much like pure 
Ni(OH)e precipitated from Ni ni t rate  at 100~ (Fig. 2, 
curve A),  except that  its dehydroxylat ion starts at 
lower temperatures  and peaks at 268 ~ instead of 294 ~ . 
This difference could not be traced to the presence of 
Ni metal  from the matr ix  of the electrode and seemed 
to be due to the smaller  particle sizes of the electro- 
formed Ni(OH)2. The same amount  of active mater ia l  
(5 rag) is represented in  both Fig. 2 and 4 (curves A). 
A drastic lowering of the over-al l  crystal l ini ty of the 
Ni(OH)2 occurs when the plate is charged and dis- 
charged for the first t ime in 31% KOH (Fig. 4, curve 
B). Subsequent  cycling at the 2.5-hr rates of charge 
and discharge only part ial ly restores the crystal l ini ty 
lost dur ing the first cycle, even after 100 cycles (curves 
C and D). These findings offer indirect evidence that  
the Ni(OH)2 in sintered Ni electrodes undergoes a 
pronounced decrease in particle size or ordering dur-  
ing the electrochemical formation processes. Because 
the capacity (and presumably  the available surface 
area) decreases dur ing  formation cycling (Fig. 3), it  
seems more probable that the DTA curves reflect more 
a decrease in ordering than in particle size. Garn  (11) 
has shown how the mode of thermal  decomposition of 
minerals,  observed by DTA, is closely related to the 
crystal size and the s t ructural  ordering (i.e., the crys- 
ta l l ini ty)  of the samples. 

Evolution of the charged s tate . --Thermal  dehydrox- 
ylat ion of Ni(OH)~ forms NiO and H20. The reaction 
is endothermic and causes a well-defined DTA peak 
above 200~ as shown in Fig. 1, 2, and 4. A broader 
endotherm that  appears at lower temperatures  is 
caused by the evolution of loosely bound H20 from 
the lattice. These DTA peaks are also observed in dis- 
charged electrodes (Fig. 4), in which the active mate-  
rial  is known to have the over-al l  s tructure of 
Ni(OH)2. A good picture of some of the changes that  
occur in  Ni(OH)2 dur ing the charging process is given 
by DTA. For example, Fig. 5 shows the thermograms 
for electrodes in progressively increasing states-of- 
charge ranging from the green, unformed state (curve 
A) to the extensively overcharged state (curve J) .  
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~ . ~ 6 8  6 CYCLES 
c ~ 

2200 

I00 CYCLES 
f 
220" 

~240 ~ 
I00  200 500 400 

TEMPERATURE ('C) 

Fig. 4. Effect of formation and cycling on thermal behavior of 
Ni(OH)2 in impregnated positive e/ectrodes. Cycled plates were 
discharged to O.Ov vs. Hg/HgO reference. 
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Fig. 5. Development of the charged state of Ni(OH)2 impreg- 
nated positive electrodes. 

The gradual  decrease of dehydroxylat ion of Ni(OH)2 
as a well-defined reaction is seen by the decrease in 
the relat ive areas under  the characteristic Ni(OH)e 
peak; the relative areas are indicated by the numbers  
given in  Fig. 5. Dehydroxylat ion occurs, however,  even 
in mater ia l  that  has been greatly overcharged, indicat-  
ing that this s t ructural  feature of Ni(OH)2 is retained 
in the highest states-of-charge. We shall see later  (Fig. 
8) that  part  of the endotherm caused by decomposition 
of the charged state is obscured by a concurrent  e x o -  

Table II. Chemical analyses for dried sintered Ni electrodes in states-of-charge varying 
from uncharged to overcharged (based on active material in the electrodes) 

Mole  ra t ios*  * 
% A c t .  

State-of-charge % N i  % K =** o x y g e n  [ 0 ]  % H20*** K / ( N i  + Co) [ O ] / ( N i  + Co) H ~ O / ( N i  + Oo) 

G r e e n ,  u n c y c l e d  - -  < 0 . 0 4  < 0 . 0 6  20.0 - -  - -  - -  
Overdischarged 56.3 0.2 1.6 21.6  < 0.01 0.10 1.20 
D i s c h a r g e d  to  0v  55.5 0.2 3.0 20 .3  < 0 . 0 1  0.19 1.14 
17% c h a r g e d  = 57.7 0.5 4,1 13.8 0~01 0.25 0.75 
3 4 %  c h a r g e d  57.3 1.0 4.7 14.2 0,02 0,29 0.77 
5 4 %  c h a r g e d  60.7 1.8 8,3 14.9 0 .04 0.37 0.77 
68% charged 58,6 3.1 6.8 15,7 0.08 0,41 0.84 
84% c h a r g e d  55.5 4.5 7.8 11.8 0.12 0.50 0.66 
100% c h a r g e d  56.4  5.4 8.8 12.6 0.14 0.55 0.70 
660% c h a r g e d  63.4 7.0 13.0 10.0 0.16 0.81 0.50 

* E l e c t r o d e s  w e r e  d i s c h a r g e d  to 0v  t h e n  c h a r g e d  w i t h  t h e  i n d i c a t e d  p e r  c e n t  of 1 F / g - a t o m  (Ni  + Co~. 
** T h e  a c t i v e  m a t e r i a l  a lso  c o n t a i n e d  2 .1 -2 .5% coba l t ,  i .e.  t h e  e l e c t r o d e s  w e r e  i m p r e g n a t e d  w i t h  a c o p r e c i p i t a t e d  m i x t u r e  of 96% N i ( O H ) ~ -  

4% Co (OH)~. 
*** P o t a s s i u m  a n d  w a t e r  w e r e  d e t e r m i n e d  o n  s a m p l e s  w h i c h  w e r e  w a s h e d  e x t e n s i v e l y  w i t h  b o i l i n g  w a t e r  i n  a c o n t i n u o u s  e x t r a c t o r .  
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thermic reaction, bel ieved to be caused by extensive 
latt ice reorder ing and loss of surface area dur ing the 
conversion of the charged state of NiO. 

When Ni(OH)2 is charged, the broad peak near  
120~ (Fig. 5, curve A) becomes sharply defined in- 
dicating the presence of a discretely bound species. 
This sharp peak is characterist ic of the charged state 
and is found in mater ia ls  containing as l i t t le as 15-20% 
of charge, which was the amount  remain ing  in elec-  
trodes discharged to 0.0v vs. Hg/HgO (e.g., Fig. 5, 
curve C). Simultaneous DTA-eff iuent  gas detection 
(12) confirmed that  the peak at 120~ was accom- 
panied by the evolut ion of gas, which proved to be 
water  of hydration.  Drying exper iments  showed that  
8.9% H20 was lost f rom overcharged active mater ia l  
which par t ia l ly  decomposed to NiO when  dried to 
constant weight  at 140~ after it had been previously  
dried under  vacuum at 25~ for 18 hr. Under  the same 
drying conditions, over-discharged mater ia l  lost only 
4.0% H~O and showed only the x - r a y  diffraction pat-  
tern of Ni(OH).~. It  is obvious that  dehydroxyla t ion  
occurs at a lower tempera ture  in the charged state 
than in the discharged state. 

Using DTA, it was established that  the sharp DTA 
peak characterist ic of water  of hydrat ion in the 
charged state reflects the zeolitic propert ies of the lat-  
tice, i.e., H20 was quickly taken up f rom the ambient  
a tmosphere after the electrode was heated (in hel ium) 
to tempera tures  as high as 520~ From this it ap-  
pears that  the H.,O lost at 120~ can function as a 
means of mass t ransport  dur ing electrochemical  cy-  
cling and may be associated with K + ions. Because 
vibrat ions characterist ic of free hydroxyl  groups are 
not found in the infrared spectrum of the charged 
state (5), the potassium cannot be present  as KOH. 

Analysis of composition.--To establish a chemical  
basis for unders tanding the charging process the Ni, 
Co, K, H20, and active oxygen content of electrodes 
was determined as a function of the s tate-of-charge.  
Analyt ical  results are summarized in Table II. Total 
oxygen (not shown) was de termined  by neutron ac- 
t ivat ion analysis and found to be essentially the same 
in both the overdischarged and overcharged states, 
33.6 and 33.8%, respectively.  This agrees wi th  the re-  
sult that  the sum of act ive oxygen and water  is 1.3 
g �9 mo le /g  �9 atom Ni ~- Co. 

From Table II it can be seen that  potassium and ac- 
t ive oxygen, 1 [O], are not detected in uncharged,  
green plates but are always found in plates that  have 
been cycled. As the electrodes are brought  to 100% 
charge ( i F / g  atom Ni) and then overcharged in 31% 
KOH solution, both K and [O] increase to large values. 
The potassium was insoluble and could not be removed 
by extended washing with  boiling water;  however ,  
80% of the active oxygen or the bonding that  gives rise 
to active oxygen was lost af ter  just  1 hr in a con- 
tinuous extractor.  Migration of potassium ion proceeds 
in a direction which is contrary to the flow of current,  
as suggested ear l ier  by Tuomi (10). The distr ibution 
of insoluble potassium in nickel-oxide  electrodes has 
recent ly  been studied qual i ta t ively  by electron probe 
analysis with similar results (13). 

Table  II shows that  af ter  overcharging,  K comprises 
about 14 mole % of the cations in the active material .  
The nature  and bonding of the K + ions and their  
effect on the s tructure requires  fur ther  study; it is 
possible that  the K + ions occupy cation defect sites 
(i.e., Ni 2+ sites) or are bound be tween  layers of oxy-  
gen octahedra (as in micas) or are substi tuted for pro-  
tons on hydroxyl  sites. If  the alkali  metal  cations go 
into Ni 2+ sites, then it would be expected that  Li + 
ions would  more favorably  replace Ni 2+ ions than 
would K + ions, on the basis of ionic radii. Electrodes 

z The ac t ive  o x y g e n  is exp re s sed  as [O] to i nd i ca t e  t ha t  a f t e r  dis-  
s o l v i n g  in  ac id  i t  has  the  s t rong  o x i d i z i n g  p rope r t i e s  of  a t o m i c  or  
nascen t  o x y g e n  and  is capab le  of o x i d i z i n g  iod ide  to  iod ine  in  a c i d  
so lu t ion ;  th i s  r eac t ion  is c o m m o n l y  u sed  to d e t e r m i n e  [O] in  I-I._,O._,. 
T h e r e  is, h o w e v e r ,  no phys i ca l  e v i d e n c e  t h a t  O-O l i n k a g e s  ex i s t  in  
the  a c t i v e  m a t e r i a l .  
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Fig. 6. Active oxygen content as a function of charge passed dur- 
•ng polarization in concentrated KOH solutions. The polarization 
times were 4 hr/F for curves A and B, and 2.7 hr/F for curve C. 

charged in saturated LiOH solution showed a maxi -  
mum Li content of only 0.004% af ter  washing. This 
resul t  is in apparent  disagreement  with the evidence 
for the format ion of LiNiO2 species during charging in 
LiOH found by Tuomi. However ,  the washing may 
have caused hydrolysis  of the l i thium nickelate  to 
yield LiOH and NiOOH. 

The electrochemical  act ivi ty of Ni(OH)2 arises f rom 
complex electronic and crystal lographic interactions 
be tween the nickel  ions and hydroxyl  groups in the 
structure. However ,  it appears realistic to discuss the 
general  mechanism of the electrochemical  activity as 
if the oxidation were  originat ing at the OH sites in 
the lattice. One is in teres ted in knowing how the elec- 
trochemical  equiva len t  of act ive oxygen in the com- 
positions suggested by Table II is related to the Fara -  
daic capacity of the electrodes. The electrochemical  
equivalents  of act ive oxygen were  calculated from the 
present  results (Table II) and also f rom data given 
by Labat  (3). These results are summarized in Fig. 6. 
Curve A shows that  on the initial charging, the active 
oxygen, de termined without  washing or drying the 
electrode, increases l inear ly  with the amount  of cur-  
rent  passed and attains the theoret ical  value of 0.5 [O] 
after  1F has passed (i.e., 100% efficiency); overcharg-  
ing is less efficient. When the electrode is discharged 
after  overcharg ing  (curve B),  the loss of act ive oxygen 
is 0.45 [O] /F ,  which represents  an efficiency of 90%. 
It is obvious that  there  is hysteresis;  both curve B and 
Table II show that  an appreciable amount  of [O] is 
re ta ined af ter  overdischarging.  Curve C indicates that  
al though [O] is not produced as efficiently during 
recharging ( lower slope than curve A),  af ter  1F of 
recharging current  the mole rat io is about 0.55 [O] /Ni  
because the line does not start  at zero [O]. It seems 
reasonable to conclude that  the active oxygen content 
gives an adequate  indication of the extent  of change 
in Ni -O bonding which gives rise to energy  storage 
by nickel hydroxide.  

Labat  has shown that  the magnet ic  susceptibili ty 
(which reflects the number  of unpaired electron spins) 
decreases almost l inear ly  wi th  the increase of active 
oxygen content over  the range 0-1 g �9 atom [O] per 
g �9 atom Ni during charging of Ni (OH)2 (3). He inter-  
preted this behavior  as proof of the format ion of 
Ni ( I I I )  and Ni ( IV)  valence states dur ing charging 
of Ni (OH)2. The rigorous establ ishment  of the valence 
of the nickel  atoms requires  spectroscopic informat ion 
concerning the electronic states of the system and has 
not been invest igated in the present work. One prob-  
lem encountered in the present  study should, however ,  
be mentioned.  Al though not shown in Table  II, elec- 
trodes were  prepared with  an active oxygen content  
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of 1.4 g �9 atom [O] /g  �9 atom Ni a~ter extens ive  over -  
charging in saturated LiOH (Li content  of the elec- 
t rode was <0.005%). This ratio indicates that near ly  3 
F / g  atom Ni were  chemical ly stored. To explain this 
ratio in terms of valence changes, one would have to 
postulate a Ni (V)  state, which is not reasonable. 
The point made is that, whi le  Labat  was able to cor-  
relate  magnet ic  susceptibil i ty and active oxygen con- 
tent  of nickel  hydroxides,  one is not always able to 
correlate  act ive oxygen content  wi th  the valence state 
of nickel. 

An over-al l ,  oversimplified electrochemical  reaction 
for the generat ion of active oxygen could be 

2 O H -  -~ [O] + H20 + 2 e -  [1] 

The source of O H -  groups could be ei ther  the e lectro-  
lyte or the Ni(OH)2 itself. In the first case, mass t rans-  
por t  of [O] f rom the electrolyte  to the act ive mater ia l  
is implied. In the second case, only in t ramolecular  
r ea r rangement  of adjacent  OH groups of Ni (OH)2 is 
implied. Mass t ransport  of [O] f rom the electrolyte  
should not decrease the amount  of water  of consti- 
tut ion (i.e., the number  of OH groups) in the 
Ni (OH)  2, whereas  in t ramolecular  r ea r rangement  
should cause the conversion of more  than half of the 
OH groups to [O]. The last column of Table II shows 
that the total H20 content  of the dried, charged state 
is much less than that  of the discharged state. The 
lower  hydroxyl  content  is confirmed by thermal  anal-  
ysis. The DTA curves of Fig. 5 c lear ly  show the de- 
crease of water  of constitution (hydroxyl  groups) as a 
function of increasing s ta te-of-charge.  Other thermal  
methods of analysis also show that  decomposition of 
the lattice of the charged state is accompanied by the 
evolut ion of 02 as we l l  as H20 and that  the amount  of 
H20 of consti tution is much lower  than that  for 
Ni(OH)2;  the results of the rmograv imet r ic  and mass 
spectrometr ic  analysis wil l  be presented in detail  in a 
la ter  report.  The present results suggest that  the in-  
crease in active oxygen in the charged state is accom- 
panied by the loss of total H20 and of OH groups of 
the Ni(OH)2. Inf rared  analysis (5) has shown that  
the OH and H20 groups of the charged state are  hy-  
drogen bonded. 

Drying o~ charged electrodes.--Static thermal  anal -  
ysis of the charged state was per formed to de termine  
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Fig. 7. Capacity loss, weight loss, and structure, as a function 
of drying temperature. Curves A and B show positive electrode ca- 
pacity after drying and cycling in 31% KOH as per cent of capac- 
ity before drying. Curve C shows weight loss as per cent of the 
total weight loss (17.7% of the active material) by thermogravi- 
metric analysis in air at a heating rate of 125~ 

the effects of drying t empera tu re  on the structure,  
weight  loss, and charge re tent ion of overcharged 
plates dried in vacuum (5 x 10 -2 Torr)  at t empera -  
tures of 25~176 after  thorough washing.  F igure  7 
summarizes the results of drying experiments .  X - r a y  
diffraction analysis showed only diffuse bands for the 
dried, active mater ia l  and a gradual  t ransi t ion f rom 
the layer  s t ructure of 7-NiOOH (1) to that  of NiO as 
indicated on Fig. 7. The lines that  have been at t r ibuted 
to /~-NiOOH were  not detected in any of the samples. 
In this paper 7-NiOOH is used to refer  to a set of 
diffuse x - r a y  diffraction lines (and par t icular ly  a l ine 
around d = 6.8-7.0A) which have been repor ted  in 
the l i terature.  I t  should he made  clear %hat the actual 
composit ion of the charged state is considerably more  
complex than NiOOH and that  the crystal  s t ructure is 
still unknown. 

The capacity curves in Fig. 7 show that  the charged 
electrode must be dried above 100~ before an appre-  
ciable loss in capacity is observed on the init ial  dis- 
charge. Capacity is lost rapidly at 150~176 where  
latt ice decomposition occurs, as would  be predicted 
from DTA (Fig. 5). The amount  of lost capacity that  
can be regained on subsequent  recycl ing decreases as 
the drying tempera ture  increases, as seen by the con- 
vergence of the capacity curves. There is still a mea-  
surable amount  of capacity in the electrode af ter  dry-  
ing at 300~ The correlat ion be tween s t ructure  and 
re tent ion of capacity can be fur ther  deduced direct ly 
f rom Fig. 7. 

The weight  loss f rom the charged electrodes was 
determined up to 400~ by the rmograv imet r ic  anal-  
ysis at reduced pressure (15 Torr,  air) of a powder  
sample previously dried at 25~ in vacuo (Fig. 7, 
curve  C). The values of weight  loss obtained f rom the 
static exper iments  were  sl ightly different and were  un-  
cer ta in  because the electrodes almost cer ta inly re-  
gained some weight  by sorption processes dur ing cool- 
ing. For example,  nickel oxide produced by thermal  
t rea tment  of Ni (OH)2  below 400~ is known to be a 
very  act ive "get ter"  of gases (14). The capacity lost by 
the charged state during drying is an increasing func- 
tion of the amount  of weight  lost by the active mater ia l  
only above 100~ Weight  loss above 100~ reflects the 
extent  of loss of active oxygen and of decomposition 
of the layer  lat t ice to form NiO with  the rocksal t  
structure.  

The dried samples were  also examined by DTA, and 
some of the results are shown in Fig. 8. The curves 
revea l  three main features, a sharp endothermic peak 
near  100~ a broad endothermic peak near  230~ and 
a ve ry  broad exothermic  peak near  300~ The origin 
of the first two peaks has been discussed previously;  it 
is only necessary to add that  the reappearance  of the 

~ ~ ~ T ~ ~  25~ 70~ 

105=C 

125~ 

140~ 

200=C 

v- I00 200 :500 
TEMPERATURE ("C) 

uJ 

Fig. 8. DTA of charged nickel positive electrodes after thermal 
treatment at indicated temperaturel. 
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first peak in samples that had been dried above 105~ 
indicates rehydrat ion and confirms the zcolitic na ture  
of the lattice. The broad exothermic reaction observed 
in the charged electrodes dried at 140 ~ and 200 ~ is of a 
type f requent ly  encountered in solids undergoing ex- 
tensive reorder ing or recrystallization, as discussed by 
Garn  (11). The peak can be explained by postulating 
that extensive reordering and loss of surface area ac- 
company the t ransformat ion of the distorted layer 
lattice of the charged mater ial  to the rocksalt lattice 
of NiO. It is also possible that exothermic recombina-  
tion of oxygen atoms to form O2 occurs; pyrolysis in a 
mass spectrometer showed that the evolution of O., 
peaked near  300~ However, the loss of O2 from MnO., 
and Mn203, two other compounds containing active 
oxygen, has been shown to be an endothermic process 
(15). The exothermic peak seems to provide addit ional 
evidence that  the layer  lattice is highly disordered and 
thermodynamical ly  unstable  in  the charged state. A 
sample dried at 300~ (not shown) did not exhibit  the 
exotherm; this confirmed x - ray  diffraction results 
which indicated that the charged mater ia l  had almost 
ent irely converted to NiO dur ing drying  above 250 ~ 

Summary 
Differential thermal  analysis (DTA) has been dem- 

onstrated to be a powerful  tool in the study of the 
electrochemically active materials and to provide 
structural  informat ion not easily obtained by other 
methods of analysis. The main  results are as follows: 

1. The ini t ial  cycling of a green (unformed)  
Ni(OH)2- impregnated  electrode causes a drastic 
change in the atomic ordering and chemical composi- 
tion of the active material,  which is only part ly re- 
stored after 100 cycles in KOH solution. 

2. The development  of a distorted layer lattice dur-  
ing the charging of well-crystal l ized Ni(OH)2 is 
readily followed by DTA. 

3. Thermal  analysis of the charged state of the nickel 
hydroxide electrode is characterized by (a) a well-  
defined endothermic reaction near 120~ due to evolu- 
tion of zeolitic H20 which may be associated with K + 
ions, (b) a broad endothermic reaction peaking near  
225~ caused by decomposition of the layer  lattice to 
form O2, H20, and poorly crystallized NiO, and (c) a 
broad exothermic reaction peaking near  300~ which 
suggests reordering of the distorted lattice dur ing for- 
mat ion of well-crystal l ized NiO and addit ional O2 and 
H20. 

4. Chemical analyses of the active mater ia l  demon-  
strate that at least some of the active oxygen is pro- 
duced at the expense of hydroxyl  groups of Ni(OH)2 
dur ing charging and that  active oxygen accounts for 
the electrochemical capacity of the electrode. Potas-  
s ium ions are taken up from the electrolyte and bound 
to the lattice dur ing charging in concentrated KOH 
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solution; on the contrary, l i th ium ions are not taken 
up dur ing  charging in saturated LiOH solution at 25~ 

5. After thorough washing to remove electrolyte, 
charged electrodes may be vacuum dried at tempera-  
tures up to 100~ with little loss in ini t ial  or perma-  
nent  capacity. 

Acknowledgment 
The electrodes and powder samples were prepared 

by M. S. Pak. The chemical analyses were performed 
under  the supervision of R. Weberling, J. Cosgrove, 
and D. Oblas of the Materials Analysis Section. The 
x - ray  diffraction pat terns were supplied by A. Calvano. 
The author benefited from frequent  discussions with 
F. P. Kober and from the encouragement  given to the 
work by P. Goldberg. He is grateful also to J. P. Hari-  
vel, of the research laboratories of Societe d 'Accumu-  
lateurs Fixes et de Tractions, (SAFT),  Paris, for pro- 
viding details on the analyt ical  procedure for active 
oxygen. 

Manuscript  received Sept. 21, 1966; revised manu-  
script received Jan. 17, 1967. This paper was presented 
at the Phi ladelphia Meeting, Oct. 9-14, 1966. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1967 
JOURNAL. 

REFERENCES 

1. O. Glemser and J. Einerhand,  Z. anorg, u. allgem. 
Chem., 261, 43 (1950). 

2. W. Feitknecht,  H. R. Christen, and H. Studer, ibid., 
283, 88 (1956). 

3. J. Labat, Thesis, Univ. Bordeaux, Ann. Chira. 
(Paris), 9, 399 (1964); A. Pacaul t  and J. Labat, 
Compt. rend., 258, 5421 (1964). 

4. A. J. Salkind and P. F. Bruins, This Journal, 1@9, 
356 (1962). 

5. F. P. Kober, ibid., 112, 1064 (1965). 
6. P. Ri t te rman and H. N. Seiger, "Investigation of 

Bat tery-Act ive  Nickel Oxides," NASA Reports 
No. CR-54196, CR-54295, CR-54402, CR-54654, 
and CR-54832 (1964-65), NASA Lewis Res. Ctr., 
Cleveland, Ohio. 

7. R. W. Cairns and E. Ott, J. Am. Chem. Soc., 55, 
527 (1933). 

8. A. Fleischer, This Journal, 94, 289 (1948). 
9. C. Duval, "Inorganic Thermogravimetr ic  Analysis," 

2nd ed., p. 356, Elsevier Publ ish ing Co., New 
York (1963). 

10. D. Tuomi, This Journal, 112, 1 (1965). 
11. P. D. Garn, "Thermoanalyt ical  Methods of Invest i -  

gation," pp. 34-48, 95-106, Academic Press, New 
York (1965). 

12. W. W. Wendlandt ,  "Thermal  Methods of Analysis," 
pp. 297, 307, Interscience Publishers,  New York 
(1964). 

13. F. P. Kober and P. Lublin,  This Journal, 113, 396 
(1966). 

14. S. J. Teichner and J. A. Morrison, Trans. Faraday 
Soc., 51, 961 (1955). 

15. T. Matsushima and W. J. Thoburn,  Can. J. Chem., 
43, 1723 (1965). 



The Anodic Dissolution of Cadmium 
J. W .  Johnson, E. Deng ,  S. C .  Lai ,  and  W .  J. James  

Departments of Chemical Engineering and Chemistry, The University of Missouri at Rolla, Rolla, Missouri 

ABSTRACT 

The anodic dissolution of cadmium has been studied in aqueous solutions 
containing CI - ,  B r - ,  I - ,  A c - ,  SO4 =, and NO3-  ions. The normal  valence 
( + 2 )  was found in all solutions wi th  the exception of NO3-.  The apparent  
valence (calculated) of cadmium ions in ni t ra te  solutions varied f rom 1.2 to 
2.0 and was found to be a function of NO3- concentration, current  density, 
and temperature .  An anodic dissolution mechanism has been proposed in- 
volving local corrosion and disintegrat ion of the anode which is consistent 
wi th  the exper imenta l  results. 

Since ear ly  in this century,  various invest igators 
have  noted and reported discrepancies in the actual 
and theoret ical  quantit ies of Cd dissolving anodically 
in certain oxidizing electrolytes (pr imar i ly  nitrates)  
(1-3). This phenomenon has also been reported for Mg 
(4,5), Be (6,7), Zn (8,9), A1 (10,11), and Sn (12,13), 
to name a few. 

Several  theories have been proposed to explain the 
behavior.  They are: (a) complex ion (Cd �9 Cd +'~) 
formation, (b) uncommon valence ion (Cd +) fo rma-  
tion, (c) film control, (d) local corrosion, and (e) 
disintegration. The uncommon valence ion theory has 
been widely  accepted, but recent  papers have some- 
what  discounted its validity,  especially as per tains  to 
Be (7), Mg (4,14,15), and Zn (9,16). Exper iments  
carr ied out in this laboratory with amalgamated  
anodes also make it doubtful  that  the theory applies 
to Cd (17). 

This invest igation concerns the anodic dissolution of 
Cd in electrolytes (ca. neutral)  containing various 
anions both with and wi thout  Cd ions present. The 
anions selected show some variat ion in the solubilities 
of their  Cd salts and a considerable var ia t ion in their  
abili ty to complex with  Cd ions. Also, they have been 
associated with studies of the anodic disintegrat ion of 
other  metals  (18-23). I t  was hoped that  some insight 
might  be gained on the processes responsible for the 
low faradaic efficiency. 

E x p e r i m e n t a l  
The Cd anodes were  prepared  f rom ASARCO special 

h igh-pur i ty  (99.999-t-%) rod. All  solutions employed 
analyt ical  grade chemicals and distil led water.  The 
anodes were  fabricated by press-fi t t ing small  ma-  
chined Cd specimens into Teflon holders. A plat inized-  
p la t inum cathode was used. The electrolyses were  
carr ied out in the usual H-cel l  (300 ml  electrolyte  ca- 
pacity) under  an iner t  a tmosphere  (prepurif ied n i t ro-  
gen).  When no Cd ions were  ini t ial ly present in the 
electrolyte,  the Cd dissolved was de termined  by EDTA 
titration. When Cd ions were  present, a direct weight  
loss method  was used. A calomel (1N) reference  elec- 
trode in conjunction with  a salt bridge was used for 
the potential  measurements .  The apparatus and pro-  
cedure have been described (7,9). 

Apparent valence o~ Cd in nitrate electrolytes in the 
absence of Cd+2.--The anodic dissolution of Cd was 
studied in KNO3-K2SO4 solutions at tempera tures  of 
25 ~ 45 ~ and 65~ The NO3- concentrat ion was var ied  
f rom 0 to 1N, while  the total e lect rolyte  concentrat ion 
was held constant at 1N to insure good conductance. 
Apparent  valences were  calculated using the equat ion 

VW 
Vt = ~ [1] 

Wi 

where  V~ is the apparent  valence of the dissolving Cd, 
V normal  valence = 2, W is the calculated weight  of 
Cd lost f rom the anode (determined f rom coulombic 

data) ,  and W~ is the actual weight  of Cd lost f rom the 
anode (determined by t i t rat ion or weight  loss). ~ The 
apparent  valence of the Cd ions as a function of cur-  
rent  density is shown in Fig. la, b, and c for the var i -  
ous temperatures.  It may be noted that  the apparent  
valence is affected by current  density, NO8- concen- 
tration, and temperature .  In these solutions (with the 
exception of 1N K2SO4), a gray film, la ter  shown to 
be a mix ture  of Cd(OH)2 and minute  Cd particles, 
was formed very  rapidly on the anode surface on be-  

~Note also that the apparent valence is the product of the cur- 
rent efficiency of the anode and the normal valence. 
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Fig. la. Apparent valence of cadmium dissolving anodically in 
KNO3-K2SO4 solutions at 2S~ �9 0.01N KNO3-0.99N K2S04,: 
e, 0.03N KNO3-0.97N K2SO4; A ,  0.1N KNOa-0.gN K2SO4; A, 
0.3N KNO3-0.7N K2SO4; [~, 1N KNO~. 
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Fig. ]c. At 65~ Symbols are the some as in Fig. 1o. 

ginning the electrolysis. The film appeared to thicken 
with some darkening as the current  density was in- 
creased. At higher  current  densities, > 0.010 amp �9 
cm -2, small  portions of the film spalled off the surface. 
These portions turned completely whi te  [Cd --> 
Cd(OH)2] wi th in  a few minutes if  a l lowed to remain  
in contact wi th  the electrolyte  or moist air. The ex-  
t reme reactiveness is bel ieved to be due to the small 
size of the metall ic particles. Numerous  at tempts  to 
de termine  quant i ta t ive ly  the amount  of particles 
formed as a function of current  density were  unsuc-  
cessful. However ,  a small  amount  of the spalled gray 
film was collected by rapidly removing  the anolyte 
from the cell during electrolysis, fi l tering with a vac-  
uum filter, and rinsing the film thoroughly with  dry 
acetone. Al though much of the gray color faded dur ing 
this operation, the remainder  was stabilized by the 
acetone rinse. An x - r ay  analysis showed the film to be 
a mix ture  of Cd and Cd(OH)2. Microscopic studies 
showed a Cd(OH)2 mat r ix  with metal l ic  particles 
dispersed throughout.  

Apparent  valence of Cd in various electrolytes in 
the presence of Cd+2. - -Apparent  valence measure-  
ments were  made in CdCI2-KC1, CdBr2-KBr, CdI2-KI, 
CdSO~-K2SO4, Cd(Ac)2-KAc,  and Cd(NOs)2-KNO3 
solutions at 25~ The ionic strength was held constant 
at 1.5. The Cd +2 concentrat ion was var ied  f rom 10 -~ to 
1N" and the current  densi ty f rom 10-8 to 10-1 amp. cm-~. 

2.0 

The normal  valence of two was obtained for Cd in all 
solutions except  those containing NOs- .  F igure  2 shows 
a plot of the apparent  valence vs. current  density for 
these lat ter  solutions. In all the electrolytes, except  
those containing NO~-,  a very  thin, t ight ly adherent,  
brownish-black  film was noted. This was bel ieved to 
be CdO as reported by Huber  (24). In N O s -  solutions, 
a gray film similar to that  ment ioned previously was 
present. 

Polarization studies.--Potentials of the Cd electrode 
were  measured  at 25~ in solutions of CdC12-KC1, 
CdBr.~-KBr, CdI2-KI, Cd(NOs)2-KNOs, CdSO4-K2SO4, 
and Cd(Ac)2-KAc.  The current  density was var ied 
f rom 10 -3 to 10 -1 amp �9 cm -2. The overpotent ials  
were  calculated as the difference between the electrode 
potential  at a given current  density and the rest  po- 
tential  (potential  at zero current  density) in the same 
solution. Very stable potentials were  obtained within  
a few minutes  in all solutions except  those containing 
NOs- .  In NO3-  solutions, the potentials  fluctuated 
widely  at current  densities greater  than 10 -2 amp �9 
cm -2. The fluctuations seemed to be associated wi th  a 
rapid passivation and act ivat ion of the electrode, pos- 
sibly caused by spalling of the gray film from the 
electrode. Rest potentials and Tafel  slopes for the Cd 
electrode in the various electrolytes are shown in 
Table I. The l inear  portions of the curves existed over  
a current  range of approximate ly  one order of mag-  
ni tude (10 -3 to 10-2 amp �9 cm-2) .  Above current  
densities of 10 -2 amp �9 cm -2, the potent ia l  rose 
rapidly,  probably due to IR drop in the reference 
and /o r  passivation of the metal. The potentials were  
not  noticeably affected by stirring. 

Discussion 
The deviat ion from Faraday 's  law of the anodic dis- 

solution of Cd is evident ly  associated with  the nitrate 
ion. Its oxidizing capabil i ty must  be impor tant  as the 
production of ni t r i te  ion in an amount  near ly  equiva-  
lent  to the deviat ion has been reported (8, 17). In this 
study, it alone of the anions present  possessed this 
capability. 

Nitrate  ions are most l ikely reduced at local cathodic 
sites on the Cd surface. That  such sites are active dur-  
ing anodic dissolution is shown by the evolut ion of 
hydrogen that  occurs s imultaneously with such proc- 
esses on certain metals. The conspicuous absence of 
evolved hydrogen during the anodic dissolution is 
probably due to the high hydrogen overpotent ia l  of 
Cd. The apparent  valence in the various electrolytes 

Table I. Rest potentials and Tafels slopes for the cadmium 
electrode in various electrolytes (ionic strength = 1.5) at 25~ 
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Fig. 2. Apparent valence of cadmium dissolving onodicolly in 
Cd(NO3)2-KN03 solutions (ionic strength = ]..5) at 25~ C), | N 
Cd (NO3)2; o, 0.001, 0.01, and 0.1N Cd(SO3)2. 

R e s t  p a t e n -  T a f e l  
E l e c t r o l y t e  t i a l ,  v ( N H S )  s lope ,  v 

0 .001N CdCI~--1,490N K C I  -- 0.599 0.036 
O , O I N  C d C I 2 - 1 . 4 8 5 N  K C I  --  0 . 5 6 0  0 . 0 2 3  
0.1N C d C I 2 - 1 . 3 5 N  K C I  -- 0 .520 0,014 
1N CdCI~ --  0.453 0.038 

0.001N CdBr2 -1 .499N K B r  --  0.609 0.036 
0.01N CdBre-1 .485N K B r  --  0.589 0.036 
0,1N CdBr2-1 .35N K B r  - -0 .557  0.020 
1 .0N CdBr2  - -0 .459  0,031 

0.001N CdI~-I.499N KI --0.687 0.032 
0.01N CdI2-1.485N KI --0.669 0.027 
0.1N Cdb.-1.35N KI --0.631 0.021 
1N Cdls --0.450 0.024 

0.001N CdSO4-0.999N K2SO~ -- 0.539 0.028 
0 .01N CdSO~-0 .987N K_r -- 0.519 0.028 
0 .1N C d S O t - 0 . 8 6 7 N  K~SO4 - -0 .484  0.024 

0 .001N C d ( A c ) s - l . 4 9 9 N  K A c  -- 0.551 0.026 
0.0 I /V C d ( A c ) 2 - 1 . 4 8 5 N  K A c  - -0 .521  0.019 
0 .1N C d ( A c ) 2 - 1 . 3 5 N  K A c  - -0 .529  0.018 
1N C d ( A c ) s  - -0 ,450  0.026 

0 .001N Cd (NOs) ~-1.499N KNO~ -- 0.418 0.065 
0 .01N Cd(NO~)2-1 .485N KNO~ -- 0.399 0,076 
0 .1N C d ( N O z ) ~ - I . 3 5 N  K N O z  --  0 . 3 4 9  0.079 
IN Cd(NOs)2 --0.264 0.060 
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can be readily explained if NOn- acts as a depolarizer.  
In solutions containing no NO3-,  local corrosion can- 
not occur and the normal  valence is observed. When 
NOn- is present,  it removes  hydrogen f rom the local 
cathodes, corrosion proceeds along with  anodic dis- 
solution, and a valence lower than normal  is observed. 
The metall ic particles appearing in the gray surface 
film probably result  f rom a dis integrat ion of the elec-  
trode caused by a combination of local corrosion and 
anodic dissolution. These two processes would under -  
mine and dislodge particles whose format ion is ini-  
t iated by the protection of an area by the local ca- 
thodic (depolarization) reaction. Also, uneven  current  
densities on the electrode surface caused by nonuni-  
form or disrupted surface films would lead to a s imilar  
situation. 

With this concept of the anodic dissolution, a model  
can be described mathemat ica l ly  to give the apparent  
valence of Cd as follows. 

Consider the total ra te  that  Cd is being removed  
f rom the electrode surface as the summat ion of sepa- 
rate rates in a manner  similar to that  proposed by 
Hoey and Cohen (15). For  this case, anodic dissolution, 
local corrosion, and dis integrat ion wil l  be considered. 
Thus 

rt  = r~ 4- rc 4- ra [2] 
but, 

W / W (  = re / r t  = r e / ( r e  4- rc 4- ra) [3] 

and f rom Eq. [1] 

Vi  = 2 r e / ( r e  4- rc 4- ra) [4] 

The rate  of anodic dissolution is proport ional  to the 
current  density in the externa l  circuit  as re la ted by 
Faraday 's  law 

re ---- kei [5] 

The local corrosion ra te  would be a funct ion of sev-  
eral  variables,  among which are the e lect ronegat iv i ty  
of the metal,  the number  of local cathodes (puri ty  and 
metall ic s t ructure) ,  hydrogen ion concentration,  de- 
polarizer (NOn-)  concentration, corrosion potential,  
and the rate  at which local cathodes are uncovered.  
Undoubtedly,  the expulsion of Cd ions f rom the elec- 
trode dur ing the anodic dissolution (passage of cur-  
rent)  ruptures  the protect ive film and exposes the 
metal  underneath.  A greater  rate  of ruptur ing  the 
film (increasing current)  wil l  expose more metal  wi th  
its associated local cathodes and al low local corrosion 
to occur faster, i.e., the rate at which local cathodes 
are uncovered is a function of current  density. This is 
essentially the concept proposed by Robinson and King 
(25) in which the corrosion rate  of a meta l  increases 
wi th  increasing current.  Thus, for  a g iven meta l  speci- 
men 

re ~---kc'i a CONO3 - C I H +  C g c d + 2  [ 6 ]  

If the local corrosion rate  is control led by the de- 
polarization reaction ra ther  than by the deposition of 
H ~ on the local cathodes, then CH+ and C c d + 2  should 
have l i t t le  influence, and 

rc = kc i a C b s o 3  - [7] 

Disintegrat ion was proposed as occurr ing as a conse- 
quence of local corrosion, so as a first approximat ion 

ra = ks '  rc  : ka i a CbNoa - [8] 
therefore  

Vi ~- 2 k e i /  ( ke i  4- kciaCbNo3 - 4- kdiaCbNo3 - ) 
= 2/(1 -t- k ' imCnNOa-)  
: 2 - -  2k ' imCnNoa- + 2 ( k ' i m C " N o a - )  2 -- . . . [9] 

Neglect ing terms with  orders of two or higher  gives 

Vi : 2 -- k 9" CnNO3 - [ 1 0 ]  

which can be convenient ly  tested with  data f rom Fig. 
1 and 2. Log- log  plots of 2 - -  V i  vs.  i and CNoa-- are 
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shown in Fig. 3 and 4. Average  values for m and n 
evaluated f rom the slopes of these plots are 0.49 and 
0.41, respectively.  The lines through the data points in 
the figures have been drawn using these slopes. This 
is seen to correlate  the data ve ry  well. 

The effect of Ccd+2 can be seen by leaving this te rm 
in Eq. [6] and reducing it in the previously described 
manner  to 

V~ ---- 2 - -  k i ~ C n N O 3  - C~Ped+2  [11] 

Figure  5 shows a log-log plot  of (2 - -  V~) C-~ 
vs.  Cca+2 for various constant current  densities. These 
plots are approximate ly  linear,  wi th  a slope p equal  to 
0.005, thus showing that  the effect of Cd +2 is slight. 

The constancy of the exponents  in Eq. [10] and [11] 
with tempera ture  compels the proport ional i ty  constant 
k to account for the tempera ture  var ia t ion of Vi. An 
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Arrhenius  plot was prepared as shown in Fig. 6 
which gave an activation energy of 810 cal and k equal 
to 8.72 exp ( - - 8 1 O / R T ) .  Inasmuch as the k-value  is a 
ratio of rate constants (see Eq. [9]),  this act ivation 
energy should be regarded more as a method of ex- 
pressing a temperature  variat ion ra ther  than as having 
any mechanistic significance. Subst i tu t ing numerica l  
values in Eq. [10] gives 

V~ -~ 2 . 0 0 -  8.72 /0.49 C0.4iNo3_ exp (--406/T) [12] 

which can be used to calculate the apparent  valence of 
Cd ions (or the current  efficiency of the Cd anode).  

Linear  regions were observed in  the overpotential  
vs.  log i plots at cur rent  densities less than  O.01 
amp �9 cm -2. Since the current  efficiencies were ap- 
proximately 100% in all the solutions except NO3-,  the 
slopes can probably be associated with the electro- 
chemical dissolution mechanism. Lake and  Casey (26) 
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have suggested that Cd dissolves either as the oxide 
or as a complex and that  Cd(OH)2 precipitates when  
solubil i ty limits are reached. This, together with ob- 
servations from these studies, suggests a mechanism as 
follows 

Cd(s) -b H20 (aq) --> Cd(OH) (s) -b H + (aq) -F e [13] 

Cd(OH) (s) -> CdO (s) -t- H + (aq) ~- e [14] 

CdO (s) -}-4 X -  (aq) ~-H20 
-->,CdX4 = (aq) ~ - 2 O H -  (aq) [15a] 

o r  

CdO (s) ~- H20 (aq) -> Cd +2 (aq) -b 2 O H -  (aq) [15b] 

where X -  represents halide ions which are known to 
complex readi ly with Cd +2. For either [15a] or [15b] 
controlling, the theoretical Tafel slope would be 30 
my, approximately equal to that observed. In  ni t ra te  
solutions, the anodic dissolution is accompanied by 
local corrosion and disintegrat ion whose rates are 
varying with current  density. Therefore, the measured 
potentials are probably mixed potentials and do not  
have mechanistic significance. 

Conclusions 
The anodic dissolution of Cd has been studied in 

aqueous solutions containing various cations (K +, 
Cd +2) and anions (CI- ,  B r - ,  I - ,  Ac - ,  SO =, NOs- ) .  
The calculated valence of the Cd ions was the normal  
value ( ~ 2 )  in alI solutions except those containing 
NO3-. In  the lat ter  solutions, the calculated (ap- 
parent)  valence was less than two (anodic efficiency 
less than 100%) and was a funct ion of NO.~- concen- 
tration, current  density, and temperature.  

The low efficiency of the Cd anode in n i t ra te  solu- 
tions is explained in terms of a mechanism in which 
the anodic dissolution is accompanied by local cor- 
rosion and disintegration. The role of NO3- is that of 
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a depolarizer which removes H ~ from local cathodic 
sites on the anode surface. (Cd has a relat ively high 
hydrogen overvoltage and hence hydrogen is not 
evolved.) Momentary  protection of portions o~ the 
anode surface (local cathodic sites, uneven  film forma- 
tion, or film disruption) allows anodic dissolution to 
undermine  and ul t imately  detach metal  particles from 
the surface. These particles are noted in surface films 
on the anode and the phenomenon by which they are 
formed has been termed "anodic disintegration." This 
mechanism leads to a mathemat ical  model which is 
consistent with the exper imental  results. 
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Rate-Controlling Processes in the High-Temperature 
Oxidation of Tantalum 

John Stringer' 
Metal Science Group, Battelle Me~rmrial Institute, Columbus Laboratories, Columbus, Ohio 

ABSTRACT 

The oxidation of t an ta lum in the tempera ture  range 500~176 is approxi-  
mately linear. At atmospheric pressure, the rate constant  increases with tem- 
pera ture  in the tempera ture  range  5000-650 ~ and 800~176 but  decreases 
slightly as the tempera ture  increases from 650 ~ to 800~ The reaction rate 
depends on the square root of the oxygen pressure at low pressures and high 
temperatures,  but  at lower temperatures  the pressure dependence decreases 
as the pressure increases. On the basis of exper imental  evidence in the l i tera-  
ture, it is concluded that in the temperature  range 500~176 the ra te-con-  
troll ing process is a reaction at the interface between the atmosphere and a 
layer  of t an ta lum pentoxide growing adherent ly  on the metal  surface. This 
interface reaction is preceded by an equi l ibr ium adsorption of oxygen on the 
interface, the adsorption taking place with dissociation. In  the tempera ture  
range 800~176 the over-al l  l inear  rate is a consequence of the diffusion- 
controlled growth of adherent  pentoxide to a critical thickness, at which the 
scale fails from the metal. The corollary to this conclusion is that the rate of 
the diffusion process must  be strongly dependent  on the oxygen pressure. 

The oxidation of tanta lum,  and the not-diss imilar  
oxidation of niobium, has been studied extensively for 
both practical and theoretical reasons. The reaction 
kinetics are of considerable interest,  since the depen-  
dence of the reaction rate on both tempera ture  and 
oxygen pressure is unusual .  

After  an ini t ia l  period (a few minutes  at 950~ and 
a few hours at 500~ the reaction rate becomes ap- 
proximately  constant  ( l inear  rate law).  The l inear  
rate constant  increases with tempera ture  from 500 ~ 
to 650~ and from 800 ~ to 950~ but  decreases slightly 
in the temperature  range 650~176 The rate con- 
stant  increases with pressure, the effect decreasing as 
the pressure increases. Increasing the tempera ture  in-  

Presen t  address :  D e p a r t m e n t  of Meta l lu rgy ,  Un ive r s i t y  of L ive r -  
pool,  Liverpool ,  E n g l a n d  

creases the pressure at which the pressure-dependence 
starts to diminish. 

The principal  reaction product is t an ta lum pentoxide, 
Ta2Oj. The oxide grows adher ing to the meta l  surface 
and is formed under  compressive growth stresses. 
Eventua l ly  these cause the scale to fail from the metal  
surface. Growth of adherent  oxide recommences im-  
mediately on the freshly exposed metal  surface, and  
repeti t ion of this process produces a laminated de- 
tached scale. In  addit ion to the pentoxide, platelets of 
a suboxide are formed penet ra t ing  into the metal  from 
the sca le /meta l  interface. Final ly ,  oxygen also dis- 
solves in the metal.  

While the oxidation of n iobium has a n u m b e r  of 
points of s imilari ty to that  of tanta lum,  notably  in the 
tempera ture-  and pressure-dependence of the rate 



Vol. 114, No. 5 RATE-CONTROLLING 

constant, there  are also a number  of important  differ- 
ences. In addition to the pentoxide, stable lower 
oxides are formed. The platelets of a metastable  sub- 
oxide are much less evident,  par t icular ly  at higher  
temperatures.  Finally,  the pentoxide exhibits a phase 
change at approximate ly  800~ and there  is a clear 
change in the react ion kinetics associated with the 
change. 

In this paper, the effect of a number  of variables on 
the kinetics and react ion-product  morphology are re-  
v iewed in an a t tempt  to identify the ra te-contro l l ing  
processes in the oxidation of tan ta lum in the l inear oxi-  
dation region for tempera tures  of 500~176 and oxy-  
gen pressures of 1-60,000 Torr. 

Effect of Experimental Variables 
on Experimental Results 

Impurities in the metaL--No systematic study has 
been made of the effect of impuriLies on the rate of 
oxidation of tantalum, but  the rate  constants repor ted  
by a number  of invest igators  (1-5) over a period of 
10 years using tan ta lum from a number  of sources 
agree closely, suggesting that  the effect of impuri t ies  
is small. 

Insufficient observations of the other features such as 
scale s t ructure  and morphology were  reported in most 
of the earl ier  investigations to pe rmi t  evaluat ion of 
the effect of impuri t ies  on these. 

Grain s/ze . - -Only one systematic study of grain-size 
effects has been made and that  was re la t ive ly  l imited 
in scope (6). No effect of grain size on reaction rate  
was observed. There do appear  to be differences in the 
scale morphology and in the suboxide platelet  distri-  
bution as a function of grain size. In coarse-grained 
samples, long, straight suboxide plates are formed, and 
these produce pores in the outer  detached pentoxide 
(7). In f ine-grained samples, in contrast, the size of 
the platelets is l imited by the grain size, and thus the 
voids in the pentoxide are difficult to discern. While 
the grosset  features of the scale on coupon specimens 
are not obviously affected by the tan ta lum grain size, 
it has been demonstrated that, over  convex surfaces, 
the pore lines can act as paths for tensile fractures  in 
the detached scale (6, 7). Therefore,  it is possible that  
the scale morphology over  convex surfaces may show 
a grain-size dependence. 

Cold work.--Cold work apparent ly  has no effect on 
the l inear oxidation ra te  in this t empera ture  range (6). 
The suboxide plates appear curved in cold-worked 
specimens, but apart  f rom this there  is no apparent  
effect on oxide morphology. 

Surface preparation.--Since the l inear oxidation is a 
thick-film, s teady-state  process, no effect of initial sur-  
face preparat ion would be expected, and, in fact, none 
is observed (6). 

Specimen shape.wit  has been demonstrated that, at 
820 ~ and 925~ 1/4-in. d iameter  spheres oxidize more 
rapidly than u spheres which in turn 
oxidize more rapidly than coupon specimens (6). This 
is consistent wi th  the tendency of coupon specimens 
to oxidize more rapidly  at the edges and corners than 
at the centers of the flat faces. The scale formed over  
convex surfaces contains fissures normal  to the metal  
surface penetra t ing inward  f rom the outside, and it 
appears that  these fissures are produced by tensile 
stresses in the outer layers of the oxide, generated by 
the pressure of the newly  forming oxide layers be-  
neath. There  is no obvious difference at steady state 
in the s t ructure  of the oxide plates as a funct ion of 
specimen shape. 

Specimen texture.--There is a clear orientat ion de-  
pendence of the oxidation rate at the higher  t empera -  
tures. At  925 ~ and 820~ {110} faces oxidize more 
rapidly than any others; {100} faces oxidize more  
slowly (8). At 600 ~ and 500~ there  is no obvious 
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effect of orientation. As a consequence, one might  ex-  
pect the oxidation rate  to be a function of tex ture  at 
high temperatures.  No study of this has been made 
yet. 

The oxide s t ructure  is clearly a function of or ienta-  
tion. Under  s teady-sta te  react ion conditions, the sub- 
oxide platelets are always formed paral le l  to {100}wa 
throughout  this t empera ture  range. At higher  tem-  
peratures  the lines of pores above the platelets act as 
crack paths, and, if the plates lie at 45 ~ to the surface, 
scale f racture  under  the compressive growth stresses is 
facilitated. As a result,  the laminations in the detached 
scale are much th inner  above {110} faces than above 
{100} faces (8). 

Gaseous impur~ties.--Small amounts of gaseous im- 
purit ies in the oxidizing atmosphere  have not been 
studied in any detail, but they appear  to have  a negl i-  
gible effect on the oxidation rate  and the scale struc- 
ture. 

Temperature and Pressure Dependence 
of the Oxidation Rate 

The first exper iments  on the pressure dependence 
of the oxidation rate  were  per formed by Peterson 
et al. (1), who described their  results by the empirical  
equation 

K2P02 
rate  = K1 [1] 

1 -b K2Po2 

Later, Cowgill  and Str inger  (9) pointed out that at 
low pressures this reduces to 

rate a K1K2Po.2 [2] 

whereas  exper iment  showed that  

rate a k Po21/2 [3] 

Accordingly,  these invest igators (9, 3) suggested re-  
placing Eq. [1] by 

K2Po2 z/2 
rate  = Kz [4] 

1 + K2Po21/2 

This point was confirmed by Kofstad (4), who sug- 
gested a modified form of Eq. [4]. 

On a direct plot  of rate vs. pressure, there  is not a 
great  deal of difference between the fit obtainable with 
Eq. [1] and [4]; but a plot of log ra te  vs. log pressure, 
by expanding the low pressure region, emphasizes the 
difference be tween the two forms. 

F igure  1 shows a set of results for the oxidation of 
a tan ta lum coupon at 600~ The full  l ine is the best 
fit using Eq. [4]; wi th  the rate  in g/cm2/sec and the 
pressure in Torr, Kt = 6.53 x 10 -6, and K2 ~--- 0.031. In 
Fig. 2 the same equat ion is plotted over  five orders of 
pressure and compared wi th  constant pressure data 
f rom the l i terature.  Plainly,  the agreement  between 
the various invest igators  is excellent:  it is not possible 
to fit these data using Eq. [1]. 

The empir ical  Eq. [1] and [4] can be in terpre ted  in 
terms of a react ion mechanism in which the ra te-  
controll ing process is l inear ly  dependent  on the ad- 
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Fig. 1. Pressure dependence of tee oxidation of tantalum at 

600~ data from a varying pressure experiment. 
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Fig. 2. Pressure dependence of the oxidation of tantalum at 
600~ constant pressure data from the literature. The curve is 
the same as for Fig. 1. 

sorbed oxygen concentrat ion at some interface. In  the 
case of Eq. [1] the oxygen is adsorbed as molecules; 
in  the case of Eq. [4] the adsorption takes place with 
dissociation, and the oxygen is adsorbed as atoms. 

If this is the situation, one may expect that the tem- 
pera ture  dependence of K1, which is related to the 
rate of the ra te-cont ro l l ing  process, wilt  be given by a 
conventional  Arrhenius  equation 

--Qz 
K, = K~ exp ( ~ )  [5] 

and the temperature  dependence of K2, which is re-  
lated to the adsorption process, will  be given by a 
Langmui r  expression 

K2Po21/2 = K~ -5/2 exp ~ /  [6] 

In  this expression, the T -5/2 term arises from the tem- 
perature  dependence of the concentrat ion of the gas 
phase at constant  pressure T -1 and  the temperature  
dependence of the reciprocal of the part i t ion funct ion 
of the gas for un i t  volume, T -3/2. In  ~hese expressions 
R is the gas constant, T is the absolute temperature,  
and Q1 and Q., are positive energies. Conventionally,  
Ko2 is regarded as being independent  of temperature,  
bu t  the temperature  dependence of K~ is more un -  
certain: it is assumed to be small  in comparison with 
that of the exponent ial  term. Subst i tu t ing [5] and [6] 
into [4] 

( Q2 --  Q1 -W ) KOlK%T-5/2 exp \ 
rate = [7] 

1 -b K~ -~/" exp - - ~  

In  this work, both Kol and K% are regarded as being 
independent  of temperature.  

Figure 3 shows the rate constants reported in  the 
l i terature by a number  of investigators, corrected to 
a pressure of 760 Torr where necessary using the ex- 
per imenta l ly  determined pressure dependence. The 
ful l  l ine is d rawn according to Eq. [7] with QI = 
67,700 cal /mole and Q2 = 70,000 cal/mole. The fit is 
quite good over the range 500~176 The T -5/2 terms 
cannot be neglected, since the var ia t ion of the expo- 
nent ia l  terms is small  at elevated temperatures,  but  
the shape of the curve does not depend significantly 
on their inclusion: the value of Q2 is merely  altered 
slightly. 

One would expect this mechanism to cease to operate 
at high temperatures  and low pressures because the 
adsorbed surface concentrat ion would fall so low that  
the adsorption step would become the ra t e -de te rmin-  
ing process. At  760 Torr  and 800~ the volume per 
molecule in the gas phase is approximately 10 -19 cm 3. 
Assuming the sites on the adsorption interface are 
roughly 4 x 10 - s  cm apart, the surface concentrat ion 
will equal the mean  concentrat ion in  the atmosphere 
adjacent  to the surface when  the fractional  surface 
coverage e falls to approximately 10 -2. One would not 
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Fig. 3. Oxidation rate of tantalum as a function of temperature 
at on oxygen pressure at 760 Torr showing the fit of the adsorp- 
tion model. 

expect therefore that the mechanism would continue 
to describe the reaction when  e is appreciably less than  
this. 

The fract ional  coverage of the adsorption interface 
is given by 

K2Po~ 1/2 
e = [8] 

1 + K2Po21/2 

and Fig. 4 shows o calculated for the curve shown in 
Fig. 3. At the tempera ture  at which Eq. [7] ceases to 
describe the exper imenta l  results, s is approximately 
10-~, close to the estimate above. However, it must  be 
stressed that this merely indicates that  the mechanism 
does not continue to give a fit to the data in  regions 
where this is physically unl ikely:  it does not  predict 
or help in unders tanding  the h igh- tempera ture  process. 

For  the empirical  fit of the data shown in Fig. 2 
one calculates e760 = 0.46, which is the value at 628~ 
according to Fig. 4. The exper imental  data at 650~ 
are shown in  Fig. 5, and good fit is obtained with 
K1 = 8.0 x 10 -5 and K2 ~- 0.004. These two values 
correspond to e760 = 0.099, equivalent  to a temperature  
of 679~ according to Fig. 4. While these agreements 
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Fig. 4. Fractional surface coverage at an oxygen pressure of 
760 Torr, 07oo, as a function of temperature. 
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Fig. 7a. Cross sections of oxidized samples showing the lamina 
thickness in the detached pentoxide. Sample oxidized at 500~ 
4 5 0  Tort. 

are not exact, they are sufficiently close to be satis- 
factory. 

There are some impor tant  defects in  the theory, 
however. Equations [4] and [7] imply that, as the 
pressure changes, the general  form of the tempera ture  
dependence remains the same, and, in  particular,  that  
the negative slope of the higher temperature  range 
remains  the same. Kofstad's data (10) suggest that this 
is not so; at  10 Tor t  and below the rate increases 
slightly with tempera ture  in the range 650~176 No 
other invest igat ion in this temperature  and pressure 
range has been reported. 

At 550~ one would expect 8760 to be in the range 
0.92-0.98, but  the published data of Kofstad (4) and 
Peterson (1) shown in Fig. 6 are bet ter  fitted by an 
equation of the form 

rate ~ Po2Z/6 [9] 

However, this may be fortuitous. Kofstad's data alone 
are not  inconsistent wi th  Eq. [4] and correspond to a 
high value of 8. 

Scale Morphology 

I t  is clear that  the properties of the t an ta lum pent-  
oxide scale vary  as a funct ion of temperature.  At the 
low temperatures  the scale is soft and weak, and the 
layers in the laminar  detached scale are thin. At high 
temperatures the scale is hard and strong, and the 
layers are much thicker. Actually, the scale is most 
f ragmentary  at about 600~ the scale formed at 500~ 
appears to be far more coherent with a greater layer  
thickness, and the scale at 820~ is clearly much more 
continuous. Typical scales are shown in Fig. 7. Because 
of this, it is tempting to suggest that the origin of the 
max imum in the rate of 650~ and the anomalous 
temperature  dependence between 650 ~ and 800~ is 
related to the changing properties of the scale. In  fact, 
this suggestion has been made by Aylmore, Gregg, and 
Jepson (11) in the case of niobium. 

If the oxidation is assumed to take place by the re- 
peated (parabolic) diffusion-controlled growth of ad- 
herent  scale Iayers to a critical thickness at which they 
fail, an  average l inear  rate constant  K~ wil l  result  

Fig. 7b. Oxidized at 600~ 450 Torr 

Fig. 7c. Oxidized at 820~ 450 Torr 

which is related to the parabolic rate constant Kp and 
the critical scale thickness Wc 

Kp 
K~ = - [10] 

Wc 

If the anomalous temperature dependence is solely a 
result of the change in the scale properties, one can 
easily calculate, using Eq. [9] and Fig. 3, the sort of 
change one would need to see in the critical scale 
thickness. Between 600 ~ and 800~ the scale should 
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increase in thickness by approximate ly  100 times. It  is 
ex t remely  difficult to obtain a quant i ta t ive  measure  of 
the layer  thickness because of the wide var ia t ion f rom 
point to point, the loss of resolut ion due to mul t ip le  
reflection in the oxide, and the indeterminate  effects 
of cooling; but  it is difficult to obtain a value  of greater  
than 10 times for the change in the layer  thickness in 
this t empera ture  range. 

However ,  the qual i ta t ive  paral le l  be tween the t em-  
pera ture  dependence of the rate  and that of the scale 
layer  thickness is interest ing and may wel l  be signifi- 
cant. 

Suboxide Structure and Morphology 
Since the suboxide or suboxides are  metastable  at 

all  temperatures ,  one cannot prepare  them in bulk to 
examine their  properties. The meta l  + suboxide/  
pentoxide interface is i rregular ,  and one must  polish 
some way back from the interface to obtain good x - r a y  
results, but the vo lume fraction of the suboxide is too 
small  even at ve ry  short distances f rom the interface 
and the structures appear  to be too close to that of 
tan ta lum itself to obtain reasonable results. Fur ther ,  
all one's observations of necessity must  be made on 
specimens cooled f rom reaction temperature.  Studies 
have  been made on the s t ructure  of the suboxides 
formed in the very  ear ly  stages of the oxidation, prior 
to the complete coverage of the surface by the pent-  
oxide, using h igh- t empera tu re  x - r ay  diffraction and 
hot -s tage  meta l lography (12). It  is dangerous to as- 
sume, however ,  that  these suboxides are the same as 
those present  in the s teady-stage process (8) since, for 
example,  the growth stresses associated with the ad- 
herent  Ta205 are absent. 

Recently,  S t r inger  (7) pointed out that, above sub-  
oxide platelets lying more or less normal  to the m e t a l /  
oxide interface, lines of pores are formed in the pent-  
oxide and argued that  the existence of these pore lines 
in the scale is evidence for the presence of the pla te-  
lets at react ion temperature .  Using this as an indi-  
cation, it appears very  l ikely that  all the platelets ob- 
served in cross sections of specimens cooled f rom 
s teady-s ta te  react ion in this t empera ture  range were  
present at t empera tu re  and have not precipi tated on 
cooling. Pore  lines are evident  in scales formed at 
600~176 al though as the tempera ture  decreases 
they become more difficult to see. 

All  the platelets formed during the s teady-state  
( l inear)  reaction in the tempera ture  range 500~176 
are paral le l  to (100}Wa (8). 

Finally,  Fig. 8a shows, in polarized light, a section 
through the broad part  of a platelet  in a specimen oxi-  
dized at 925~ 450 Torr. There  is evidence of an in- 
ternal  structure,  which might  suggest a t ransforma-  
tion in the platelet  on cooling. However ,  the same type 
of internal  s t ructure  is observed in platelets formed 
throughout  the whole tempera ture  range, (Fig. 8b 

Fig. 8a. Internal structure in subaxide plates visible in polarized 
light; oxidized at 925~ 450 Torr. 

May  1967 

Fig. 8b. Oxidized at 500~ 450 Torr. 

shows the internal  s t ructure in plates formed at 500~ 
so that any t ransformat ion must take place below 
500~ It is also possible that this is a domain s t ructure  
formed at temperature,  but so far  it has not been 
possible to determine  this. 

It appears, therefore,  that one cannot in terpret  the 
observed tempera ture  dependence of the rate constant 
in terms of a change in s tructure or habit  of the sub- 
oxide. Every  indication is that  they are the same 
throughout  the whole tempera ture  range. While the 
number  of platelets seems a l i t t le less at 950~ than at 
lower temperatures,  there  appear to be at least as 
many at 800 ~ as at 600~ so that  again one cannot ex-  
plain the anomalous tempera ture  dependence in terms 
of varying volume fract ion of suboxide at the interface. 

Scale Failure Modes 
The scale grows adhering to the metal  surface, and 

in cross section it appears that  both T a2O JT a  and 
Ta2OJsuboxide  interfaces may exist. However ,  it may 
be that a very  thin layer of suboxide is present 
be tween the pentoxide and the metal, and in fact 
in polarized l ight a br ight  l ine is often visible be- 
tween the metal  and the adherent  oxide, both of which 
appear  dark. The dark coloration of the adherent  
pentoxide in polarized l ight is of interest. It also ap- 
pears dark in oblique (dark-field)  i l luminat ion but 
whi te  in normal  i l lumination, whereas  the detached 
oxide appears white  in all i l lumination.  The color is 
darkest  at the ox ide /meta l  interface and becomes 
l ighter  away from the interface (5). The effect may 
be due to a s toichiometry gradient  across the scale, 
but the s t r iking s imilar i ty  be tween polarized l ight  and 
dark-f ield i l luminat ion suggests that the effect may be 
due to the absence of internal  reflection f rom flaws in 
the oxide. 

An adherent  scale growing under  compression on a 
meta l  surface may  fail  ei ther by shear or by blistering 
f rom the metal  surface. Clearly, shear is a much easier 
process and is probably much more common; blister-  
type fractures are sometimes observed, however .  For  
tanta lum oxidized at 925~ 450 Torr, it has been 
observed that  above {ll0}Ta faces the oxide lamellae 
are much th inner  than those above the {100}Ta faces, 
and that  this occurs because the pore lines which  re-  
sult f rom the oxidation of the suboxide plates act as 
crack paths (8). At  820~ this feature  is still evident,  
but at lower tempera tures  there is no obvious depen-  
dence of laminar  thickness on orientation. This may  be 
because a new mode of scale fa i lure  operates at low 
temperatures,  or may  suggest that  a single crack, once 
nucleated, propagates over  a large distance. The oxida- 
tion rate  is also a function of surface orientation, and 
in general  the faces wi th  the thinnest  layer  thickness 
oxidize most rapidly.  

The oxidation ra te  is also a function of surface 
curvature  at h igher  temperatures ,  and there  is some 
evidence to suggest that  the layer  thickness also varies 
wi th  surface curvature.  S t r inger  (6) repor ted  that  at 
820 ~ and 925~ ~/4-in.-diameter spheres oxidized more 
rapidly than �89  spheres which in turn 
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Fig. 9. Scale formed on the outer (upper photograph) and inner 
(lower photograph) surfaces of a tantalum tube oxidized 100 rain 
at 820~ 420 Torr; outer radius 6.35 ram, inner radius 1.45 ram, 
length 9.5 ram. 

oxidized more rapidly than coupons. There  was no de- 
tectable effect of surface curva ture  on the ra te  at 
600~ The scales on the spheres contained large radia l  
fissures, apparent ly  due to the tensile stresses pro~tuced 
in the outer  layers of the scale by the outward pressure 
of the newly  forming oxide. 

F igure  9 shows the scale formed on the outer  and 
inner surfaces of a cylinder oxidized at 820~ The 
outer radius of the tube was 6.35 mm, the inner  radius 
was 1.45 mm, total length was 9.5 ram. The cyl inder  
was machined f rom bar stock and recrystall ized, using 
the same preparat ion techniques that  were  used for the 
spheres (6) to e l iminate  any possibility of tex ture  
effects. The total  oxide thickness was approximate ly  
three t imes greater  on the convex outer  surface than 
on the concave inner  surface. The difference in rate 
diminishes as the inner  radius increases; F igure  10 
shows the scale formed on the outer  and inner  surfaces 
of a cyl inder  of in ternal  radius 5.87 m m  and externa l  
radius 6.35 mm, oxidized at  820~ The difference in 
rate  is negligible, a l though the scale formed on the 
outer  surface contains the radial  fissures and that  on 
the inside does not. Clearly, the radial  fissures do not 
affect the oxidation rate, and thus the difference in 
ra te  for the smaller  radius must  lie in the scale-frac-  
ture process at the interface. The scale layers on the 
concave surface are thicker  in the case of the smaller  
d iameter  cylinder,  but  apparent ly  not  as much as three 
times greater.  However ,  this cannot be determined 
quant i ta t ive ly  wi th  any great  precision. The general  
effect is much the same at 925~ 

Al though it is difficult to make categoric s tatements  
on the basis of cooled and sectioned samples, it seems 
l ikely that  the interfaces present  in the system are 

atmosphere/Ta20~ 
Ta2Os/suboxide 

suboxide /Ta  
and, possibly, 

T a 2 O J T a  

One cannot dismiss the possibility of ve ry  thin layers 
of other  suboxides, but  no evidence for these has been 
produced. Interfaces be tween  the a tmosphere  and the 
meta l  and between the a tmosphere  and the suboxides 
ei ther  do not exist or are transitory. 

R a t e - C o n t r o l l i n g  Processes 
Plainly,  the " repeated-parabol ic"  scaling model  de- 

scribed before accords wel l  w i th  the anisotropy of 

Fig. 10. Scale farmed on the outer (upper part) and inner 
(lower part) surfaces of a tantalum tube oxidized 90 rain at 
820~ 420 Torr; outer radius 6.37 ram, inner radius S.86 ram, 
length 6.34 mm. 

oxidat ion at e levated temperatures ,  and numerical ly  
the agreement  is fair:  at 925~ the {110} faces oxi-  
dize 5 to 10 t imes as fast as the {100} faces, and the 
scale laminations over  the {100} faces are 5 to 10 times 
thicker  than those over the {110} faces. If one accepts 
that  fai lure of the scale is easier on a convex than on 
a concave surface, i t  also accords wi th  the curva ture -  
dependence of the oxidation rate  at high temperatures ,  
a l though here the quant i ta t ive  fit is less easy to eva lu-  
ate. 

However ,  whi le  qual i ta t ive ly  the var ia t ion in lami-  
nar  thickness paral lels  the tempera ture  dependence of 
the rate  constant, the quant i ta t ive  agreement  is poor. 
In addition, it is difficult to reconcile the high pressure 
dependence of the l inear  rate  constant wi th  this model. 

The defect s t ructure of Ta205 is apparent ly  com- 
plicated. Har tmann  (13) reported that it was an n- type  
semiconductor,  and, since marke r  exper iments  indicate 
a mobile anion, i t  was general ly  assumed that  oxygen 
vacancies were  mobile. However ,  Kofstad (14) has 
shown that  the oxide is p - type  at higher  oxygen pres-  
sures and n- type  at lower  oxygen pressures, the transi-  
t ion pressure increasing as the t empera tu re  increases. 
An n- type  oxide would not be expected to show a 
significant dependence of diffusion-controlled growth 
on the oxygen pressure, but  a p - type  scale should ex-  
hibit  p ressure-dependent  growth. The magni tude  of 
the pressure dependence depends on the detailed defect 
structure,  but  Kofstad (10) has shown that  at pres-  
sures in the range 1-760 Tor t  at 900~ there  is an 
initial parabolic growth of Ta205 for which 

Kp ~ Po21/5.5 [11] 

While  the cri t ical  scale thickness would  not be ex-  
pected to show any direct dependence on the oxygen 
pressure, it might  depend on the rate of the diffusion- 
controlled growth, thus enhancing the apparent  pres-  
sure dependence of Ki. However ,  it would be very  sur-  
prising if we var ied  as (Kp)-2,  which would  be re-  
quired to give the observed pressure dependence of Kz. 

A l inear  react ion rate  may also result  f rom an in ter -  
face controlled process. In this event,  the react ion ra te  
is l inear  on a microscopic scale; the adherent  growth 
of the scale to the crit ical  thickness is also linear.  
There  is, of course, nothing in the scale morphology 
incompatible wi th  this concept. 

If  the adherent  Ta205 layer  is ve ry  thin, so that  
t ransport  through it is ve ry  rapid in comparison with  
the reactions at the pen tox ide /meta l  -}- suboxide in ter -  
face, the oxygen act ivi ty at this interface would  equal  
that  at the a tmosphere /pen tox ide  interface, and so a 
ra te-contro l l ing  process at the inner interface would 
not be incompatible  wi th  the observed pressure de-  
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pendence of the reaction. However ,  in general, some 
oxygen-ac t iv i ty  gradient  must exist across the ad- 
herent  layer to provide  the dr iving force for the oxy-  
gen flux requi red  by the reactions at the inner  in ter -  
face, and so one would expect  the oxygen act ivi ty  at 
the inner interface to be ra ther  less than that at the 
outer  sca le /a tmosphere  interface. This would have  the 
effect of reducing the apparent  pressure dependence 
of the reaction. 

It would appear more likely, therefore,  that  the ra te-  
control l ing process is a reaction at an interface in di- 
rect  contact wi th  the atmosphere,  a l though one cannot 
at this stage re ject  the a l ternat ive  possibility. The 
observed tempera ture  dependence may then be ex-  
plained in one of two ways: 

(A) The reaction interface or the interface process 
changes abrupt ly  at 800~ Below this temperature ,  
oxygen is adsorbed on an interface, dissociating as it is 
adsorbed. The agreements  with the adsorption model 
in the range 500~176 are regarded as real;  the ap- 
parent  disagreements,  in the low tempera tu re -pressure  
dependence, for example,  are due to exper imenta l  
variat ions between the different investigators.  Above  
800~ the ra te-contro l l ing  process is si tuated at a 
different interface, again be tween the atmosphere and 
one of the solid phases; or, al ternat ively,  there is a 
change in the ra te-contro l l ing  process at the original  
interface. There  is insufficient evidence to indicate 
whether  or not an adsorption process precedes this 
h igh - t empera tu re  reaction. 

(B) Again there are two reaction interfaces in-  
volved, but in general  both are present simultaneously.  
As the tempera ture  is raised the re la t ive  area of one 
increases. The low- tempera tu re  tempera ture  depen- 
dence is then typical of one of these processes, and the 
h igh- t empera tu re  tempera ture  dependence of the other. 
The anomalous tempera ture  range is where  both con- 
t r ibute to a significant extent,  and is thus a transit ion 
region. The low- tempera tu re  process is independent  of 
the oxygen pressure, and the h igh- tempera tu re  process 
depends on the square root of the oxygen pressure. 
Increasing the pressure at any tempera ture  increases 
the re la t ive  contribution of the low- tempera tu re  proc- 
ess, so the adsorpt ion- type pressure-dependence  curves 
again represent  transit ion processes. All  the numerical  
fits with the adsorption model  are regarded as for-  
tuitous. This model  is much more qual i ta t ive  than the 
first. 

It is possible to combine the features of these 
models: one can regard the tempera ture  dependence 
as being due to a gradual  transit ion in ra te-contro l l ing  
mechanism, but accept that one or both of these proc- 
esses involve an adsorption step. 

However ,  as discussed earlier, there is every  indi-  
cation that  the oxide and suboxide s t ructure  and 
morphology is essentially the same throughout  the 
whole tempera ture  range, and that, in particular,  the 
only interface be tween the atmosphere and a solid 
phase is between the gas and the adherent  pentoxide 
layer. For  the h igh - t empera tu re  process, fur thermore ,  
it is ex t remely  difficult to see how an interface proc- 
ess can show such a clear dependence on the surface 
curva ture  or on the scale fa i lure  process. 

Conclusions 
On the basis of the arguments  presented above, it 

appears that  the only tenable  model for the oxidation 
involves two distinct processes. 

In the range 500~176 the fit with the adsorption 
model  seems far  too good to be accidental. Not only 
can the tempera ture  dependence in this range be ex-  
plained, but  the values of 0 calculated f rom the tem-  
pera ture  dependence at constant pressure agree quite  
well  with those calculated from the pressure-depen-  
dence data at constant temperature .  In addition, the 
process ceases to operate  at about the t empera tu re  
one would expect  f rom a rough calculation. 

Since the only interface wi th  the a tmosphere  is at 

the outer surface of the adherent  Ta205 layer, the ad- 
sorption must take place there. If one accepts that  no 
internal  interface process can show a l inear  depen- 
dence on the oxygen concentrat ion at that  interface, it 
follows that  the ra te-cont ro l l ing  process must also be 
at the Ta20~/atmosphere interface. The reactions at 
this interface may be wr i t ten  

O2/gas-~ 2 Oads [12] 

Oads W O [3/x -> O/Ta20~ [13] 
or~ 

O~ds ~ O ~ / x  [13a] 

Here  the subscript x indicates the outer surface of the 
adherent  scale layer.  The ionicity of the species has 
not been considered, The oxygen vacancies are pro-  
duced (or oxygen interst i t ials  are consumed) in the 
scale-forming process at the meta l / sca le  interface 

2Ta/metal~ Ta205 -t- 5 O []/o [14] 
or 

2Ta/metal -~- 5 0  A/O-~ Ta205 [14a] 

diffusion 
O [3/0 ) O ~ / x  [15] 

diffusion 
O A/x  ( O A/o [15a] 

Similar  equations involving possible suboxides may 
be wri t ten,  but they do not affect the over -a l l  mech-  
anism. Equat ion [13] is regarded as the slow step in 
this sequence. 

However ,  while  it is less likely, the reactions at the 
outer interface may be rapid and the diffusion through 
the adherent  oxide very  rapid, and, provided the ad-  
herent  layer  is thin enough, the oxygen act ivi ty  may 
be effectively the same at the inner  interface as at the 
outer. 

The reaction mechanism clear ly  alters above 800~ 
and, because of the dependence of the rate  on surface 
curva ture  and because of the apparent  correlat ion be- 
tween laminar  thickness and the l inear  rate, one must 
conclude that  above 800~ the l inear rate is a result  
of a repeated parabolic process, wi th  the diffusion step 
(Eq. [15]) being the slow process. 

In fact, Kofstad (10) has shown that the init ial  non- 
l inear reaction at 900~ is parabolic and that at h igher  
tempera tures  and lower pressures the rate  curves do 
have the appearance of repeated parabolas. This is 
probably due to the fact that We increases as the tem- 
pera ture  is increased so that  the "smoothing out" 
of the repeated parabolae to an over-a l l  l inear rate  is 
not possible. The act ivat ion energy of the high-  
tempera ture  process contains the tempera ture  de- 
pendence of the parabolic growth rate  and the tem-  
pera ture  dependence of the scale layer  thickness. 
Since the lat ter  clearly increases with tempera-  
ture, the real  t empera tu re  dependence of the parabolic 
rate constant must be greater  than that  of the l inear 
rate. The activation energy for the l inear rate  is ap- 
proximate ly  35,000 cal /mole,  whi le  Kofstad (10) gives 
an act ivation energy of 45,000 ca l /mole  for the initial 
parabolic rate in the range 900~176 

However ,  in this range the l inear rate  constant de- 
pends on the square root of the oxygen pressure (ap- 
proximate ly) .  According to Kofstad (10) the parabolic 
rate constant varies as Po~ T M  at pressures above the 
n ~ p transit ion and is independent  of pressure at 
pressures well  below the transition. Therefore,  for 
the l inear rate to exhibi t  the observed pressure de- 
pendence, the critical scale thickness wc (which cannot 
depend directly on oxygen pressure)  must  depend on 
the rate, and in fact 

We ~ (Kp)-2  ~ p-1/3 [16] 

It is ex t remely  difficult to measure  wc wi th  any ac- 
curacy, but at 1000~ Kofstad's  data (10) show no 
obvious pressure dependence of the scale thickness at 
the b reak -away  f rom the init ial  parabola. At 1200~ 
Wc is approximate ly  1.5 times as great  at 1 Torr  as at 
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10 Torr; Equation [16] gives a value of 2.15. While the 
data are clearly insufficient to confirm or deny the 
model, they are equally clearly not inconsistent with it. 
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Carburization of Fe-Cr Alloys During Oxidation 
in Dry Carbon Dioxide 

C. T. Fujii and R. A. Meussner 

Naval Research Laboratory, Washington, D. C. 

ABSTRACT 

I ron-chromium alloys (I-15 w/o  [weight per cent] Cr) oxidized in dry 
carbon dioxide at 700 ~ 900 ~ and l l00~ form duplex scales which are simi- 
lar in s tructure to those generated in H20-Ar  atmospheres, i.e., a detached but  
continuous outer layer of iron oxides (predominant ly  FeO) and a porous 
inner  layer of FeO and Fe-Cr  spinel particles. Carburizat ion accompanies this 
oxidation at all temperatures,  and the resul t ing microstructural  changes, the 
carbides formed, the hardness increases and the carbon content  of homoge- 
neous specimens are related to the equil ibria  of the Fe-Cr -C system. The car-  
burization and the continued high oxidation rates, in spite of the detached 
duplex structure of the scale, require that  a gaseous transfer  of oxygen 
and carbon occur wi thin  the voids separat ing the outer and inner  oxide layers. 
This requ i rement  suggests a carbon permeat ion of the dense outer scale and 
the generation of a CO2-CO atmosphere in these voids which is carburizing 
as well  as oxidizing to the alloy. 

The h igh- tempera ture  oxidation of i ron-chromium 
alloys in  carbon dioxide produces two-layered scales 
which are very similar in  structure to those generated 
on these alloys in  atmospheres of H20-Ar  (1). An ex-  
ample of this scale s tructure is i l lustrated by the 
micrograph of Fig. 1. The outer layer  of i ron oxides 
is dense and crack-free while the inner  layer of wus t -  
ite and an Fe-Cr  spinel is relat ively porous. The oxi- 
dation process generates large voids between the outer 
and inner  scale layers, but  the extension of these voids 
does not appear to alter the high oxidation rates of 
these alloys. In  fact, these rates are comparable to that  
of pure iron where the scale remains  rather  adherent  
and the diffusion of iron is unhindered  by voids. 

With in  the proper exper imental  l imits of t ime and 
temperature  l inear  rates are observed for the oxidation 
of i ron in  CO2-CO mixtures,  and there is general  
agreement  that  the reaction at the gas: oxide interface 
is the rate  de termining process (2-4). Thus, the 
diffusion of iron through the oxide is sufficiently rapid 
to preclude the observation of parabolic oxidation 
rates. Similarly,  the oxidation rates of Fe-Cr  alloys 
indicate that  an adequate flux of i ron to the gas: oxide 
interface is main ta ined  in  spite of the extensive voids 
separat ing the outer from the inne r  scale layer. Al-  
though this detachment  is never  complete, the re-  
main ing  columns of oxide connecting the fwo layers 
appear to be adequate as diffusion paths for the i ron 
required by the oxidation reaction at the outer-oxide:  
gas interface. Since the integri ty of the outer detached 

scale layer is preserved, an a l ternat ive  source of i ron 
must  be provided to augment  tho "normal"  diffusion 
process through the connecting oxide columns if the 
high oxidation rates are to be sustained. 

The exper imental  evidence in  the previous study of 
the oxidation of Fe-Cr  alloys in water  vapor indi-  
cated a substant ial  contr ibut ion to the iron flux in  the 

Fig. 1. Unetched mlcrostructure of a typical two-layered scale, 
from Fe-15Cr alloy oxidized for 24 hr at 900~ in 1 arm of dry 
C02. Magnification approximately 60X. 
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outer scale layer by the decomposition of wust i te  at 
the inner surface of this oxide layer (1, 5). The iron 
released by this process diffuses through the scale and 
reforms FeO at the gas: oxide interface, and the oxy-  
gen released provides the a tmosphere  for the growth 
of the inner  scale. The t ransport  of oxygen across the 
voids is necessarily gaseous, and in this case a H20-H2 
mixture  was suggested as the vehicle for the transport  
of oxygen wi th in  the voids. A similar  mechanism for 
the oxidat ion of iron and Fe-S i  alloys in oxygen-wa te r  
vapor  mixtures  has been subsequently and indepen-  
dent ly suggested by Rahmel  and Tobolski (6, 7). 

The present  detai led metal lographic  study of the 
scales formed on the Fe -Cr  alloys oxidized in carbon 
dioxide suggests that  a gaseous t ransport  of oxygen 
from the outer  to inner  scale layer also occurs in this 
system and that  carbon is an active part icipant  as a 
carrier. Thus, a CO.,-CO atmosphere is generated in 
the voids, and the mechanism by which the two- layer  
scale s tructures are  formed in carbon dioxide is ana-  
logous to that  in H20-Ar  atmospheres. This analogy 
requires  that the scale is permeable  to carbon. How- 
ever,  in contras t  to oxidation in wate r  vapor  where  the 
solution of hydrogen in the alloy produces no s truc-  
tural  changes, the accumulat ion of carbon in the alloy 
is easily discerned through microstructural  evidence 
(carbide precipitat ion in many  instances) and hardness 
increases. Evidence for the carburizat ion of the alloy 
is provided in the detailed description of the specimen 
structures in the present  paper. A subsequent  paper  
will  describe the effects of temperature ,  carbon dioxide 
part ial  pressure, and alloy content on the oxidat ion 
rates. 

Because these results show carburizat ion in a highly 
oxidizing atmosphere (CO2 at a tmospheric  pressure)  
they suggest that similar  effects may occur during the 
oxidation of many complex h igh- tempera tu re  alloys in 
carbon bearing atmospheres. Thus accelerated oxida-  
tion rates as well  as significant changes in the chem- 
is try and propert ies  of these alloys may stem from this 
vapor  t ransport  process. These effects have been 
largely  ignored in evaluat ions of alloy oxidation, and 
only a few recent  publications give any at tention to 
contaminat ion of the alloy by carbon during oxidat ion 
(8-11). Even in basic studies of the oxidation mech-  
anisms of iron and binary iron alloys in which CO.,-CO 
atmospheres are often employed, carburizat ion ac- 
companying oxidation appears to have escaped the 
notice of most previous investigators.  

Experimental 
The apparatus used in continuously recording the 

weight -ga in  of the specimen during each exper iment  
and the essentials of the gas purification and meter ing  
systems, have  been previously described (5). Com- 
mercial  "bone-dry"  grade carbon dioxide, passed 
through two traps cooled by dry ice-acetone, provided 
the oxidizing atmosphere  at a flow rate  of 200 m l / m i n  
(approximate ly  16 c m / m i n  l inear flow rate in the 
oxidation chamber)  and 1 atm pressure. The specimens 
were  of the same alloys used in the previous study, 
and the same anneal ing and chemical cleaning pro-  
cedures were  used in prepar ing these specimens (5). 

Table I. Composition of Fe-Cr alroys 

W e i g h t  p e r  c e n t  of  e l e m e n t  in  t h e  a l l o y  
E l e -  

m e n t  F e - l C r  F e - 5 C r  F e - 1 0 C r  F e - 1 5 C r  F e - 2 0 C r  

Cr  0.99 S.0 9.9 14.8 19.5 
C 0.001 0.007 0.005 0.005 0.007 
S 0.007 O.OlO 0.010 0.008 0.008 
P 0.004 0,004 0,006 0,007 0,003 
Si  0,02 0.04 0.05 0.04 0,05 
M n  0.01 0.04 0.06 0.08 0,07 
O * - -  0.027 0,024 0,031 0,035 
N* - -  0.O010 0.0019 0.0028 0.0037 

* T h e  o x y g e n  a n d  n i t r o g e n  c o n t e n t s  w e r e  d e t e r m i n e d  by  v a c u u m  
fusion, not d e t e r m i n e d  in  F e - l C r  a l loy .  

The compositions of the alloys are shown in Table I. 
All of the exper iments  were  terminated by lower ing 
the furnace from around the oxidation chamber,  thus 
causing the specimen to cool rapidly in the flowing car- 
bon dioxide atmosphere.  The results reported here are 
f rom oxidation exper iments  at 700 ~ 900 ~ and 1100~ 
At  each temperature,  the oxidation times were  ap- 
proximate ly  constant for all alloys and the total weight  
gain per unit area of all specimens were  approximate ly  
equivalent ,  i.e., 50 hr  at 700~ yielding a weight  gain 
of 25 mg/cml ;  24 hr  at 900~ 70 mg/cm2; and 3 hr  at 
l l00~ 70 m g / c m  2. 

Examinat ions of the oxidized specimens included 
studies of the surface character  of the outer  scale 
layer, powder  x - r a y  diffraction analysis of the outer 
and inner  scales, identification of carbides, carbon 
analyses, detailed metal lographic  studies, and micro-  
hardness measurements .  The oxide samples for the 
x - r ay  diffraction analyses were  careful ly removed  
from one side of each specimen leaving the oxide 
layers on the reverse  side intact. The specimen was 
then vacuum impregnated and mounted in an epoxy 
resin for meta l lography and hardness measurements .  

Oxidation Results 
While the oxidation exper iment  is kinetic in nature 

and thermodynamic  equi l ibr ium is not at tained in all 
parts of the system, the oxide structures and the car-  
bides precipitated in the alloys at t empera ture  are, 
nevertheless,  in agreement  with the F e - C r - O  equi-  
l ibr ium diagram from Seybolt 's  work (12) and the 
equi l ibr ium data of the Fe -Cr -C  system repor ted  by 
Bungardt,  Kunze, and Horn (13). There must  be a 
finite oxygen solubil i ty in the alloy and a carbon 
solubility in the oxides, but  these are assumed to be 
very  limited, and thus the constructions of the re-  
spective te rnary  diagrams are not significantly altered. 
The fact that the oxides and carbides observed ex-  
per imenta l ly  conform to the equi l ibr ium diagrams in- 
dicates that  these assumptions are reasonable. 

For the description of the oxidation products and 
the carburizat ion data, the scale structures may be con- 
venient ly  divided into (i) outer  scale, (ii) inner  scale, 
and (i/i) subscale and alloy. Since the oxide struc- 
tures are similar  to those produced in H20-Ar  atmos- 
pheres, and these have been described in detail  pre-  
viously (1), the present  emphasis will  be on the differ- 
ences in the structures of these specimens oxidized in 
carbon dioxide and those oxidized in water  vapor, and 
on evidence of carburizat ion of the alloys. 

The constitution and microst ructura l  characterist ics 
of the scales formed on Fe -Cr  alloys in carbon dioxide 
are summarized in Table II. These are general  ob- 
servations and apply to all alloy compositions invest i-  
gated, i.e., the 1, 5, 10, and 15 w / o  Cr alloys. The 
differences in the s tructures and composition of the 
oxides which may be ascribed to chromium content  
will  be described in the text  in the appropriate  sec- 
tions. 

Outer scale.--The composition of the outer scale is 
dependent  on the t empera tu re  and the oxidation time. 
Lower  temperatures  and longer  times favor  increasing 
amounts of the higher  oxides of iron because of the 
decreased rate of iron del ivery  to the gas :oxide  in- 
terface. This tendency toward the progressive genera-  
tion of layers of the higher  iron oxides is indicated by 
the summary  of the outer  scale s t ructure  in Table II 
where  it can be seen that a magnet i te  surface layer  
and a hemati te  surface layer  formed on the 900 ~ and 
700 ~ C, respectively.  

Figure  2a shows the scale s t ructure  produced on an 
Fe-5Cr specimen oxidized for 50 hr  at 700~ This 
outer scale structure,  typical for all of the alloys oxi-  
dized at this t empera tu re  and for this length of time, 
is composed of three oxide layers, wustite, magneti te ,  
and hematite.  Covering the surface of the thin hema-  
tite layer  is a dense growth of fine hemat i te  needles. 
The moderate  thickness of the middle layer of magne-  
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Table II. Summary of constitution and microstructural characteristics of scales and alloys 

T e m p e r a t u r e  ( o x i d a t i o n  t i m e )  

F e a t u r c  700~ (50 h r )  900~ (24 h r )  1100~ (3 h r )  

1. S u r f a c e  t o p o g r a p h y  F i n e  h e m a t i t e  n e e d l e s  F a c e t e d ,  M F a c e t e d ,  W 
(no o x i d e  need l e s )  (no o x i d e  n e e d l e s )  

2. O u t e r  sca le  H -- M -- W M -- ( W  + My) (W + Mp) 
S m a l l  v o i d s  in  M l aye r ,  o t h e r w i s e  D e n s e  D e n s e  
d e n s e  

3. Vo ids  b e t w e e n  o u t e r  S m a l l  M o d e r a t e  E x t e n s i v e  
a n d  i n n e r  sca le  C o n s i d e r a b l e  a r e a  of  o x i d e  b r i d g e s  

b e t w e e n  o u t e r  a n d  i n n e r  l a y e r  
4. I n n e r  sca le  IW + S~) {W + Sp) (W + Sp) 

P o r o u s  P o r o u s  P o r o u s  
5. S u b s c a l e  F e w  o x i d e  pa r t i c l e s ;  e i t h e r  S~ o r  R F e w  o x i d e  pa r t i c l e s ;  e i t h e r  Sp F e w  o x i d e  pa r t i c l e s ;  e i t h e r  Sp 

o r  R o r  R 
6. A l loy  Al l  c o m p o s i t i o n s  h a v e  c a r b i d e s  F e - 1 5 C r  h a s  c a r b i d e  p p t ' d  a t  No c a r b i d e s  a t  t e m p .  I n c r e a s e  

p p t ' d  a t  t e m p .  I n c r e a s e  in  h a r d -  t e m p .  I n c r e a s e  in  h a r d n e s s  in  h a r d n e s s .  
heSS 

L e g e n d  of  a b b r e v i a t i o n s :  H,  h e m a t i t e ,  c~Fe.~O3; M, m a g n e t i t e ,  F e 3 0 , ;  
Cr)30~; R, r h o m b o h e d r a l  CroOn o r  {Cr,Fe)2Oa. 

tite indicates that the ini t ial  formation of this layer 
occurs relat ively early since this is a comparat ively 
slow growing layer. The source of the voids which 
are visible wi thin  this layer  has not  been established. 

The scales formed at 900 ~ and l l00~ are struc- 
tural ly  similar except that  as a consequence of the 
shorter oxidation t ime and the higher temperature,  
the surface magnet i te  is not generated on the speci- 
mens in the l l00~ group. With this exception the mi-  
crostructure of an Fe-15Cr specimen oxidized at 900~ 
(Fig. 1) is typical of specimens from the 900 ~ and 
l l00~ experiments.  The outermost wusti te layer  at 
both temperatures  is oxygen-rich,  and evidence for 
this is the proeutectoid precipitation of magneti te  in 
this outer layer  in  all of these specimens. With ex-  
tended oxidation t imes a second wust i te  layer  is usu-  
ally generated on the inner  scale surface as shown 
in Fig. 1. This layer  is free of precipitated magneti te ,  
an indication of the difference in the oxygen content  of 
these two wusti te  layers which comprise the outer 
scale. 

The external  topography of these specimens were 
characteristic of the oxide phase at that  surface, i.e., 
short red needles of hemati te  at 700~ dull, rough, 
magneti te  crystals at 900~ and large, lustrous, highly 
faceted wusti te crystals at 1100~ The wusti te  surfaces 
formed in carbon dioxide produced no needles or 
whiskers, which had been eharaeteristie of these sur-  
faces formed in 0.1H20-0.9Ar atmosphere. This 

Fig. 2. Microstructure of Fe-5Cr alloy oxidized for 50 hr at 700~ 
in 1 arm (::0,2. (a) General structure of scale and alloy etch: 
picral + HCI; magnification approximately 225X; (b) inner scale 
and alloy showing fine carbide distribution; etch: picral -{- HCI; 
magnification approximately 375X. 

Mp, m a g n e t i t e  p p t ' d  on  coo l ing ;  W, w u s t i t e ,  F e O ;  Sp, F c C r  sp ine l ,  (Fe ,  

change in the wusti te  topography, as well  as the 
greater proport ion of the higher oxides of iron at 700 ~ 
and 900~ is probably related to the higher oxidation 
rates obtained in  pure carbon dioxide at 1 atm pres- 
sure. 

Chemical analysis of bulk  outer scales from speci- 
mens oxidized at 900 ~ and l l00~ showed 0.1-0.3 w/o  
Cr present  in these detached outer oxides. (None of 
the more adherent  outer scales from the 700~ speci- 
mens could be removed wi thout  gross inner  scale 
contamination.)  However, fur ther  analysis by fluores- 
cence methods of the outer and inner  surfaces of these 
outer scales revealed that the chromium was not un i -  
formly distr ibuted in this oxide layer. The chromium 
was concentrated on the inner  side of the wusti te 
layer (as high as 2-3 w/o  Cr) and none  was detected 
at the external  surface. This suggests that  the pres-  
ence of chromium in these scales is due to the ad- 
herence of Fe-Cr  spinel particles to this wusti te layer 
dur ing  its detachment  from the inner  scale, and that  
there is no appreciable chromium mobil i ty in wustite. 
The solubili ty of chromium in this phase has been 
general ly regarded as being low, bu t  recent ly Levin 
and Wagner  showed by electrical conductivi ty mea-  
surements  that above 860~ as much as 0.67 w/o Cr 
is soluble in wusti te  (14). In  the present  experiments,  
Fe-Cr  spinel particles were not obvious in  the metal lo-  
graphic sections of these scales. A substant ial  chro- 
mium solubili ty in  wusti te would explain the absence 
of a chromium-r ich  second phase; however, it is pos- 
sible that  much of the chromium detected in these 
wusti te  layers is present  as small  spinel  particles ad- 
her ing to the inner  surface. 

The extent  of the voids which separate the outer 
and inner  scale layers is related to the oxidation tem- 
perature.  As shown in Fig. 2a, at 700~ the voids are 
small, and thus substant ia l  areas of adherence between 
the scales remain.  At 900~ the detachment  is much 
more extensive and frequently,  as in  Fig. 1, the outer 
scale appears to be completely detached. However, 
other sections of the s t ructure  show wusti te  bridges 
connecting the layers, bu t  the total cross-sectional area 
of these connecting oxide bridges is small. A similar 
detached outer scale develops at l l00~ except that 
the increased oxidation rate at this higher  tempera ture  
generates an even larger void volume. These voids 
between the outer and inner  scales are a result  of the 
growth processes responsible for the formation of the 
two- layer  s tructure and are not due to cooling at the 
te rminat ion  of an experiment.  Any mechanism pro-  
posed for the oxidation of these alloys mus t  neces- 
sari ly provide a means for main ta in ing  an iron flux 
to the outer-scale: gas interface in spite of these voids. 

Inner scale.--The inner  scale at all three tempera-  
tures is porous and composed of two phases, wusti te  
and an Fe-Cr  spinel. The ratio of spinel to wusti te in 
this layer  increases with increasing chromium con- 
centrat ion in  the alloy, but  remains  relat ively inde-  
pendent  of the oxidation time. Accompanying the in-  
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Fig. 3. Carbide formation in Fe-15Cr alloy oxidized for 24 hr at 
900~ in CO2 (Fig. 1 shows general scale structure). (a) Inner 
scale and alloy showing lamellar carbides, magnification 110X; 
(b) inner-scale:alloy interface, magnification 250X; (c) lamellar 
carbide zone:ferrite interface, magnification 250X. All etched 
with picral + HCI. 

crease in spinel formation is an increase in the porosity 
of the inner  scale. In the ferritic alloys, in which car- 
bides are formed dur ing  the oxidation experiment ,  
spinel replicas of the carbides are produced in  the 
inner  scale as these carbide particles become accessible 
to the oxidant  at the inner-scale:  alloy boundary.  The 
spinel  replicas are clearly shown in the microstruc- 
tures of Fig. 2b and 3b for two ferritic alloys oxidized 
at 700 ~ and 900~ respectively. It can be seen that the 
carbide dis t r ibut ion pa t te rn  in the alloy is main ta ined  
in the spinel replicas of the inner  scale. All  specimens 
in  which carbides were precipitated at temperature  
show this in  the inner  oxide structure. These include 
the Fe-5Cr, Fe-10Cr, and Fe-15Cr specimens oxidized 
at 700~ and the Fe-15Cr specimen oxidized at 900~ 

SubscaLe and a l loy . - - In te rna l  oxidation and car-  
burizat ion occurring in  the alloy in  the region of the 
inner-scale:  alloy interface produce metal lographical ly 
observable changes as well as a hardening  of the alloy. 
These reactions occur concurrently,  and both must  
significantly alter the chromium activity in this zone. 
In  contrast  to the re la t ively high populat ion of Fe-Cr  
spinel or rhombohedral  oxide particles formed by in-  
ternal  oxidation in H20-Ar  atmospheres, the com- 
petit ive carburizat ion reaction markedly  reduces the 
depth of this zone and the size and populat ion of the 
oxide particles precipitated. The metallographic and 
optical characteristics of the in terna l  oxide particles 
formed in  carbon dioxide are similar to those formed 
in water  vapor, and it is assumed that  these oxides 
formed in  carbon dioxide are of similar compositions, 
i.e., an Fe-Cr  spinel or rhombohedral  oxide [(Fe,Cr)304 
or (Fe,Cr) 2Cal. 

Electron microprobe scans of several of these speci- 
mens revealed a relat ively uni form chromium distri-  
but ion throughout  the alloy and no indication of the 
pronounced chromium depletion in the region of the 
alloy adjacent  to the subscale noted in the water  
vapor-oxidized specimens (1). The lack of a chromium 
gradient  and the relat ively l imited number  and size of 
subscale particles in the zone of in te rna l  oxidation 
are undoubtedly  related to and affected by the pres-  
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Fig. 4. Isothermal sections of the Fe-Cr-C system at 700 ~ 900 ~ 
end 1100~ [after Bungordt, Kunze, and Horn (13)] in which C1 
= (Fe,Cr)3C, C2 = (Fe,Cr)7C3, and C~ = (Fe,Cr)4C. 

ence of carbon in these alloys. The uni formi ty  of the 
hardness profiles suggests that  the mobil i ty of carbon 
in these alloys is high and much greater than that  of 
oxygen or chromium. Under  these conditions, the lack 
of a zone of chromium depletion and the d iminut ion  
in in terna l  oxidation may not be ent i rely unexpected 
if the presence of carbon reduces the mobil i ty of 
chromium or significantly reduces the solubil i ty or 
diffusivity of oxygen in  the alloy. 

C a r b u r i z a t i o n  Results 
The carburizat ion accompanying the oxidation of 

these Fe-Cr  alloys is clearly indicated by the changes 
in the microstructure and hardness of the remain ing  
alloy. The resul t ing microstructures appear to con- 
form to those predicted by the Fe-Cr-C te rnary  dia- 
grams of Fig. 4 which were constructed from the equi-  
l ibr ium data of Bungardt,  Kunze,  and Horn (13). For 
the ferritic specimens (those that  remain  ferritic at 
the oxidation temperature)  the interpreta t ion is ra ther  
straightforward. However, for the austenitic specimens 
the interpreta t ion is complicated by the na tu re  and 
kinetics of the decomposition of the chromium-carbon 
austenite  during the rapid cooling of the specimen at 
the terminat ion of the oxidation experiment.  Within 
the broad range of alloy compositions and oxidation 
temperatures  employed in these studies, a mul t i tude  of 
variations in microstructures were observed. All of 
these provide evidence of an active carburizat ion ac- 
companying the oxidation reactions in pure carbon 
dioxide. A number  of the more significant aspects of 
these specimens will  be discussed in the following 
sections. 

The histogram of Fig. 5 is a convenient  means of 
ordering the hardness data from this series of experi-  
ments. These hardness values are average micro- 
hardness measurements  (5-10 measurements  aver-  
aged) taken at midthickness of the specimen (stip- 
pled) and taken near  the inner -sca le :a l loy  interface 
(horizontal hatched).  The difference in  these two 
average hardness values reflects the compositional 
var iat ion from edge to center. Since electron micro- 
probe studies of other specimens oxidized under  simi- 
lar  conditions have revealed no significant variat ion of 
the chromium content  of the alloy across the thickness 
of the specimens, this hardness var iat ion is ascribed to 
a carbon gradient. The const i tut ion of the alloy at the 
oxidation tempera ture  is indicated above each of the 
bars of the histogram. In  this designation "C" indicates 
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Table Ill. Phases extracted from Fe-Cr specimens oxidized in 
carbon dioxide 

Spec imen  

Oxida-  Ex t rac ted  phases  
tion 

Alloy, t emp,  Gra in  Gra in  Alloy: 
w / o  ~ C body boundary  innerscale  

1 700 (no CI + Cs CI + C~ § SD 

specimen} 
5 700 Cs C~ Ce + 

15 700 C8+C~ C~+C~ Ca+C~++Sp 
15 900 Ca W + Sp 
5 900 " C "  W + Sp 

Fig. 5. Histogram of the changes in hardness of the alloy re -  

suiting from oxidation in latin C02. Solid bars indicate hardness 
of these alloys oxidized in a carbon free atmosphere, i.e., H20 -~- 
Ar. 

a carbide present  at temperature.  The solid bars super-  
imposed on this plot represent  the hardnesses of 
identical specimens oxidized in water  vapor and, thus, 
the hardness of the carbon-free alloys when cooled 
under  very similar conditions. The increases in  the 
hardness of the alloys oxidized in  carbon dioxide im-  
mediately suggest that the specimens have been car- 
burized dur ing  the oxidation. 

700~ specimens.--Iron and all of the Fe-Cr  alloys 
are ferritic at 700~ and, as shown in Fig. 4, none can 
take up much carbon without  exceeding the solubili ty 
l imit  of the a-field. With the exception of the iron 
specimen, all were carburized to such an extent  that  
carbides formed in the alloys at temperature.  The iron 
specimen revealed no evidence that  carbides formed, 
but  sufficient carbon had dissolved to delineate the 
sub-gra in  s t ructure  on etching. Contrast ingly,  the 
F e - l C r  specimen contained f ragmentary  grain bound-  
ary films of carbides and little, if any, carbide wi th in  
the grains. With increased chromium content the ac- 
t ivity of carbon is reduced. The resul tant  increased 
activity gradient  accelerates carbon solution and leads 
to a rapid saturat ion of the ferrite and carbide pre-  
cipitation. Hence the higher carbide concentrat ion and 
edge hardness  in the higher chromium alloys. The 
spinel replicas of the carbides in the inner  scale, shown 
for a Fe-5Cr alloy in Fig. 2b, are ample evidence that 
the carbides were generated dur ing the oxidation. This 
figure shows a continuous grain boundary  film of 
carbide and a dense dis tr ibut ion of carbide particles 
wi thin  the grains. The grain boundary  carbide fre- 
quent ly  permeated the entire thickness of the speci- 
men, while the grain body carbides were concentrated 
n e a r  the inner-scale:  alloy interface and general ly ab- 
sent at the mid-thickness  of the specimen. 

For the identification of the carbides formed in  these 
alloys dur ing  the oxidat ion-carburizat ion,  the carbides 
were chemically extracted and examined by x - r ay  
diffraction. The specimens employed, and the results 
obtained, are listed in Table III. Two specimens from 
the 900~ oxidation series are included:  the Fe-15Cr 
specimen of Fig. 3 which formed a lamel lar  carbide 
layer  dur ing  oxidation, and the Fe-5Cr specimen which 
metallograpically showed no evidence of carbide. The 
lat ter  specimen thus served as a check on the metal log-  
raphy and a "blank" on the extract ion method. Pol-  
ished specimens of each of these samples were coated 
wi th  a th in  evaporated carbon film and then  deeply 
etched in a 2 v /o  (volume per cent) b romine-methano l  
solution. By vir tue  of the surface carbon film and the 
ne twork  of grain boundary  carbides, the extracted 
carbides retained their  relative positions wi th in  the 
specimen and permit ted sampling from selected areas 
for x - r ay  diffraction studies. The central  port ion of 
the 700~ specimens contained predominant ly  grain 

Note:  the  underscored  carbide phase  is the m a j o r  cons t i tuen t  in  
the  e x t r a c t e d  mix tu re .  

Phase  des ignat ions :  C1, (Fe,Cr)~C [or thorhombic] ;  C~, (Fe,Cr)TC3 
[rhornbohedral] ;  C~, (Fe,Cr)4C [cubic];  "C" ,  v e r y  fine carbides or 
carbon;  Sp, (Fe,Cr}~O~ [spinel];  W, FeO [cubic].  

boundary  carbides; the region near  the inner-scale:  
alloy interface contained both grain boundary  and 
grain body carbides. Samples from these areas were 
unavoidably  contaminated with the complementary 
carbide, but  significantly enriched in one type so that 
the grain boundary  and grain body carbides could be 
identified by their relat ive intensit ies in the two dif- 
fraction patterns. The predominant  phase in the x - ray  
sample is under l ined  in  the table. 

The carbides identified in  the 700~ specimens are 
in substant ia l  agreement  with the equi l ibr ium car- 
bides to be expected from the Fe-Cr -C system of Fig. 
4. The only exception is the rhombohedral  (Fe,Cr)TC3 
carbide (C2) found present  in  the grain boundaries  
of the Fe-15Cr specimen. The lamellar  carbide  formed 
in the Fe-15Cr specimen at 900~ was identified as 
the cubic (Fe,Cr)4C carbide (C3). A more complete 
analysis of the microstructure of this specimen will  be 
offered in a succeeding section. The Fe-5Cr "blank" 
specimen supported the metallographic observation, 
i.e., no carbide particles were recovered. The extracted 
mater ia l  was extremely fine and yielded only weak, 
broad, diffraction bands. Thus the carbon was retained 
in solution in the acicular (martensit ic)  matrix,  or 
precipitated dur ing  cooling as extremely fine carbides 
- - e i the r  too fine to diffract, or too fine to survive the 
chemical extraction. 

The last column of Table III  identifies the phases 
in samples scraped from the alloy interface of the 
inner  scale. In  addition, x - r a y  diffraction pat terns 
were obtained from samples f rom various positions 
wi th in  the inner  scale. These results indicate that at 
700~ oxidation of the carbides to spinel replicas 
is completed wi thin  the inner  scale, while at 900~ 
this oxidation is rapid and vi r tual ly  complete at the 
inner-scale:  alloy interface. 

900~ specimens.--As indicated by the hardness data 
of Fig. 5, the series of specimens oxidized for 24 hr  at 
900~ shows the greatest var ia t ion in hardness changes 
produced by the carburization. The expansion of the 
7-loop by carbon, shown in Fig. 4, permits  the aus-  
tenite phase to form in  the normal ly  ferritic end mem-  
bers of the alloy series, i.e., F e - l C r  and Fe-15Cr. Suffi- 
cient carbon was also introduced into the iron speci- 
me n  to cause the surface adjacent  to the inne r  scale to 
t ransform to austenite, i.e., a carbon concentrat ion in 
excess of 0.015 w/o. On cooling, carbon was rejected 
as discontinuous carbides at the new ferri te bound-  
aries. The Fe-5Cr and Fe-10Cr alloys are, of course, 
ful ly austenitic at this temperature  when  carbon-free.  

The carbon concentrat ion in the F e - I C r  specimen 
was sufficient to convert  the entire specimen to aus- 
tenite. Dur ing  cooling the growth of pr imary  ferri te 
(low C and low Cr) concentrated the carbon in the 
remain ing  austenite.  The enriched austenite  subse- 
quent ly  t ransformed at a relat ively high tempera ture  
to colonies of fine pearlite. Since the mat r ix  is low C, 
low Cr ferrite, the hardness of the specimen remains  
v i r tual ly  unaltered.  The microstructures of Fig. 6 
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Fig. 6. Progressive pearlite formation in Fe-ICr alloy oxidized 
at 900~ in CO2. Comparative microstructure of alloy oxidized in 
H~O -I- Ar at left; etch: Nital ~- picrol. Magnification approxi- 
mately 200X. 

i l lustrate  the progressive increase of pearl i te  in the 
s t ructure  (progressive increase of carbon in the alloy) 
with increasing oxidation t ime in carbon dioxide. The 
left  microst ructure  is of a specimen oxidized in water  
vapor  at 900~ Under  these conditions the alloy re-  
mained completely  ferr i t ic  and the internal  oxidation 
zone penetra ted deeply into the alloy. These differ- 
ences in the micros t ructure  of the specimens oxidized 
in water  vapor  and carbon dioxide give clear evidence 
of carburizat ion in the carbon dioxide a tmosphere  and, 
equal ly  significant, show that the carbon concentra-  
tion increases as the oxidation period is lengthened.  

The Fe-5Cr  and Fe-10Cr alloys, both ful ly austenitic 
at 900~ can dissolve ra ther  large amounts of carbon. 
In the Fe-5Cr  specimen the carbon containing aus- 
tenite rejects  some ferr i te  on cooling and the re-  
mainder  of the enriched austenite t ransforms to a 
martensi te  of moderate  hardness. The Fe-10Cr speci- 
men should reject  a low C, high Cr ferr i te  as a pr i -  
mary  phase; however ,  even  this reaction is suppressed 
by the rapid cooling and a martensi t ic  s t ructure of 
re la t ively  high hardness results. 

The microst ructure  of the Fe-15Cr alloy oxidized at 
900~ has been i l lustrated in Fig. 3 and the ident i ty  
of the lamel lar  carbides established as (Fe,Cr)4C 
through x - r ay  diffraction (Table I I I ) .  X - r a y  fluores- 
cence analysis of the same sample used for the dif- 
fraction study indicated an F e : C r  ratio near  one, 
i.e., 52-54% Fe, 48-56% Cr. These results are in accord 
with the 900~ isotherm of the F e - C r - C  system (Fig. 
4). The core of the sample remains ferritic,  but  may  
dissolve up to 0.05 w / o  C, thus the slight increase in 
hardness of this phase shown in Fig. 5. The boundary 
be tween the ferr i te  core and the lamel lar  carbide zone 
corresponds to the a + v + C3 three-phase  field. 
Faint ly  visible at this interface is a second nar row 
zone. This might  wel l  correspond to the a + C3 field 
required by the phase diagram, for it contains only 
these two phases. However ,  it may represent  the re-  
growth of ferr i te  around the carbides dur ing cooling. 
To accommodate ei ther in terpre ta t ion requires  only a 
minor  adjus tment  in the ferr i te  composition or the 
phase boundaries,  but  nei ther  is known with  sufficient 
accuracy to permit  this distinction. The mat r ix  of the 
zone containing the lamel lar  carbides was austenite 
dur ing the carburizat ion at 900~ and from Fig. 4 
would  contain approximate ly  0.12 w / o  C. This h igh-  
carbon austenite, t ransformed to martensi te  on cool- 
ing, together  wi th  the high concentrat ion of lamel lar  
carbides produce the ve ry  high hardness of this layer.  

11 O0 ~ C specimens. - -The microst ructure  and hardness 
changes of the l l00~ series of specimens requi re  
l i t t le comment  because those containing up to 10 w / o  
Cr are ra ther  similar  to the 900~ austenit ic specimens. 
However ,  it should be noted that  al though these speci- 
mens were  exposed to the oxidat ion-carbur izat ion re -  
actions for only 3 hr  (the oxidation rates were  very  

high at this t empera tu re ) ,  the hardness increases, and 
hence the total  carbon solution, are considerable and 
not much lower than those produced at 900~ in 24 
hr. Thus, both reactions, oxidat ion and carburization, 
occur at great ly  increased rates at l l00~ 

The Fe-15Cr and Fe-20Cr specimens remain  ferr i t ic  
at this t empera tu re  and, unl ike  any of the other  speci- 
mens, these alloys produce an init ial  rhombohedra l  
(Cr203) scale that  is protective.  The protect iveness of 
this scale is shor t - l ived  for the 15 w / o  Cr alloy but 
modera te ly  durable  for the 20 w / o  Cr alloy. As a con- 
sequence, the scale formed on the Fe-20Cr specimen 
var ied  in thickness and the at tack on the under lying 
meta l  was correspondingly varied. The Fe-15Cr speci- 
men  which u l t imate ly  achieved an oxidation ra te  only 
sl ightly lower than that  of the lower chromium alloys, 
showed only a minor  increase in hardness at this t em-  
pera ture  and did not generate  the lamel lar  carbide 
layer  observed in this alloy at 900~ The phase equi-  
l ibria of Fig. 4 suggest the reason for this great  change 
in the observed carburization. At l l00~ it is unl ikely  
that  the carbon potent ial  is adequate  to stabilize a car-  
bide, for this would  requi re  the production of aus- 
teni te  containing more than 0.45 w / o  C. The lack of a 
stable carbide means that there  is no way to deplete 
the alloy of chromium to permit  austenite to form at 
lower carbon potentials. Thus the alloy remains fer-  
ritic, becomes saturated with carbon at a low con- 
centration, and shows only a minor  increase in hard-  
ness. Near the inner - sca le :a l loy  interface small re -  
gions were  observed which may have been austenite at 
l l00~ as a result  of chromium depletion through 
oxide formation. However ,  these were  always small 
isolated areas and this in terpreta t ion is ra ther  specu- 
lative. The observed microst ructure  and hardness 
changes, however ,  are compatible wi th  a carburizing 
process occurring during oxidation. In this case, just  
as wi th  iron at 700~ the saturat ion level  for carbon 
in the ferr i te  is ve ry  low. 

Correlation of hardness and carbon content .--In the 
preceding sections the microstructures  and hardness 
changes were  shown to be compatible with the phase 
equi l ibr ia  of the Fe -Cr -C  system, the new phases gen-  
erated wi th in  the specimens were  identified as car-  
bides, the progressive format ion of pearl i te  in the Fe-  
1Cr specimens oxidized at 900~ was il lustrated, and 
a few estimates of the carbon concentrat ions achieved 
have been deduced f rom the observed phase t rans-  
formations. In order  to develop a correlat ion between 
the carbon content and hardness for one alloy com- 
position, specimens were  systematical ly carburized, 
the hardness measured,  and the specimens then ana-  
lyzed for total carbon content. The Fe-10Cr alloy was 
selected for this s tudy because at 900~ it is austenitic, 
capable of dissolving significant amounts  of carbon 
wi thout  the complication of carbide formation,  and had 
shown a dramatic  hardness increase when oxidized in 
carbon dioxide at this tempera ture .  Accordingly,  speci- 
mens of this alloy were  carburized in an atmosphere 
in which the CO~-CO ratio was controlled at 0.3. At  
this low oxygen potential  wust i te  is not stable, and 
li t t le oxidation accompanied the carburization. Four  
specimens were  carburized in this a tmosphere  for 
periods of 1-20 hr  at 900~ Fol lowing the carburiza-  
t ion of each specimen, the CO,z-CO atmosphere  was 
replaced with purified argon and a 15-hr diffusion 
period at 900~ provided to r emove  the edge- to-cen te r  
carbon gradient.  Af te r  sectioning and measur ing the 
hardness of each specimen, the surface oxide was 
removed by gr inding and the specimens analyzed for 
carbon by combustion. 

The data f rom these carburized specimens are shown 
in Fig. 7 (open circles),  together  wi th  the zero car-  
bon datum point (H20-Ar  oxidation at 900~ and 
three points ( tr iangles) f rom subsequent exper iments  
in which large specimens of the Fe-10Cr alloy were  
oxidized in CO2-CO atmospheres (1 to 4 CO2-CO ra-  
tios) at 1000~ and analyzed for carbon. An ext rapo-  
lation of these data to the hardness measured for 
the Fe-10Cr specimen oxidized in pure  carbon dioxide 
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(square) indicates a carbon content  of 0.14 w/o. This 
carbon concentrat ion near ly  coincides with the solu- 
bi l i ty l imit  of carbon in austenite containing 10 w/o Cr 
as de termined by Bungardt  et al.  (13), Fig. 4. The 
higher hardness at the edge of this oxidized specimen 
may indicate a very l imited amount  of carbide present  
in this area, thus suggesting that  the carburizing po- 
tential  of the gas phase wi thin  the scale s tructure is 
high even though the oxidizing atmosphere employed 
is pure carbon dioxide. Similar ly  the 330 VPHN hard-  
ness of the Fe-10Cr alloy oxidized at l l00~ (Fig. 5) 
suggests that  a carbon content  of approximately 0.08 
w/o  was achieved dur ing the 3 hr of exposure to car- 
bon dioxide. 

Discussion 
The recent  l i terature  provides other evidence for the 

accumulat ion of carbon in Fe-Cr  alloys, in stainless 
steels, and in  certain special steels used in fabrication 
of atomic reactor components. These carbon accumu- 
lations occurred dur ing  oxidation experiments  in car- 
bon dioxide or CO2-CO mixtures  which are normal ly  
considered non-carbur iz ing  (8-11). The rat ionale for 
the carburizat ion of the alloys and steels under  these 
conditions appears to be that the accumulat ion of car- 
bon monoxide, a reaction product, eventua l ly  renders  
the oxidizing atmosphere, carburizing as well. To ac- 
count for the carburizat ion of a var ie ty  of Cr-bear ing  
steels in a flowing carbon dioxide atmosphere,  McCoy 
suggested that  the presence of pores in the outer oxide 
layer  provided gaseous pathways and pockets for ac- 
cumulat ion of carbon monoxide. On the other hand,  
5epson, Antill ,  and Warburton,  in an  extensive study 
of the reaction of a 20Cr-25Ni Nb-stabil ized steel in 
carbon dioxide and carbon monoxide, sugges t  that  
carbon has considerable mobil i ty  in the oxide. Thus it 
was proposed that  the carburizat ion of the steel in  
these studies was caused by carbon which was de- 
posited on the oxide surface and then t ransferred 
through the oxide by a diffusion mechanism. These, 
then, represent  two divergent  views on the mechanism 
for the observed carburizat ion of the steels. There is 
probably meri t  in  both views because the scales differ 
in  composition and structure in these two studies and 
this could lead to different means by which carbon 
accumulates in the steels. Clearly, it is necessary that  
the scales be carefully examined and characterized 
before any coherent and logical scheme for the oxi- 
dation and carburizat ion of these alloys and steels can 
be offered. 

The present  experiments  show that  the outer layer 
of the duplex  scale s tructure is continuous and free of 
any  cracks, fissures, or pores which are observable by 
optical microscopic methods. The kinetic results sug- 
gest that this sound scale condit ion is main ta ined  
throughout  the exper iment  and, thus in order to car-  
burize the alloy, carbon must  permeate the growing 

outer wusti te  layer. The carbon solubili ty and mobil i ty 
in wusti te  have not been established, bu t  the experi-  
menta l  indications are that  the presence of a dense 
scale p e r  s e  does not deter the carburizat ion of the 
aIIoy. On the contrary,  outer scale in tegr i ty  is neces- 
sary to prevent  direct access of carbon dioxide, which 
is decarburizing, to the porous inner  scale and the 
alloy. Carbon accumulat ion in the alloy implies that  
there is a solubil i ty and a mobil i ty  of carbon in wusti te 
which are sufficient to sustain the diffusional t ransport  
of carbon through the outer scale. 

While the exper imental  evidence suggests a carbon 
permeat ion  of the outer scale (no evidence of direct 
admission of gaseous carbon dioxide),  there is doubt 
as to the reaction which is responsible for the init ial  
carbon deposition on the external  oxide surface. Car- 
bon dioxide is general ly considered noncarbur iz ing  
under  these exper imenta l  conditions, and, therefore, 
the generat ion and local accumulat ion of carbon mon-  
oxide is clearly a necessary prerequisi te for carburiza-  
tion to occur. The experiments  show that the rate of 
carbon accumulat ion in the alloy closely parallels the 
oxidation rate, but  this is not unexpected since the 
generat ion of carbon monoxide is directly related to 
the oxidation rate. What  remains  obscure is the na ture  
of the surface reaction of the adsorbed carbon mon-  
oxide which yields carbon. Reactions such as [1] a 
disproportionation of carbon monoxide or [2] the re-  
duction of carbon monoxide are often suggested as 
carburizing processes. These reactions are represented 
by the partial  equations 

2CO(ads) "-> CO2(g) -~ C [1] 

CO(a~s)-* [O] + C [2] 

where subscripts (ads) and (g) are abbreviat ions for 
"adsorbed" and "gas", [O] is an oxygen incorporated 
into an oxide lattice site at the surface, and C is free 
carbon on the oxide surface. However, nei ther  is en-  
t irely satisfactory in  the present  instance, since re-  
action [1] is hindered by the high proport ion of car- 
bon dioxide in the atmosphere and the high tempera-  
ture, and reaction [2] is precluded by the fact that car- 
bon monoxide is reducing to all three iron oxides. It  is 
conceivable that the feasibility of reaction [1] is en-  
hanced by a sufficient local accumulat ion of carbon 
monoxide so that, kinetically,  the reaction can occur. 
However, there is no direct evidence for this, and 
fur ther  speculation about the surface carbon monoxide 
reaction appears unwar ran ted  at this time. 

While the processes responsible for the production 
and t ranspor t  of carbon through the outer scale re-  
main  unresolved, the continued high oxidation rates in 
spite of extensive voids and the carburizat ion of the 
alloy in a normal ly  decarburizing atmosphere suggest 
the generat ion of a CO2-CO atmosphere within the 
voids. Thus the mechanism for the oxidation of the 
Fe-Cr  alloys in  carbon dioxide is similar to that pro- 
posed for H20-Ar  atmospheres (5) with the CO2-CO 
replacing the H20-H2 as the oxygen carrier  between 
the outer and inner  scale layers. In  this situation, 
however, the carburizing reaction has significant con- 
sequences in that considerable s t ructural  changes occur 
wi thin  the alloy, a point  obviously worthy of con- 
sideration in  the s t ructural  use of similar materials  at 
high temperature  in  normal ly  noncarbur iz ing  CO2-CO 
mixtures.  The generation of an oxidizing-carburizing 
atmosphere wi thin  the voids and the prevent ion  of 
direct access of carbon dioxide by a dense, continuous 
outer oxide layer, are both necessary to explain the ob- 
servations in the present  experiments.  
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Any discussion of this paper will  appear  in a Dis- 
cussion Section to be published in the December  1967 
JOURNAL.  
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DTA and X-ray Studies of Electroless Nickel 
J.-P. Randin, P. A. Maire, z E. Saurer, ~ and H. E. Hintermann 

Laboratoire Suisse de Recherches Horlog~res, N euchf~teI, Switzerland 

ABSTRACT 

Electroless nickel and mixtures  of nickel  and phosphorus powders were  
studied by differential  the rmal  analysis. The evolution of heat  during the rise 
of t empera ture  of the electroless nickel specimens is e i ther  17 or 11% of the 
heat  o f  formation of Ni3P, which is the final reaction product. The value  of 
17% corresponds to electroless nickel  with phosphorus contents --~ 8 w/o,  that  
of 11% to contents > 10 w/o.  X - r a y  analysis has shown that  the reaction 
product is Ni~P and that  no other  phosphide is present. Thus one may assume, 
that  electroless nickel  in the as-pla ted state is a supersaturated solid solution 
of phosphorus in nickel  as a metastable in termedia te  state be tween  that  of 
a mix ture  of nickel plus phosphorus and the equi l ibr ium system of nickel  
plus NisP. 

Electroless nickel is a binary alloy of nickel  and 
phosphorus. According to Gutzeit  (1), the phosphorus 
content  varies between 3 and 15 w / o  depending on the 
bath composition and the deposition parameters .  

Severa l  authors (2, 3) expect  the phosphorus to be 
present as nickel phosphide Ni3P in the as-pla ted 
electroless nickel. Fl~chon (4) indicates that  the 
chemical  react iv i ty  of the alloy presents some analogy 
with  e lementary  phosphorus. Further ,  Graham, Lind-  
say, and Read (5) show that  electroless nickel  is not  
amorphous as several  authors bel ieved (2, 4, 6), but  is 
ra ther  a supersaturated solid solution of phosphorus in 
crystal l ine nickel. Goldenstein, Rostoker, Schossberger,  
and Gutzei t  (2) present  some qual i ta t ive  the rmody-  
namic data on this matter.  

In an a t tempt  to establish the nature  of the chemical  
state of phosphorus in as-pla ted electroless nickel, 
x - r ay  and differential  thermal  analysis (DTA) were  
carried out  on this system. 

Experimental Procedure 
Preparation of deposits.--An acid bath of the fol low- 

ing composition was used: NiC12 �9 6H20 : 30 g / l ;  
CH2(OH)COOH : 30 g/ l ;  COOH(CH2)2COOH : 10 g / l ;  
NaF : 3 g / l ;  NaOH to adjust  the desired pH. The re-  
ducing agent  was sodium hypophosphite,  added to the 
bath in a concentrated solution of 500 g/1 at constant 
rate. If  the pH and the nickel  concentra t ion are kept  
constant dur ing the ent ire  deposition time, coatings of 
uniform phosphorus distr ibution can be obtained (7). 
By adjust ing the pH of the bath be tween  5.0 and 4.0; 
deposits with phosphorus contents be tween 3.5 and 11.4 
w / o  are produced for an introduct ion rate  of hypo-  
phosphite of 0.05 mole /h .  Powdery  samples were  pre-  
pared by seeding the bath wi th  pal ladium chloride. 

1 Present  address: Compagnie  des Montres  Longines ,  Saint-Irnier ,  
Switzer land.  

2 P r e sen t  address :  Ins t i tu t  de Phys ique  de l 'Univers i td ,  Neuch;itel ,  
Swi tzer land.  

Electroless nickel  was also deposited on pure nickel 3 
wire and the coatings str ipped off thereaf ter  me-  
chanically. The differential  thermal  analysis carried 
out on both types of samples did not show any notice- 
able difference. The deposits on nickel wire, however ,  
showed a s t rong  prefe r red  orientation. 

DifJerentia~ thermal analysis.--The measurements  
were  made with a Netzsch 4 microcalor imeter  under  
argon atmosphere ei ther in a nickel  sample holder or 
in Py rex  phials sealed under  vacuum. The heat ing rate  
was 2~ the weight  of the samples 500-600 rag. The 
accuracy of the measurements  depends largely on the 
react ion rate and is assumed to be •  for samples 
containing 12 w / o  phosphorus and •  for alloys 
wi th  phosphorus contents of about 4 w/o.  The high 
phosphorus alloys have sharper  react ion peaks. 

X-ray.--The x - r a y  invest igat ion was carr ied out on 
cyl indrical ly agglomerated powder  samples of 1 cm 2 
cross section, pressed at 25 t / c m  2. Part icles smaller  
than 400 mesh (37 m , )  were  used. Under  these con- 
ditions of pressure and part icle size distribution, the 
intensi ty of the diffraction lines was insensit ive to 
fur ther  changes of these two parameters  towards 
higher  pressures and smaller  part icle  sizes. The sam- 
ples did not exer t  any prefer red  orientation. 

The diffraction peak intensities and the angular  
position of its max ima  were  determined on a Philips 
x - r a y  diffraction uni t  equipped with  a scinti l lation 
counter and a pulse height  analyzer. F i l tered C o I ~  
radiat ion (voltage 30 kv, current  10 ma, Fe filter) was 
used. The scanning speed was 1/8 ~ 2~ per minute.  The 
width  of the divergence slit was 1 ~ that  of the re-  
ceiving slit 0.2 mm. 

Results and Discussion 
Differential thermal analysi~.--All the reactions are 

a AT Nickel,  Ni  99% rain.; H. Wiggin  and  Company,  Ltd.,  England.  

Netzsch,  Selb (Bayern) ,  W e s t - G e r m a n y .  
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exothermic.  The shape of the DTA curves, i.e., AT vs. 
tempera ture ,  depends on the phosphorus content  of the 
electroIess nickel  (Fig. 1). 

At phosphorus contents larger  than 10 w / o  one 
single sharp peak appears at a t empera ture  of 310~ 
At lower percentages of phosphorus two reactions are 
observed. Be tween  6 and 8 w / o  phosphorus a diffuse 
line of low intensi ty shows up cover ing the ent ire  
tempera ture  in terva l  f rom 200 ~ to 300~ The second 
peak appears at the same tempera ture  of 310~ as 
before, yet  less intensive and marked ly  broadened to- 
ward  the h igh- t empera tu re  side of the scale. At low 
phosphorus concentrat ions of some 4 w/o ,  broadening 
of this la t ter  peak is even  more pronounced, and the 
reaction fades away only toward 420~ 

Thus, two react ion areas can be dist inguished : one 
below 300~ the other  above 300~ The react ion 
heat  of the former  wi l l  be called Qt that  of the lat ter  
Q._,. The measured Q1 and Q., are plot ted on Fig. 2 as 
a function of the phosphorus content.  The heat  Q2 is 
proport ional  to the phosphorus content  of the electro-  
less nickel whi le  Qt passes through a max im um  at 
about 8 w / o  phosphorus and vanishes thereaf ter  at a 
concentrat ion higher  than 10 w/o.  I t  appears that  the 
total  heat  released is propor t ional  to phosphorus con- 
tent  only up to 8 w/o .  

Two reactions occur at concentrat ions below 10 w / o  
while  only one is observed above this concentration. 

e_ �9 �9 

c_ III 

0 
S 10 15 

Weight percent phosphorus 

Fig. 2. Energy evolved during heating of electroless nickel as 
a function of its phosphorus content: �9 Q1, reaction heat for T 
< 3 0 0 ~  �9 Q2, reaction heat for T > 3 0 0 ~  
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Fig. 3. DTA curves of electroless nickel and Ni -J- red phos- 
phorus ot intermediate phosphorus contents: - -  - -  ~ electroless 
nickel 7.8 w/o phosphorus; - -  Ni -{- 7.8 w/o red phosphorus. 

An x - r a y  study on two samples containing 8 w / o  phos-  
phorus, one heated to complet ion of the reaction, the 
other  to part ial  completion only, namely  to 550 ~ and 
285~ respectively,  revea led  two distinct phases. For  
hea t - t rea ted  samples at 285~ the x - r a y  diagrams 
compare wel l  to those obtained by Graham et at. (5) 
for as-plated electroless nickel, whi le  those heat -  
t rea ted to completion of the react ion show sharp dif-  
fraction peaks of a phosphide and a nickel  phase. 

Comparison be tween  heats of reaction of a nickel-  
phosphorus m ix ture  and of eLectroless n i c k e L - - M i x -  
tures of nickeP wi th  red 6 or white  v phosphorus pro-  
duce heats of reaction of the same order of magni tude  
(Fig. 3). They compare wel l  wi th  the results found 
by Weibke and Schrag (8) who indicate a value of 
48.4 kca l /mole  for the format ion of Ni~P at 630~ As 
ment ioned before, the heat  of react ion of the 
electroless nickel  is a funct ion of its phosphorus con- 
tent. The heat  Q2 of the single react ion which occurs 
at phosphorus contents above 10 w / o  is 5.9 kca l /mole  
Ni:~P. The total heat  of react ion Q1 -~ Q2 for alloys 
with less than 8 w / o  phosphorus is 8.9 kca l /mole  
Ni3P. 

These results are in accordance with  those of 
Goldenstein et aL (2) who state that  the the rmal  evo- 
lution of specimens with  phosphorus contents of 7-10 
w / o  is considerably higher  than 1 kcal /mole .  

Ni3P is the last product  of a series of reactions in 
the solid state for both electroless nickel and a mix -  
ture nickel  + red phosphorus, as will  be shown in the 
next  section. However ,  the heat  evolved on heat ing of 
electroless nickel  is only some 11-1I% of the heat  of 
formation of Ni3P. 

X - r a y . - - N i c k e l  and nickel phosphide, Ni3Po, samples 
were  studied by  x - r a y  diffraction methods. F14chon 
(4) indicates for  Ni3P a te t ragonal  s t ruc ture  (a = 
8.91A, c ~ 4.39A) and states the ext inct ion condition to 
be h ~ k ~ 1 = 2n. Unfor tuna te ly  almost  all  the 
NisP., and Ni2P lines coincide with  those of nickel or 
NisP, so that  it is impossible to assert the existence of 
a Ni and a Ni3P phase only. 

To prove  that  all phosphorus of the samples is 
t ransformed dur ing heat ing to Ni3P wi th  the exclu-  
sion of any other  phosphide, it had to be shown that  
by al lowing the stoichiometric amounts  of Ni and P to 
form Ni3P to react, i.e., 14.96 w / o  phosphorus, no pure  
phase of Ni was al lowed to remain  at complet ion of 
the reaction. The procedure  to prepare and invest igate  
the samples is given in some details hereaf ter :  samples 
of be tween  0 and 15 w / o  phosphorus content  were  pre-  

~ C a r b o n y l - n i e k e l  p o w d e r  T y p e  122 ,  T h e  I n t e r n a t i o n a l  N i c k e l  
C o m p a n y  ( M o n d )  L t d .  

o E .  M e r c k  A . G .  D a r m s t a d t ,  W e s t - G e r m a n y .  

S i e g f r i e d  A , G .  Z o f i n g e n ,  S w i t z e r l a n d .  
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Fig. 4. Intensity of the 111 and 231 reflections of Ni and Ni3P, 
respectively, as a function of the phosphorus content  on ag-  
glomerated powder samples of a mixture of Ni + Ni3P at differ- 
ent concentrations in phosphorus. �9 111 Ni; . . . .  [ ]  231 NhP;  

, calibration curve. 

pared by mixing  and pressing powders of Ni and 
Ni3P. The reflections 111 of nickel and the 231 of NisP 
were recorded and measured as they show strong in-  
tensities and are well  separated from other lines. Fig- 
ure 4 shows that from a value of 5 w / o  phosphorus 
onward the intensi ty  of the 111 reflection of nickel de- 
creases l inear ly  with increasing phosphorus content  
and intercepts the abscissa at 15 w/o. The intensi ty  
of the 231 reflection of Ni3P does not rise l inear ly  with 
increasing phosphorus content. Rather, due to weaker  
absorption of the diffracted beam and stronger second- 
ary radiation, a deviation of the in tensi ty  toward 
higher values becomes progressively impor tant  as the 
phosphorus concentrat ion of the samples continues to 
increase. As a consequence, the measured diffraction 
intensities from electroless nickel have been corrected 
by the amount  of this effect. This is for each phos- 
phorus concentrat ion the ordinate difference between 
the exper imenta l ly  determined curve and its tangent  
through 0 w/o  phosphorus. 

Three series of electroless nickel samples were ana-  
lyzed after a heat  t rea tment  at 400 ~ 500 ~ and 800~ 
respectively. X- ray  in tensi ty  measurements  were also 
performed on a mixture  of carbonyl-nickel  + red 
phosphorus heated at 800~ For all samples a l inear  
decrease of intensi ty  of the I l t  reflection of nickel and 
its disappearance at the stoichiometric composition 
was observed. The relat ion of thd corrected intensities 
of the 231 line of Ni3P vs. phosphorus content  is l inear  
too, and shows an intercept  at the abscissa at 0 w/o  
phosphorus (Fig. 5). These results demonstra te  that  
heat- t reated electroless nickel consists solely of the 
two phases: Ni and Ni3P, with the exclusion of any 
other phosphide. 

,o le 

Weight phosphorus content 

~s 

r 

Fig. 5. Intensity of the 111 reflection of Ni and corrected in- 
tensity of the 231 reflection of Ni3P from electroless nickel heat 
treated at 800~ for 2 hr as a function of its phosphorus con- 
tent: O 111 Ni; [ ]  231 Ni3P. 

The lattice parameter  of electroless nickel samples 
annealed at 8O0~ after agglomeration was determined 
using Nelson-Riley extrapolat ion techniques. Values 
between 3.5237 and 3.5242 _ 0.0003A were obtained. 
The average of these values compare well with the 
ASTM value of 3.5238A. The atomic radii  of phos- 
phorus and nickel are 1.28 and 1.24A, respectively (9), 
i.e., they differ by somewhat more than 3%. From the 
copper-phosphorus system for which the atomic radii 
of both elements are the same, i.e., 1.28A (9), it has 
been shown (10) that  the addit ion of 0.58 w/o  phos- 
phorus to copper changes its lattice parameter  from 
3.6078 kX at 0 w/o  phosphorus to 3.6092 kX at 0.58 w/o 
phosphorus. By analogy it can be concluded that  the 
same amount  of phosphorus in nickel would change its 
lattice parameter  even more drastically. Hence, from 
the very excellent concordance of the measured lattice 
parameter  for electroless nickel with the ASTM value, 
it must  be concluded that the phosphorus content  in 
the heat- t reated nickel phase is very low and that 
therefore only a little if any phosphorus occupies sub- 
st i tut ional  or interst i t ial  positions in the lattice of the 
heat- t reated electroless nickel. 

Conclusions 
Differential thermal  analysis shows that  the heat 

evolution dur ing  heat ing of electroless nickel  corre- 
sponds to about 17% of that of the heat of formation 
of Ni3P for phosphorus contents smaller than 8 w/o, 
and about 11% of this heat of formation for samples 
containing more than  10 w/o  phosphorus. Fur ther  it 
could be shown by x- ray  analysis that  the reaction 
product is Ni3P at the exclusion of the presence of 
any other phosphides. The nickel phase in heat- t reated 
alloys contains very little or no phosphorus in  in ter-  
stitial or subst i tut ional  positions. 

Therefore the as-plated electroless nickel may be, as 
proposed by Graham et aI. (5), a supersaturated solid 
solution of phosphorus in nickel as a metastable in ter-  
mediate state between that of a mixture  of nickel  plus 
phosphorus and the equi l ibr ium system of nickel plus 
Ni3P. It can be considered that this in termediate  state 
includes phosphorus atoms chemically bonded to nickel 
atoms as a phosphide since 83-89% of the heat of for- 
mation of the stable state of nickel plus Ni3P is re- 
leased. This lat ter  supposition is not confirmed by 
previous work of other authors (2, 5) as they do not  
find any diffraction lines from a phosphide phase in 
their  electron diffraction studies. However, as the 
diffraction lines of nickel and phosphides often coin- 
cide wholly or in par t  and as the grain size of the 
as-plated electroless nickel is extremely small  and 
therefore causes a strong line broadening,  the diffrac- 
t ion lines from a phosphide phase would be hardly 
discernible. Moreover, the phosphide phase is expected 
to precipitate in extremely small  grain size, too. 
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ABSTRACT 

The process of electrophoretic deposition of organic coatings has the in- 
herent advantage of superior penetration of the electrodeposited film into 
the interior of hollow metal objects. In the work reported here a mathematical 
treatment of the extent of penetration of electrodeposited film into a tube is 
developed, based on a model that assumes eleetrophoretic deposition ceases 
when either (i) the film is sufficiently thick to block the passage of current 
or (i{) the supply of polymer particles to the substrate is inadequate. Experi- 
mental data relating the length of film penetration to polymer concentration, 
applied voltage, tube radius, and time are also reported. Good agreement be- 
tween theory and exper iment  is obtained. 

The electrophoretic deposition of organic materials  
was first reported by Sheppard and Eberl in  (1) in 
1925. In  the in te rvening  years there has been a wealth 
of information published on the use of classical elec- 
trophoresis for separations and for s tudying double 
layer phenomena.  Investigations of electrophoretic 
deposition and of the electrode reactions involved in 
the process have been few and fragmentary,  however. 
One of the more complete studies was that of F ink  and 
Feinleib (2) in 1948, which also includes a ra ther  com- 
plete bibl iography of earlier work. 

Recently the phenomenon of electrophoretic deposi- 
tion has been successfully applied to an industr ia l  
paint ing process (3), and addit ional  reports, mostly of 
a practical nature,  have begun to appear (4). From 
several studies (2, 5, 6) of the electrophoretic deposi- 
tion of synthetic resins the following facts have been 
obtained. Of the two steps in the process, that of 
movement  of the particles toward the electrode and 
that  of reaction at the electrode, the lat ter  is the con- 
troll ing step. Deposition of the resin at the anode oc- 
curs as a result  of coagulation by metal  ions and /or  
hydrogen ions, with the metal  ions being formed by 
anodic dissolution of the metal  and the hydrogen ions 
resul t ing from the anodic discharge of hydroxyl  ions. 
The deposition obeyed Faraday 's  law at least approxi-  
mately. Unlike the deposition of metals, the electrical 
equivalent  weight of a resin is var iable  depending on 
the degree of neutral izat ion.  

From a practical point  of view the electrophoretic 
deposition process has several inheren t  advantages. 
One of them is its so-called "throwing power" which 
is the subject of this invest igat ion and is defined as the 
abil i ty of an electrophoretically deposited resin film to 
penetrate  into the inter ior  of a hollow metal  object 
(6). In  practical terms this abil i ty permits  the for- 
mat ion of resin films in  difficult to reach corners, 
nooks, and pockets of an  i r regular  work piece (7). 
The deposition of films on inter ior  surfaces, however,  
is a considerably slower process than on exterior sur-  
faces. Previous work in  this laboratory (6) has shown 
that  the actual deposition mechanism on the metal  
surface remains  the same, bu t  that  the potent ial  gradi-  
ent  controll ing the migrat ion of emulsion particles to 

the interior  anode surface changes as deposition occurs. 
In  the present  study a mathematical  formulat ion of 
throwing power has been developed and the validity of 
the resul t ing equations has been tested. 

Mathematical Formulation 
Before proceeding to the mathematical  formulat ion 

of this section it is instruct ive to consider a quali tat ive 
view of throwing power (6). Figure 1 shows two views 
of an idealized throwing power apparatus, viz., a hol- 
low cylindrical  anode immersed in a resin dispersion 
and perpendicular  to a flat cathode. The electric field 
is represented by the equipotent ial  surfaces shown as 
solid lines. At the onset of electrodeposition the field 
would be as shown at the left of Fig. 1. The emulsion 
particles being drawn to the, anode follow the lines of 
force which are everywhere  perpendicular  to the 
equipotential  surfaces. As shown, at t ---- 0 an emul-  
sion particle in  the bulk of the dispersion would mi-  
grate to the outside of the metal  tube. The emulsion 
particles inside the tube are not  subjected to an elec- 
tric field and are not attracted to the inner  wal l  of the 
tube. At the entrance to the tube one component  of 
the field is perpendicular  to the inner  wall  thus pro- 
viding lines of force for the emulsion particles to 
follow. Thus, the outside of the tube is completely 
coated wi thin  a few seconds from the onset of the 
electrodeposition. On the inside of the tube, the mouth 
is coated immediate ly  while the interior  regions of 
the tube are not  coated at all. Tu rn ing  now to the r ight  
of Fig. 1, the process of electrodeposition is shown 

Fig. 1. Lines of force and emulsion particle pathways during 
electrophoretic deposition. 
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Fig. 2. Expanded view of the tube interior near the transition 
region. 

after  a period of time. The equipotent ial  surfaces are 
shown only for the inside of the tube since the outside 
of the tube has long since been coated. Toward the 
mouth  of the tube there  is an electrodeposited layer  
which is essential ly a nonconductor.  The equipotent ia l  
surfaces are now perpendicular  to the nonconducting 
deposit except  in the transition region. As at t = 0 
deposition occurs only in the transi t ion region. As the 
coated region is enlarged the transi t ion region pene-  
trates into the tube. 

In order to develop a mathemat ica l  formulat ion 
from the qual i ta t ive  point of v iew of Fig. 1 it is neces- 
sary to consider the transit ion region in greater  detail. 
At any instant  the tube can be divided into three re -  
gions as shown in Fig. 2. In region A the  walls have  
been covered by an insulat ing film of resin; in this 
region the potential  is essentially constant over  a given 
cross section of the tube, the potent ial  does vary  
l inear ly  wi th  distance along the axis, i.e., there  is an 
axial  potent ial  gradient  V/l.  In region B the potent ia l  
is constant at V. Region C is the transit ion region, and, 
as discussed above, it is here that  deposition of resin 
occurs on the walls of the tubes. It is to be expected 
that  the length of C wil l  be proport ional  to r wi th  a 
proport ional i ty  constant of order unity. No current  
flows f rom C into B, since there is no potential  gradi-  
ent in B. Since one component  of the field in C is per-  
pendicular  to the wall  there  is also a component  of 
the current  density perpendicular  to the wall. Hence 
all the current  flowing f rom region A into region C by 
vi r tue  of the potent ia l  gradient  in region A must  pass 
out through the wall  of the tube in region C. Thus the 
current  density, i, on this port ion of the tube wal l  is 
given by 

V 
2~r2 /=  ~r2~ [1] 

l 

where  K is the conduct ivi ty  of the suspension. Equa-  
tion [1] may  be simplified to give 

K V 
= -- [2] 

2 l 

F rom this point on, two possible models may be con- 
sidered. It  is assumed that  the deposition in region C 
ceases (or is at least considerably slowed down) due 
to: (a) the insulat ing propert ies  of the deposited film, 
i.e., the  deposition ceases af ter  the passage of a given 
quant i ty  of coulombs, or  (b) the deplet ion of resin 
particles f rom the dispersion in the immedia te  vicini ty  
of the tube wall. It  is expected that  the fo rmer  would  
be dominant  at long times, w h e n  the cur ren t  density i 
has become low because of the large value  of l, 
whereas  the la t ter  would  tend to be more  impor tan t  
dur ing the init ial  stages of the experiment ,  when  i is 
still  re la t ive ly  high. 

M a y  1967 

Proceeding to the mathemat ica l  formula t ion  of 
model  (a) it has been shown elsewhere  (6) that  the 
deposition of resin obeys Faraday 's  laws. Thus the 
mass m deposited per  unit  area per  unit  t ime is given 
by 

1 dm R 
. . . .  i [3] 
A d$ F 

where  i is the current  density, R is the equivalent  
weight,  and F is Faraday 's  constant. F rom Eq. [3] it is 
obvious that  the rate  of deposition of resin per  unit  
area in region C is proport ional  to the cur ren t  density. 
It is also apparent  that  af ter  a t ime tc the rate  of 
deposition in region C is marked ly  reduced, due to the 
insulat ing propert ies  of the deposited film of some 
l imit ing surface density p 

p 
to = [4] 

1 dm 

A dt 

Since tc is the t ime taken  for  resin of surface density p 
to deposit over  the wid th  r of region C, the film is ad- 
vancing at a veloci ty dl/dt  given by 

dl r 
- -  - -  [ 5 ]  

dt tc 

Substi tut ion f rom Eq. [2], [3], and [4] into Eq. [5] 
gives 

dl rCoV 
- -  ~ k - -  [ 6 ]  

dt l 

where  k = ~R/2pF, and where  it has also been as- 
sumed that  the conduct ivi ty  K is proport ional  to the 
resin concentrat ion Co with  a proport ional i ty  con- 
stant c~. This, of course, does not imply that  the resin 
dispersion carries the current,  but  ra ther  that  cur-  
rent  t ransport ing ions are introduced into the disper- 
sion in proport ion to the resin concentration. 

The regime described by model  (a) is dominant  at 
long times, i.e., when the t ime t and the length of 
penetrat ion I exceed certain critical values t* and l*. 
Thus Eq. [6] may be in tegrated with these values as 
lower limits to give 

12 -- 1.2 = 2krCoV(t -- t*) [7] 

In order- to  evaluate  t* and l* it is first necessary to 
deal with the regime described by model  (b) which is 
dominant  at t imes less than the critical value t*. 

To treat  model  (b) we must calculate the t ime tc 
requi red  for the resin concentrat ion of the dispersion 
at the tube wal l  to drop f rom C = Co to C = 0 under  
the application of  a constant current  density i. This 
decay is controlled by the diffusion equation 

~C O2C 
= D - -  [8] 

0t 0x ~ 

where  D is the diffusion constant of the resin and x 
is the distance f rom the tube wall. Equat ion [8] is 
subject  to the ini t ial  condit ion 

C(x,0) = Co [9] 

and the boundary condition 

0C 
i = + D  at x = 0  [10] 

ax 

e being a constant of proport ionali ty.  The solution of 
Eq. [8] subject to Eq. [9] and [10] is given by Carslaw 
and Jaeger  (8) 

C(O,t) = C o - - - -  [11] 

The t ime tc when the resin concentrat ion drops to zero 
is therefore  
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a~" D C J  
tc = - [12] 

4i" 

Jus t  as for model  (a),  after t ime tc the rate of dep-  
osition in region C is reduced. In this instance, how-  
ever,  the rate  is reduced because of the exhaust ion of 
resin f rom the vicini ty  of the interface and not be-  
cause of the insulat ing propert ies  of the bui l t -up film. 
Once again we can argue that  it takes a t ime tc to 
cover a strip of width  r, and that  the veloci ty  of the 
advancing film is g iven by 

dl r 
[13] 

d t  tc 

Substi tut ion of Eq. [2] and [12] into Eq. [13] then 
gives 

dL r V  2 
= k ' - -  [14]  

dt Dl 2 

where  k" = ae/zte 2. Since Eq. [14] is expected to apply 
at short t imes it may be integrated,  ignoring effects 
near  the entrance of the tube, subject  to the conditions 
that  l = 0 at t = 0 and that  t < t*,  v iz .  

( 3k '  ) 1/3 
r 1/3 V 2/~ t I/3 [15] 

~ = \  D 

The transit ion f rom regime (b) to regime (a) wil l  
occur when the values of d l /d t  calculated f rom Eq. 
[6] and [14] are of a comparable  magnitude;  to obtain 
l* we therefore  equate  the r igh t -hand  sides of Eq. [6] 
and [14] 

k' V 
l *  : - -  [ 1 6 ]  

k CoD 

and substi tut ion of Eq. [16] into Eq. [15] then gives 

k '2 V 
t* - -  - -  [17] 

3k 3 C o  ~ D 2 r 

so that Eq. [7] becomes 

~ /  V 2 k'2 
l = 2 k r C o V t  + K ~  K ~ - -  [18] 

Co2 D 2 3k 2 

At  t = t* the first te rm of Eq. [18] is twice the second 
term, and it also becomes more dominant  wi th  increas-  
ing time. 

As wil l  be seen below the exper imenta l  results show 
that  t > t* applies most of the time. Thus the dis-  
cussion is concerned chiefly wi th  the verification of 
Eq. [18]. For  t < t* Eq. [15] would apply. 

E x p e r i m e n t a l  P r o c e d u r e  

The determinat ion  of throwing power of an e lectro-  
phoret ical ly  deposited film is an extension of a pro-  
cedure  repor ted  previously  for films deposited on ex-  
terior  surfaces (6). Essential ly the procedure  con- 
sists of submerging a clean bare steel tube (0.9 cm ID 
by 25 cm in length)  in an emulsion contained in a cir-  
cular  one gallon tank (6.5 in. ID by 7.5 in. h igh) .  The 
tank acts as the cathode and the steel tube as the 
anode. The rectifier (Dresser Electr ic  Company, De-  
troit, Michigan) used in this work  operates wi thin  
0-1.000v d.c. and 0-5 amp with  a capacity of 1O,000w. 

The throwing  power  was measured as the length of 
penetra t ion of the  electrodeposi ted film into the in-  
ter ior  of the steel tube. Ini t ia l ly  the tubes were  sawed 
open and the length of penetra t ion measured.  In la ter  
tests a thin meta l  strip was inserted into the tube. 
Af te r  the test was completed the strip was r emoved  
and the length of penetra t ion was easily measured.  
The steel tube could not  be reused wi thout  thorough 
cleaning. The length of penetra t ion into the hol low 
tubes was measured  as a funct ion of voltage, resin con- 
centration, tube radius, and time. 
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The resins used in this work  were  propr ie tary  poly-  
carboxylic  acid resins of an exper imenta l  nature.  Of 
necessity resins f rom several  batches were  used; how-  
ever,  they were  all  s imilar  in na ture  to AROLON| 
EP7992-15-104 resin (Archer  Daniels Midland Com- 
pany) which has an acid value  of 50 to 60. The resins 
were  first neutra l ized to about 40% of the acid value 
with diethyl  amine with sufficient wa te r  added to 
make a paste. The emulsions were  prepared by in-  
ver t ing  the wa te r - amine - re s in  paste in about equal  
parts of water  and then adding slowly with  rapid agi- 
tation sufficient water  to make an emulsion of the de- 
sired per cent solids; 6% in most instances. 

Results and Discussion 

As will  be discussed in this section model  (a) is the 
dominant  model, and consequent ly Eq. [18] provides 
the best unders tanding of the relat ionship between 
the length of penetra t ion and the other variables. The 
various dependencies necessary to test the val idi ty  of 
Eq, [18] are obtained by rea r rangement  and are of the 
form y -~ m x  q- b. 

The first such equation is 

l 2 V 
- �9 = 2krCot  q- K ~  [19] 
v C~D~ 

which predicts a l inear  graph of 12/V plotted vs.  V for  
the region t > t*. As can be seen f rom Fig. 3 a graph 
of t2/V vs. V is almost independent  of V thus estab- 
l ishing that  the slope K is small and is effectively zero 
be tween  200 and 600v. F rom a consideration of Eq. 
[17] it is also apparent  that  a small  va lue  of K dic- 
tates a small  cri t ical  value  t*. Therefore  it is to be ex-  
pected that most of the effects observed in this study 
wil l  be due to regime (a) where  t > t*. 

Since K is effectively zero Eq. [18] predicts a l inear  
graph of l plot ted vs.  \ / V  passing through the origin. 
This is shown to be true exper imenta l ly  in Fig. 4. 

The other var iables  to be considered are resin con- 
centrat ion Co, tube radius r, and t ime t. Rear range-  
ment  of Eq. [18] gives 

V z 
/2Co 2 = 2krCo~Vt  q- K ~ [20] 

D 2 

which  predicts a l inear  12Co 2 vs.  Co 3 dependence pass- 
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Fig. 3. Linear graph showing near independence of 12/V on the 
applied voltage V. 
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Table I. Tube penetration with inserts 
Y = 50Or, r = 1 .20  cm 

t ,  sec  l*, c m  l, c m  l~ - I,*~, c m  

15 O a 6.8 46 
15 6.8 9.3 42 
15 9.3 11.9 55 
15 11.9 14.3 60 
15 14.3 16.3 S4: 

30 1.0 b 9,7 94 
30 3,0 10.6 104 
30 5.0 11.8 114 
30 7.0 12.5 107 

a In  t h i s  s e r i e s  t h e  e l e c t r o p h o r e t i e a l l y  d e p o s i t e d  r e s i n  w a s  b a k e d  
b e t w e e n  r u n s  t h u s  p r o v i d i n g  a c u r e d  f i lm  i n s e r t .  

b In  th i s  s e r i e s  t h e  i n s e r t s  w e r e  t h i n  l e n g t h s  of t y g o n  t u b i n g .  

near  the origin. Thus K is, at best, small  in this in-  
stance. Some variat ion in K between dependencies is 
expected since slightly differing experimental  resins 
were used for each. From Eq. [17] for a finite K there 
is a finite critical value of the time t*. Prior  to t ime t* 
Eq. [15] shows that  /2 vs. t 2/3 dependence would be 
expected. Such a dependence when replotted on /2 vs. 
t coordinates is not inconsistent with the short t ime 
period data of Fig. 7. 

4G 
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Fig. 6. Linear graph of I ~ vs. tube radius r 
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Fig. 7. Linear graph of/2 vs. time t 

ing through the origin provided K is negligible. In a 
similar  m a n n e r  

V2 
/2 __ 2kvCoVt ~- K ~ [21] 

Co eD ~ 

where a l inear  graph of 42 vs. r is predicted and which 
will  pass through the origin if K is negligible. The ex-  
per imenta l  verification of a negligible K for each de- 
pendence is shown in Fig. 5 and 6, respectively. Close 
inspection of Fig. 6 shows that  a straight l ine in te r -  
cepting the ordinate near  the origin is also a possi- 
bil i ty thus indicat ing K may  be small  ra ther  than zero. 
For the t ime dependence Eq. [22] 

V u 
12 ~-- 2krCoVt -t- K ~ [22] 

Co2D 2 

predicts a l inear  12 w. t passing through the origin if K 
is negligible. If the graph of the exper imental  results 
shown in Fig. 7 is extended it intercepts the ordinate 

A consideration of Eq. [7] presents the interest ing 
possibility of placing insula t ing inserts in  the tubes 
prior to deposition. If the length of the insert  exceeds 
l* then t* coincides with the onset of deposition (i.e., 
t* -~ O). Thus Eq. [7] becomes 

/ 2 _ / . 2  = 2krCoVt [23] 

where / is considered to be the length of penetrat ion 
of film plus the length of the insert. Thus if uniform 
deposition times are used the quant i ty  l 2 - -  1.2 should 
be constant  for all  values of / and l*. This is shown 
to be t rue exper imenta l ly  in  Table I where  values of 
1 2 _ / , 2  are displayed and are seen to essentially con- 
stant. 

In view of the good agreement  between the theory 
developed above and exper imental  results shown here 
it is very probable that the model on which the theory 
is based is indeed realistic. 

In  regard to possible applications of this s tudy Eq. 
[18] shows that, of the factors considered, the most 
practical means of increasing the length of penetrat ion 
into a tube is to increase the applied voltage or the 
resin concentration. If the constant  K is sizeable an 
increase in the applied voltage would be especially 
effective. 

Finally,  the equations developed here should also 
describe penetra t ion of aerosols into electrically 
charged tubes such as encountered in electrostatic 
spraying. It is also possible that the present  work, with 
suitable modifications, might  describe the anodizing 
of inter ior  surfaces of cylindrical  tubes. 

Manuscript  received Oct. 31, 1966; revised manu-  
script received Jan. 3, 1967. 

Any discussion of this paper wil l  appear in a Dis- 
cussion Section to be published in the December 1967 
J O U R N A L .  
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Annealing Behavior of Fine-Grained Nickel Electrodeposits 
R. Weil, H. J. Sumka, 1 and G. W. Greene 2 

Department of Metallurgy, Stevens Institute of Technology, Hoboken, New Jersey 

ABSTRACT 

The effect of thickness on the annea l ing  behavior of f ine-grained nickel 
electrodeposits was studied. The first s t ructural  change on heating occurred 
at 310~ in the thinnest  sample (0.13#) and at 255~ when the thickness ex- 
ceeded 1.2~. Heating slightly above these respective temperatures  resulted in 
the same structure regardless of the original thickness. The mechanism by 
which the first s t ructural  change occurred and which therefore was indepen-  
dent  of thickness appeared to consist of crystall i te rotat ion ra ther  than uniform 
boundary  movement.  The s t ructural  changes in the samples were recorded by 
cinematography dur ing  anneal ing in the electron microscope. 

In an earl ier  s tudy (1), of the anneal ing of several 
types of nickel electrodeposits, it was found that  
microstructural  changes in the bulk portion occurred 
at lower temperatures  than those near  the surface. This 
observation corresponded to the findings of Bailey (2) 
and Hu (3) that the recrystall ization temperatures  
of cold-worked, thin films were higher than those of 
bulk. However, a quant i ta t ive  study of the effect of 
the sample thickness on the annea l ing  temperature  at 
which s tructural  changes occur has not yet been con- 
ducted. Electrodeposits are especially suited for such 
an investigation because by the proper choices of sub- 
strate and plat ing conditions it is possible to produce 
specimens with the same structure  over a wide range  
of thicknesses. A study of the effect of thickness on 
the annea l ing  behavior of electrodeposits was there-  
fore undertaken.  In  addition, thin electrodeposits were 
heated in the electron microscope and the s t ructural  
changes directly observed and recorded by cinematog- 
raphy in order to investigate the mechanisms of re-  
crystallizatign. 

Exper imental  Procedure 
Nickel deposits ranging in  thickness from 0.13 to 

40~ were plated in a Watt 's  bath also containing 1 g/1 
1-5 naphtha lene  disulfonic acid (Na salt). The sub- 
strate, an electroformed, f ine-grained and randomly  
oriented copper sheet, and the plat ing conditions were 
the same as in the earlier (1) experiments.  A special 
holder was constructed which exposed an area of 
6.00 x 6.00 cm of the substrate to the plat ing solution. 
The average thicknesses of the specimen were then 
calculated from the weight of metal  deposited. I t  was 
assumed that  the density of the electrodeposits was the 
same as tha t  of wrought  nickel. 

Small  specimens were cut out of the center region of 
each deposit. The copper substrate was stripped from 
the deposit in  an aqueous solution containing 500 g/1 
CrO3 and 50 g/1 H2SO4. The pieces were annealed in 
vacuum at various temperatures  for 1 hr and then  ex-  
amined by t ransmission-electron microscopy. The 
thicker deposits were th inned by the Bol lmann (4) 
method from both sides after annealing.  Th inn ing  from 
both sides insured that the foil which was examined 
came from the center par t  of the deposit. The first 
anneal ing  temperature  was selected on the basis of the 
earlier study (I) .  If no s t ructural  change was ob- 
served, the temperature  was raised. If a change was 
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observed, the temperature  was lowered. This procedure 
was followed unt i l  a temperature  range not  exceeding 
10~ was determined,  at the lower end of which no 
s tructural  change had occurred and at the upper  end 
of which an al terat ion had taken place. 

A 700A-thick deposit was produced in  the same 
manne r  as the thicker ones. Specimens from this de- 
posit supported on nickel grids were placed in the heat-  
ing stage of a Hitachi I-IU-11 electron microscope. The 
tempera ture  was raised to 320~ and the s t ructural  
changes were recorded on motion picture film using a 
Bolex camera with a f 1.4 Switar  lens focussed on the 
fluorescent screen of the electron microscope. 

Results 
A typical s t ructure of the deposits in  the as-plated 

condition is shown in  Fig. 1. It consists of fine crystal-  
lites with poorly defined boundaries and some contrast 
var iat ion wi th in  each. The change in the s tructure 
upon anneal ing  is shown in Fig. 2. Larger  grains have 
formed. However, these grains still exhibit  substructure 
as well as twin  markings.  The boundaries between the 
small crystallites of the remain ing  matr ix  have become 
more clearly defined. 

As already indicated, it was possible to determine the 
range of less than 10~ between the highest tempera-  
ture  at which a s tructure like Fig. 1 was still observed 
and the lowest at which a morphology like that  shown 
in  Fig. 2 was seen. These temperature  ranges, called 

Fig. I .  Representative structure of as-plated deposits as observed 
by transmission-electron microscopy. 
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by the le t ter  A there  is ini t ial ly a small  crystall i te 
showing light contrast. Immedia te ly  to the left  of this 
crystall i te is another  which is gray in the first f rame 
and becomes progressively lighter. When the two crys- 
tallites have the same contrast, there is still a small 
darker  stripe separat ing them. In the last f rame this 

Fig. 2, First structural changes on annealing 

Tsc, for the samples of various thicknesses are l isted in 
Table I and graphical ly  represented in Fig. 3. 

An a t tempt  was made to find the cause of the some- 
what  anomalous behavior  of specimen 104. The dis- 
crepancy was reproducible  and thought  to be due to 
variat ion in the pur i ty  of the deposit. In view of the 
bath addi t ive used, the sulfur content was indicative of 
the amount  of codeposited foreign material .  The sulfur 
contents are therefore  listed in Table I. It is seen that 
samples 103 and 104 have lower sulfur contents than 
the rest. However ,  the Tsc of sample 103 falls on the 
curve with  the other  sample. Therefore  no definite 
reason for the anomalous behavior  of sample 104 can 
be given at this time. 

Samples  annealed at the upper  t empera ture  of the 
Tsc range exhibi ted essentially the same structure re-  
gardless of thickness. It  therefore  appears that  the 
mechanisms in the ear ly  stage of recrystal l izat ion were  
not thickness dependent.  

When the thicker  samples were  annealed at tem- 
peratures  considerably above Tsc, re la t ive ly  large, 
ful ly  recrystal l ized grains were  formed. In the thin 
foils, however ,  heat ing to corresponding tempera tures  
resulted in certain areas becoming thicker  at the ex-  
pense of others as shown in Fig. 4. The areas devoid 
of metal,  which have the l ight contrast, consisted of 
nickel oxide, as identified by electron diffraction. Fig-  
ure 4 shows that the metal  regions had recrystall ized. 
The grains are smaller  however  than those obtained in 
thicker  samples after  anneal ing at corresponding tem-  
peratures.  In many instances, the oxide regions were  
observed to be continuous, surrounding the metal l ic  
ones. 

By examining  the motion picture film of the anneal-  
ing of thin foils in the heat ing stage of the electron 
microscope it was possible to make some deductions 
about the mechanism responsible for the first struc- 
tural  changes. A series of enlargements  of every  sixth 
f rame of the motion picture is shown in Fig. 5. The 
t ime in terval  between the frames in Fig. 5 was � 8 9  
It  can be seen that  the larger  grains of the kind shown 
in Fig. 2 form by the coalescence of small  crystallites. 
This phenomenon can be observed in several  areas in 
Fig. 5. In the region designated in the eighth picture 
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Fig. 3. Variation of Tsc (temperature range in which first struc- 
tural change occurred) with sample thickness. 

Fig. 4. Structure after annealing 700,~,-thick samples at a tem- 
perature considerably above Tsr 

Table I. Tsc and sulfur contents of samples of varying thicknesses 

Sulfur content, 
Sample No. Thickness. ~ Tsc, ~ % by weight 

101 36.2 250-255 0.12 
102 29.7 250-255 0.16 
103 2.88 258-264 0.083 
104 1.22 255-259 0.097 
105 0.77 272-279 0.15 
106 0.39 279-285 0.18 
107 0.30 283-287 0.21 
108 0.25 298-303 0.17 
109 0.17 290-301 0.23 
110 0.13 306-310 Not  d e t e r m i n e d  

Fig. S. Series of frames from motion picture showing sequence of 
first structural changes in 700,~,-thick sample on annealing in the 
electron microscope. 
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stripe has almost disappeared. A similar process in 
which crystall i tes of vary ing  dark shades assume the 
same black contrast  can be seen in region B. In the 
area under  C an init ial ly small, l ight-contras t  crystal-  
lite grows not by uniform boundary motion, but ra ther  
by a process which results in neighboring regions 
slowly changing contrast. Two other crystall i tes which 
become light with increasing t ime can also be seen to 
join the light one, marked C at its upper  left corner. 
The contrast  was not usually uniform throughout  such 
a growing region and its substructure could be ob- 
served readi ly  by t i l t ing the specimen. Unfor tuna te ly  
the crystall i tes were  too small to permit  the de termi-  
nation of their  individual  orientation. 

Discussion 
There are several  possible reasons for the effect of 

thickness on Tsc. All  the samples were  found by elec- 
t ron diffraction to be covered with an oxide film. Such 
a film is probably an impediment  to the motion of de- 
fects. In addition to the oxide, adsorbed mater ia l  as 
well  as surface tension can impede the processes which 
are bel ieved to be responsible for producing the first 
s t ructural  changes on annealing. In terna l  microstresses 
of the type which broaden diffraction lines are be- 
l ieved (1) to be associated with the excess stored en-  
ergy of electrodeposits of the fine-grained, randomly 
oriented type used in this study. These stresses thus 
provide the dr iving force for the processes which oc- 
curred on annealing. Such stresses can be re l ieved 
part ial ly near  the surface which would result  in a 
weaker  dr iv ing  force and a correspondingly higher  
tempera ture  at which the processes can start  in the 
thin samples. A study of the relat ionship between 
microstress and the anneal ing process is cur rent ly  in 
progress, and an additional one on the effects of sur-  
face contaminat ion is planned. 

As the type of s t ructure  shown in Fig. 2 was ob- 
served in all samples regardless of thickness, it is 
probable that  the mechanism observed in the motion 
picture is common to all the deposits which were  
studied. The regions of uniform contrast  become the 
recrystal l ized grains. 

The size of these grains appears to depend on the 
thickness of the deposits. The effect of thickness on 
the grain size after  recrystal l izat ion in cold-worked 
mater ia l  was studied by Furubayashi ,  Fujita,  and 
Taoka (5). These invest igators  found an increase in 
grain size wi th  increasing sample thickness wi th  a 
very  sharp rise when the sample thickness exceeded 
1~. The same relat ionship appears to apply to electro-  
deposits. As Fig. 4 illustrates, the thin films can ac- 
tual ly increase their  thickness locally so as to be 
able to form larger  grains. 

The formation of the larger  grains f rom the small 
crystall i tes shown in Fig. 5 can only be explained by a 
crys ta l l i te - rota t ion mechanism. As the contrast  is 
de termined pr imar i ly  by the deviat ion of crystal  
planes f rom a diffracting position, the observed match-  
ing of the shading implies a lattice rotation. Thus it 
appears that neighboring crystall i tes rotate  to match 
the lattice orientat ion of the growing grains. The 
matching of the lattice planes at the stage shown in 
Fig. 2 is, however ,  not  complete in all directions as 
t i l t ing into different diffraction conditions revea led  a 
misorientation. Twins were  also f requent ly  observed. 
Votava (6) observed similar  contrast  var ia t ion within  
growing recrystal l ized grains in copper, which had 
been cold-worked.  Hu (7) suggested that  recrysta l -  
lized grains form by coalescence of subgrains in cold- 
worked metals. It  would be desirable to have  fur ther  
proof of the rotat ion mechanism. Therefore  some ex-  
per iments  with ini t ia l ly  l a rger -gra ined  deposits which 
would permit  an accurate determinat ion of the crys-  
tal orientat ions by electron diffraction are planned. 

Acknowledgments 
Par t  of the work  reported here was supported by 

the Undergradua te  Science Education Program of the 
National Science Foundation. The sulfur  analyses were  
performed by the Paul  D. Merica Research Laboratory,  
In ternat ional  Nickel  Company. This article is based on 
project  papers submit ted by H. J. Sumka and G. W. 
Greene to the faculty of Stevens Inst i tute  of Tech-  
nology in part ial  fulf i l lment of the requi rements  for 
the degree of Bachelor  of Engineer ing with  High 
Honor. 

Manuscript  received Dec. 16, 1966; revised manu-  
script received Jan. 27, 1967. This paper  was presented 
at the Phi ladelphia  Meeting, Oct. 9-14, 1966. 

Any discussion of this paper will  appear  in a Dis- 
cussion Section to be published in the December  1967 
JOURNAL. 

REFERENCES 
1. R. Weil, W. N. Jacobus, Jr.,  and S. J. DeMay, This 

Journal, 111, 1046 (1964). 
2. J. E. Bailey, Phil. Mag., 5, 833 (1960). 
3. H. Hu, Trans. Metallurgical Soc., AIME, 224, 75 

(1962). 
4. W. Bollmann, "Electron Microscopy, Proc. Stock- 

holm Conference, 1956," p. 316, Almquis t  and 
Wiksell, Stockholm (1957). 

5. E. Furubayashi ,  H. Fujita,  and T. Taoka, "Electron 
Microscopy 1966," Sixth Internat ional  Congress 
for Electron Microscopy, Kyoto, 1, 415 (1966). 

6. E. Votava, Acta Met., 9, 870 (1961). 
7. H. Hu, "Electron Microscopy and Strength  of Crys-  

tals," G. Thomas and J. Washburn,  Editors, p. 564, 
Interscience, New York (1963). 
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in the Oxygen-Niobium System at Very Low Pressure 
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ABSTRACT 

The interaction of low-pressure oxygen with niobium has been investigated 
at temperatures between 300 ~ to 2100~ Four main kinetic patterns can be 
distinguished. At temperatures close to 300~ adsorption proceeds to the 
formation of a saturated surface layer. At intermediate temperatures (about 
500~176 a thin oxide layer is formed; simultaneously oxygen dissolves 
and diffuses into the metal. At higher temperatures (800~176 oxygen 
dissolves rapidly and irreversibly; the observed kinetics can be explained 
by a surface mechanism involving two adsorption states. Finally, at very 
high temperatures (1700~ and higher) niobium oxides evaporate from an 
oxygen-niobium solution. The kinetics of evaporation indicates that a mix- 
ture of NbO~ and NbO evolves, the composition of which shifts from the 
former  to the lat ter  with decreasing oxygen concentration. 

The mechanism of sorption of act ive gases by re-  
f ractory metals  is of considerable interest  in the con- 
text  of corrosion and embri t t lement .  Ni t rogen sorption 
by niobium at high tempera ture  and low pressure has 
been described recent ly  (1-3). This paper presents the 
results of a similar  invest igat ion of the oxygen-n io-  
bium system. 

Exper imental  
The sorption kinetics of the oxygen-n iob ium system 

was invest igated by the constant pressure technique 
[described in detail  e lsewhere  (1-3)] .  In this approach 
the sorption rates are measured directly, and the 
amounts sorbed are found by integration. 

The sample, a ribbon, is heated by means of a sim- 
ple d-c bridge circuit  which supplies v i r tua l ly  constant 
power. The t empera tu re  of the sample remains con- 
stant dur ing sorption since its emissivi ty is not sig- 
nificantly affected by dissolved gas (4, 5). The ob- 
served change in resistance is thus a measure  for the 
concentrat ion of solute. It  has been shown previously  
that  for the oxygen-n iob ium system (6) [and also for 
the n i t rogen-n iobium system (7)] the resistance at 
constant t empera tu re  is proport ional  to concentrat ion 
and that  this proport ional i ty  is independent  of t em-  
perature,  i.e., Mathieson's rule  is obeyed. Gebhardt  
and Rothenbacher  (6) repor t  a resist ivi ty po = 13.96 
~ohm cm at 273~ for clean niobium and a resist ivi ty 
coefficient of solution ~ = -~p/po " 1/c = 0.30 (a /o)  -1 
for the t empera tu re  range 273~176 The resist ivi ty 
po of the one sample to which all the data given here  
refer,  was 14.5 ~ohm cm, and in the sorption runs at 
high tempera tures  a l inear  relat ionship was observed 
also be tween resistance and amount  of gas dissolved. 

~Presen t  address :  Sa rda r  Pate l  Univers i ty ,  Vallabh Vidyanagar ,  
State  of Gu ja ra t ,  India .  

P re sen t  address :  Field Emiss ion Corporat ion,  MeNIinneville, Ore-  
gon. 
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Fig. 1. Increase in the resistivity due to dissolved oxygen, ex- 
pressed as fraction of the resistivity of pure Nb at 273~ 

This is shown in Fig. 1 for three runs at 1428 ~ 1506 ~ 
and 1630~ The curves coincide; the average re-  
sistivity coefficient of solution is 0.3 • 0.02 ( a / o ) - 1  
and was assumed to apply over  the ent i re  t empera tu re  
range studied. The agreement  wi th  the previous value 
(6) is undoubtedly fortuitous in view of the uncer-  
tainties in the measurement .  The amount  of oxygen 
dissolved in the sample could now be obtained inde-  
pendent ly  by integrat ing the sorption rate  curves 
based on pressure measurements ,  and by resistance 
measurements .  Any discrepancy would indicate forma-  
tion of an oxide phase (which would  have  a different 
resist ivi ty from the metal)  ei ther in the bulk or on 
the surface. 

Moreover,  resistance measurements  permit ted  a 
quant i ta t ive  evaluat ion of the kinetics of the degassing 
reaction, which is not associated with  pressure changes 
(see section on resul ts) ;  they were  also the basis for 
defining the sample purity. A sample was assumed to 
be f ree  of oxygen, if after repeated heat ing to about  
2100~ its room tempera tu re  resistance did not de- 
crease further.  

The sample tempera ture  was measured above 
1300~ with  an optical pyrometer ,  or was der ived f rom 
resistance measurements  after  correct ing for the effect 
of dissolved gas. Lower  sample tempera tures  were  de- 
fined in terms of a l inear interpolat ion of resistance 
between 300 ~ and 1300~ 

A magnetic deflect ion-type mass spectrometer  served 
to monitor  CO contaminat ion (general ly  encountered 
in ul t rahigh vacuum systems) as well  as the pressure 
dependence of the ion gauge sensitivity. CO part ial  
pressures consistently below 1% were  found, even at 
high sample temperatures .  The gas source was ana- 
lyt ical  grade oxygen f rom a glass bottle, connected 
to the system by a bakeable ul t rahigh vacuum valve.  
Be tween  10 -7 and 10 -~ Tort ,  the ion gauge and mass 
spectrometer  readings were  proport ional;  at lower  
pressures the ion gauge readings were  consistently 
higher. This discrepancy has been explained by oxygen 
ion emission f rom the grid of the ion gauge (8);  the 
pressures given here  are therefore  based on the mass 
spectrometer  readings. 

The samples for this and the ni t rogen study were  
thin ribbons rol led f rom high-pur i ty ,  zone-refined 
stock. They all were  or iginal ly  microcrysta l l ine  wi th  a 
(110) texture.  At  the end of the exper iments  they ex-  
hibi ted large crystals of 1 mm magnitude,  and high 
prefer red  orientat ion;  however ,  (110), (111), (100), 
and (311) textures  were  observed for different sam- 
ples. The reason for  this var ia t ion  is obscure. The 
effects of surface orientat ion on the sorption kinetics 
were  not  explored quant i ta t ively,  but  the over -a l l  
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Fig. 2. Sticking probability of oxygen at 3 x 10 -s  Torr on nio- 
bium at 300~ as function of coverage. Curves A to D are for 
oxygen concentrations in the sample of O, 0.01, 0.02, and 1 a/o. 

kinetic pat tern  did not differ significantly for the four 
samples studied. Data  are  repor ted  for only one of 
them; its dimensions were  24 x 0.112 x 0.0025 cm. 

Results and  Discussion 
This low-pressure  study is concerned pr imar i ly  wi th  

the mechanisms of adsorption, solution in the homoge-  
neous meta l  phase, and degassing. Four  pat terns  of 
interact ion can be distinguished; they are de termined  
by temperature ,  and to a lesser extent  by pressure. 

Adsorption at room teTnperature.--In Fig. 2 l inear  
plots of st icking probabil i t ies vs. amount  adsorbed are  
shown. The sample was flash heated for a few seconds 
to about 1800~ in u l t rahigh vacuum, and after it had 
cooled to ambient  t empera tu re  (which requi red  about 
2 min) it was exposed to oxygen at a pressure of 
3 x 10 - s  Torr. Curves  A. B, and C represent  adsorption 
runs for oxygen concentrations in the sample of about 
0, 0.01, and 0.02 a/o. The concentrations were  estab- 
lished by flash heat ing the sample after repeatedly  
adsorbing oxygen on it; the adsorbed oxygen is not 
released but dissolves. Curves  ident ical  to D are found 
at larger  oxygen concentrations in the sample (here 
1 a /o ) .  The four  st icking probabil i ty  curve~ pre ap- 
p rox imate ly  parallel,  s traight lines. The deviations at 
ve ry  low sticking probabil i t ies are l ikely to be an ion 
gauge artifact.  

The l inear i ty  of the curves suggests that  adsorption 
of molecular  oxygen on unoccupied sites is the ra te-  
de termining step at room temperature .  Their  paral le l  
displacement  indicates that  the oxygen coverage on a 
f lash-heated sample increases significantly wi th  the 
oxygen concentrat ion in the bulk. This appears to be a 
t rue bulk effect since long- t ime  anneal ing at t empera -  
tures be tween 1300 ~ and 1800~ does not reproduce  the 
sticking probabi l i ty  curve  of a clean sample. The 
sample can be react ivated only by remova l  of oxygen 
from the bulk of the sample (see below).  The re la-  
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Fig. 3. Resistance and sticking probability as function of time 
during oxygen sorption at 3 x 10 - 6  Torr. Constant power input is 
maintained into the sample, equivalent to an initial temperature of 
745~ 
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t ionship be tween bulk concentrat ion and surface 
propert ies  wil l  be discussed in more  detail  later. 

Sorptio~ at intermediate temperatures.--At t em-  
pera tures  above approximate ly  500~ sorption pro-  
ceeds beyond an amount  equiva len t  to a monolayer .  In 
Fig. 3 the sticking probabi l i ty  and the resistance ob- 
served in a typical run  are  plotted vs. time. Constant 
power  input equivalent  to an initial t empera ture  of 
745~ was established; then, at tl, oxygen was ad-  
mi t ted  at a pressure  of 3 x 10 -6 Torr. The ini t ial ly 
high sticking probabi l i ty  drops gradual ly  to a low 
constant value;  the resistance decreases also and goes 
through a min imum at t2. When at t~ the gas flow is 
stopped, the resistance increases more rapidly and 
approaches a constant value. We explain these ob- 
servations as follows. Since the sample is heated at 
constant power, the decrease in resistance (i.e., in 
tempera ture)  be tween h and t2 indicates an increase in 
its emissivity;  this is ascribed to the bui ld-up of a sur-  
face oxide S which is also expected to have a smaller  
st icking probabil i ty  for  oxygen, than the metal.  Ei ther  
a uni form oxide skin is formed which grows in thick- 
ness or ini t ial ly separate oxide patches gradual ly  coa- 
lesce over  the ent ire  surface. At t2 a quasi -s teady state 
is reached;  the rate  of adsorption becomes equal  to 
both the  ra te  of diffusion of oxygen through the oxide 
layer  and into the metal ;  the emissivi ty (and the tem-  
pera ture)  is now constant, and the sample resistance 
increases because of gas solution (which undoubtedly 
takes place also in the t ime in te rva l  be tween  h and 
t2). Af te r  ts, the resistance increases more  rapidly  be-  
cause the oxide layer  dissolves gradually,  and con- 
sequent ly  the emissivi ty decreases, unti l  the original 
t empera tu re  is f inally re-established.  The oxygen con- 
centrat ions der ived by integrat ion of the rate  curve, 
and f rom the increase in resistance, 0.23 and 0.24 a/o, 
agree closely. 

At 3 x 10 -6 Torr,  the described kinetic pat tern was 
observed to about  800~ The upper  t empera tu re  
l imit  increases with pressure. 

The study of the sorption mechanism in the  in te r -  
mediate  t empera ture  range was not pursued sys- 
temat ical ly  despite its potent ia l  va lue  for diffusion 
measurements  and its significance in respect to corro- 
sion, since the present  invest igat ion is focused on the 
mechanism of homogeneous solution and degassing. 

Sorptio~ at high temperatures.---In sorption exper i -  
ments at high tempera tures  the resistance increases 
proport ional ly  wi th  the amount  sorbed (Fig. 1); no 
oxide phase is formed and the gas dissolves uni formly  
in the metal. In Fig. 4 three sorption curves  at a pres-  
sure of 3 x 10 -6 Torr  are shown; they are expressed 
as st icking probabil i ty  vs. bulk concentration. The 
init ial  sticking probabili t ies are approximate ly  the 
same, 0.7, and the same constant value  of 0.2 is ap- 

~ T h e  electron di f fract ion p a t t e r n  of a s u r f a c e  f i lm w h i c h  w a s  
s t r i p p e d  f r o m  a s i m i l a r  s a m p l e  i n d i c a t e s  t h a t  N b O  is  f o r m e d .  
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Fig. 4. Sticking probability S as function of concentration at 
constant, high temperatures. Control pressure 3 x 10 - 6  Torr, ex- 
cept when marked differently. 
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proached at high concentration. 4 However ,  the init ial  
part  of the curve is steeper at lower temperatures .  
(The theoret ical  interpretat ion,  Fig. 5, wil l  be dis- 
cussed later.)  

The st icking probabil i t ies are functions of concen- 
trat ion and tempera tu re  only and are established v i r -  
tual ly instantaneously af ter  any change in conditions. 
The pressure independence is i l lustrated by the curve  
for 1506~ in Fig. 4. In this run  the pressure was 
a l ternated be tween  3 x 10 -7 and 3 x 10 -6 Torr. The 
sticking probabili t ies at the two pressures lie on the 
same smooth curve. No pressure effects on the sticking 
probabi l i ty  were  observed in other h igh- t empera tu re  
experiments ,  i.e., the sorption rates are proport ional  to 
pressure. 

The tempera ture  dependence of the sticking prob-  
abili ty was studied also at approximate ly  constant 
concentrations. Oxygen at a pressure  of 3 x 10 -7 Torr  
was sorbed in wel l -def ined increments,  and the stick- 
ing probabil i t ies were  rapidly  measured for a series of 
temperatures .  In order  to minimize  the exposure  to 
oxygen and the concentrat ion change dur ing such a 
t empera tu re  series, the tempera tures  were  der ived 
f rom the resistances (which were  corrected for the 
effect of dissolved oxygen) .  Constant sticking prob-  
abilities were  established v i r tua l ly  instantaneously 
f rom whichever  direct ion the new tempera tu re  was 
approached. The  data, in a presenta t ion which wi l l  be 
discussed below, are given in Fig. 6. The closely 

t The  s t i c k i n g  p r o b a b i l i t y  r e m a i n s  c o n s t a n t  e v e n  w h e n  e v e n t u a l l y  
a new  phase  p r e c i p i t a t e s  ( i n d i c a t e d  by  a c h a n g e  in  the  slope of  the  
r e s i s t ance  cu rve ) .  S ince  f o r m a t i o n  of a su r face  oxide ,  w h i c h  has  a 
low a c t i v i t y  for  o x y g e n  adso rp t ion ,  w o u l d  be a c c o m p a n i e d  by  a 
d rop  in  s t i c k i n g  p r o b a b i l i t y ,  the  ox ide  phase  a p p a r e n t l y  p r e c i p i t a t e s  
i n t e r n a l l y .  
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Fig. 6. Plots of log [ ( S o - - S f / S - -  Sf) 1 / ~ -  1] vs. reciprocal 
temperatures at constant concentrations (marked in atom per cent). 
Curve A is derived from the slopes of the straight lines in Fig. 5, 
and is equivalent to the plot for unit concentration. 

bunched points represent  measurements  at both in-  
creasing and decreasing tempera ture .  (St icking prob-  
abilities la rger  than one half  the m a x i m u m  value 
tended to drif t  downward  probably because of an in- 
crease in concentrat ion,  and are not included.) 

A model  for explaining the h igh- t empera tu re  
kinetics must  take into account the fol lowing obser-  
vations and postulates in addition to the detai led 
kinetics: CA) Diffusion is so fast re la t ive  to the rate  
of sorption that  dissolved oxygen  is at all t imes v i r -  
tual ly  uni formly distr ibuted in the metal. This deduc- 
tion f rom exper iments  is supported by an estimate, 
analogous to that  for ni t rogen in niobium (2), based on 
the known diffusion coefficient of oxygen  in niobium 
(9). (B) No oxide is formed on the surface or in the 
bulk. This is indicated by the l inear i ty  be tween  re-  
sistance and total  concentration. Also, the concentra-  
tions in this study are far below the saturat ion l imit  of 
oxygen, and no high concentrat ion can be buil t  up at 
the surface because of the high diffusion rate. (C) Re-  
moval  of oxygen f rom the sample in any form is in-  
significant at the tempera tures  of the exper iments  (see 
next  section). (D) The sample surface exhibits  quite 
uni form crystal lographic orientation.  Since samples of 
different orientat ion show the same kinetic pattern,  
crystal lographic surface heterogenei ty  cannot be an es- 
sential  factor in the sorption kinetics. (E) The depen-  
dence of the observed st icking probabil i ty  on only 
bulk concentrat ion and t empera tu re  indicates that  an 
equi l ibr ium between oxygen in the bulk and on the 
surface exists. 

We postulate that  oxygen adsorbs i r revers ib ly  in two 
independent  atomic states differing in binding energy,  
and that  the adsorption process in ei ther state is de- 
scribed by O2 q- 2 sites -> 2 O. Then, the rate law (re-  
ferred to unit  area) assumes the form 

d M  
= ~pS  = v p [ k l ( n l - - a l )  2 q- k 2 ( n 2 - -  a2) 2] [ la]  

d t  
and 

S = k l ( n l - - q l )  2 n u k2(T~2-- a2) 2 [ lb]  

where  S is the observed sticking probabili ty,  ki are 
the rate constants of adsorption, ni the total  numbers  
of sites, and ai the coverages in the two states. We fur -  
ther  assume that  the two adsorption states are at all 
t imes in quasi equi l ibr ium with the solution, i.e., 
t ransfer  be tween  bulk and surface is rapid. These 
equi l ibr ia  are given by 

a~ C 
= K~o ~ K i ~  = Kic [2] 

ni - -  ~i 1 - -  C 

where  the solute density C is expressed as a f ract ion of 
all the interst i t ia l  positions in the metal  s t ructure  and 
Ki ~ is the distr ibution coefficient. Since in our ex -  
per iments  the bulk concentration, c, is a lways small, 
of the magni tude  of 1 a/o, (1 - -  C) is approximate ly  
uni ty  and Eq. [2] can be simplified as shown. By re-  
a r rangement  of Eq. [2] one obtains 

n~ 
( ~ - -  ~i) ---- [3 ]  

1 q-K~c 

We finally assume that  K1 is small  (thus, (nl - -  al) 
nl) and that  K2 is large. These two assumptions are 
equiva len t  to the s ta tement  that  the free energy change 
for t ransfer  of oxygen atoms from the surface to the 
bulk is small  for state 1 and large for s tate 2. By sub- 
st i tut ion in Eq. [ lb]  the ra te  law, in terms of bulk 
concentration,  is 

S =  k l n P  q- k2n~2(1 -ff k2c)-2 [4 ]  

The exper imenta l  st icking probabi l i ty  is for an oxy-  
gen- f ree  sample, i .e.,  at the beginning of the run, 
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Fig. 7. Plot of [(So - -  S t / S - -  S f )  1 / ~ ' -  I ]  at 1515~ vs. concen- 
tration, derived from Fig. 6. 

So =kin12 -~ k2n22; and at higher  concentrations it  ap- 
proaches the value S t = k~nl 2. Both l imit ing values are 
found to be tempera ture  independent ;  thus, adsorp- 
t ion in e i ther  state is not activated. By introducing the 
l imit ing conditions in Eq. [4] and rear ranging  we ob- 
tain 

,(S) =-- ( S~ )1/2 --1=K2c [5] 
S --  S~ 

This general  funct ion of S is dependent  on both the 
oxygen concentrat ion in the bulk and on temperature ,  
since the distr ibution constant Ks is t empera ture  de- 
pendent  also (K2 ---- Ko exp [•  

As a test of the postulated model, f (S)  was der ived 
f rom the three exper imenta l  sticking probabil i ty 
curves given in Fig. 4 and plotted vs. c (Fig. 5) ; a good 
fit to straight lines is obtained. The logari thms of the 
three slopes plotted vs. 1/T (Fig. 6, curve A) lie 
approximate ly  on a s traight  line also. Moreover ,  the 
function f ( S )  was evalua ted  f rom the stieking prob-  
abilities at constant eoncentrations,  measured as func-  
tion of tempera ture  in the sorption run  at 3 x 10 -7 
Torr  (see above) ,  and its logar i thm was plot ted vs. 
1/T (Fig. 6). The points for each concentrat ion define 
paral le l  s traight  lines; they are also paral le l  to line A 
which formal ly  represents the data points for unit  con- 
eentration. As a final test, the function f (S )  at 1515~ 
was read f rom Fig. 6, plotted vs. concentrat ion (Fig. 
7). The points lie on a s traight  line which passes 
through the origin, as requi red  by [5]. 

A heat  of 27 kca l /g  atom is der ived f rom Fig. 6 for 
the t ransfer  of adsorbed oxygen in state 2 into the 
bulk; i.e., the oxygen atoms have an appreciably higher  
binding energy on the surface than when dissolved. An 
energy barr ie r  for solution of gases exists also for 
other  metals, such as molybdenum or tungsten; they 
adsorb active gases, but  do not dissolve them to any 
significant extent.  

Our model  also explains at least qual i ta t ively  the 
effect of oxygen concentrat ion on the room tempera -  
ture adsorption kinetics. On flash heat ing an oxygen-  
covered sample, the adsorbates in both states dissolve. 
However ,  dur ing cooling, the surface state of high 
binding energy  is par t ly  repopulated,  and at h igher  
bulk concentration, it approaches saturation. How-  
ever,  the state of low binding energy remains un-  
occupied. Thus, the observed sticking probabil i t ies 
wil l  decrease wi th  bulk concentrat ion to approach a 
constant value. (Low energy electron diffraction or 
field emission microscopy studies of surface coverage 
and its dependence on bulk concentrat ion would be 
valuable  for confirming our model  for sorption and 
solution.) 

The mechanism of oxidation of niobium has been 
studied previously,  however  most ly at modera te  or 
higher  pressures (10-14). Even  in three recent  invest i -  

gations (15-17) which are closest in exper imenta l  con- 
ditions to the present  study, the pressures employed 
were  still higher  by a factor of about one hundred  or 
more. Large cross sections of the samples, compared 
to that  used here, in combination with  the higher  
pressure may have caused concentrat ion gradients 
which would affect the sorption kinetics (16). More- 
over, in tegral  amounts, sorbed during ra ther  large 
t ime intervals,  were  measured by gravimetr ic  methods 
or der ived f rom resistances; the concentrat ion incre-  
ments in each step were  usually of the magni tude  of 
1 a/o. Thus, no data on the detai led kinetics of sorption 
at very  low concentrat ions could be obtained. How-  
ever, these studies agree in gross features wi th  the 
present  one. Propor t ional i ty  be tween sorption rate and 
pressure, and a l inear  ra te  (here  found at concentra-  
tions above approximate ly  1 a /o)  were  observed. Geb- 
hardt  and Rothenbacher  (16) also repor t  high initial 
sticking probabili t ies of about 0.5. The slight decrease 
of the initial sticking probabil i ty wi th  temperature ,  
which contrasts with the constancy found here, may 
be an art ifact  arising from the l inear extrapolat ion 
of the in tegrated rate  curves f rom higher  to zero con- 
centration. 

High-temperature degassing.--When a sample con- 
taining oxygen is heated in ul t rahigh vacuum, the 
pressure in the system does not  increase significantly 
even at 2100~ i.e., no molecular  oxygen is evolved. 
This is in agreement  wi th  the thermodynamics  of the 
Nb-O system. The vapor  pressure of oxygen over  its 
solution in niobium, as der ived f rom the dissociation 
pressure of NbO and its solubility in niobium (18), is 
very  low (Po2 ~ 106 c2 exp [--18000/RT] Torr)  ; at 1 a /o  
and 2100~ it is about 10 -13 Torr. However ,  on pro- 
longed heating, the sample resistance decreases to ap- 
proach a constant value. Simultaneously,  and dark de- 
posit forms on the wall, which very  act ively sorbs 
oxygen when it is subsequent ly admitted. Since the 
vapor  pressure of the metal  is insignificant except at 
the highest  tempera tures  employed, an unsaturated 
oxide must  evaporate.  

The kinetics of the evaporat ion process was mea-  
sured quanti tat ively,  by mainta ining the sample, 
which previously had been loaded with a known 
amount  of oxygen, at constant tempera ture  and re-  
cording continuously its resistance. At the end of each 
run which, especially at lower temperatures ,  extended 
only over a l imited resistance interval ,  the sample was 
thoroughly degassed at 2100~ The final resistance at 
room tempera ture  was higher  than prior to the part ic-  
ular sorption-degassing cycle, by about 1-2% for every  
atom per cent of oxygen dissolved. This suggested 
evaporat ion of a mix tu re  of NbO and NbO2. The re-  
sistances measured dur ing the runs were  corrected for 
the removal  of metal  (assuming a constant O/Nb ratio 
of the vapor)  and were  converted to oxygen concen- 
trat ions by the relat ionship given in the exper imenta l  
section. 

First  or second order kinetics can be expected de- 
pending on which species evaporates predominant ly  

In co /c  = ki t  
or 

I 1 
= + k2t 

C Co 

The exper imenta l  data fit wel l  the second order ki-  
netics at h igher  concentrations (Fig. 8). Thus, it ap- 
pears that  p r imar i ly  NbOu evaporates,  according to 
Nb(s) -b 2 O(s) --> (NbO2)gas. The Arrhenius  plot (Fig. 
9) of the rate constants ks der ived from the l inear  part  
of the rate  curves results in an act ivat ion energy of 
120 kca l /g  mole of oxygen (or NbO2), and in a pre-  
exponent ia l  factor of I0 I~ (a /o  min) -1. Since for our 
sample the vo lume- to -sur face  ratio was about lO -3 
cm, the preexponent ia l  factor for a ratio of unity 
would  be about l0 s cm (a /o  m i n ) - 1  
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Fig. 9. Arrhenius plot of the second order rate constants for 
oxygen removal from the sample. 

Deviations f rom the second order  plot are found at 
lower concentrations, in a direction which may repre-  
sent the approach to a first order ra te  law (Fig. 8). 
However ,  the low concentrat ions are ra ther  unrel iable  
because of the uncer ta in ty  in the definition of the 
final resistance, and their  quant i ta t ive  interpreta t ion 
in terms of a first order  rate  law did not lead to con- 
sistent results. 

The oxygen removal  f rom niobium, (and from tan- 
ta lum) has been thoroughly invest igated by Gebhardt  
et al. (19). At 1900~176 oxygen and niobium 
evaporated from a 1.6 a /o  solution in the atomic rauo 
of about 1.4-1.2. The kinetics of degassing obeyed a 
first order law at low concentrations, i.e., NbO was ap- 
paren t ly  the principal  evaporat ing species. The acti- 
vat ion energy of evaporat ion was 130 kca l /g  atom of 
oxygen (or NbO).  Deviat ions in the direction of a sec- 
on~ order  law were  noticeable at concentrat ions ap- 
proaching 1 a/o. Thus, the kinetic patterns observed 
by Gebhardt  et al. and by us are at least qual i ta t ive ly  
similar. Moreover,  for identical  tempera tures  the ab- 
solute oxygen evaporat ion rates per uni t  area, at an 
oxygen concentrat ion of 1 a/o, differ by less than a 
factor of 10. This agreement  is ra ther  close in v iew of 
the exper imenta l  uncertainties,  par t icular ly  in t em-  
perature.  

Finally,  the observed similar act ivat ion energies of 
evaporat ion of the two species f rom solution is in 
agreement  wi th  the small  t empera ture  dependence of 
the N b / O  ratio, observed by Gebhardt  et al. They are 
also close to the heats of sublimation est imated f rom 
the l i tera ture;  they  are 134 and 131 ~ 15 kcal for NbO 
and NbO~, respectively.  

Comparison between Sorption Mechanisms 
of  Oxygen and of  N i t rogen 

The low-pressure  interact ion of ni trogen with nio- 
bium has been described previously (1, 2) and has also 
been compared with  pre l iminary  data for oxygen (21). 

The kinetics of h igh - t empera tu re  sorption both of 
ni trogen and of oxygen by niobium can be explained 
to a large extent  by the thermodynamics  of the two 
systems. The heat  of solution of ni t rogen is ra ther  low, 
about 50 kca l /g  atom; therefore  the solution, which is 
atomic, decomposes at h igher  tempera tures  into ni t ro-  
gen and the metal,  and no volat i le  nitr ide exists. Con- 
sequently,  h igh- tempera tu re  sorption of ni t rogen is 
reversible  and obeys an approximate ly  parabolic rate 
law in respect to concentration. Moreover,  the heat  of 
adsorption is of the same magni tude as the heat  of 
solution; thus, the surface coverage is found to be al- 
ways low at the low ni t rogen concentrations studied. 
For  oxygen, the heat  of solution is high, 90 kca l /g  
atom; thus, molecular  oxygen is not released; however,  
at very  high tempera tures  oxygen is removed in the 
form of volati le niobium oxides. Moreover,  two ad- 
sorption states apparent ly  exist. The heat  of adsorp- 
tion in one of them is appreciably higher than the heat  
of solution, and therefore  significant surface coverages 
are encountered even at low bulk concentration. The 
resul t ing i r revers ible  kinetics of oxygen has been dis- 
cussed in detail  in the preceding sections. 

The h igh- tempera tu re  sticking probabili t ies on the 
clean meta l  are about  0.8 for oxygen and 0.05 for ni-  
trogen; this large difference may  be indicat ive of the 
higher  affinity of niobium for oxygen. These sticking 
probabili t ies are t empera ture  independent  for ei ther 
gas; thus adsorption is nonactivated. 

Finally, the room tempera ture  kinetics for the two 
gases is significantly different also. T h e  sticking prob- 
abil i ty curve for nitrogen, which is approximate ly  
horizontal  to quite  high coverages [found also for ni-  
t rogen and molybdenum (21) and on tungsten (22) 
filaments], is not affected by the n i t rogen  concentra-  
t ion in the bulk. The  l inear curve  for oxygen, however ,  
shifts with bulk concentration, thus indicating an in- 
crease in initial surface coverage. The saturat ion cover-  
age for ni t rogen is about half  that  of oxygen on the 
clean sample; moreover ,  it was found in exploratory 
exper iments  that  ni trogen was not adsorbed when the 
oxygen concentrat ion in the sample was significant. 
Thus, it appears that  at room (or high) tempera ture  
ni t rogen adsorbs on niobium only in the surface state 
of high binding energy, but  we suspect that  at lower 
temperatures  it would occupy the low energy state 
also. A similar  two-step adsorption is found in the 
n i t rogen-molybdenum (23,24) and n i t rogen- tungs ten  
systems (22). 
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Electrochemical Studies in Molten li2CO -Na2CO3 
H. E. Bartlett 1 and K. E. Johnson 2 

Chemistry Department, Sir John Cass College, London, England 

ABSTRACT 

It has been confirmed that C and O 2- are the cathode products and CO2 
and 02 the anode products of electrolyzing Li2CO3-Na2CO3 at 550~ In the 
presence of oxide, CO32- is oxidized at p la t inum to CO2 -~ 1/202 by a 6-elec- 
tron process involving the substrate metal. A g + / A g  is a satisfactory reference  
electrode for the concentrat ion range 4 x 10 -3 to 4 x 10-2M Ag +. Formal  
potentials of other  systems on a molal  scale are: Co2+/Co --  0.946v, Ni2+/Ni  
--  0.862v, C0.2, OJC032- -- 0.270v, Ag + in SO42- /Ag  -~ 0.253v. Severa l  other 
metals  corrode or are noble. Ag is corroded by CO2 ~- 02 mixtures  to a satu- 
ration concentrat ion of 1.3 x 10-1M Ag + to 550~ On cooling solutions of 
Ag + in Li2CO3-Na2CO3, a black precipi ta te  of meta l  is obtained. The  bear ing 
of these observations on the corrosion of carbonate fuel  cell cathodes is dis- 
cussed. 

Molten carbonates are well  known as fuel cell media, 
but the basic e lectrochemistry  of these solvents has re-  
ceived at tent ion only recently. 

The electrolytic reduct ion product  of molten car-  
bonates at tempera tures  below 600~ has been identi-  
fied qual i ta t ive ly  as carbon (1-4), and the reduction 
product  at 700~ is thought  to be carbon monoxide  (2). 

The products of oxidation of the melts were  shown 
to be carbon dioxide and oxygen in ratios s trongly de- 
pendent  on conditions (5): at high current  densities 
the CO2:02 ratio approaches 2:1 while  at low current  
densities it is about 1:6 and in the presence of Na202 
about 1: 3. Plots of the discharge potential  at low cur- 
rent  densities v s .  p O  2 -  and log10 Pco2 were both shown 
to have  slopes of 80 mv at 560 ~ (1) f rom which it was 
concluded that  0 2 -  was the species discharged under  
these conditions. Other exper iments  indicated that  
oxide was discharged at a more negat ive potent ial  
than carbonate ion itself. 

EMF measurements  have established the revers i -  
bil i ty of the CO2, 02/CO32- electrode in Li2CO3- 
Na2CO8 at 700~ (6) and of the 0 2 / 0 2 -  electrode (at 
fixed CO~_ pressure)  in carbonate (7) and carbonate-  
sulfate (8) melts. 

A theoret ical  emf series for mol ten  carbonates has 
been obtained (9) and an exper imenta l  order of reac-  
t iv i ty  of certain metals  deduced f rom potentiostatic 
polarizat ion curves (10). The reactions of s i lver  in 
mol ten  carbonates have been observed variously:  the 
t ransfer  of si lver f rom a working  fuel  cell cathode to 
the anode (11), the loss in weight  of si lver upon 
anodizing (12, 13), the dependence of 0 2 -  discharge po- 
tential  at Ag on pO 2- in only basic melts  (14), and a 
reduct ion wave  for a 5 x 10-2M Ag20 solution in 
(LiNaK)2 CO3 (14) have been reported.  The l imited 

" P r e s e n t  address: Atomic Energy Board, Pr iva te  Bag 256, Pre-  
toria, South Africa.  

~Presen t  address: D e p a r t m e n t  of Chemistry ,  Univers i ty  of Sas- 
ka tchewan,  Regina, Saskatchewan,  Canada. 

corrosion of Pt  to Li2PtO3 was also noted (12). 
The present  study was designed to establish a prac-  

tical emf series for Li2CO~-Na2CO3 at 550 ~ to invest i -  
gate the l imit ing electrode reactions at this tempera-  
ture and to a t tempt  to throw light on the working of a 
si lver cathode in a carbonate fuel  cell. 

The success of the work  was governed by the abili ty 
to use a lumina for containing the solvent, a fact which 
is de termined by react ion kinetics and not the rmody-  
namics. The only other  mater ia l  which could be used 
in cur ren t -ca r ry ing  as opposed to equi l ibr ium studies, 
magnesia, suffers from two disadvantages:  its acid 
solubili ty and its iron impur i ty  content. 

Experimental 
AnalaR Na2CO3 and reagent  grade Li2CO3 were  

oven dried at 120~ and mixed  in equimolar  propor-  
tions. [The eutectic mix ture  contains 53.3% Li2CO3 
and melts at 500 ~ (15)]. A large Purox  a lumina cru-  
cible (250 ml capacity) ,  containing smaller  aluminous 
porcelain or a lumina crucibles, was then filled with the 
mix ture  and placed in a glass envelope which was 
stoppered by an a luminum foi l - l ined silicone bung. 

The system was heated under  vacuum in an air or 
potassium ni t ra te  thermosta t  for 12 hr  at 350~ the 
tempera ture  was raised to 450~ and dry CO2 (dried by 
silica gel and molecular  sieve, grade 4A) was admit ted 
to the envelope. The t empera tu re  was then  raised to 
550~ and mainta ined at 550~ for 12 hr  af ter  which 
the silicone bung was replaced by one bear ing the 
electrodes. The process of mel t ing reduced the bulky  
powder  to a l iquid wi th  surfaces 0.5 cm below the tops 
of the smaller  crucibles which thus became wetted.  
The compar tment ing  crucibles could also be wet ted  by 
upset t ing and r ight ing them. The films of mol ten  car-  
bonate served la ter  as salt bridges be tween  compar t -  
ments.  

The electrodes consisted of (a) rods or coiled wire  
supported by thin a lumina tubes (Co, Ni, Rh, Fe, Ag, 
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Fig. 1. Molten salt thermostat: A, water-cooled bearing for stir- 

rer; B, thermometer probe; C, stainless steel container; D, stainless 
steel sheathed electrical heating element; E, glass envelope; F, 
alumina firebrick insulation; G, molten KNO3; H, asbestolite box; 
I, aluminum safety tray. 

Cu) and (b) thin Pt  wire  sheathed in glass well  above 
the mel t  level, with and without  Pt  foil at the end. For  
the COx, O2/CO32- electrode, mixtures  of the gases 
were  bubbled over  Pt  foil electrodes, after having been 
mixed  in two, l m  drying tubes; their  proportions wel~e 
measured by means of capi l lary flow meters,  in turn 
cal ibrated with  a bubble flow meter.  Si lver  sulfate 
reference electrode solutions (16) were  prepared f rom 
dry Ag2SO4 and oven-dr ied  (Li,Na,K)2SO4 (mole rat io 
78: 8.5: 13.5) and placed in closed aluminous porcelain 
tubes (Thermal  Syndicate type 525 or Andermann ' s  
Pythagoras  porcelain) .  

A 50 ml capacity outer  a lumina crucible and one 
compar tment  were  used in the gas analysis exper i -  
ments. In these, any oxygen was displaced by ni t rogen 
before  the electrolysis and the evolved  gases were  
collected in a gas buret. The actual analyses were  per -  
formed with  a Haldanes '  apparatus (17) using 25% 
KOH and alkal ine pyrogal lol  as absorbents. Successive 
samples of gas were  analyzed unti l  the CO2 content  
reached a constant small value. 

Ei ther  an air thermostat  or a mol ten salt bath was 
employed for the measurements .  The air thermosta t  
had two disadvantages:  the heat ing elements  burnt  out 
fa i r ly  f requen t ly  and the mild  steel fans had a work -  
ing life of only six months. The mol ten  n i t ra te  bath  
(Fig. 1) could not be used safely above 570~ because 
of slow disti l lation of KNO3. Both thermostats  were  
control led by a Fielden type TCB7 tempera tu re  con- 
t ro l ler  which switched 10% of the heat ing current  
through a bank of  resistors when the temperature ,  as 
de termined by the the rmomete r  probe, became too 
great. The tempera ture  at any point  remained constant 
to •  ~ and the t empera tu re  gradient  in the region of 
the cell compar tments  was 0.5 ~ cm -1. The t empera tu re  
wi thin  the cell was measured by a ch romel -a lumel  
thermocouple.  

Cur ren t -vo l t age  curves were  obtained wi th  a Cam-  
bridge photographic polarograph (rate of polarizat ion 
300 my  min-~,  ful l  scale deflection 350 ~a). A Wads- 
wor th  potentiostat  was used for controlled potent ial  
work. Large currents  were  der ived f rom a bank of ac- 
cumulators  or an El iminac d-c power  supply and the 
charge measured  with a hydrazine  sulfate coulometer  
(18). A Metrohm coulometer  type ME211 was the  
source of small  constant currents  (up to 20 ma with  an 
accuracy of •  for  coulometr ic  generat ion of 
meta l  ions in solution; it contains a bui l t - in  stop-clock. 
Potentials  were  measured wi th  a Pye  portable  or a 
Cropico type P3 potent iometer .  

At the completion of a set of measurements  the com- 
par tments  were  r emoved  with  gold- t ipped tongs and, 
af ter  cooling, washed on the outside, dried, and 
weighed. The carbonate on the inside was then dis- 
solved out in dilute HC1 and the crucibles dried and 
reweighed.  If oxide was present, it was de termined  by 
difference, the CO2 evolved wi th  HC1 being weighed. 
Si lver  was dissolved in nitric acid and determined 
gravimetr ica l ly  as chloride. Cobalt was determined 
color imetr ical ly  as the Ni t roso-R complex (19). Nickel 
in solution was determined by cathode ray polarog- 
raphy using a K1000 model  polarograph (Southern 
Ins t ruments  Ltd.) :  the peak height  at --0.97v vs. a 
mercury  pool was compared for the unknown and 
several  standards at pH ~ 8. 

Results 
Electrolyt ic reduction. A bulky  black mass of car-  

bon was obtained at a p la t inum cathode at 550~ upon 
electrolysis of a compar tmented  melt. The weight  of 
mater ia l  insoluble in HC1 produced by passing 230 
coulombs was 7.1 mg compared  wi th  7.(} mg to be ex-  
pected for a 4-electron process. Greater  charge yielded 
less carbon than expected, and it was found in these 
cases to have spread along the salt bridge and reached 
the anode compartment .  Microchemical  analysis of an 
acid-insoluble sample  gave 90% C, 1% S, and 9% 
residual  alkali  meta l  salts. X - r a y  analysis showed this 
mater ia l  to be amorphous. Tests for CO, carbide, and 
free alkali  metal  as reduction products proved nega-  
tive. 

Electrolysis wi th  a potent ial  difference exceeding 
3v yielded some sulfide in addit ion to carbon (pre-  
sumably f rom sulfate impur i ty) .  

The quant i ty  of oxide produced at the cathode was 
not reproducible  but  was always in excess of that  pre-  
dicted for CO82- reduct ion to C because of some ther -  
mal  decomposition. 

Electrolyt ic ox idat ion. - -The results of oxidat ion at 
1 cm 2 Pt  electrodes are presented in Table I. With un-  
compar tmented  cells, a brown film formed on the 
anode and the CO2 : 02 ratio depar ted  f rom 2 : 1 
when  a small vo lume of mel t  was used. 

Current-vol tage curve . - -The  cur ren t -vol tage  curve  
obtained with  a dipping Pt micro-e lec t rode  is depicted 
in Fig. 2; it was not reproducible  in detail  f rom --0.5 
to --1.45v vs. the A g + / A g  reference  electrode. 

Metal  ion~metal s y s t ems . - -S i l ve r . - -S i l ve r  was ano- 
dized under  CO2 at 1 atm pressure, and the current  
efficiency found to be close to 100% (coulombs passed 
9.76, Ag + expected 10.9 mg, Ag + found 10.7 mg).  With 
melts prepared mere ly  by mel t ing oven-dr ied  salts 
under  CO2 (3) the current  efficiency was poor. Solu-  
tions of Ag + in the mel t  were  colorless, but  decom- 
posed to form black si lver meta l  on cooling. Con- 
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Fig. 2. Current-voltage curve for LiNaCO3 under CO2 at 550 ~ 
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Table I. Anodic oxidation of Li2CO3-Na2CO3 at 550~ 

S T U D I E S  I N  M O L T E N  Li2COs-Na2CO8 

i'~o. Of 
e l e c t r o n s  

Current Vol.  of  CO~ Vol .  of  0-2 to g i v e  
d e n s i t y ,  a t  S T P  a t  S T P  R a t i o  C o u l o m b s  1 m o l e c u l e  
m a  cm-~ m l  ( _ 0 . 0 2 )  m l  ( •  CO~:O~ p a s s e d  of  CO~ 

1.90 8.9 4.2 2 .1 :1  70.7 1.8 
2.90 16.1 8.4 1.9:1 141.5 2.0 
3.90 3.11 1.54 2 .0 :1  80.3 6.0 
4.70 3.56 3.14 1.1:1 94.6 6.2 

1 a n d  2 r e f e r  to c o m p a r t m e n t e d ,  3 a n d  4 to u n c o m p a r t m e n t e d  
ce l l s .  

centrat ion cells were  generated coulometrical ly,  
and the measured emf's are presented in the 
Nernst  plot in Fig. 3 where  the gradient  in the 
concentrat ion range 4 x 10 -3 to 4 x 10-~M is 0.163v. 
The revers ibi l i ty  of the A g + / A g  electrode was fu r the r  
confirmed by the micropolarization response of one 
electrode with  respect  to one unpolar ized and its sta-  
bil i ty as a function of time, e.g., the  emf be tween  a 
A g / A g  + in carbonate electrode and a A g / A g  + in sul-  
fate electrode (see below) was constant to ___3 m v  for 
8 hr. 

A significant impur i ty  in the carbonates is chloride 
so the effect of added chloride (KC1) on the A g + / A g  
potential  was studied: at low concentrations of C1- 
there was no effect (cf. Fig. 3) but  at h igher  concen- 
trations (~2M)  the potential  became unstable and a 
whi te  not a black precipi tate separated on cooling. 

Simple weight  loss exper iments  showed that  s i lver  
immersed  in the carbonate was not corroded by CO._, 
alone, but was corroded by O2 ( together  wi th  the mini-  
mal amount  of CO2 formed thermal ly)  and even more 
by a 2:1 mix ture  of CO~ and O2. 

Cobalt and nickeL--Only with melts prepared as out-  
l ined under  Exper imenta l  could cobalt and nickel be 
coulometr ical ly  oxidized under  1 a tm CO2 to solutions 
of the bivalent  ions, which were  blue and red-brown,  
respectively.  On cooling the nickel  solutions a green 
color formed and CO2 was evolved. The current  effi- 
ciencies de termined were  100 and 98% (Co ~+ expected 
for 22.5 coulombs = 6.88 mg; Co 2+ found = 6.85 mg; 
Ni 2+ expected for 12.5 coulombs = 5.33 mg; Ni 2+ 
found = 5.2 mg).  The results of concentrat ion cell 
studies appear  in Fig. 4 where  the line of theoret ical  
slope is drawn through each set of points. 

With wet  melts (where  the samples were  not vac-  
uum t reated before melt ing)  a black precipi tate was 
obtained on anodizing cobalt  and ei ther  a green or  a 
black film formed on a nickel anode. When bear ing the 
green film, a nickel electrode had a rest  potential  of 
--0.6v and when  bear ing the black film a rest poten-  
tial of --0.1v (vs. 0.Olm A g + / A g  reference electrode) .  
The black film only formed at high current  densities. 

cJ ,t (~1 

0 oJ 
o I= __o,O 
8-2 .1 -  \ 2  - -  

-3.0 - I  [ i I I [ 1 I 1~I I t [ I 1 " ~ - . o . 8 "  
-180 -240 -3~::)O -350 =420 -48,0 

POTENTIAL V. I,~ Ag/A~* ( ~,V} 

Fig. 3. Nemst plots for Ag+/Ag (line |) and 60% 02/6032- 
(line 2) electrodes in LiNaCO3 at 550 ~ O measurements without 
added chloride; X measurements with 0.354M chloride. 
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Fig. 4. Nernst plots for Ni2+/Ni  electrode at $70 ~ (line 1) and 
Co2+/Co electrode at 540 ~ (line 2) in LiNaCO3. 

Other metals.--Iron reduced the solvent  and rhodium 
and plat inum proved to be noble. Copper became cov-  
ered wi th  oxide and colored the mel t  green on ano- 
dization; it had a rest potential  of ~ --0.45v (vs. 0.01M 
A g + / A g )  af ter  this t reatment .  

Silver sulfate electrode.--Concentration cell mea-  
surements  on the system A g / A g  + in Li2CO3-Na2COJ/  
Ag + in (Li,Na,K)2SO4/Ag are plotted in Fig. 5 where  
the line has the theoretical  Nernst  slope. All  the points 
are wi thin  15 m v  of the line, but  the stabil i ty of each 
individual  sulfate electrode was +_1 mv. The si lver 
sulfate electrode, unl ike the si lver carbonate electrode, 
behaved ideal ly under  ni t rogen or air. 

CO2, O2/CO32- electrode.--A si lver sulfate electrode 
was cal ibrated vs. an Ag + in Li2CO3-Na2CO3 electrode 
and then  used to study the potential  of the CO2, 
O2/CO32- electrode as a funct ion of gas composition. 
The Nernst  equat ion for the system at 550* is 

E = E ~ + 0.0815 lOgl0 Pco2 Po21/2 

and Fig. 6 shows a plot of E vs. logt0 Pco2 Po21/2 where  
the line has the theoretical  slope. The range of oxy-  
gen part ial  pressure, Po2, studied was 0.056 to 0.775, 
above which the electrode response was sluggish and a 
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2 0 0 -  
- 

~ 180 - -  

a. _ _  0 

| 40  

l l t l l l l l l  
- O 8  --0-6 -O'4 --0-2 O O'2 O'4 
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Fig. 5. EMF of the cell Ag/Ag (I) in CO32- / /  Ag (I) in 
SO42-/Ag as a function of Ag2S04 concentration; temperature, 
540~ 
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Table IJ. Formal potentials in Li2CO3-Na2CO3 

brown film formed on the P t  indicator electrode. The 
emf passed through a max imum at Po2 ~ 1/3, as the 
Nernst  equation predicts. 

Discussion 
So~vent electrode proce~ses.--Electrolytic reduct ion 

of the melt  at 550~ undoubtedly  yields carbon and 
oxide but the exper imenta l  observations do not dis- 
t inguish be tween  the processes 

(a) CO32- .5 4 e -  --> C -6 3 0 2- 
(b) C032- ~C02 .5 O2- 

CO2 .5 4 e -  --> C .5 2 0 2 -  
(c) CO32- .5  2e -  ~ C O  . 5 2 0 2 -  

2C0 ~ C . 5  C02 
CO2 .5 4 e -  --> C .5 2 0 2 -  

or (d) CO32- ~ C O 2  .5 0 2 -  
CO2 .5 2 e -  --> CO . 5 0 2 -  

2CO --> C .5 COs 
CO2 .5 4 e - ~  C + 2 0 2 -  

al though the yield of carbon rules out processes (c) 
and (d) wi thout  the final 4-electron step. Thermody-  
namic calculations (20) for pure Li~CO3, the more 
readi ly  reduced component  of the mixture,  indicate 
that  at 550~ the reduct ion of CO2 to C should occur 
at --1.01v (vs. CO2,O2/CO32-) and the reduct ion of 
CO32- to C should occur at --1.65v. The  format ion of 
CO is not  favored,  by ei ther  route, below 700 ~ . The 
cur ren t -vo l tage  curve  could be ascribed to the reduc-  
tion of dissolved CO2 fol lowed by direct reduct ion of 
carbonate, but it is not possible to exclude residual  
moisture and heavy  metals  as the source(s)  of the 
res idual  current  up to --1.45v. Sulfate  impur i ty  is 
c lear ly  not reduced at these potentials.  

Electrolyt ic  oxidat ion of the pure  mel t  yielded CO2 
and O2 according to the  process 

CO~ 2- --2e- ~ C02 + %/2 02 

The oxide concentrat ion at the anode of a small un-  
compar tmented  cell would  be expected to be high so 
that  significant contributions f rom the process 

0 2 -  -- 2 e -  --> u 02 

are not then unexpected.  The b rown film format ion 
a n d  the yield of 1 mole of CO2 per 6F in the uncom-  
par tmented  cell  electrolyses may  be reconciled with  
the oxidat ion of Pt  to Li2PtO3 (12), e.g. 

Pt -I- COs 2- --6e- -* Pt 4+ 4- CO2 -5 �89 O2 

Pt 4 + .5 2Li + .5 3 0 2- -~ Li2PtO3 

These findings are supported by the work of Arkhipov, 
Trunov, and Stepanov (5). 

Eo" m o l e  
T e m p e r -  f rac-  

Coup le  a ture ,  ~ EO' M, v EO' M, v t ion,  v E (9) 

Co~+/Co 540 -- 0.946(_0.008) --0.921 --I.036 --0.94 
N i ~ / N i  570 --0.862(--+0.009) --0.835 --0.955 --0.89 
C02,02/C0~- 550 --0.270(___0.002) --0.220 --0.451 --0.55 
A g * / A g  540-570 0 0 0 0 
Ag+ in  SOs 540 + 0.253 + 0.250 + 0.274 

EMF series.--This is very  limited. Table II shows the 
formal  potentials of the various electrodes on three 
concentrat ion scales. The densities of carbonate and 
sulfate solvents were  taken as 2.029 (21) and 2.13 
m1-1 (22) respect ively.  The column E (9) refers  to the 
calculated potentials of the pure  salts at 600~ (9) and 
shows reasonable agreement  wi th  E o' mole fract ion 
in Li2CO3-Na2CO3. The corrosion of Ag, Ni, and Co re-  
ported by Janz and co-workers  (9, 23) using a te rnary  
alkali  carbonate mix ture  above 600~ was not ap- 
parent  in this solvent  at 550~ This corrosion may be 
the result  of insufficient drying of melts since films, 
and a precipi tate were  formed by Co and Ni in wet  
Li2CO3-Na2CO3 or it may mere ly  reflect the instabil i ty 
of Ag2CO3 solutions at 600 ~ (see la ter) .  Ag2CO3 itself 
and Ag20 both decompose to the meta l  below 500~ 
The details of film and precipi tate  formation constitute 
a separate study: it suffices to suggest that  CoO,NiO, 
and "Ni20s are probably the entities concerned. 

The Nernst  plot for Ag + in carbonate shows curva-  
ture at both high and low concentrations. At  high con- 
centrat ions we would  expect  CO3 ~- discharge and at 
low concentrations, corrosion to Ag + by impurities.  

Indeed, the formal  potent ia l  of the C O 2 , O 2 / C O 3  2 -  

e l e c t r o d e  is negat ive  wi th  respect  to that  of Ag + in 
carbonate, and this implies that  the react ion 

2Ag + + CO32- -~ 2Ag + CO2 + 1/2 O2 

would be spontaneous when all the components were  
at unit  act ivi ty and the reverse  process would proceed 
at 550~ until  an act ivi ty  of Ag + equal  to 1.4 x 10-2M 
was reached. This corresponds to the point at which 
lines 1 and 2 of Fig. 3 cross. In fact a m a x i m u m  con- 
centrat ion of Ag + of 1.3 x 10-ZM can be generated,  
f rom which we deduce an act ivi ty coefficient of 0.11 
for this par t icular  solution. Fur the r  passage of cur-  
rent  through a si lver anode in a mel t  1.3 x 10-1M in 
Ag + only led to evolution of CO2 and O2. Concentra-  
tions corresponding to the upper  curved portion of 
Fig. 3 would include Ag meta l  corroded f rom the elec- 
trode. 

The exper iments  wi th  added chloride were  not defin- 
i t ive beyond indicating a react ion at high C I -  con- 
centrations. 

Corrosion of Ag in ]uel cells.--When si lver meta l  is 
made the working cathode of a fuel  cell, CO2 and O2 
are passed over i t  and wil l  na tura l ly  corrode it  unti l  
the saturat ion concentrat ion of Ag + is obtained. If the 
Ag + is removed f rom the cathode by diffusion or cool- 
ing, in which case Ag is precipitated,  fu r the r  meta l  
wil l  be corroded f rom the cathode. The grea ter  corro- 
sive nature  of mixtures  of CO2 and 02 over  02 alone 
is consistent wi th  the order of electrode potentials  (5) 
and is par t icular ly  impor tant  in this context. 

The mixture  of spent fuel  gases containing H20 with 
the cathode oxidant  is also l iable to accelerate  the cor-  
rosion. 
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Galvanostalametry: A Technique for Chemical Analysis 
John L. Sligh and Abner Brenner 

Nationa~ Bureau o~ Standards, Washington, D. C. 

ABSTRACT 

A method util izing a novel technique to designate the end-point  of a dif- 
fusion controlled electro-reducible or -oxidizable reaction has shown promis-  
ing analytical  capability. The apparatus consists of a J-shaped, evacuated glass 
tube in  which a column of electrolyte is suspended under  tensile stress in the 
longer limb. One electrode is sealed into the top of the J and the other into 
the short limb. The formation of a minu te  amount  of gas at the upper  elec- 
trode by electrolytic discharge of hydrogen or oxygen causes the column of 
electrolyte to suddenly drop. It has been found that, in the cons tan t -cur ren t  
electrolysis of a suitable support ing electrolyte containing an electroreactive 
ion, the t ransi t ion t ime required for the column to drop is a function of the 
concentrat ion of the ion. The use of this method as an analyt ical  tool and its 
relationship to chronopotent iometry are discussed. 

A survey of the principles and applications of gal- 
vanosta lametry  was the subject of a previously pub-  
lished paper by the present  authors (1). Briefly, the 
method involves the dropping of a vert ical  column of 
electrolyte which is metastably suspended in an 
evacuated glass tube under  the tensile stress of its own 
weight. Electrolytic production of a gas (usually hy-  
drogen or oxygen) at an indicator electrode which is 
sealed into the top of the column causes the column of 
electrolyte to suddenly collapse. The fall of the column 
indicates the final stage in an electrolytic reaction, 
similar to the point  of inflection in  a plot of electrode 
potent ial  vs. time in chronopotentiometry.  

The suspension of the electrolyte in the evacuated 
tube results from the adhesion of the liquid to the top 
of the glass tube and the cohesion of the liquid. I t  is 
well  known that liquids possess considerable tensile 
strength. Briggs (2) showed that only a monomolecu-  
lar layer of hydrogen or oxygen on the indicator elec- 
trode sufficed to disturb the metastable equi l ibr ium 
and cause the column to drop. This characteristic 
makes the method a very sensitive means for the de- 
tection of the ini t ial  generat ion of gas at an electrode. 
The fall  of the column immediate ly  breaks the elec- 
trical circuit, and this feature can be used to record 
the period of current  passage automatically.  

The analyt ical  application of galvanostalametry de- 
pends on the relat ion that the t ransi t ion t ime or the 
period before the column drops (with passage of a 
constant current)  varies with the concentrat ion of an 

electrochemically active substance (except for the con- 
sti tuents of water) .  The fall of the column indicates 
that  the concentrat ion of the oxidizable or reducible 
ion at the electrode solut ion-interface has been de- 
pleted and a new reaction, the discharge of hydrogen 
or oxygen, has begun. The measured time must  be 
corrected by a blank, which is the period before the 
column drops in the presence of a support ing electro- 
lyte, that  is one which involves only the decomposi- 
tion of water on electrolysis. For most of the experi-  
ments, the b lank  amounted  to about 0.3 sec. This 
subject  is discussed in  more detail  in the text. 

Apparatus 
The apparatus described in  the previous publication 

(1) has been simplified and made smaller for the ana-  
lytical applications. An  at tract ive feature of the gal- 
vanostalametr ic  procedure is the relat ive economy of 
the exper imental  equipment  compared to that  of other 
automatic electroanalytical  methods. 

The analytical  cell, shown in Fig. 1, was constructed 
in two pieces. The main  part  consisted of a vert ical  
glass tube, the lower end of which te rminated  in an 
elbow which enlarged into a spherical reservoir of 
about 30 ml  capacity. The lat ter  was equipped with a 
tubu la r  opening which was used for in t roducing the 
electrolyte and the secondary electrode, as well as for 
evacuating the vessel. The upper  end of the vertical 
tube carried an "O" ring, connector for connecting to 
the top par t  of the cell. This part  was a small  vertical  
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Fig. I. Diagram of vessel used for analytical applications of 
galvanostalametry. Length of column of liquid, 25 cm; diameter of 
column, 7ram; volume of bulb, 30 ml. 

extension in which was sealed a p la t inum disk, 0.5 cm 
in diameter,  serving as indicator electrode. The exten-  
sion was readi ly  at tached to the main section with  a 
clamp to make a vacuum- t igh t  vessel. The demount-  
able feature  of the extension, holding the indicator 
electrode, was a considerable improvement  over  the 
ear l ier  apparatus, as it permi t ted  easy removal  for 
cleaning and inspection. The vessel was evacuated by 
an ordinary  vacuum pump af ter  in t roducing the elec- 
trolyte. The degree of evacuat ion was not critical as it 
was l imited by the vapor  pressure of the liquid. A good 
aspirator  can be used. 

The period of electrolysis, which was te rminated  by 
the dropping of the columns, could be t imed with  an 
ordinary  stop watch. Since most of the determinat ions  
were  of the order of only several  seconds, t iming was 
done more  accurately wi th  an electric stop clock with  
the smallest  division 0.01 sec, thus permit t ing  est ima- 
tion to a few milliseconds. The dropping of the column 
caused almost  a complete  cessation of current  flow 
and at the same t ime a large vol tage bui ld-up across 
the electrolyt ic  cell. The t imer  could be stopped auto-  
mat ical ly  by a re lay which was t r iggered ei ther by the 
increase of voltage across the cell or by the decrease of 
vol tage across a resistor. 

An invest igat ion with  an oscillograph showed that  
the t ime in terval  be tween  the inc ip i en t  drop of the 
column and the cessation of current  flow was about 0.3 
sec. The  stoppage of current  was not instantaneous be- 
cause a diminishing current  continued to flow between 
the fal l ing l iquid and the electrodes via the film of 
l iquid draining down the walls of the tube. This period 
of t ime could constitute a serious loss of precision in 
exper iments  which involved  a transi t ion t ime of only 
a few seconds. The precision of de termining  the end-  
point was considerably improved by using an elec- 
tronic re lay  that  operated on a change of about 100 
my, which is about 1% of the vol tage change that  oc- 
curred across the cell  at the end-point .  This increased 
the precision in detecting the ini t iat ion of the dropping 
of the column to a few hundredths  of a second. 

Details of Experimental Manipulat ion 
About  20 ml of the electrolyte  to be examined was 

introduced into the cell through the tubular  opening 
in the reservoir  by a means of a 20 ml  graduated 
syringe. A length of vacuum rubber  tubing fitted wi th  
a screw clamp was at tached to the tubulation,  and the 
cell  was evacuated. The screw clamp was adjusted 
continuously to avoid violent  boil ing of the solution. 
On completion of the evacuation, the screw clamp was 
tightened. At  this point the levels of electrolyte  in the 
column and the reservoi r  were  equal. The cell was 

next  inver ted  slowly, permi t t ing  the solution to flow 
f rom the reservoir  into the evacuated tube. This must 
be done careful ly  as a sudden impact  of the l iquid 
would produce minute  bubbles which would rise ve ry  
slowly. After  residual  gas bubbles had floated upward  
and were  t rapped in the reservoir,  the vessel was 
r ighted;  the column of l iquid then remained suspended 
in the vert ical  tube. Electr ical  connections were  made 
to the electrodes, a constant current  was passed, and the 
period of its durat ion measured before  the fall  of the 
column. A delay of 2 min was interposed be tween  suc- 
cessive measurements ,  to a l low the electrode to re turn  
to a reproducible  condition. Consecutive measurements  
general ly  checked wi th in  1 or 2%. 

In most of the exper iments  a constant current  of 2.5 
ma  was used with  the p la t inum electrode (area 0.2 
cm2). The current  f rom a 135v bat tery  passed through 
a resistance in series wi th  the cell. The resistance 
served to keep the cur ren t  approximate ly  constant de- 
spite the development  of polarization in the cell. 

Transition Time Involved in the Decomposition 
of W a t e r  

The analytical  application of ga lvanosta lametry  de- 
pends on the t ime ( transi t ion time) requi red  to de- 
plete the concentrat ion of an electrochemical ly act ive 
ion (with a constant current)  at the electrode solu- 
t ion-interface.  The dropping of the column indicates 
this time. As a l ready noted, the collapse of the column 
results f rom the discharge of hydrogen or oxygen, 
which form a monomolecular  film of gas on the elec- 
trode. Thus the analytical  de terminat ion  also involves 
a transition t ime for the electrolysis  of water  and the 
relat ion of this t ransi t ion t ime to that  requi red  for the 
discharge of the other ions must be made clear. 

The first exper iments  wi th  the dropping of the 
column were  done by Briggs (2) who discharged a 
condenser t h r o u g h  electrodes. His results indicated 
that  the dropping of the column, in the absence of 
react ive ions other than hydrogen and oxygen, was 
dependent  on the  passage of a certain min imum num-  
ber of coulombs through the system, which we shall 
re fer  to as the crit ical  charge. He did not de termine  
the t ime of current  flow, but  since the discharge of a 
condenser was used the t ime was short. 

The present  exper iments  were  made to determine  if 
the blank transi t ion t ime in wa te r  (0.5M H2SO4) for 
the formation of a monolayer  of hydrogen, fol lowed a 
relat ionship similar  to that of other electroact ive ions. 
Since the current  f rom a condenser is not constant, the 
current  was obtained f rom a square wave  generator  
in pulses ranging f rom a mill isecond to about 1 sec. 
Because the charges obtainable were  small,  an indi-  
cator electrode of small  area was chosen so that  the 
current  density on it would be of sufficient intensi ty 
to cause the column to drop. The indicator electrode 
was made by sealing a p la t inum wire 0.4 mm in diam- 
eter in glass tubing and then exposing the cross section 
of the wire. 

In these experiments ,  the procedure for determining 
the transit ion t ime consisted in making a series of 
determinat ions using square wave  pulses. In each suc- 
cessive exper iment  the ampl i tude  of the pulse, having 
a fixed pulse width, was increased unti l  one was found 
that  caused the column to fall. 

The results of the measurements ,  which are given in 
Table I, confirm Briggs'  v iew that, to a first approxi-  

Table I. Cathodic pulse current data showing the approximate 
constancy of the critical charge in 0.5M sulfuric acid. 

Pulse  d u r a t i o n ,  Cr i t i ca l  charge ,  
msee  C u r r e n t ,  m a  c o u l o m b s  x 10-o 

0.03 132 4 
0.1 46 4.6 
0.5 12.5 6.25 
1.0 7.25 7.25 
5.0 2.1 10.5 

10.0 1.1 11 
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Fig. 2. Relation between voltage and time in the dropping of a 
column by anodic oxidation of 0.05M iodide ion in 0.5M sulfuric 
acid solution. The trace was made with an oscillograph. The arrow 
indicates the position of the point of inflection of the curve that 
would he used for chronopotentiometry. 
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Fig. 3. Amplified portion of the curve of Fig. 2 in the region of 
the point of inflection, Trace obtained with an oscillograph. 

mation, a constant amount  of charge is requi red  to 
drop the column. The var ia t ion  in the critical charge 
was only about threefold for a more  than a 300-fold 
var ia t ion in the durat ion of the pulse. Thus, to a first 
approximation,  Qc = Ira -- constant, where  Qc is the 
critical charge, I is the current,  and ta is the t ransi t ion 
time for water.  The transi t ion t ime ta is, thus, inversely  
proport ional  to the  current  

Qc 
~a ~ 

I 

This point  of inflection was found to precede the 
dropping of the column in galvanostalametry.  It  was 
observed with  a recording oscil lograph that  has a ful l -  
scale response of less than 1 msec. A reproduct ion of 
an oscil lograph t race  is shown in Fig. 2. The point  of 
inflection indicated by the a r row was too small  to be 
clear ly  seen on the same trace as that  including the 
ga lvanos ta lametry  end-point .  To make  the inflection 
point clear, an amplification of the lower  part  of Fig. 2 
is shown in Fig. 3. 
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This observat ion shows that  the ga lvanos ta lametry  
transi t ion t ime includes a small  additional t ime (for 
the critical charging of electrodes) beyond the point 
of inflection. However ,  this does not cause a difficulty 
in analytical  determinations,  since a cal ibrat ion can be 
made with  solutions of known concentration. 

Galvanostalametry Determinations of Concentration 
For  determinat ion of the concentrat ion of an ion by 

galvanostalametry,  a calibration curve was made using 
a few solutions of known concentration. The plot of 
the square root of t ransi t ion t ime vs. concentrat ion 
was linear. The  reproducibi l i ty  of determinat ions  was 
usually of the order  of 1.5% under  the best conditions. 
With some ions, difficulties were  occasionally encoun- 
tered owing to the fai lure  of the electrode to function. 
This will  be discussed in the re levant  places in the 
fol lowing t rea tment  of analyt ical  applications. Both 
homogeneous and heterogeneous electrode reactions 
were  investigated. 

The transit ion t ime for the discharge of hydrogen or 
oxygen, therefore,  differs f rom the transi t ion t ime tb 
for the discharge of ions which are under  diffusion 
control  as given by the Sand (3) equat ion 

where  K is a constant, C is concentrat ion (mole/cm3),  
and I is the constant electrolysis current  (amp).  

This la t ter  relat ion limits the applicabil i ty of gal-  
vanos ta lametry  for  short  t ransi t ion periods, such as 
milliseconds. This is because as the current  I increases, 
the transi t ion t ime tb for the discharge of an ion de- 
creases rapidly ( inversely as the square of the cur -  
rent) ,  whereas  the transit ion time, ta, for the decom- 
position of wa te r  decreases more  slowly. Thus, in the 
range of milliseconds, the value of tb becomes of the 
same order  as ta and there  is a loss of accuracy in 
de termining  tb. 

The effect of a short t ransi t ion time on a de termi-  
nation is shown by the data in Table II. In these ex-  
per iments  the current  used in each exper iment  was in- 
creased as the iodide concentrat ion was increased, so 
as to keep the t ransi t ion t ime in each exper iment  about 
1 msee. The crit ical  charge (blank correction in the 
absence of iodide ion) was re la t ive ly  large, 7.5 x 10 -6 
coulombs. The quant i ty  of charge used for discharging 
iodide ion is considered to be the difference between 
the blank and the value given in column 2. It ranged 
f rom about 1 x 10 -6 coulombs for the 0.01M iodide 
solution to about 5 x 10 -8 coulombs for the 0.10M 
solution, which values are smaller  than the blank cor- 
rection. These data show that  ga lvanos ta lametry  would 
not be very  accurate for small  t ransi t ion times because 
of the targe b lank  correction. 

Relation of the End-Points of Galvanostalametry 
and Chronopotentiometry 

The end-point  in chronopotent iometry  is the point 
of inflection of a curve of electrode potential  vs. time. 
The change in voltage at the end-point  varies  wi th  the 
system, but  it is not large, ordinar i ly  of the order of 
several  tenths of a volt. The end-point  of the reaction 
is best obtained f rom a graph. 

Table II. Effect of sodium iodide concentration on the critical 
charge for a fixed transition time of 1 msec in 0.SM sulfuric acid 

Coulombs*  
M o l a r  C r i t i c a l  c h a r g e ,  for  o x i d a t i o n  

c o n c e n t r a t i o n  c o u l o m b s  • 10 -e of  i od ide  ion  

0.00 7.5 - -  
0.01 8.6 1.1 
0.04 10.4 2.9 
0,1 12.0 4.5 

* C r i t i c a l  c h a r g e  w i t h  i o d i d e  p r e s e n t  m i n u s  c r i t i c a l  c h a r g e  a t  z e r o  
c o n c e n t r a t i o n .  
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Fig. 4. Relation between concentration and time in the dropping 
of a column in galvanostalametnl experiments. 

Copper ion in copper sul]ate solutio,n.--A copper 
plated p la t inum indicator electrode was used for de- 
te rmining  the copper ion concentrat ion in copper sul- 
fate solutions acidified with  sulfuric acid. A plat inum 
indicator electrode was not satisfactory, because the 
copper had to be dissolved anodically before each de- 
termination,  and this procedure  al tered the surface of 
the pla t inum sufficiently to influence the transi t ion 
times for subsequent  copper determinations.  The data 
obtained with  several  different concentrat ions of cupric 
ion are plot ted in Fig. 4. The reproducibi l i ty  was 
about 1.5%. 

Cadn~ium.--Transition t imes for the reduct ion of 
cadmium ion were  wel l  defined at a p la t inum indi-  
cator electrode employing cadmium chloride in a sup-  
port ing electrolyte  of 1.0M sodium sulfate at pH 5. 
Measurements  made at a constant current  of 2.5 ma 
(current  density of 12 m a / c m  2) are shown in Table 
III. The cadmium deposit was anodically removed 
f rom the pla t inum electrode between each de termina-  
tion, as subsequent  determinat ions  on the cadmium 
coated electrode yielded larger  t ransi t ion times than 
those obtained on platinum. Presumably,  this differ- 
ence was caused by an oxide film on the cadmium de- 
posit. A transi t ion t ime was not obtained in a solution 
0.5M in sulfuric acid because of the greater  ease of 
hydrogen discharge. 

Oxidation of iodide ion.--The oxidation of iodide ion 
in a support ing electrolyte  of 0.5M sulfuric acid yielded 
the most reproducible  results of any of the de termina-  
tions. A reproducibi l i ty  grea te r  than 1.5% was ob-  
ta ined with a pIat inum electrode and the results were  
not influenced by the care of the electrode. Typical  
results are given in Fig. 4. 

Chloride.--The chloride determinat ion  was studied 
in a solution of cadmium chloride which was 0.5M in 
sulfuric acid. A p la t inum indicator electrode was used 
as anode. The dependency of the transi t ion t ime on the 
chloride ion concentrat ion is shown by data in Fig. 4. 

Table III. Transition times for various ions as a function of 
concentration at a constant current of 2.5 ma 

Conc, M Cd++ B r -  C r 2 0 ~ - - *  M n O 4 - *  C 2 0 4 - -  

0.02 2.05 2.82 36.5 32.13 2.40 
0.01 0.66 1.20 9.6 1.13 
0 . 0 0 5  0 . 6 6  0.84 
0 . 0 0 4  0 . 1 2  4 . 5 7  
0 . 0 0 2  1 .7 5  3 .2  
0 . 0 0 1  1 .2 7  

* H i g h  v a l u e s  o b s e r v e d  f o r  d i c h r o m a t e  a n d  p e r m a n g a n a t e  i o n s  
i n d i c a t e  t h e  d e p e n d e n c e  o f  g a l v a n o s t a l a m e t r y  o n  e q u i v a l e n t  c o n c e n -  
t r a t i o n .  

The abili ty to de termine  chloride ion by galvanostal -  
amet ry  was unexpected,  because on the one hand the 
discharge of oxygen should occur before that  of chlo- 
ride, and on the other, discharge of chlorine in the 
gaseous state should drop the column. 

Bro~ide.--The galvanos ta lametry  de terminat ion  of 
bromide ion was made wi th  sodium bromide in a sup- 
port ing electrolyte of 0.5M sulfuric acid. The transit ion 
t ime for the oxidation of the bromide ion was well  
defined, but  successive measurements  yielded shorter  
transit ion times than the initial value. Reproducible  
values of the transi t ion t ime having the same va lue  as 
the ini t ial  one were  obtained by al lowing the p la t inum 
electrode to stand idle for at least 2 hr  be tween suc- 
cessive determinations.  A more convenient  method of 
normalizing the electrode was to apply an a l ternat ing 
current  of 200 Hz at a current  density of 5 a m p / d m  2 
for about 30 sec to the electrode after  a determination.  
This permit ted  successive determinat ion to be made 
wi thout  delay. Data obtained for a few bromide solu- 
tions of various concentrat ions are  shown in Table III. 
A plot  of these results show a marked  deviat ion f rom 
]inearity, probably due to the expedient  employed to 
normalize the electrode. 

Permanganate.--The exper iments  with permanganate  
ion were  conducted with a solution of potassium per-  
manganate  in a support ing electrolyte  of 0.5M sul- 
furic acid wi th  a pla t inum electrode used as cathode. 
The transit ion times were  about the same as those 
for solutions of other  ions of the same normality.  

The data in Table III show that  the transi t ion t ime 
varied with concentrat ion in a regular  manner .  The 
use of this technique may be of interest  in filling a 
gap in electrochemical  methods, inasmuch as polarog- 
raphy is not suitable for de termining  permanganate  
ion (4). 

Dichromate.--Dichromate was de termined  by ca- 
thodic reduct ion in a support ing electrolyte  of 0.5 sul- 
furic acid. The determinat ion  of the transit ion t ime 
was at tended wi th  some difficulty because the result  
was dependent  on the condition of the p la t inum elec- 
trode. For  example,  no indication of a t ransi t ion t ime 
was observed if the electrode was cleaned in concen- 
t ra ted nitrie acid. However ,  if it was t reated anodically 
in the test solution pr ior  to the determinat ion,  ca- 
thodic transit ion times were  obtained similar to those 
observed with permangana te  ion. Fur thermore ,  the 
electrode continued to be serviceable for an ent ire  
series of determinat ions wi thout  additional anodic 
t reatment .  Similar  to the results for the permanganate  
ion, the transit ion t ime was of the same order of mag-  
ni tude as that  obtained wi th  simpler ions of the same 
normali ty.  

Ferricyanide ion . - -The  determinat ion of this ion 
also depended on the condition of the p la t inum indi-  
cator cathode, and the phenomena were  similar to that  
observed with the dichromate  ion. No transi t ion t ime 
was observable wi th  ferr icyanide in a support ing 
electrolyte  of 0.5M sulfuric acid unti l  the  electrode 
had once been made anodic. 

Oxalate.--The determinat ion of oxalate  ion was also 
complicated by the necessity for specially t reat ing the 
p la t inum anode. In contrast  to the two preceding cases, 
no transi t ion t ime was observed if the electrode was 
first made anodic. Sat isfactory results were  obtained 
after  t rea t ing the anode wi th  nitric acid. The data 
showing the var ia t ion of transi t ion t ime wi th  concen- 
t ra t ion are given in Table  IIL The absence of a t ransi -  
t ion t ime wi th  an oxidized p la t inum electrode was pre-  
viously repor ted  by Lingane  (5). 

Discussion 
The range of concentrat ions covered in our invest i -  

gation was 10 -3 to 10 -2 equivalents  per l i ter  for the 
most part,  since the pr ime object ive was the appli-  
cabili ty of the technique to the determinat ion  of a 
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var ie ty  of ions in modera te ly  dilute solution. However ,  
concentrat ions up to 1N were  easily measured with 
reproducible transi t ion times. For  the best precision, 
the transit ion times should be held to less than 10 sec. 
Concentrat ions smaller  than 10-4N were  difficult to 
measure  with any precision. 

The graphs in Fig. 4 show that  general ly  the square 
root  of the transit ion t ime is a l inear  function of con- 
centration.  However ,  the s t raight  lines appear  to be 
directed toward the origin in only two cases, namely,  
copper and cadmium. Therefore,  the relat ion between 
the t ransi t ion time, t, and the concentration, C, does 
not, in general,  fol low Sand's equat ion for l inear  
diffusion 

Chronopotent iometry  has been shown to fol low this 
law closely (6, 7). 

The fol lowing explanat ion is offered for the fai lure 
of  all of the plots of C vs. t 1/2 to pass through the 
origin in the ga lvanos ta lametry  exper iments  (see 
Table III  and Fig. 4). In all these exper iments  it is 
necessary to subtract  f rom the exper imenta l ly  de te r -  
mined t ime for dropping of the column a blank or 
correction term. The la t ter  represents  the t ime re-  
quired for the column to fall  with a solution which 
contains the support ing electrolyte  (for example,  sul- 
furic acid) in the absence of the e lectrochemical ly  
active ion (which is to be determined) .  This correction 
or blank is val id in the exper iments  in which a metal  
is deposited at the cathode, because the solution at the 
electrode interface is almost  completely  depleted of 
the depositing ions and contains only the support ing 
electrolyte. This is the probable reason that  the plots 
of C vs. t 1/2 pass through the origin for the de te rmina-  
tion of cadmium and copper ions. However ,  in the 
determinat ion  of anions, the solution at the interface 
at the moment  the column is dropped contains a high 
concentrat ion of the soluble oxidation product, for 
example,  bromine or ferrocyanide ion. The correction 
or blank for an electrode in these media  may be con- 
siderably larger  than that  for a solution in their  ab- 
sence containing only the support ing electrolyte.  This 
discrepancy appears in the plots for the anions (except  
chloride ion) as an apparent  t ransi t ion t ime for zero 
c o n c e n t r a t i o n  (where  the extension of the straight line 
plot crosses the x-ax is ) .  

The slopes of the plots of C vs. t 1/2 approximate ly  
agree with Sand's equat ion 

C 2i 
Slope = - -  = 

tl/2 ~I/2nFAD1/2 

In the exper iment  for cadmium in Table III, the ex-  
per imenta l  value of the slope is 0.0125. The va lue  
calculated f rom the above equation with  n = 2; 
F ~-- 105 coulombs; A ~ 0.2 cm 2, and D : 10 -5 is 0.024 
which is of the r ight  order  of magnitude.  The slopes 
of the plots for permangana te  and dichromate  ion 
(Fig. 4) are  both approximate ly  0.0045. These are  also 
of the r ight  order  of magnitude,  since the slopes 
should be about 1/3 that  of the l ine for cadmium, since 
n ---- 5 a n d  6 for  t h e s e  ions.  

The difficulty encountered with  reproducibly  condi- 
t ioning the indicator  electrode requires  more  study. 
This difficulty applies also to chronopotent iometry.  The 
sensi t ivi ty of the transi t ion t ime to the surface condi- 
tion of the electrode indicates that  the galvanostal -  
amet ry  technique might  be used to study and evaluate  
the catalytic na ture  of metal  surfaces. 

The galvanosta lametr ic  technique has several  prac-  
t icable advantages  for the determinat ion  of a single 
ion. First  of all, simple equipment  is required,  and no  
reference electrode or expensive recording ins t rument  
for measurement  of electrode potential  are needed. The 
end-poin t  of the determinat ion  is both visual  and 
dramatic  and the determinat ion  itself can be made 
very  rapidly. As a demonstrat ion,  an electric timer, 
actuated by the electronic cutoff ment ioned earlier,  was 
used to determine  the concentrat ion of copper ion in 
a copper sulfate solution. By using a large  current,  the 
t ransi t ion t ime was reduced to less than a second. The 
dial of the t imer  was direct ly  marked  in units of con- 
centration. On pushing an electrical  switch, the dial 
of the t imer  spun and stopped almost in the twinkl ing 
of an eye, giving the concentration. We have dubbed 
this technique "Push-bu t ton  analysis" and bel ieve that  
it should find application in rout ine work. 

The main drawback to ga lvanos ta lametry  is the 
restr ict ion on the composition of the solution to be 
analyzed. For example,  if several  e lectroreducible  ions 
were  present,  such as cadmium, copper, and silver 
cations, a composite result  for all three would  be ob- 
ta ined at the cathode. In such a situation, chronopo- 
ten t iometry  would  permi t  the determinat ion of the 
most readily discharged meta l  (si lver)  by vir tue  of 
the point of inflection of the vo l tage- t ime  curve. How- 
ever,  the fol lowing points of inflection would repre-  
sent s imultaneous discharge of two or more  cations and 
the computat ion of each is sufficiently complicated to 
be difficult if not infeasible. 
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The Role of Hydrogen Peroxide in Oxygen Reduction 
at Platinum in H,SO, Solution 
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ABSTRACT 

The rotat ing disk electrode with a concentric r ing is used to analyze the 
role of H202 in the reduct ion of O2 to H~O in acid solutions. No H202 is 
formed as an intermediate  in the reaction path of oxygen reduction to water. 
Only when the residual  impurit ies from the not sufficiently purified solutions 
are adsorbed at the electrode does a paral lel  reaction path appear in which 
H202 is formed as an intermediate  that  does not reduce fur ther  to H20 with 
any significant rate. The mechanism of O2 reduct ion to H20 involves a first 
charge transfer  step as ra te-control l ing under  Temkin  conditions of adsorption. 

In  the study of the mechanism of oxygen reduct ion 
to water, it is desirable to establish what  part  hydro-  
gen peroxide is playing in the over-al l  reaction. In  
electroreduction of 02 at Pt  electrodes the rotat ing 
disk electrode with a concentric r ing  (1-4) was suc- 
cessfully used to examine whether  H202 is formed or 
not (5-11). However, it was not  possible to dist in-  
guish if H202 is formed as an intermediate  in an over- 
all reaction path or if it is produced in a paral le l  re-  
action. 

The method of the rotat ing disk electrode with a 
r ing has recent ly been extended to enable a diagnostic 
plot to be made which permits  a clear dist inction be-  
tween react ion intermediates  and the products in a 
paral le l  reaction path (12). This diagnostic plot is 
obtained from the equation 

Id x -b 1 x -k 2 1.61 k~v lj6 
- -  + - -  [ i ]  

Ir N N 92/3 wl/2 

In  this equation, Id is the current  at the disk electrode, 
Ir is the current  at the r ing  electrode, and x is the 
ratio of the current  at the disk electrode due to the 
reaction which does not  result  in the formation of 
intermediates  to the cur ren t  at the same electrode due 
to the format ion of intermediates,  N is the geometric 
factor for the electrode assembly which can readily be 
obtained (2-4), kz is the rate constant  for the fur ther  
reaction of in termediate  at the disk electrode, v is the 
kinematic  viscosity, D is the diffusion coefficient of 

r 1 
' '  

Fig. 1. An all-glass cell: A, position of disk electrode with the 
concentric ring; B, counter electrode; and C, reference electrode. 

intermediates,  and ~ is the angular  velocity. The plot 
of IJ Ir  vs. ~-112 enables the quantit ies,  x and k3, to be 
obtained, and hence, to dist inguish between reaction 
intermediates and products of a paral lel  reaction. 

This method, using the rotat ing disk electrode with 
a ring, together with the usual  kinetic measurements,  
is used here to analyze the mechanism of oxygen re- 
duction at p la t inum electrodes in acid solutions with a 
part icular  emphasis on establishing what  part  H202 is 
playing in the over-al l  electrode reaction. 

Experimental 
The rotat ing disk apparatus is a modified version of 

th e  design used by Yeager at Western Reserve Uni-  
versity. The electrode consists of a p la t inum cylinder 
which is press fit into Teflon. In  the present  experi-  
ments,  the area of the disk electrode is 0.178 cm 2. The 
factor N is 0.38, as calculated from the dimensions of 
disk and r ing electrodes (13) and confirmed by an ex- 
per iment  with a redox reaction (Fe + + + "-> Fe + +). 

The rate of rotation of the electrode assembly was 
determined by comparing a signal produced by a coil 
placed near  a magnet  attached to the shaft of the disk 
electrode with that  of a s tandard frequency produced 
by an audio oscillator. 

The all=glass cell is shown in Fig. 1. I t  consists of a 
spherical main  compar tment  which has a water  seal at 
the top to match the mat ing  par t  on the shaft bearings 
assembly. Gas inlets are provided above and below 
t h e  solution level. The inlet  above the solution level 
permits the main ta in ing  of a slight overpressure of 
oxygen without  s t i rr ing the solution using a gas 
bubbler  as an outlet. The reference electrode is a 
hydrogen electrode located in a compar tment  isolated 
by  a closed stopcock from the main  compartment.  

A thin capillary from the  reference electrode ex- 
tends upward  toward the center of the disk electrode. 
T h e  counter  electrode is a p la t inum disk which sur= 
rounds the Luggin capil lary and is placed paral lel  to 
t h e  rotat ing disk electrode. This shape and the position 
of the counter electrode were chosen to give as un i -  
form a current  density as possible. 

For the electrochemical purification of the solution a 
separate vessel, i l lustrated in  Fig. 2, was attached to 
t h e  cell. I t  consisted of a tube  packed with a plat i -  
nized p la t inum gauze as one electrode a nd  a small  
p la t inum wire as a counter electrode. An addit ional 
small  compar tment  was attached to this tube to hold a 
calomel reference electrode. A ni t rogen gas pump was 
used to circulate the solution through the purification 
vessel and the main  cell. 

The cell, purification vessel, and gas t ra ins  were 
cleaned thoroughly before use. Between experiments  
the cell was soaked in  a mix ture  of HNO3 and H2SO4. 
The purification trains for oxygen and ni t rogen were 
often regenerated. 

466 
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The disk electrode with the r ing was mechanical ly 
polished using 0.3 ~ Gamel as a final polishing medium. 
The r ing electrode was then l ightly platinized. Both 
electrodes were thoroughly washed before experiments 
with sulfuric acid and conductivi ty water. The elec- 
trode pre t rea tment  consists of potentiostating the disk 
electrode first at 1.4v for about  1 min  and then at 0.0v 
for another  minute.  

Sulfuric acid solutions (0.1N) were prepared from 
Baker Analyzed reagent H2804 and conductivity water. 
Two procedures were used to purify the solution. In  
one, sulfuric acid was treated (14) by H202. For the 
present experiments,  this purification procedure was 
found insufficient, and in  the following it is referred 
to the solution purified by this procedure as "insuffi- 
ciently purified." In  the second procedure, the electro- 
chemical purification was carried out by potentio- 
stating the plat inized gauze in  the purification vessel 
at about 300 mv  anodic to a hydrogen electrode in  the 
same solution 1 while the solution was circulated 
through the purification vessel. This circulation was 
achieved when bubbles of N2 forced the solution to 
rise in  a tube (A, Fig. 2). Prepurified nitrogen, which 
was used for this purpose, was fur ther  purified by 
passing through two charcoal traps at the tempera ture  
of solid CO2. After the purification by potentiostat ing 
(for 5 to 10 hr) ,  the vessel was separated from the 
main cell by stopcocks. The solutions purified in this 
way are referred to here as "pure." 

Dur ing  the electrochemical purification, the solution 
was saturated by N2. After the purification, the N2 is 
replaced by O2 at 1 atm. 

A Wenking  61R potentiostat  was used to control the 
potential  of the disk electrode. The potential  of the 
disk electrode was usual ly  changed in steps of 50 my 
in  the potential  range of 1.0-0.0v. If H202 is formed at 
the disk electrode it diffuses to the r ing electrode. 
The r ing electrode is kept at 1.4v so that all H202 
diffusing to it is oxidized. At this potential  the con- 
t r ibut ion to the r ing  cur ren t  from the O~ evolution is 
small. The r ing electrode potential  was controlled with 
a low impedance potential  divider using the disk elec- 
trode as a reference. Kei thley 600 A electrometers 
were used for current  measurements .  

Results  
Electrode behavior in "'insufficiently purified" solu- 
t ions . - -At  all  potentials below about  0.8v, the current  
at the disk electrode was t ime dependent  and usual ly  
reaches a steady value in  time of the order  of minutes.  
The fastest change in  the current  occurs between 0.4 
and 0.2v at electrodes which were brought  to these po- 
tentials after they had been potentiostated anodic to 

1 I n  t h e  f o l l o w i n g ,  a l l  p o t e n t i a l s  r e f e r  to  h y d r o g e n  e l e c t r o d e  p o -  
t e n t i a l  i n  t h e  s a m e  s o l u t i o n ,  

Fig. 3. Time dependence of current at the disk electrode in 
"insufficiently" purified solutions. Potential of the disk is 0.4Or. 
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Fig. 4. Time dependence of current at the disk electrode with 

interrupted rotation. Solid line, ~ = 120 ~ sec-1; dotted llne, 
~ 0 sec -1 .  Potential of the disk electrode is O.OOv. 

l v  (for a few seconds) and then reduced at 0.0v for 
about  10 sec. This is i l lustrated in  Fig. 3 for an elec- 
trode at 0.4v. The rate of change of current ,  and the 
t ime for an electrode at a given potential  to come to 
a steady state is s trongly dependent  on the rate of 
electrode rotation. If the rotat ion is interrupted,  a far 
smaller  decrease in disk current  is observed dur ing  
the t ime the electrode is stationary, as shown by the 
dashed l ine in  Fig. 4. The r ing current  also changes 
with the potential  of the disk electrode and time. 

The dependence of the disk current  upon potential  
and time for a given rate of disk rotat ion is shown in 
Fig. 5. A m a x i m u m  in the disk current  is observed at 
about 0.6v, and a m i n i m u m  at about 0.3v. This maxi-  
mum may be obtained either by increasing or de- 
creasing disk potential  as indicated by arrows in the 
figure. The maximum,  however,  tends to decrease 
with time. The ini t ia l  "activity" of an electrode can, 
however, be restored if the electrode were brought  to 
a potent ial  anodic to l:0v for a short (order of sec- 
onds) time, followed by  the reduction at 0.0v. 

The plots Id/Ir, where Id and Ir are the steady-state 
currents  at Che disk and r ing electrodes, respectively, 
vs. ~-i/~ are given in  Fig. 6. A series of lines, one for 
each electrode potential, are paral lel  to the ~-1/2 axis. 

At low current  densities, Tafel behavior  is observed 
with 0V/0 log i = --0.07v, and the exchange current  
density log io = 10.7 1 0.3. 
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Electrode behavior in "'pure" so lu t ions .~The  electro- 
chemical purification by potentiostat ing at 0.3v proved 
to have a profound effect on the electrode behavior. 
The rate of decrease of the disk current  with t ime is 
one to two orders of magni tude  less than that  in the 
"insufficiently purified" solutions. No significant cur-  
rent  over the residual  one was observed at the r ing 
electrode for any potential  of the disk electrode ex- 
cept those cathodic to about 0.15v. In  Fig. 7, currents  
at the disk and r ing electrodes are plotted vs. disk po- 
tent ia l  for a given rate of rotation. After  the l imit ing 
current  at the disk electrode was reached, the current  
changes li t t le with potent ia l  un t i l  below about  0.15v 
when it starts decreasing. Just  at that  point, current  
at the r ing electrode increases. 

At low currents,  Tafel behavior  is observed with 
OVIO ln i  and log/o having about the same values as in 
"insufficiently purified" solution. A plot of log ( 1 - - I ) /  
[lira vs. log I has a slope of 1. This shows that  the re-  
action is first order in respect to oxygen (15). Here, 
I is the disk current  for a given potential  in the range 
close to the l imit ing current ,  [lira. 

When toluene was added to a "pure" solution, the 
rate of decrease of the disk current  became similar  to 
that  in "insufficiently purified" solutions (Fig. 8). 

~ / \ 

~_.x,,~,,-x.,..y,~x-x,...x,. ,J.- x.,- / 
1.0 0.8 0.6 0.4 0.2 0.0 

Potential [V vS H . E . ]  

Fig. 7. Disk and ring currents for oxygen reduction at platinum 
in "pure" H2504. �9 disk current; X: ring current. ~ = 120 
see -- 1 �9 

O 
I I I I 
2 4 6 8 I 0  

Time [ r a i n ]  

Fig. 8. Effect of toluene on time dependence of disk current. 
X, before addition of toluene; O and + ,  after the addition of 
toluene. 

Discussion 
The following exper imental  observations made in 

this work and elsewhere need discussion: 
1. Hydrogen peroxide is formed in oxygen reduct ion 

on Pt  in  acid solutions (5, 6, 7, 16-30). 
2. The yield of hydrogen peroxide is a function of 

potential  and t ime (17, 18). 
3. The oxygen reduct ion currents  (to H20) at a 

constant  potential  are higher and the yield of hydro-  
gen peroxide lower following an activation process of 
oxidation and reduction (16, 18, 21, 23). 

4. In  "insufficiently purified" solutions, the rate of 
the decrease of oxygen reduct ion current  increases 
with the increasing rate of disk rotation, and 

5. Much less hydrogen peroxide is produced in 
"pure" solutions. 

These observations may be discussed in terms of 
the following models: 

1. An  electrode surface changes with t ime of con- 
tact with the solution. For  instance, each individual  
grain of the polycrystal l ine electrode exposes ini t ia l ly 
one crystal plane to the solution. With time, via sur-  
face diffusion of adions, new crystal planes form at 
which catalytic activity changes (decreases). 

2. A small amount  of oxides on the electrode sur-  
face acts catalytically for oxygen reduct ion (23). I t  
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is possible that, during oxygen reduction,  these oxides 
are gradual ly  being reduced and the over -a l l  catalytic 
act ivi ty decreases. 

3. It  was suggested (5, 6) that  the adsorption of an- 
ions or cations changes wi th  potential  and t ime and 
induces changes in the ra te  of oxygen reduct ion to 
H~O and H..O2. and 

4. Adsorption of impurities blocks the surface of the 
electrode and causes a change in the activity and also 
in the reaction path. 

Change o~ the disk current  w i th  t~me.--Since the t ime 
dependence of disk current  is s trongly dependent  on 
the rate  of electrode rotation, 2 diffusion f rom the solu- 
tion must  be playing a major  role in the changes 
which are occurr ing at the electrode surface. If the 
observed t ime dependence is due ent i re ly  to diffusion 
of some species to the electrode surface, a concentra-  
tion of these species may be est imated in the fol lowing 
way. 

For  the diffusion to a rotat ing disk, Levich (31) 
gives the formula  

j = 0.62 D 2/3 v -1/6 w 1/2 c [2] 

where  c is the concentrat ion of residual species in the 
solution, and other  symbols are the same as in Eq. [1]. 
The s teady-state  disk current  corresponds to the re-  
action ra te  at the surface at equi l ibr ium coverage by 
adsorbed species. If  the change in the current  is at-  
t r ibuted to a complete cessation of the reaction at those 
sites which are covered by adsorbed species, then the 
reaction ra te  for a given potential  is related to the 
coverage by these species. 

By extrapolat ing the init ial  line in Fig. 3 to zero 
current,  it is calculated that  about  300 sec would be re-  
quired to reach a monolayer  coverage. If it is now 
assumed that  each molecule diffusing to the surface 
covers only one site at the surface (a low assumption 
if the species are organic) ,  the monolayer  coverage is 
about 2.5 x 10 -9 mo le / cm 2. The diffusional flux is then 
about 10 -*l  mole /sec  cm 2. Using 10 -5 cm2/sec for D, 
10 -2 cm2/sec for v, and 378 sec -* for ~, c is calculated 
to be 1 x 10 -7 mole/1. This low concentrat ion of spe- 
cies in the solution can already account for  the ob- 
served change in disk current  if ini t ial ly all  species 
reaching the electrode surface become adsorbed at it. 
Af ter  the electrochemical  purification of the solutions 
the concentrat ion of the species must  be much lower 
than this as the change with  t ime in disk current  is 
much less. 

If  the electrode surface was undergoing some struc-  
tura l  change (surface recrystal l izat ion or oxide re-  
duction),  there is no obvious reason for the dependence 
of the change in the disk current  on the rate  of ro ta-  
tion. There  is also no reason why  purification of the 
solution would affect the ra te  of this change. Hence, 
the observed change wi th  t ime of disk current  cannot 
be caused by changes in the propert ies of the elec- 
t rode surface, which do not involve  interact ion of the 
surface wi th  species diffusing f rom the solution. 

It  is unl ikely  that  the adsorption of ions f rom the 
sulfuric acid can be causing the t ime dependent  effects. 
The concentrat ion of the sulfuric acid (O.IN) is so high 
that  the adsorption cannot be diffusion controlled. If a 
slow act ivated adsorption process was occurring, no de-  
pendence on the rate  of rotat ion should be observed. 
Ion adsorption has been observed on mercury  to be a 
rapid process which is probably complete wi thin  1 sec 
(32). Fur thermore ,  the electrochemical  purification 
should not affect the observed rate  by which disk cur-  
rent  changes with time. 

Adsorpt ion of residual impur i t i e s . - -The  adsorption of 
residual  impuri t ies  f rom the solution may account for 
the observed t ime effect. The calculated concentrat ion 
of 1 x 10 -7 mole/1 of species which are causing the 
effect is consistent wi th  usual ly est imated (33,34) 
concentrat ion of residual  impuri t ies  in insufficiently 

In  " i n s u f f i c i e n t l y  p u r i f i e d "  or  n o t  p u r i f i e d  so lu t ions .  
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purified H2804 solutions. S lower  changes wi th  t ime of 
the disk current  which are brought  about by the elec- 
t rochemical  purification supports the model  involving 
the presence of trace impuri t ies  in the solution. These 
impuri t ies  can be removed  by the electrochemical  
purification used in this work. 

Nature of  the  residual impurities.---Residual impuri t ies  
appear  to be oxidizable at the p la t inum electrode at 
higher  potentials ( - -  ~ l v ) .  Thus, the depolarization of 
an electrode observed in the oxygen evolut ion at low 
current  densities when sulfuric acid is not  sufficiently 
purified is apparent ly  due to the oxidation of the im-  
purities. If such solution is anodically pre-electrolyzed,  
depolarizat ion occurs at lower  current  densities (35, 
36). 

A fact which supports the identification of the im- 
purit ies as organic compounds is the apparent  part ial  
revers ibi l i ty  of the adsorption. The m a x i m u m  in the 
disk current  as a function of potent ial  is obtained 
start ing f rom either the cathodic or the anodic direc-  
tion. The increase in the cathodic current  when  the 
potential  is made more  anodic must be due to a de- 
crease in the extent  of " inhibi t ion" of the reaction. The 
decrease in "inhibi t ion" is l ikely  due to the desorption 
of the " inhibi t ing" species, which are not easily oxi- 
dized at these low potentials. 

The exper iment  in which toluene was added to 
"pure"  solution shows that  toluene causes the same 
type of effect as the residual impur i ty  in "insuffi- 
ciently purified" or impure  solutions (Fig. 8). This also 
supports the v iew that  the residual species in the solu- 
tion are of organic nature.  

With the passage of time, however ,  the apparent  de- 
sorption with  the change in potential  occurs less and 
less readi ly  unti l  it is no longer noticed (see Fig. 5). 
This behavior  requires  a change in the nature  of the 
adsorbed species. With organic molecules such changes 
may occur if they are par t ia l ly  oxidized at the surface. 
Af te r  a slow part ial  oxidat ion has occurred, the de- 
sorption of the "carbon skeleton" (37) would be much 
more  difficult than the desorption of the original mole-  
cules. Alternately,  if  a spectrum of organic compounds 
is present  as residual  impurit ies,  the most strongly ad- 
sorbed wil l  displace the ones which are less strongly 
adsorbed, resul t ing in a decrease in the ease of de- 
sorption. 

It  appears, therefore,  that  organic, ra ther  than in- 
organic, species are l ikely residual  impuri t ies  that  ad- 
sorb on the electrode surface. 

Mechanism of 02 reduction in the presence o] residual 
impuri t ies . - -Adsorbed impuri t ies  great ly  effect the 
mechanism and the kinetics of O2 reduction, par t icu-  
la r ly  in the potent ial  range cathodic to about 0.7v. 

If O2 reduct ion proceeds along two paths so that  

kl ) 
O2 + 4H + + d e -  2H20 [3] 

k2 
O2 + 2H + + 2e -  > H202 [4] 

k3 > 
H202 -~- 2H + + 2 e -  2H20 [5] 

react ion [3] represents  one over -a l l  path, and [4] and 
[5] the other  in which H202 is formed as an in ter -  
mediate  which may  reduce fu r the r  to H20 with  the 
rate  proport ional  to k3, then the diagnostic plot given 
by Eq. [1] can be applied here. 

The lines paral le l  to the ~,-1/2 axis in the Id/Ir VS. 
w -1/2 plot  (Fig. 6), show that  ks is zero for the poten-  
tials at which the measurements  were  made. The in ter -  
cepts at ordinate  are greater  than 1/N and change wi th  
potential. This means, according to Eq. [1], that  x is 
not zero and that  it changes wi th  disk potential.  With  
the definition of x as the rat io of the cur ren t  due to 
reaction [3] to that  due to react ion [4], it follows that  
O3 reduct ion proceeds in two para l le l  react ion paths. 
Since k3 ~ 0, the H202 formed in a paral le l  reaction 
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The formation of intermediates  such as 02 =, HO2-, 
and H202 are excluded, as hydrogen peroxide is not  de- 
tected. If positively charged intermediates  are ex- 
cluded, the possible intermediates  which can form 
before the ra te-control l ing step are hence 0 2 -  and 
HO2. 

Reactio~z path under  Langmuir ian condition of adsorp- 
t ion . - -The  equation (41) 

vRT 
br = [8] 

(nc q- f ln*)F 

restricts the number  of permissible paths. In  this 
equation bc is the cathodic Tafel slope, nc the number  
of electrons t ransferred before the ra te -de te rmin ing  
step, n* the n u m b e r  of electrons t ransferred in the 
ra te-control l ing step, and /~ the symmetry  factor 
(=~/2). Since ~ = 1, and bc ~ - -RT /F ,  and since nc 
and n* must  be integral  numbers,  two possibilities 
arise 

n o =  1, n * = 0  [9] 
and 

nr = 0, n* = 2 [10] 

The second possibility requires a s imultaneous two 
electron t ransfer  which is highly improbable.  Thus, 
only the first possibility is tenable. The path must  then 
have a single electron transfer  followed by a ra te-con-  
troll ing step which does not have an electron transfer. 
The following paths satisfy this requi rement  

Path (A) 02 + e -  ~ O8- [11] 

O2- -> products [12] 

Path  (B) 02 q- H + q- e -  .~ HO2 [13] 

HO2 --> products [14] 

The path A is not pH dependent,  and path B has a pH 
dependence of - - R T / F ,  and nei ther  is in agreement  
with the reported dependence (38) for (OV/OpH) of 
--100 my. Hence, under  Langmui r  conditions, nei ther  
of the permissable paths are tenable. 

Reaction path under  T e m k i n  conditions of adsorption. 
- -S ince  the coverage with adsorbed oxygen species is 
approximately l inear  with potential  in the Tafel region 
of oxygen dissolution and the intermediate  values of 
coverages are reported (38,42), the kinetics under  
Temkin  adsorption conditions should be considered. 
If the ra te-cont ro l l ing  step is according to 

M -~ 08 q- H + q- e -  -> MHO2 [15] 

where M stands for a site at the metal  surface, then 
all reaction steps after this step must  be considered 
as being in quasi-equi l ibr ium. Such a step is 

MOH q- H + q- e -  ~.-~-M-~- H20 [16] 

The rate expression for [15] under  Temkin  conditions 
is (38, 43, 44) 

i ---- k[H +] [02] exp ( - - f lFV/RT)  exp [--/~f(0)] [17] 

Now, f(0) can be obtained from [16] if the rate ex- 
pressions for forward and backward reaction are 
equated and In 0 term is neglected in respect to a. I t  is 

1(o) ~ VF/RT. - -  In [H + ] [18] 

Subst i tut ing [18] into [17] 

i = k[H+] ~/z [02] exp ( - - V F / R T )  [19] 

This rate expression gives a pH dependence of 
- -3RT/2F,  which is close to that  reported (38). Thus, 
under  Temkin  conditions the first charge t ransfer  is 
rate-controll ing.  This analysis confirms the previous 
one (38) concerning the mechanism of 08 reduct ion 
on oxide free P t  electrodes in  acid solution. 

Formation of H202 below 0.15v.--In pure solutions, 
H20~ is formed only in  the region cathodic to about 

path (Eq. [4]) does not reduce fur ther  to H,.,O with 
any appreciable rate. 

The question still remains,  whether  in the path of 
oxygen reduct ion which leads to water  (Eq. [3]),  H202 
is also formed as an intermediate but has a high rate 
constant for the further reduction of the hydrogen 
peroxide to water. If this were the case, then H202 
which is produced in the other path (Eq. [4]) pre- 
sumably on sites of different activity would be e.x- 
pected to diffuse to the sites which are active for H202 
reduction in the hypothetical path 

fast 
O8-> H202 > H20 [6] 

Since H202 would be produced at all sites on the sur-  
face and only be reduced at some sites, the rate con- 
s tant  for reduct ion of H202 would be averaged over 
the surface so that  the diagnostic plot would resemble 
that  for a single path (x = 0) with H202 as an in ter-  
mediate which has a dependence on the rate of rota- 
tion. This is clearly not the case, as Id/Ir is not de- 
pendent  on the rate of rotation. Hence, the path of 
oxygen reduct ion which leads to water  does not have 
a hydrogen peroxide intermediate.  

In "pure" solutions, Ir approaches zero. Hence, at low 
coverage with residual  impurities,  all the oxygen is 
reduced to water  (and no diagnostic plot is possible). 

Now, the adsorption of impurit ies causes a decrease 
in the over-al l  rate of oxygen reduction (decrease in 
Id wi th  time) and this is concurrent  with an increase 
in the amount  of hydrogen peroxide formed (increase 
in It) .  Thus, the adsorption results in the appearance 
of the addit ional  path in which H202 is produce& 

Since, in the absence of the effect of impurities,  no 
H20~ is produced, and in the presence of impurities,  
H202 is produced in  a path paral lel  to the path which 
does not involve the formation of intermediate,  it is 
rat ionalized that hydrogen peroxide is produced at 
sites which are affected by impurities,  and the water  
producing path occurs at sites not  affected by im-  
purities. Fur thermore,  since Tafel slopes and io's are 
approximately the same both in pure and in insuffi- 
ciently purified solutions and the TafeI region corre- 
sponds to a region of m i n i m u m  hydrogen peroxide 
formation (Id/fr in Fig. 6 is sharply increasing at po- 
tentials more anodic than 0.65v and Tafel region is 
anodic to 0.70v) the mechanism of oxygen reduction 
to H20 in both solutions are expected to be the same. 
This supports the deduction that the sites at which 
H20 is formed in insufficiently purified solution are not 
affected by adsorbed impurit ies (adsorption free sites). 
Mechanism of 02 reduction to wa ter . - - I t  has recently 
been discussed (38,39) that  on Pt  electrodes 02 re-  
duction may occur either on oxide covered or on oxide 
free surfaces. The mechanism of the reaction on these 
two types of surfaces are not the same. The electrode 
pre t rea tment  in the present  work ensures that the disk 
electrode is oxide free. 

The exper imental  facts re levant  to determine the 
mechanism are the following: (i) H202 is not an 
in termediate  in the reaction path; (if) the reaction is 
the first order in  respect to oxygen; and  (iii) OV/O 
In i ~ - -RT /F .  Parameters  under  (if) and (iii) are 
the same as previously reported (38). The pH de- 
pendence as reported by other workers (38) is given 
by  0V/0 pH ~ --1.00 my. 

The stoichiometric n u m b e r  can be obtained from 
(40) 

p ' - -  p" = p/~ [7] 

where p'  is the reaction order of the ra te-control l ing 
step for the forward reaction, and p" for the backward 
reaction, p is the over-al l  forward reaction order for 
the reaction given by Eq. [3], and  ~ is the stoichio- 
metric number .  

Experimental ly ,  it is found that  p'  = 1. Since, in  
general  (40) p" ~ O, and  v ~ 1, p" must  be  equal to 
zero, and the stoichiometric number  is one. 
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0.15v (Fig. 7). In  this potential  region (0.2-0.0v) hy-  
drogen is adsorbed at the electrode (45-50). At 0.1v 
hydrogen adsorption already amounts  (46) to ~180 
~coul/cm 2. The sites which become occupied by hydro-  
gen may not  any longer be suited for oxygen ad- 
sorption which is required for the reduction to water. 
Then, a chemical reaction between the oxygen and 
adsorbed hydrogen may occur 

O2 -t- 2H--> H202 [20] 

If it is assumed that  this reaction occurs on the sites 
covered by adsorbed hydrogen, its rate expression 3 is 

i~2o~-~ k2[O2]0H ~ [21] 

The rate expression for the reaction of direct reduc-  
tion of O2 to H~O then becomes 

i ---- k[O2] (1 - -  OH) exp (--VF/RT) [22] 

when allowance is made for the decrease in area for 
the reaction due to the coverage with adsorbed hy-  
drogen. 

As 0H approaches unity,  the reaction product changes 
from H20 to H202. Thus the change in the products 
observed can be accounted for qual i ta t ively by this 
model. 

However, the model has one drawback. A rhodium 
electrode also becomes covered with a monolayer  of 
adsorbed hydrogen (51) at 0.00v. Hence, a similar be- 
havior would be expected. However, no increase in  
the yield of hydrogen peroxide was observed (52), 
even at 0.00v. This is an evidence that  geometric fac- 
tors alone are not  causing the changes of product  ob- 
served at plat inum. An al ternat ive  explanat ion is sug- 
gested below. 

It  is now established (53) that 02 reduct ion to H20 
on bare Pd electrodes follow the same path and has the 
same ra te-control l ing step as on bare Pt  electrodes. 
On gold electrodes, the mechanism is different and the 
product  of the reduction is H202. In  a series of pal la-  
d ium-gold alloys, the mechanism changes at the alloy 
composition where  the d -band  is expected to become 
filled. If unpai red  d-electrons are a requi rement  for 
reduct ion of O2 to water, then the hydrogen peroxide 
may be produced when all of the d-electrons are 
paired. The unpai red  d-electrons of the surface atoms 
may be paired by interact ion with the adsorbed H, and 
as a consequence of this, O2 may no longer dissociate 
on adsorption, and O3 reduces to H202 ra ther  than 
H20. This model would predict a smooth change-over  
f rom no H202 to a quant i ta t ive  yield of H202 when  all 
of the d-electrons are paired, and the change in prod- 
uct from H20 to H202 should occur in the ini t ia l  region 
of hydrogen adsorption, e.g., from 0.30 to 0.15v. How- 
ever, this need not be the case since even a very small  
n u m b e r  of unpai red  d-electrons which may remain  at 
0.15v can main ta in  the reduct ion to water. This is seen 
from the behavior of gold-pal ladium alloys which 
show a slow change in kinetics for oxygen reduction 
as the n u m b e r  of unpai red  d-electrons decreases. The 
fact that  on Rh electrode H202 is not a product even at 
0.0v does not  exclude above the model. Rhodium is 
expected to have about 1.7 unpaired  d-electrons per  
atom. Thus, the adsorption of one hydrogen atom per 
one rhodium atom cannot result  in a complete pair ing 
of d-electrons and cause a change in the reaction 
product. 

Summary of the Conclusions 
In  the case of oxygen reduct ion on Pt  electrodes, the 

method of the rotat ing disk electrode with a concentric 
r ing is shown to be useful  in dist inguishing between 
the reaction intermediates  and the products in a 
paral le l  reaction path. 

Oxygen reduction at oxide free Pt  electrodes in  pure 
acid solutions is a four electron process leading to 
H20. The ra te-control l ing step is consistent with the 

s I f  react ion [20] occurs in two s tages  then 0H should replace 6H ~ 
in Eq. [21]. 
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first charge t ransfer  under  Temkin  conditions of ad- 
sorption. Hydrogen peroxide is not  an in termediate  in  
the path leading to water. In  these pure solutions, H202 
is formed only at potentials cathodic to 0.15v. This is 
in terpreted as being due to the presence of adsorbed 
hydrogen at the electrode. 

At potentials anodic to about 0.15v hydrogen per-  
oxide forms only if the solution contains residual im- 
purities, mostly organic ones, which adsorb at the 
surface. In  this case, H202 forms in a reaction path 
parallel  to that  in which O2 is reduced to n20 .  The 
rate of fur ther  reduct ion of H 2 0 2  t o  H 2 0  is small in 
comparison to the rate at which H20~ is formed. 
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Gallium Arsenide Electrode Behavior 
W. W. Harvey 

Ledgemont Laboratory, Kennecott Copper Corporation, Lexington, Massachusetts 

ABSTRACT 

The anodic dissolution reaction of GaAs was found to proceed quant i ta -  
t ively in well-s t i r red solutions of KOH and HClO4 with the formation of 
soluble, tripositive Ga and As compounds. Disintegrat ion of the anode was 
noted under  na tura l  convection. Passivity ensued at high anodic currents  in  
HCIO4 electrolyte, with an abrupt  active-passive transi t ion and a gradual  
passive-transpassive transition. In H2SO4 electrolyte, the passive region ex- 
tended to the highest a t ta inable anodic potentials. No substantial  differences 
in electrochemical behavior were found between G a ( l l l )  and A s ( l l l )  sur-  
face orientations. The influence of the semiconductor properties of p- type 
GaAs on the cathodic polarization was confined to low current  densities. 
Galvanostatic anodic-cathodic cycling revealed significant details of the 
photopotentials and el iminated the hysteresis in the cathodic polarization 
curves. 

It  was anticipated that, following the diversion of 
much research emphasis in  semiconductor physics 
from germanium and silicon to compound semicon- 
ductors, workers in the field of semiconductor elec- 
trochemistry would also tu rn  to the lat ter  materials.  
I t  happens, however, that  ge rmanium and, to a lesser 
extent,  silicon possess physical and chemical properties 
which are peculiar ly favorable for reveal ing effects of 
bulk  semiconductor properties on electrode behavior. 
For this and other reasons, the l i terature,  at the be- 
g inning  of the present  investigation, contained a bare 
handful  of papers on gal l ium arsenide electrochem- 
i s t r y - s o  fundamenta l  a characteristic as the stoi- 
chiometry of the anodic dissolution reaction had not 
been established. 

Will iams (1) had concluded from his study of photo- 
voltaic effects at b inary-semiconductor /e lec t ro lyte  
interfaces that  GaAs behaves as an iner t  electrode 
capable of exchanging electrons with a redox couple 
in the solution. This conclusion was based on observa-  
tions that  the electrode potential  of n - type  GaAs vs. 
saturated calomel varied in  the same direction as the 
oxidation potential  of the redox couple, and became 
strongly more negative on i l luminat ion.  Subsequent ly,  
Haisty (2) exper imented with photoetching and gold 
chemiplat ing of GaAs. Pla t ing was observed at the 
noni l lumina ted  and etching at the i l luminated  region 
on n - type  material.  The reverse occurred for p- type 
mater ia l  when  the photovoltage had the opposite sign. 
The results obtained by the two investigators are con- 
sistent except for the mat te r  of inertness.  Haisty noted 

that in  fairly concentrated acid or base the anodic oxi- 
dation products were soluble, but  in other electrolytes 
a film was formed. 

A study of electrolytic polarization and photopoten- 
tials for both n-  and p- type GaAs was carried out by 
Pleskov (3), who reported that  the l imit ing anodic 
cur ren t  for n- type  is proport ional  to the incident  
light intensi ty  at low values of the latter. Breakdown 
was observed to occur at a critical potential  which 
varied in an inverse manne r  with the bulk  electron 
concentration. The occurrence of avalanche break-  
down and the low magni tude  of calculated hole diffu- 
sion currents  as compared to observed anodic currents,  
together with imperfect  saturat ion of the lat ter  led 
the author to conclude that  holes are supplied main ly  
by space charge generation. Influences of semicon- 
ductor properties on cathodic polarization behavior 
were not as pronounced as the chemical effects re-  
sponsible for hysteresis in  the recorded curves. 

In  a meet ing presentation, Greenberg and Sanders 
(4) reported measurements  of current  mult ipl icat ion 
at n - type  GaAs electrodes. They obtained sharp satu-  
ra t ion of the anodic current  and, for the ratio of l imit-  
ing anodic current  to absorbed light intensity,  the 
values 2.1 and 1.5 in 1.0N HC1 and 1.0N KOH, respec- 
tively. Anodic current  resulted in dissolution of the 
crystals, whose surfaces acquired "unstable brown 
films." 

Such was the state of knowledge of the GaAs/elec-  
trolyte interface. The observed similarities and differ- 
ences with respect to germanium and silicon electrodes 
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were  general ly  in accord with  what  was known or 
anticipated concerning the electronic and chemical  
propert ies of GaAs. Recently,  three  ra ther  more ex-  
tensive studies of GaAs elect rochemist ry  have  been 
published. Included are the measurements  of differen- 
tial capacitance and cathodic reduct ion of surface 
oxides by Bir in tseva and P leskov  (5), the de te rmina-  
tion of the hole part icipat ion factor and the current  
efficiency of anodic dissolution by Efimov and Eru-  
sal imchik (6), and the invest igat ion of the anodic dis- 
solution mechanism for (111)- and ( l l l ) - o r i e n t e d  
surfaces by Gerischer  (7). Certain findings of the pres-  
ent research are in disagreement  wi th  e~rlier reported 
results; these and some previously unexplored elec- 
t rochemical  features  will  be elaborated on. 

Stoichiometry of the Electrode Reactions 
One bit  of informat ion present ly  unavailable,  yet  

essential for the calculation of s tandard potentials  of 
possible electrode reactions, is the standard f ree  en- 
thalpy of format ion & G ~  of gal l ium arsenide. Ther -  
mochemical  data (8) for several  re la ted compounds 
are presented in Table I, which also lists e lectronega-  
tivities f rom Paul ing  (9) and f rom a more recent  com-  
pilation (10) [two and three significant figures, re -  
spectively].  No correlat ion is evident  be tween the 
s tandard enthalpies of format ion of the compounds 
GaSb, InAs, and InSb and differences in e lectronega-  
tivities of the consti tuent elements. As a rough ap- 
proximation,  the unknown ~ H ~  for GaAs was taken 
to be the same as that of InSb (--3.5 kca l /mole) .  

When this assumed value is combined wi th  the 
standard entropy of formation f rom Table I, the quan-  
ti ty --3.1 kca l /mole  is obtained for AG~ of GaAs. 
The absolute er ror  cannot be so great  as to al ter  the 
conclusions to be drawn from Table II; namely, that  
the 6-electron anodic reactions are favored  over  the 
corresponding 8-electron reactions in both acid and 
alkal ine solution and that  cathodic hydrogen evolut ion 
is much more probable than arsine formation. 

Experimental 
Gall ium arsenide electrodes were  fashioned in the 

form of ( l l l ) - o r i e n t e d  disks, 4 -mm or 8-ram diameter,  
and of the order  of 1-mm thick. The (111), "A" or 
gal l ium faces were  distinguished f rom the ( I l l ) ,  "B" 
or arsenic faces by etching the ini t ial ly abraded sur-  
faces in 1HF:lH20.2: 1H20. The identification of po- 
lar i ty  according to the chemical  etch pat terns was con- 
firmed for one pair of surfaces by means of anomalous 
x - r ay  dispersion. The crystals f rom which electrodes 
were  cut had the fol lowing characterist ics 

n - type  (undoped) 0.85 ohm-cm, 2.0 x 1015 car r ie r s /  
cm 3, mobi l i ty  3700 em2/v-sec 

p - type  (Zn-doped) 0.012 ohm-cm, 4.2 x 10 is ca r r ie r s /  
cm 3, mobi l i ty  125 cm2/v-sec 

Table I. Eiectronegativities and thermochemica[ data 

I l I A  V A  I I I - V  --  '~H ~ ~ 

G a  A s  G a S b  5 .0  ~ 0 .2  k c a l  
P a u l i n g  1.8 2 ,0  I n A s  7 .4  • 0 .6  k c a l  
G r a y  1 .81  2 . 1 8  I n S b  3 .5  • 0 . I  k c a l  

I n  S b  
P a u l i n g  1 .7  1 .9  
G r a y  1 .78  2 . 0 5  G a A s :  AS~ = - - 1 . 4  c a l /  

deg 

Table II. Standard potentials for some GaAs electrode reactions 

..~G ~ 
k c a l  E ~ v 

G a A s  + 2 H ~ O  = G a  +a + H A s O , ~ ( a q )  + 3 H +  + 6 e -  - - 1 6 . 2  §  
GaAs  + 4H~O : Ga § + H ~ A s O ~ ( a q )  + 5 H  + + 8e- + 9 . 8  --0.05o 
G a A s  + 8 O H -  = H ~ G a O ~ -  + A s O z -  + 3 H ~ O  + 6 e -  - -  128 ,o  + 0.92~ 
GaAs  + 1 2 O H -  = H ~ - a O 3 -  + A s O ~  -8 + 5 H s O  + 8 e -  - - 1 5 9 . 3  + 0 . S 6 a  
GaAs  + 3 H +  + 3 e -  = G a  + A s H a ( g )  + 4 7 . 0  - - 0 , 6 9 3  
GaAs + 3 ~  + 3e-= Ga + AsHMg) + 3OH- +102.8 --I,47~ 
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The provision of suitably low resistance electrical  
contacts proved an impor tant  consideration, par t icu-  
lar ly  for n - type  electrodes. A satisfactory procedure 
consisted of sput ter ing gold onto a clean, f reshly 
abraded surface and then effecting some penetra t ion of 
the gold into the GaAs surface layer by heat ing in a 
reducing a tmosphere  (H2/N2 mixture)  for �89 hr  at 
300~ For  the major i ty  of exper iments  a bead of in-  
dium was al loyed to the gold layer, thus permit t ing  a 
rel iable pressure contact to be made. Where  accu- 
rate  electrode weight  changes were  required,  "pre-  
cipitated si lver meta l"  was compacted be tween the 
sput tered gold layer  and a meta l  rod. 

Cur ren t -vo l tage  characterist ics of pairs of contacts 
affixed to opposite faces of the same specimen were  
measured. Electr ical  contacts were  considered satis- 
factory when  the combined resistance of contacts plus 
electrode was constant and not significantly greater  
than the resistance of electrode alone (as calculated 
f rom the bulk resist ivi ty)  over  the current  range of 
interest.  Thereupon the superfluous contact was re-  
moved. Of the previously cited publications dealing 
with  aspects of GaAs electrode behavior,  only that of 
Pleskov (3) makes specific note of concern with  and 
the means employed for c i rcumvent ing  rectification 
and high resistance at the meta l -GaAs contacts. 

Electrodes were  cemented with  Apiezon W black 
wax  into a circular  recess at the end of a glass capil- 
lary  tube. The wax  and project ing edge of the GaAs 
disk were  then coated with  commercial  purified paraf -  
fin, excluding all but  the desired face f rom contact 
wi th  the electrolyte.  It was thus possible to make ad- 
vantageous use both of the  adhesiveness of the black 
wax  and the chemical  inertness of the paraffin. The 
surface was most often wet -abraded  (3000-mesh gar-  
net)  before mount ing  as indicated and subsequent ly 
was general ly  chemical ly polished (10 v / o  Br~ in 
methanol)  before insert ion in the electrochemical  cell. 

A Pyrex  cell was employed which could accommo- 
date up to three working electrodes, symmetr ica l ly  
si tuated with  respect  to a pivotal  Luggin capillary. 
The counter  electrode compar tment  was separated 
f rom the main body of the cell by a glass frit. A 
s t ream of purified, deoxygenated  ni t rogen served to 
purge both the cell volume and the electrolyte  in a 
connec ted  solution reservoir.  Reagent  grade salts and 
perchloric acid were  used wi thout  purification; sul- 
furic acid and alkaline solutions were  made up f rom 
Acculute  volumetr ic  standards. The disti l led water  
used had room tempera ture  resist ivi ty in excess of 
I0 -6 ohm-cm and was obtained from an a l l -Pyrex  
still fed with  demineral ized and Mil l ipore-f i l tered 
water.  The cell t empera ture  was 25~ throughout  and, 
unless otherwise noted, exper iments  were  carr ied out 
in room light and with magnet ic  s t i r r ing of the elec-  
trolyte. 

Results and Discussion 
Over-all electrode reactions.--In agreement  wi th  the 

observations of other  investigators,  n - type  GaAs elec-  
trodes were  found to exhibi t  a large, negat ive  photo-  
vol tage on open circuit; p - type  electrodes showed a 
smaller,  posit ive photovol tage in the solutions studied. 
Fur thermore ,  the l imit ing anodic current  for n - type  was 
both ve ry  small  in the dark and ex t remely  sensitive 
to light. Gas was evolved at appreciable current  den-  
sities during cathodic but  not anodic polarization; the 
s teady-sta te  anodic reaction was always GaAs dis- 
solution. In a number  of cases a loosely adheren t  
brown coating formed on the anode; this substance 
was isolated and found by x - r a y  diffraction to be gal-  
l ium arsenide ra ther  than some oxidat ion product. 
[Greenberg  and Sanders  (4) and Gerischer  (7) re -  
ported a dark coating, whose ident i ty  was correct ly  
established by the latter.] 

The indicated disintegrat ion or undermining  of the 
anode could be e l iminated by effeeting vigorous mass- 
t ransport  conditions at the interface. Table III sum- 
marizes coulometric measurements  carr ied out on ini-  
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Table III. Coulometry of the anodic dissolution reaction for 
p-GaAs, 20 ma/cm 2 

D i s k  d i a m -  E l e c t r o n  
E x p t .  No. S u r f a c e  e t e r ,  m m  E l e c t r o l y t e  n u m b e r  

1 A ( l l l )  4 0.SN K O H  5.88o 
2 A~ 111 ) 8 0 .5N K O H  5.92u 

3 Bt  111) 8 0.SN K O H  5.992 

4 B (1111 8 1 .ON HC10~ 5.99a 
5 A (111; 8 1 .0N HC104 6.100 

t ial ly abraded p- type  anodes at 20 m a / c m  2 and 25~ 
wi th  magnet ic  s t i r r ing of the electrolyte.  Anode weight  
losses were  determined directly. In general,  as tech- 
niques were  refined the electron number  more closely 
approached the value 6; the single instance of an ap- 
parent  electron number  in excess of 6 appeared to be 
due to severe at tack of the r im of the GaAs disk, lead-  
ing to possible exposure of the edge of the gold film 
to the electrolyte.  

Fol lowing anodic dissolution, a posit ive test was 
obtained for arsenite in the electrolyte.  It appears 
cer ta in  that  gal l ium arsenide normal ly  undergoes 
anodic dissolution with  the format ion of t r iva lent  gal-  
l ium and t r iva lent  arsenic, a conclusion in agreement  
wi th  that  expressed in ref. (6) and (7). Moreover,  the 
s toichiometry is the same for both surface polarities. 
In exper iments  2-5 of Table III, the cathode was a 
GaAs disk of surface polar i ty  opposite to that of the 
anode. There  were  no weight  changes of the cathodes, 
wi thin  weighing errors, a t tending prolonged cathodic 
hydrogen evolut ion at current  densities of 20 and 80 
m a / c m  2. Evidently,  arsine format ion is not a significant 
par t  of the cathodic process at the current  densities 
indicated. 

Electrode polarization character is t ics . - -Prel iminary 
anodic etching exper iments  with an n- type  GaAs 
hemisphere  in 0.5N KOH, carr ied out perforce under  
strong i l lumination,  gave some indication of a reduced 
rate  of at tack along the [110] zone, including the (111) 

plane, as compared to the (111) plane. However ,  the 
anodic etch pat terns were  not  near ly  so wel l  defined 
as those obtainable wi th  ge rmanium hemispheres - -one  
infers a lower degree of crystal l ine perfect ion for  the 
GaAs- -and  the polarizat ion exper iments  to be de-  
scribed allow li t t le distinction to be made between 
the electrode kinetics of nominal ly  A and B surfaces. 
On the other hand, anodic dissolution of both sur-  
faces is definitely re ta rded  re la t ive  to other  or ienta-  
tions. Only one example  is given by the photographs 
of Fig. 1, which depict the surface of an n - type  elec- 
t rode of B (111) surface polar i ty  fol lowing anodic etch- 
ing in 2N NaOH under  i l lumination.  There  is clear  
evidence of h ighe r - than -ave rage  current  density at 
the r im of the disk; there also appears to be l i t t le  re-  
maining of the original  surface orientation. The major  
reflecting planes in this par t icular  etch pat tern  were  
identified as (223) by means of a two-ci rc le  goni- 
ometer.  

Figures 2 and 3 i l lustrate  the s imilar i ty  in polar iza-  
tion behavior  of the nominal ly  A and B surfaces. The 
data points were  obtained potentiostat ical ly and repre-  
sent quasis tat ionary current  densities measured at 
roughly  30-sec intervals.  It  is apparent  that  l i t t le 
quant i ta t ive  significance can be at tached to rest poten-  
tials in this system. On the other  hand, the anodic po- 
larization behavior  was nicely reproducible,  obeying 
a Tafel  relat ion over  at least four  decades of current  
density. Within exper imenta l  error,  Tafel  slopes were  
the same (82 mv)  for both electrodes. 

The upward swing of the anodic curves at the high-  
est current  densities is an indication of a resist ive 
component  of the electrode potential  measured vs. 
the saturated calomel  half-cell .  Thus, the data at high 
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Fig. 2. Anodic and cathodic polarization curves for a p-GaAs, 
A(111) electrode in 0.5N KOH, 25~ A ,  incr. [~11; A ,  decr. 
!~ll; D ,  incr. [~11 (repeat); i ,  decr. [~11 (repeat). The symbol ~ in 
this and subsequent figure captions stands for "overpotentlal." 

Fig. 1. Etch pattern resulting from anodic dissolution in 2N 
NaOH of an a-GaAs disk, 4-mm diameter, with B~11) surface 
orientation. Magnification before reproduction: (a) 20X, (b) 160X. 
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Fig. 3. Anodic and cathodic polarization curves for a p-GoAs, 
B(111) electrode in 0.SN KOH, 25~ Sequence of measurements: 
/% A ,  [ ] ,  • ,  �9 �9 (see Fig. 2 caption). 
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anodic overpotentials ,  when replot ted as potential,  U, 
vs. ( l inear)  current  density, j, yield straight lines wi th  
slopes, R ~ d U / d j ,  equal  to 2.83 and 3.0~ ohm-cm 2 for 
the A and B electrodes, respectively.  The indicated 
magni tude  of R is too large to be accounted for by 
the corresponding  quant i ty  for semiconductor  bulk 
plus electrical  contact to the back surface and is prob-  
ably determined by the effective resistance (11) be- 
tween electrode and Luggin capi l lary tip. Actually,  
for  these and other  cases it  was found that  the sub- 
traction of jR f rom the measured electrode potentials 
apparent ly  overcompensates  for ohmic resistance; the 
corrected Tafel  plots invar iably  leveled  off at high 
current  densities. 

The cathodic behavior  was more  s t rongly influenced 
by chemical factors than by bulk semiconductor prop-  
erties. Note in this regard  the absence of an e lect ron-  
l imited current,  together  wi th  an insensi t ivi ty to i l lu-  
minat ion at all but the lowest  cathodic currents.  These 
findings are  in general  agreement  wi th  those of Ples-  
kov  (3). The curves repor ted  here  were  obtained sub- 
sequent to anodic polarization, and it is clear f rom ex~ 
aminat ion of Fig. 2 and 3 that  beyond a certain region 
of cathodic overpotent ia l  the na ture  of the GaAs sur-  
face becomes al tered so that  the polarization curve is 
not re t raced on decreasing the overpotential .  By way 
of comparison, Bir intseva and Pleskov (5) obtained 
evidence for the anodic format ion of a surface oxide 
phase in acid solution, but only of the order of one 
monolayer  of cathodical ly reducible oxidation product 
in a lkal ine solution. 

In addition to a shift of approximate ly  0.8v to more 
posit ive potentials, as compared to the 0.5N KOH elec- 
trolyte, the anodic polarizat ion curves for p- type  GaAs 
in 1.0N HC104 exhibi t  a passive region. Results for one 
surface orientat ion only are shown (Fig. 4), since the 
data for the second are v i r tua l ly  superposable, even 
to the extent  of reproducing all details of the com- 
plicated cathodic behavior.  The effect of prior  anodic 
polarization on the cathodic behavior  was more pro-  
nounced in the acid electrolyte,  consistent wi th  more 
extens ive  oxidation of the electrode surface. As in the 
alkal ine electrolyte,  the cathodic behavior  of the p- 
type electrodes employed was much more a function 
of their  chemical  than of their  semiconducting nature. 

In 1.0N HC104 the anodic Tafel  slope was 68 my. 
The resist ive contributions to measured overpotentials  
in the prepassive region were  1.5~ and 1.8s ohm-cm ~ 
for an A and a B electrode, respectively,  mult ipl ied by 
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Fig. 4. Anodic and cathodic polarization curves for a p-GaAs, 
B(i11) electrode in 1.0N HCIO4, 25~ Sequence of measurements: 
same as Fig. 2. 
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Fig. 5. Details of the active-passive transition for a p-GaAs, 
B(111 ) electrode in 1 .ON HCIO4, 25~ 

current  density. The transi t ion f rom active to passive 
condition was abrupt;  the crit ical  potential  could be 
located potentiostat ical ly to wi thin  1 mv  (Fig. 5). Re-  
establ ishment of the act ive condition was at tended by 
pronounced hysteresis, a l though the pass ive- to-ac t ive  
transi t ion was equal ly  abrupt. In the absence of s t i r-  
ring, current  densities were  lower  in the prepassive 
and throughout  the passive regions, but intense light 
had no percept ible  effect on the kinetics. 

By contrast  to the act ive-passive transitions, that  
be tween passive and transpassive regions was gradual 
with, moreover ,  a drif t ing of the current  at a fixed 
electrode potential.  It is possible that  the former  is, 
in reality, continuous in keeping with  the suggestion 
of Osterwald (11) re la t ive  to the effect of an included 
jR component.  

Anodic polarization in HC104 to the extent  indicated 
by Fig. 4 (about 30 sec/point)  resulted in deep pit t ing 
of the GaAs surface and heavy  attack of the rim. 
Although, as shown in Fig. 6, the pits formed on an A 
and a B surface are readi ly  dist inguishable (as in 
chemical  etching) ,  the microtextures  of the rest of the 
surface and, indeed, of the pits themselves proved to 
be ra ther  similar. The passive film is not thought  to 
be the dark coating which appeared at high anodic 
current  densities, since the la t ter  could be dislodged 
mechanically,  but  was not reduced electrochemically.  

The most pronounced effect of changing the anion 
f rom perchlora te  to sulfate was the extension of the 
passive region to the most  posit ive at ta inable  poten-  
tials. The anodic polarization data given in Fig. 7 are 
for an A ( l l l )  surface orientat ion;  results were  v i r -  
tual ly identical  for a B ( l l l )  electrode as wel l  as for 

A(ili) B(IIi) 
Fig. 6. Gross appearance of differently oriented p-GaAs elec- 

trodes, 8-ram diameter, following anodic passivation experiments 
in HCIO4. 
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Fig. 7. Anodic polarization behavior of a p-GaAs, A(111) elec- 
trode in 1.0N H2SO4, 25~ A ,  incr. ~1; A ,  decr. ~1. 

a second A(111) electrode. The value of b der ived 
f rom Fig. 7 is 62 my. The act ive-passive transi t ion was 
abrupt  in both directions, but without  appreciable 
hysteresis. 

Addit ional  comparisons of passivation character-  
istics in the two solutions are interesting. Thus, the 
Flade potent ial  in 1.0N H2SO4 and that for the di- 
rection of increasing overpotent ia l  in 1.0N HC104 have 
sensibly the same value, namely  about +0.70v vs. 
SCE; however ,  the m a x i m u m  current  density is greater  
in the fo rmer  (~325 as compared to ~150 ma/cm2) ,  
as is the passive current  density (~25 as compared to 
~15 ma/cm2).  The difference in pH be tween  normal  
solutions of sulfuric and perchloric  acid is thought  to 
be insufficient to account for differences in passivation 
behavior,  especially since hydrogen ion is a product  of 
the anode reaction. One is led to a consideration of 
the probable composition of the passive film. 

Both the sulfate and perchlorate  of t r iva lent  gal l ium 
have  appreciable solubilities, as confirmed in separate 
experiments .  It was also found that  a gal l ium arsenite 
could not be isolated, a l though gal l ium arsenate was 
precipi tated in the pH range 2-8. Arsenic tr ioxide is 
known to be only modera te ly  soluble in acid solution, 
as noted by Straumanis  and Kim in their  repor t  (12) 
on the growth of As203 crystals on GaAs etched with  
dilute and concentrated HNOs and also with  aqua 
regia. (It would be difficult to reconcile their  identi-  
fication of the product as As203 with  the known reduc-  
ing propert ies  of this substance were  it not readi ly  
demonstrable  in the laboratory that  the oxidation of 
solid As203 by the reagents  employed proceeds very  
slowly at room temperature . )  Haisty (2) identified a 
dark blue film formed on p- type  GaAs in dilute KC1 
by photogalvanic etching as ~-Ga203, which is also the 
product of thermal  oxidation (13). However ,  as noted 
previously,  oxide films were  formed only at i n t e rme-  
diate pH's. 

The published observations most per t inen t  to the 
passivation behavior  of GaAs are possibly those of 
Revesz and Zaininger  (14), who obtained a Ga203- 
As205 film by anodic oxidation of p - type  GaAs in 
acetic anhydride saturated with KNO3. They concluded 
that  the film was essential ly amorphous with  a Ga /As  
atom ratio of 1.3, possibly a glass modification of the 
si l ica-l ike composite oxide GaAsO4. It  is conceivable 
that  an anodic film of this na ture  is formed at suffi- 
cient ly high current  densities in aqueous acid elec-  
trolytes, leading to re tardat ion of the anodic dissolu- 
tion reaction. The rate  of the implied fur ther  oxida-  
tion of arsenic to the + 5  state would  l ikely be en- 
hanced by perchlorate  and so result  in diminished 
passive and m a x i m u m  prepassive currents  re la t ive  to 
H2SO4 electrolyte.  

The narrowness  of the range of passive potentials 
observed in HC104 is probably  a consequence of the 

Fig. 8. Gross appearance (inset) and surface features of a p-GaAs, 
A(111) electrode, 4-ram diameter, following anodic passivation 
experiments in H.~S04. Magnification before reproduction: 200X. 

severe pit t ing which occurs (Fig. 6). The absence of 
pits on GaAs electrodes having  undergone similar  
anodic t rea tment  in H2SO4 provides a marked  contrast  
(Fig. 8). Visible in the lat ter  figure are vestiges of a 
loosely adherent,  dark film of GaAs. The strongly 
nonuniform distr ibut ion of electrode current  density 
associated with  pi t t ing and t ranspassivi ty  is probably 
also responsible for the hysteresis in the ac t ive-pas-  
sive transi t ion observed in HC10~ electrolyte.  There 
follows a considerat ion of some exper iments  per-  
formed with the aim of unders tanding bet ter  the 
cathodic behavior.  

Cathodic photopotentials.--It was of interest  to ex- 
plore fur ther  the photoresponse of p- type  GaAs cath-  
odes. The absence of an e lec t ron- l imi ted  current  has 
been noted here as wel l  as by others, a l though Ples-  
kov (3) found the overpotent ia l  for hydrogen evolu-  
t ion to be greater  for p- type  GaAs (p = 2 x 10 is cm -3) 
than for n- type  (n = 10 is cm-3) .  It seems clear that 
at the higher  cur ren t  densities the electrons requi red  
for the cathodic process are ei ther  generated at a suffi- 
cient rate within the electrode or at its surface or are 
der ived from the valence band. The abrasion of the 
back surface pr ior  to applying the gold contact is not 
thought  to be a factor because of the very  short l ife- 
t ime and consequent short diffusion length of minor i ty  
carr iers  in GaAs (15). 

Initially, the posit ive photopotent ial  was enhanced 
by application of a small  cathodic current.  The clear 
indication is that  the negat ive  space charge was in- 
creased in the way  expected for consumption of mi-  
nori ty carriers by the cathodic reaction. Continuous 
i l luminat ion at ve ry  low cathodic current  densities 
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Fig. 9. Charging curves and photopotentials at a low current 
density. Events: a, begin magnetic stirring; b and d, begin anodic 
charging; c and e, begin cathodic charging; f to g, continuous 
illumination; h, current off. 
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Fig. 10. Charging curves and photopotentials at intermediate 
current densities. Events: a, anodic current off; b, d, and f, be- 
gin cathodic charging; c and e, cathodic current off; g, begin 
anodic charging. 

Fig. I I .  Galvanostatic anodic-cathodic polarization of a p-GaAs, 
A(111) electrode in 0.99N Na2SO4/0.01N H2SO4; pH 2.85, 25~ 
Arrows indicate the change of cathodic potential under illumina- 
tion. �9 incr. I*ll; o ,  decr. (~1I. 

caused the magni tude of the photopotential to decrease 
more rapidly than in the dark (Fig. 9). The contr ibu-  
tion of continued cathodic current  to the observed re-  
laxat ion of the photopotential  may result  from the 
change in the chemical state of the surface, with an 
a t tendant  adjus tment  of the potential  difference across 
the interface. Superposed on this effect is that of 
continued i l luminat ion (Fig. 9), which appears to be 
associated with a t rapping phenomenon;  possibly the 
light is absorbed by t rapping centers and effects the 
release of minor i ty  carriers. 

At somewhat higher cathodic current  densities (Fig. 
10), the cathodic photopotential  becomes both larger 
and less time dependent.  At still higher current  den-  
sities, the cathodic charging curve is characterized by 
overshoot and, eventually,  by great ly diminished 
photoresponse. 

It was found that the quasistat ionary potentials ob- 
tained from cyclical charging yield polarization curves 
in which much of the previously encountered compli- 
cated cathode behavior is absent (Fig. 11). Evidently,  
the chemical state of the GaAs surface is altered in a 
more reproducible way as a consequence of anodic- 
cathodic cycling. From Fig. 11 it is seen that  not  only 
do the curves for increasing and decreasing overpoten-  
tial coincide, but  the cathodic branch  has now a wel l -  
defined Tafel region. The values of the coefficient b in 
the given electrolyte are 62 mv for the anodic branch 
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and 300 mv  for the cathodic. The anodic photopoten- 
tials (not shown) were small throughout.  

The following interpretat ion of the cathodic photo- 
potentials is offered. Up to about 10 ~a/cm 2 the cathode 
potential  under  i l luminat ion  is sensibly constant, indi-  
cating that the light was sufficiently intense to bring 
the surface region to the f lat-band condition (not that 
for the unpolarized electrode, which occurs at a poten- 
t ial  slightly more anodic than the rest potential,  bu t  
that corresponding to the new surface configuration 
brought  about by cathodic current ) .  Thereafter  the 
light potential  begins to fall off and for a decade or so 
of cur ren t  density does so in parallel  with the dark 
potential.  In  this range, increments  of overpotential  
fall  largely across the space-charge region. At still 
higher current  densities an increasing fract ion of the 
applied overpotential  falls across the interface, with the 
consequence that the chemical state of the surface be- 
comes more drastically al tered--conceivably,  surface 
As atoms are removed as arsine, leaving a Ga sur face- -  
and the light potential  approaches the dark. Eventu-  
ally, the semiconductor na ture  of the p- type  GaAs is 
no longer manifest  in its cathodic behavior. 

Remarks  

Certain difficulties experienced in studies of gall ium 
arsenide electrochemistry stem from the compoun d 
na tu re  of the electrode material ;  in  most instances it 
probably does not make sense to think in terms of the 
composition GaAs in the immediate  vicini ty of the 
interface with the electrolyte. That  is, one must  con- 
sider that the existence of a surface layer with Ga/As 
atom ratio different from uni ty  is the probable state of 
affairs. Thus, the usual picture of the Helmholtz layer 
may not be adequate for the electrode side of the 
interface. 

The indis t inguishabi l i ty  in polarization behavior of 
the (111) and (111) surface orientations may be re-  
lated to the factor just  mentioned. There is also the 
likelihood, as ment ioned earlier, that as a consequence 
of preferent ial  etching, little of the real  surface re-  
tains the (111) or (111) orientation. Final ly,  as sug- 
gested by Gerischer (7) to explain similarities in 
anodic behavior, d ismant l ing of the crystal by anodic 
reaction probably proceeds by removal  of Ga and As 
atoms in pairs ra ther  than singly. 

There are serious discrepancies in the l i terature  re- 
garding the part icipation of holes in  GaAs electrode 
processes. A photoinjection method indicated that 2.8- 
4.0 holes (4) are required per GaAs uni t  enter ing the 
electrolyte at the l imit ing anodic current.  On the other 
hand, studies based on the redox method developed 
by Gerischer and Beck (16) for germanium give var i -  
ously 1-6 (6) and 6 (7) for the same quanti ty.  

A great deal more knowledge has to be gained be- 
fore the contr ibutions of different possible sources to 
the supply of minor i ty  carriers can be sorted out. 
Probably  genera t ion-recombinat ion  in the field of the 
space charge region is more impor tant  than  in the 
volume, but  the relat ive importance of thermal  genera-  
t ion-recombinat ion at the surface is not known. Some 
results presented here point to t rapping as a factor in 
the charge distr ibution,  whereas other authors have 
invoked field-induced ionization of deep lying im-  
purities. In  short, it may not be profitable to at tempt 
to fit the electrochemical behavior of compound semi- 
conductors wholly wi th in  the simple model which 
works well  for germanium. 
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Note added in proof: Since this paper was wri t ten,  
two items of especiaI per t inence have  appeared in the 
l i terature.  It has been reported that  --~G~ for GaAs 
is of the order  of 9 kca l /mole  [A. S. Abbasov et al., 
Doklady Akad. Nauk S.S.S.R., 170, 1110 (1966)]. Hence, 
the s tandard oxidation potentials of Table II are too 
posit ive by 0.26/n v, where  n is 3, 6, or 8. Recently,  
Gerischer  and Mattes [Z. physik. Chem. Neue Folge, 
49, 112 (1966)] have  demonstra ted convincingly the at-  
tainabil i ty of e lec t ron- l imi ted  currents  with p-GaAs 
cathodes. Observations of others to the contrary are 
probably not ascribable to cathodically produced elec- 
t ron-hole  generat ion centers, as may form on Ge cath-  
odes. Very  likely, it wil l  be found that  certain tech- 
niques of producing contacts to the back surface resul t  
in obli terat ion of the inherent  l imit ing current,  

Manuscript  received Nov. 23, 1966. This paper was 
presented at the Cleveland Meeting, May 1-6, 1966. 

Any discussion of this paper will  appear  in a Dis- 
cussion Section to be published in the December  1967 
JOURNAL, 
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Transient Response of Chemically Interacting 
Solid-Gas Systems 

I. Theoretical Considerations 

Seong T. Hwang and G. Parravano 
Department of Chemical and Metallurgical F~ngineering, University of Michigan, Ann Arbor, Michigan 

ABSTRACT 

The transient  response of the ra te  of a surface reaction between gas and 
solid phases is discussed mathematical ly .  The over -a l l  react ion is assumed 
to be the results of two e lementary  steps: adsorption of reactants  and desorp- 
tion of products. Expressions for the nonsteady rates of the two steps are 
der ived and applied to the case of simultaneous occurrence of both steps. 
This results in a surface catalyzed reaction. It is shown how the analysis 
of the t ransient  response permits the determinat ion of some of the fundamenta l  
parameters  of the e lementary  steps including the values of the step rate  con- 
stant, the na ture  and concentrat ion of the adsorbed intermediates.  The con- 
t r ibut ion of nonsteady state kinetics to the elucidation of basic problems 
on the react ivi ty  of solid surfaces is outlined. 

The e lementary  steps of solid-gas reactions involve  
physical and chemical phenomena taking place at 
different rates. This is par t icular ly  val id for chemical  
changes occurr ing at a phase boundary,  since the 
peculiar  env i ronment  and structure of a phase bound-  
ary provides a wider  spectrum of possibilities and con- 
ditions. Thus, a range of reaction re laxat ion  times is 
to be expected in heterogeneous kinetics: f rom rapid 
electronic transitions, to slow transfer  of atoms or ions 
among surface positions, and be tween  surface and 
bulk phases. A detailed study of these various proc- 
esses is a formidable,  but  necessary task for reaching 
a comprehensive  unders tanding of heterogeneous  and 
surface processes. 

In the past, studies have  been per formed on the non- 
steady rate  of react ion of FeO in CO2-CO and H._,O-H._, 
mixtures  (1) and of decomposition of HCOOH on Pd 
(2). In general, re la t ive ly  high tempera tures  are 

prefer red  for these investigations, since the identifi-  
cation of the physical  process corresponding to the 
measured re laxa t ion  times may  be carried out with 
more  confidence. 

In view, however ,  of the fact that  many surface re-  
actions, mostly catalytic, take place at lower tempera-  
tures wi th  fast rates, it is per t inent  to inquire  how far  
the pat tern  of physicochemical  behavior  emerging 
f rom h igh- t empera tu re  studies can be extrapola ted 
to the lower tempera tures  of interest.  To invest igate 
this problem and to find out the extent  to which low- 
tempera ture  results may be uti l ized to extract  mean-  
ingful  informat ion about surface-gas interactions, we 
have analyzed theoret ical ly  the t ransient  response of 
chemical ly in teract ing solid-gas systems and per-  
formed exper imenta l  investigations to test the theo- 
re t ical  analysis. 

Two considerations guided the present  effort: first, 
the scattered but extensive l i tera ture  reports  of init ial  
drifts of surface act ivi ty of many solids used as cata- 
lysts; in some cases, the direction of the act ivi ty 
change with  t ime was qual i ta t ive ly  related to and 
found consistent with the react ion scheme der ived 
f rom steady state veloci ty informat ion (3); second, a 
close scrutiny of the nonsteady state behavior  should 
be of great  interest  for mechanist ic  studies in he te ro-  
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geneous and surface reactions since the reactivi ty of 
the phase boundary  is greatly influenced by chemical 
interactions with the sur rounding  phase occurring dur-  
ing the establ ishment  of the reaction steady state. 

The nonsteady state discussed in  this work is charac- 
terized by the t ime dependence of the reaction con- 
version, resul t ing from a forced per turba t ion  of one of 
the reaction parameters  under  conditions of negligible 
kinetic influence of mass and heat t ransfer  effects. The 
present  communicat ion summarizes the theoretical de- 
rivations and their use to obtain information on the 
value of the rate constants of some of the e lementary 
reaction steps and upon the nature  of the reaction 
intermediates.  In  the following communicat ion (4) the 
application of the analysis to exper imental  results is 
outlined. 

Description of the Model 
Consider an ionic solid, MX, whose nonmetal l ic  com- 

ponent  is assumed to be in the form of X -2 ions, in ter -  
acting with gas phase molecules AX and B, according 
to the equations 

AX(g)  + MX s u r f a e e . ~ A ( g )  + Xa [1] 
<-. 

kl 

B(g)  + X a . ~ B X ( g )  -]- MX surface [2] 

where Xa represents species adsorbed on the N X  sur-  
face. Simultaneous occurrence of reactions steps [1] 
and [2] yields the over-al l  catalytic reaction 

AX(g)  + B(g)  ~ A(g)  + BX(g)  [ la]  

Two points are noteworthy in connection with this 
model: (a) the individual  reaction steps [1] and [2] 
modify the stoichiometry and, thus, the m e t a l / n o n -  
metal  ratio of MX; and (b) this ratio is influenced 
by Xa only and not  by the adsorption of any  other 
species (reactants and /o r  products) .  

As was shown previously (5), the rates of reactions 
[1] and [2] may be plotted as a funct ion of the non-  
meta l /meta l  ratio of the catalyst (Fig. 1). This ratio, 
expressing the influence of the surface on the reac- 
t ivity of the system, constitutes a reaction variable, 
together with the part ial  pressure of the gas phase 
components. If it is assumed that  the total surface 
concentrat ion of X, [X~T], remains  unchanged dur ing 
the reaction steady state, Xaw = 0, it is possible to 
state that  the numerica l  difference between the rates of 
reactions [1], :K~(1), and [2], X~(2), gives the net  rate 
of change of the surface concentrat ion of X, X~T = 

a E x ~ , .  
dt ~ I F o 

/ 

._ i + 
,~..Nonmetal/Metal ~ Ne e l iC, ~.~. L. ~ o f  Change 

~t~'____A--_ i ~ - _  ~ _ / N e t  Ro,eof 
0, - - r  

~ ' ~ "  0 
o - - . _ . . .  

Fig. 1. Adsorption and desorption rates of X2 vS. nonmetal-to- 
metal ratio in MX, P~ ~ P~ p~ -1- P~ ~--- P~ 
p ~  2 
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Xa[1] --  Xa[2]. If reaction [la] is carried out with 
constant  par t ia l  pressures (P%x)1 and (P%)1 in a flow 
system, the steady state condit ion is represented by 
point  A (Fig. 1). Modification of the reactant  part ial  
pressures to (p~ and (p~ produces a new steady 
state (point  E, Fig. 1), corresponding to a different 
value of the nonmeta l /me ta l  ratio of the solid. 

Nons teady-S ta te  Reaction Kinet ics  
The total amount  of reaction intermediate  which at 

any time is adsorbed on the MX surface is given by 
the algebraic sum of the amounts  ini t ia l ly present, 
X , ( i ) ,  and those resul t ing from reaction [1], X~[1] and 
reaction [2], Xa[2] 

XaT = X~(i) + X~[1] + X~[2] [3] 

The reaction conversions for step [1] al, and step [2], 
a2, are defined as 

PA 
r 1 ~-- - -  

P~ 

PBX 
a 2 p~ 

Xa[1] P~ PAX 
= - -  = [4] 

hp~ p~ 

Xa [2] P~ - -  PB 
- - -  = [5] 

hpOB p~ 

where the superscript o refers to values at time t = 0 
and h is a suitable constant. Expressing the influence 
of the surface on the reaction rate by means of the 
surface coverage, 0, the latter becomes for the reaction 
step [1] ~l and [2] 02 

Xa(i)  q-Xa[1] Xa(i) q-hp~ 
01 = = [6] 

S S 

Xa(i)  + Xa[2] Xa(i) --  hp~ 
02  - -  = [ 7 ]  

S S 

where S is the surface area of MX. The rates of steps 
[1] and [2] may, then, be simply formulated 

dpAx = ;1PAX(1--Ol)  --~llPAO1 [8] 
dt 

dpB 
-- k2ps  0.2 --  k2Psx (1 - -  #2) [9] 

dt 
_+ _+ ~_ +_ 

where kl, k2, kl, and k2 are the forward and backward 
rate constants for step [1] and [2], respectively. 

Subst i tu t ing expressions [4], [5], [6], and [7] in Eq. 
[8] and [9], in tegra t ing from t ~ 0 to t = t to obtain 
the relationships al ~ f ( t )  and a2 = f ( t )  and substi-  
tu t ing  the lat ter  in  Eq. [8] and [9], the rates of con- 
version change as a funct ion of t ime are found to be 

Xa(i)  / -~ h 
= - -  al ~ ~ kl ~-  p~ 

dt S 

"~ ~ Xa(i) Xa(i)  
+ /q 

exp [ - - ( k ~  Sh----p~ ki 

+ 

) 1  [10] 

---~ ~~ k2 p~ 
dt S 

"+ Xa(i)  ks<'-*" Xa(i) V] + + 

[ ( -+  h -+ Xa(i) 
exp - -  k2 -~ p~ -~- k2 S 

- i t - ~ 2  k-2 X~(i) - ~ / t ]  [11] 
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In the derivat ion of Eq. [10] and [11], the terms 
containing a2 have  been neglected, since reaction 
[la]  proceeds f rom left to r ight  and the absolute 
magmtuae  of the coefficients of the ~2 terms is always 
smal ler  than that  of the l inear terms in -. Fu r the r -  
more  for small  values of the react ion conversion ~2 
~ a. Equat ions [10] and [11] represent  the t ime 
var ia t ion of the rate  of react ion conversion during 
the nonsteady rate  period and may, therefore,  be 
used to characterize the nonsteady state rate  of reac-  
tion steps [1] and [2]. 

The l inear  plot of the logari thms of the rate  of 
change of react ion conversion vs. t ime gives (for step 
[1]) 

-~ h ~ -~ Xa( i )  ~- Xa(i)  
slope = kl  ~-  p~ -~ kl  --  k~ ~ ~ kl  S [ 12] 

( -~ h -~ 
intercept  = ~ol kl-~-p~ + kl 

) __ kl T ~_ ~ i ~  Xa(i)  Xa(i)s --  k~ 1 S [13] 

A similar, two equation system is obtained for reac-  
tion step [2]. Under  the exper imenta l  conditions gen- 
era l ly  employed in surface studies (see fol lowing pa-  

~- Xa(i)  k'~l h 
per) (4) kl ~ < ~  ~- P~ and the terms in 

~1 and k2 in the slopes and intercepts of the l inear  
plots of Eq. [10] and [11] may be neglected. Conse- 
quently,  f rom systems of equations of the type of 

[12] and [13] it is possible to evaluate  kl, k2, Xa( i ) ,  S 
and h. 

Reaction Intermediates 
The problem of der iv ing information on the chem-  

ical na ture  of the surface in termedia te  Xa is de- 
pendent  on the model  of the react ive surface used. If 
the catalytic solid is an ionic (or par t ly  ionic) com- 
pound, a logical choice for the surface centers re-  
sponsible for surface react iv i ty  are point defects, ionic 
a n d / o r  electronic. This assumption permits  the for-  
mal  discussion of surface defect reactions in a man-  
ner  similar to that  employed for the crystal  interior.  
It is, however ,  necessary to distinguish between two 
sets of conditions under  which the surface chemical  
equi l ibr ium between adsorbed species and the solid 
is: (a) rapidly established in relation to the t ime con- 
stant of the rate exper iments ;  (b) not rapidly estab- 
lished. In the first instance, it is possible to apply the 
mass action expression to surface defect  reactions, 
while  this wil l  not be possible in the second instance. 
The la t ter  case corresponds to the format ion of a sur-  
face space charge layer  of thickness considerably 
larger  than ionic radii. 

The chemical na ture  of the react ion in termedia te  is 
direct ly related to the type of surface bonding be-  
tween adsorbent  and adsorbate dur ing react ion [ la] .  
We shall discuss the instance in which adsorbed X 
species are considered to occupy surface positions 
equiva len t  to normal  latt ice sites, even  though some 
of the neighboring atoms may  be missing. To ex-  
press this in a simple fashion one may  consider three 
l imit ing cases: neut ra l  X~, singly charged ion Xa - I ,  
and doubly charged ion Xa -2. Whenever  equi l ibr ia  
be tween adatoms and surface sites are established, 
the fol lowing reactions should be considered 

XaT W "2e- = X -2 (n- type)  [14] 

Xar ~ X -2 -P 2e + (p- type)  [15] 

X--aT -P e -  = X -2 (n- type)  [16] 

X--aT = X -2 -~- e + (p- type)  [17] 

Since X -2 ions are the consti tuents of the MX lattice, 
in large excess and randomly  distributed, it is justifi-  
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able to set IX -2] ~ constant. F rom react ion equi-  
l ibria [14] to [17], one obtains 

1 
[Xaw] = K l 4 - -  (n- type)  [18] 

n2e -- 

[Xaw] = KI~ n2e+ (p- type)  [19] 

1 
[Xaw - l ]  = K16 (n- type)  [20] 

n e - 

[Xaw -1] = Klr he+ (p- type)  [21] 

where  K14 to Klr are the equi l ibr ium constants of re-  
actions [14] to [17] and he-,  ne+ are the concentra-  
tions of excess electrons and electron holes, respec-  
tively. Equations [18] to [21] re la te  the concentrat ion 
of the adsorbed intermediate,  as Xa or Xa -1, to the 
electron or hole concentration. If the adsorbed inter-  
mediate  is present  as Xa -2 ions, it is clear that  the 
concentrat ion of the lat ter  will  not be dependent  on 
the electron or hole concentrations. 

If react ion equil ibria  [14] to [17] do not occur rap-  
idly, it is possible to obtain the relations be tween  the 
concentrations of the in termedia te  and excess elec- 
trons or electron holes by means of the condition of 
electr ical  neut ra l i ty  for any volume e lement  of the 
solid, including the surface 

[XaT -1 ]  = C (ne~ n~ - )  (n- type)  [22] 

[XaT -1 ]  = C' (he+  - - n : + )  (p- type)  [23] 

C 
[Xaw-1] = ~- (n ~  - -  n~-)  (n- type)  [24] 

C' 
[XaT -2 ]  = - -  (he+ - -  n:+ (p- type)  [25] 

2 

where  C, C' are appropriate  constants. In this instance 
if Xa is present as a neutra l  species, [Xa] becomes in- 
dependent  of n e- and n e+. 

By means of Eq. [3], [10], and [11], it is possible 
to derive an expression be tween  the total amount  
a d s o r b e d ,  XaT, and the sum of the rates of conversion 
change: (d~l/dt) ~- (daJd t ) .  Substi tut ion in this la t-  
ter expression of the appropriate  Eq. [18] to [25] per-  
mit  the development  of a series of relat ionships be- 
tween reaction conversion and electron or hole con- 
centration. These expressions are unique for each of 
the various cases discussed and may be used as a 
cr i ter ium for eva lua t ing  the role of the three  in ter-  
mediates considered. The detai led derivat ions are 
presented elsewhere (6), while  the results are sche- 
mat ical ly  plotted in Fig. 2 and 3. The graphs show 
that  the various possibilities arising from: (a) elec- 
tronic nature  of surface (p- or n - type) ,  (b) presence 
or absence of surface space charge, and (c) chemical  
na ture  of the adsorbed intermediate ,  may be uniquely  
distinguished. In addition to the cases repor ted  in 
Fig. 2 and 3, it should be recal led that  wheneve r  the 
in termedia te  is the neut ra l  species Xa and surface-  
bulk equil ibria  are not readi ly  set up, [Xa] is inde-  
pendent  on the act ivi ty  of electrons or holes, whi le  a 
similar  situation arises for the reaction in termedia te  
Xa -2 wheneve r  surface-bulk  equi l ibr ia  are readi ly  
established. Cases in termedia te  among those consid- 
ered are character ized be tween the appropriate  l imit -  
ing possibilities. Thus, nonsteady-s ta te  kinetic results 
may  be used to a r r ive  at definite informat ion on the 
nature  of the react ion intermediates ,  its concentra-  
tion, and its bonding characteristics. 

Physical Quantities Required for the Application of 
the Derived Expressions 

The graphical  representat ion of the rate equations 
for the various conditions considered (Fig. 2 and 3) 
permits  the in terpre ta t ion of nonsteady rates in terms 



Vol. 114, No. 5 TRANSIENT RESPONSE OF SOLID-GAS SYSTEMS 

A 

\ \x 

"\ "-,,, - - .~ . . -~-  
0 "\ '-, o ̂ ~ , ~  "~. -~&~ "-~-~ 

Figure 2. Nonsteady-state rates vs. activity of excess electrons 
for n-type catalyst. Surface equilibria established: . . . .  Xa - z  
intermediate, - . - . - ;  Xa - 2  intermediate; surface equilibria not 
estQonsnea: - -  Xa - z  intermedmte; - . . - . . -  X2 - 2  inter- 
mediate. 

s Xi d~l ] 
A= 

h -~ -~ Xi ~'- Xi 
k l  - -  P~ -~- k l  -- k l  - -  -~ k~ 

S S S 
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Figure 3. Nonsteady-state rate vs. activity of electron hales 
for p-type catalyst. Surface equilibria established: . . . .  Xa - 1  
intermediate - . - . - .  Xa - 2  intermediate. Surface ..equilibria not 
established: ~ Xa - 1  intermediate, - . . - . . -  Xa - 2  interme- 
diate. 

h "-~ Xi daz ] 
P~ k l ( 1 - - - - ~ - )  -- '-~-t J 

B ~  -t- 

P ~  k l - - k l  ~- - - -  
S S S 
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P~ k d;-- ~T ) 
- ,  h -*xi ,- xi 

- -  k2 

of the reaction models discussed. I t  is, therefore, of 
interest  to point  out the exper imenta l  measurements  
needed for the application of the theoretical  analysis. 
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At the outset it is necessary to set up a reaction 
steady state to define the ini t ia l  surface coverage of 
the solid phase [Xa(i)] .  This is done in  a flow reactor 
by establishing well-defined exper imental  conditions 
of part ial  pressures, flow rate, and temperature.  The 
set of conditions defines an arbi trary,  but  reproduc- 
ible steady state, reaction conversion, and surface con- 
centrat ion of in termediate  species. Subsequently,  a 
condition of nonsteady-s ta te  rate of reaction is ob- 
tained by per turb ing  through a step change one of 
the reaction variables, the most suitable being the 
par t ia l  pressures of one or both of the reagents wi th-  
out modifying the total pressures. During the non-  
steady period, the conversion of AX and B is followed 
by chemical or equivalent  analyt ical  method. Simul-  
taneously, the variat ion of the concentrat ion of elec- 
trons (or electron holes) in the solid is determined 
by means of a convenient  technique (electrical con- 
ductivity, thermoelectric power). Thus, the experi-  
menta l  values of ~1, a2, he-,  he+ as a funct ion of t ime 
can be introduced into Eq. [10] and [11], and plots 
similar to Fig. 2 and 3 may be drawn. Comparison be- 
tween the theoretical and exper imental  slopes of the 
l inearized plots permits the determinat ion of the cor- 
rect model of the reaction and reaction intermediates.  
The time range used in performing the per turbat ion 
and in following the response of the system deter-  
mines the kind of phenomena which are recorded. 
Thus, if one confines the per turbat ion  t ime in the 
milli  or microsecond range and records the system 
response wi thin  a similar space of time, e lementary 
steps of electron transfer,  rearrangement ,  and ex- 
citation are likely to be observed and studied. On the 
other end, longer t ransient  and response times are 
related to slow activated t ransfer  of mat ter  across, 
along and beyond the phase boundary.  

Conc lus ions  

The study of the conversion of a surface reaction 
dur ing nonsteady-sta te  conditions together with the 
simultaneous determinat ion of the electron or hole 
concentrat ion of the catalyst may be used to obtain 
informat ion on the na ture  of the reaction in termedi-  
ates, of the surface bonding and reactivity. This 
knowledge is the basis for a rat ional  approach to the 
unders tanding  of surface reaction, and of phenomena  
related to surface reactivity, namely,  surface hetero- 
geneity, promotion, poisoning, and doping effects. 
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Transient Response of Chemically Interacting 
Solid-Gas Systems 

II. Reduction Oxidation Reactions on Cobalt Ferrite 

Seong T. Hwang and G. Parravano 
Department of Chemical and Metallurgical Engineering, University o~ Michigan, Ann Arbor, Michigan 

ABSTRACT 

The t ransient  behavior  of the react ing system: N20 -6 CO --> N2 -6 CO2 
on cobalt ferri te,  CoFe204, was studied exper imenta l ly  by per turbing the re-  
action steady state with a rapid var ia t ion in the N20 and CO part ial  pres-  
sures, at 190 ~ and 300~ To follow the nonsteady behavior,  measurements  
were carr ied out on the t ime dependence of the reaction conversion and of 
the thermoelectr ic  power  of the sample. The lat ter  quant i ty  was used to cal- 
culate the variat ion of excess or defect electron concentrat ion of the sample 
during the t ransient  state. Two ferr i te  samples were  used: Co0.994Fe2.00604 
(n- type)  and Coi.097Fei.90304 (p- type) .  The exper imenta l  results have been 
analyzed according to the t rea tment  of nonsteady reaction rates presented 
in the previous communication.  The analysis showed that at 300~ the oxygen,  
adsorbed on the cobalt ferr i te  surface during reaction, is in the form of 
neutra l  oxygen atoms, O, for n - type  cobalt ferri te,  and in termedia te  be tween 
neutral  oxygen and singly ionized oxygen ions, O - ,  for p - type  samples. At  
190~ adsorbed oxygen is whol ly  in the form of O -  ions. The results are  dis- 
cussed in the light of previous studies on the s t ructure  and surface reac-  
t ivi ty of CoFe204. 

In the previous communicat ion (1) expressions for 
the nonsteady state of solid-gas reactions have been 
der ived  and the t rea tment  has been aimed at ob- 
taining informat ion on the nature of the in termedia te  
species formed at the surface as a result  of the hetero-  
geneous reaction. In order to apply the theoretical  
considerations to a practical situation, we have studied 
the nonsteady rate of oxidation of CoFe204 with N20 
and reduct ion with CO. It is assumed that  the reduc-  
tion and oxidation steps may be represented by 

N20(g) -6 Surface--> N.~g) -6 O(ads ) [1] 

CO(g) -6 O(ads) "-> CO2(g) -6 Surface [2] 

The measurements  were  carried out with react ion 
steps [1] and [2] occurring s imultaneously by using 
a gas mix ture  of N20 ~ CO. The nonsteady rates of 
reaction steps [1] and [2] were  fol lowed by measur-  
ing the conversions to N.~ and CO.~. The kinetic analysis 
(1) of the t ransient  behavior  permit ted  the independ-  
ent determinat ion of the forward  rate constants of 
steps [1] and [2]. 

Under  s teady-s ta te  conditions, the rates of steps 
[1] and [2] are equal, and the surface acts as a true 
catalytic agent. 

The choice of CoFe204 was dictated by the possibil- 
i ty of producing ferr i te  phases with excess or defect 
electrons without  the need to introduce doping agents 
or drastic variat ions in the chemical  composition of 
the catalyst. The preparat ion of cobalt ferr i te  phases 
with excess or defect of electrons is s imply obtained 
by modifications of the Co /Fe  ratio (2). The electronic 
s t ructure  of CoFe204 has been invest igated in detail, 
and as a resul t  measurements  of thermoelectr ic  power  
may  be used to fol low the concentrat ion of excess or 
defect electrons dur ing react ion conditions. It  is then 
possible to th row light on the interest ing question of 
the relat ion between the na ture  of the react ion in ter -  
mediate, surface react iv i ty  and electronic s t ructure  of 
the solid. 

Experimental 
Materials.--CoFe204 was prepared by means of 

s tandard ceramic techniques, involving three succes- 
sive firings and ball  millings. Two samples wi th  final 
compositions of Co0.994Fe2.006 04 (n- type)  and Col.097 

Fel.903 O4 (p- type)  were  prepared.  Compositions were  
de termined  by chemical  and x - r a y  fluorescence anal-  
ysis. 

The finished spinel powder  was pressed at 24,000 
psig into cylindrical  samples and sintered at 1130~ 
for 12 hr  in air. The sintered samples (part icle size 

10t,) were  air cooled and ground with  disk emery  
paper to obtain slabs having dimensions of 7/16 x 
1/32 x 13/16 in. Electr ical  contacts to the samples were  
made by coating both ends with "l iquid bright  gold," 
and subsequent heating to about 600~ to decompose 
the solvent. N20, CO, and O,~, f rom commercial  cylin-  
ders, (prepurified grade) were  dried before use. CO 
was passed through Ascari te  and He through CuO 
(350~ and a charcoal trap cooled with dry ice. 

Apparatus.--The ferr i te  slab was supported in the 
reaction vessel by two pieces of 2 mm bore capi l lary 
tubings, grooved at each end to hold the sample 
t ight ly in place. Au foils were  mounted at each end 
between the capi l lary  tubing and the slab, and the 
ends were  pressed f irmly by Au plated springs, hung 
between the support  and the capi l lary tubing. The 
tempera ture  gradient  across the sample, general ly  be- 
tween 2~176 was controlled by a secondary Au heat-  
ing coil wound on the outside of the capil lary tubing. 
The thermoelectr ic  emf was measured by Au wire  
leads, spot welded on each Au electrode. Tempera tures  
at both ends of the sample were  measured by chromel-  
alumel  thermocouples,  spot welded to each Au foil. 
The thermoelectr ic  emf for t empera tu re  indication was 
measured with a potent iometer  and a d-c null detector, 
while  the thermoelectr ic  power  of the sample was 
obtained with  a d-c microvol tammeter .  

Procedure.--A sketch of the apparatus is shown in 
Fig. 1. Gases f rom the purification train passed through 
flowmeters and into the reac tor - thermoelec t r ic  power 
cell. CO,_ was collected in two wash bottles in series, 
containing a known amount  of a 0.1N Ba(OH)2  solu- 
tion. N~ was analyzed by gas chromotography.  A so- 
lenoid va lve  was used to obtain a stepwise change in 
the part ial  pressures of the reactants  during the non- 
s teady-sta te  experiments .  The total  pressure of the 
system was always mainta ined at 1 atm. 

In the adsorption and desorption experiments ,  He 
was passed through the react ion vessel unt i l  the sam- 

482 



Vol. 114, No. 5 T R A N S I E N T  R E S P O N S E  O F  S O L I D - G A S  S Y S T E M S  483 

Purifier 
' Vent Flow Meter 

He P ~ a  

N20 tar 

J 
Dryer Preheoter 

Dryer Vent Flow Meter ~ . . 

02 ' \'~t] ' 

J 
Flow Regulator flOW Meter S~olenoid 

To Bypass Exhaust Valve To Pressure 
Gouge 

Outlet Pressure ~ .4ACbOs2orbers 
Regulator ~ , . ~ /  Soap Bubble 

Y I ~ / J ,  //Flow Meter 

'I ~ / ~ ; ~-- TO Exhoust 
/7 "  

"'~ . . . .  ~ ~ ~ C)uflet Flow 

Pawer Cell L~ ~ .......... 

'~-~Chromatograph 

Fig. 1. Apparatus used for nonsteady-state rate experiments 

ple thermoelectric power reached a constant  value. 
02 was then introduced into the stream and the var i -  
at ion in  the thermoelectric power as a funct ion of 
time was noted. For reaction rate  experiments  the 
conversions of N20 and CO, the thermoelectric emf 
and temperatures  at both ends of the catalyst were 
measured as a funct ion of time. The total pressure and 
flow rate were kept constant before and after the 
stepwise change in the part ial  pressures of the reac- 
tants. Thermoelectric power and conversion changes 
could be re tu rned  to the init ial  values whenever  the 
original  ratio of reactant  gas part ial  pressures was 
restored around the sample. 

Addit ional  details on the materials and procedures 
used are recorded elsewhere (3). 

Exper imenta l  Results 
Pre l iminary  investigations showed that the thermal  

emf was a l inear  funct ion of the temperature  gradient,  
AT, with ~T values up to 24~ and that  for AT ---- 0, 
a small  emf was present  (Fig. 2). This error does not 
directly influence the thermoelectric power measure-  
ments,  and no effort was made to el iminate it. The 
values of the thermoelectric power dur ing O-,. ad- 
sorption and desorption is shown in Fig. 3 and 4. The 
results indicated a decrease in  thermoelectric power 
of both samples on O2 adsorption, suggesting that  the 
concentrat ion of excess electrons decreased in  the 
n - type  sample (Fig. 3), while that of electron holes 
increased in the p- type  sample (Fig. 4). From pre-  
vious work (2a), it  was claimed that  CoFe204 be- 
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Fig. 2. Thermoelectric emf vs. temperature differences in varlous 
gases for C~.994Fe2.00604; T (average), 300~ total pressure, | 
atm; D ,  He; A ,  O2; (D, air. 
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Fig. 3. Thermoelectric power of Co0.9~Fe2.00604 vs. time in He, 
02, and N20 -t- CO mixture; T, 300~ total pressure, 1 atm. 

\ Mixture 
~,~30C Helium 

- 

r 

! ",~ 200 ~ z ~  ~ ..r ~ �9 

0 Oxygen 

60.?_% N 0 § 39.8% O0 

Oxygen 

8b |60 2~,0 3;~0 460 480 560 6~.0 
MINUTES 

Fig. 4. Thermoelectric power of Co1.097Fel.90304 vs. time in He, 
02, and N.~O -t- CO mixture; T, 300~ total pressure, 1 arm. 

comes a two carr ier  semiconductor in air at > 160~ 
This fact was confirmed in  subsequent  observations 
on the var iat ion of thermoelectric power of CoFe204. 
On n- type  samples it  was found that  O2 adsorption at 
250~ decreased at first the negative thermoelectric 
power. Upon fur ther  adsorption, the samples became 
p- type  and the positive thermoelectric power in-  
creased with O2 adsorption. The results reported on 
Fig. 3 show that  at 300~ 02 adsorption increased the 
negative thermoelectric power of an n - type  sample 
in apparent  contrast  with the previous observations. 
Similar  considerations apply to the results reported 
in Fig. 4. Apparent ly,  the temperature  of the t ransi-  
tion between single to double carrier behavior de- 
pends critically on sample composition, par t icular ly  
near  the m i n i m u m  and m a x i m u m  values of the ther-  
moelectric power. In t roduct ion of a mix ture  of 48.1% 
N20 -~- CO into the reactor dur ing  the chemisorption 
experiments  produced changes in the thermoelectric 
power of the sample in  the direction of increasing the 
concentrat ion of electrons for n - type  (Fig. 3), or in  
the direction of decreasing the concentrat ion of elec- 
t ron holes for p- type  (Fig. 4). 

The rates of reactions [1] and [2] were not  influ- 
enced by the gas flow rate wi th in  the range used in  
the nonsteady-s ta te  experiments,  18 to 40 cc /min  
(Fig. 5). 
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Fig. 5. Rate of reaction vs. flow rate, T, 3000C; pz~2o, 0.398 arm; 
Pco, 0.602 atm; Q ,  C00.9~Fe2.00604; A ,  C01.097Fel.90304. 
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Fig. 6. Conversions of N20 and CO vs. time after a stepwise 
change in partial pressures, for Coo.99~Fe2.oo604; initial steady 
state p~ = 0.410 atm; P~ = 0.590 a t m ;  final values PN~O 
= 0.605 atm; PCO = 0.395 arm; T, 300~ 
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Fig. 7. Change of thermoelectric power as a function of time 
after a stepwise change in partial pressures for Coo.99~Fe2.oo~04; 
initial steady state: P~ = 0.590 atm; P~ = 0.590 atm; final 
values: PN20 = 0,605 atm; Pco --~ 0.395 atm; T, 300~ 
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Fig. 8. Con'~ersions of N20 and CO vs. time after a stepwlse 
change in partial pressures for Cao.994Fe2.00604; initial steady 
state: P~ = 0.578 atm, P ~  = 0.422 atm; final values: 
PN20 = 0.402 atm; PCO = 0.598 atm; T, 300~ 

After the establ ishment  of a reaction steady state, 
nonsteady-sta te  conditions were obtained by a step- 
wise per turbat ion  of part ial  pressures of both reac- 
tants at the same total pressure, temperature,  and 
flow rate which prevai led at the s teady-state  condi- 
tions. Figure  6 shows the conversions of N20 and CO, 
defined as 

a N 2 0  ~--- ( p a N 2 0  -- PN20)/p~ 
= P C o 2 / p o N 2 0 ,  

~CO --~ P~O2/P~ 
where the superscript o refers to ini t ial  s teady-state 
conditions, and Fig. 7 gives the values of the thermo-  
electric power as a funct ion of t ime for the n - type  
ferri te  at a temperature  of 300~ when PN2O and Pco 
were changed from 0.41.0 and 0.590 atm (steady-state 
conditions) to 0.605 and 0.395 atm. 

Figures 8 and 9 show the results for the same fer-  
r i te  samples subjected to changes in  P~eo from 0.578 
to 0.402 atm, and in Pco from 0.422 to 0.598 atm. 

Figures 10 and 11 present  reaction conversions and 
thermoelectric power as functions of time for the 
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Fig. 9. Change of thermoelectric power as a function of time 

after a stepwise change in partial pressures far Coo.994Fe2.oo604; 
initial steady state: P~ = 0.578 atm; P~ = 0.422 arm; 
final values; PN20 ~- 0.402 arm; PCO ~ 0.598 atm; T, 300~ 
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Fig. 10. Conversions of N20 and CO vs. time after a stepwise 
change in partial pressures for Col.o97Fel.9O304; initial steady 
state: P~ = 0.397 atm, P~ = 0.603 atm; final values: 
p~ o = 0.599 arm; P ~  = 0.401 atm; T, 300~ 
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Fig. 11. Change of thermoelectric power as a function of time 
after a stepwise change in partial pressures for C01.097Fel.90304; 
initial steady state: P~ ~ 0.397 arm, P~ = 0.603 arm; 
final values: PN20 = 0.599 atm, PCO ~ 0.40 arm; T, 300~ 

p-type ferrite sample at a temperature  of 300~ 
when PN20 and Pco were changed from 0.397 and 
0.603 atm (steady-state values) to 0.599 and 0.401 
atm, respectively. 

Figures 12 and 13 present  similar  results for the 
p- type  sample at a temperature  of 190~ 

Discuss ion  
By graphical differentiation of the exper imenta l  re-  

sults, the values of ln(dal/dt) and ln(da2/dt) were 
calculated as a funct ion of time, and are plotted in  
Fig. 14, 15, 16, and 17. The plots show that the straight-  
line relation, required by Eq. [10] and [11] in  the 
preceding paper, is well  obeyed. The analyt ical  t rea t -  
men t  of these equations requires that  the condition 
~- Xa(i) -~ h 
kl ~ < <  kz ~-- P~ be obeyed. In  this expres-  

sion klXa(i ) ,  S, and h are the step rate constant, the 
amount  of adsorbed intermediate  ini t ia l ly  present,  the 
surface area, and a constant, respectively. Typical re-  
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Fig. 13. Change of thermoelectric power as a function of t ime 
af ter  a stepwise change in part ial  pressures for Col.o97Fez.90804; 
init ial  steady state: p~ ~ 0.396 arm, p~ = 0.604 arm; 
final values: PN20 = 0.603 arm, PCO = 0.397 arm; T, 190~ 
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Fig. 14. Rate of change of conversion of N20 or CO as a 
function of t ime for Coo.994Fe2.oo604; init ial  steady state: P~ 

0.410 arm, P~ = 0.590 arm; f inal values: ONtO = 0.605 
arm, PCO = 0.395 aim; T, 300~ 

-~ h k*-i Xa (i) 
sults (3) at 300~ show that kz ~ p~ -{- S 

S 
Xa(i)  

~ .  Thus, the above condition is satisfied. AI- 
S 

though no generalization about the validity of this con- 
dition is possible and each case must be verified, it is 
clear that the condition wil l  a lways be satisfied pro- 
vided that h is made large enough (large reactor vol-  
ume).  By  means of the values of the calculated slopes 
and intercepts of the plots in Fig. 14 to 17, it is pos- 

sible to obtain the numerical values of ~i and k'~, the 
forward rate constants for steps [1] and [2], and of 
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Fig. 15. Rate of change of conversion of N20 or CO as a 
-function of t ime for Coo.994Fe2.oo604; init ial  steady state: p~ 
= 0.578 arm, P~ ~ 0.422 arm; final values: PN2O = 0.402 
arm; Pco = 0.598 arm; T, 300~ 

z 

o 

IxlO" "dt 
Z j /  
0 

nr 
o dt 

g[~l  x Id 6 

L I I I I 1 
50 I00 150 200 250 300 

MINUTES 

Fig. 16. Rate of change of conversion of N20 or CO as a 
function of time for Col.o97Fet.9o304; initial steady state: 
p~ = 0.397 arm, P~ = 0.603 arm; final values: PN2o 
= 0.599 arm, Pco ~-- 0.401 arm; T, 300~ 
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Table I. Results of the analysis of nonsteady rates of reaction 
steps [ i ]  and [2] on cobalt ferrite 

J. EIectrochem. Sac.: E L E C T R O C H E M I C A L  S C I E N C E  M a y  I967 

--> 
k~ 

PN,,O 
F e r r i t e  Temp,  --> ---> ---> 

t ype  ~ I)cO ~ kl, ra in -1 k=, m i n  -1 k,_, 

n 300 0.700 0.44 1,22 x 1O-* 1.12 • 10-~ 1.08 
n 300 1.36 0.55 5.3 x 10 ~ 5.4 • 10-~ 0.98 
p 300 0.665 0.49 5.8 • 10 -~ 5.36 • 10 -~ 1.08 
p 190 0.665 0,49 6.5 • 10 ~ 4.96 • 10-~ 1.31 

Table II. Specific surface areas of catalysts from rate experiments, 
AK, and liquid nitrogen adsorption, AN 

C a t a l y s t  type  Temp ,  ~ AK, mU/g A~, mS 'g  

n 300 0.833 0.850 
P 300 0.605 0.650 
p 190 0.716 0.650 

the ini t ial  surface coverage with  adsorbed oxygen, e, 
for the various exper imenta l  conditions. The results of 
the calculations are collected in Table I. 

The calculat ion of the initial surface coverage 
Xa(i)  

e - - ,  reported in Table I, is based on informa-  
S 

tion on S, the total catalytic surface available,  as 
determined direct ly f rom the rate measurements .  It  is 
instruct ive to compare the value of S obtained f rom 
the rate exper iments  wi th  that  direct ly de termined  by 
BET measurements .  From the present  results, the fol-  
lowing values of h /S  (atm -1) were  calculated: 218.7 
(n-type,  3000C), 384.9 (p- type,  3000C), 401.0 (p-type,  

V 201.5 
1900C). Since h . . . .  4.28 x 10 -3 

RT 82.06 x 573 
(g a toms /a tm) ,  where  201.5 is the reactor  vo lume in 
cc, then, S = h/218.7 ~ 1.958 x 10-~ g atom. Taking 
the cross-sectional area of an adsorbed oxygen atom 
equal  to 13.5A (2), we obtain S ~ 6.02 x 102a x 1.98 x 
10 -5 x 13.5 x 10 -t0 = 1.62 m 2 which corresponds to a 
specific surface area of (1.62/1.94) ~ 0.833 m2/g, to 
be compared to a value of 0.850 m2/g f rom BET mea-  
surements.  Similar  calculations for the other  catalysts 
are collected in Table II. 

The comparison between the two sets of values is 
satisfactory, and it may be taken as support ing evi-  
dence for the reaction scheme and kinetic der ivat ion 
presented. It should be noted that  the value AK is 
t empera tu re  dependent.  This is a result  of the method 
of der ivat ion used. 

By means of the plots presented in Fig. 2 and 3 of 
the preceding paper (1), it is possible to obtain in-  
format ion on the chemical  nature  of the oxygen in ter -  
mediate. To this end, the fol lowing expressions re la t -  
ing electron concentrat ion to thermoelectr ic  power  
were  used (2a) 

N 
eQT = - - ~  - - k T l n ~ ,  (ne-  > >  n~+) [3] 

n ~ -  

N 
eQT = # -F kT  in , (ne-  < <  ne +) [4] 

n e  + 

where  e, Q, N, ne- ,  ne+, k,, a, and # are the electron 
charge, the thermoelectr ic  power, the number  of ions 
per  cc in CoFe204, the excess electron, and the defect 
e lectron (hole) concentrations, the Bol tzmann constant, 
and two constants (2a), respectively.  To employ Eq. 
[3] and [4], the fol lowing assumptions must  be made:  
(a) the numerica l  values of ne -  and he+ are small  
enough to permit  the use of Bol tzmann statistics; (b) 
the value of N is constant in the composit ion range 
employed;  (c) the significant energy levels in CoFe204 
include only localized levels for Co H and Fe u, and no 

normal  bands (from oxygen or meta l  ions) are intro-  
duced. Equations [3] and [4] show that the thermo-  
electric power in CoFe204 is dependent  on the con- 
centrat ion of electrons or electron holes, the tempera-  
ture, and bulk composition. At  constant tempera ture  
and composition, electron (de)local izat ion accompany-  
ing adsorption or desorption of 02 induces a change in 
the thermoelectr ic  power of the solid. Since reaction 
step [1] corresponds to O2 adsorption, whi le  react ion 
step [2] corresponds to O2 desorption, it is conceivable 
to a t t r ibute  to these steps the observed variat ions in 
thermoelectr ic  power  in the course of our exper iments  
with N20 and CO. 

Quanti tat ively,  it was found (7) that  the changes in 
thermoelectr ic  power  on adsorption can be described 
by 

(ne-)r  = e x p  - , f o r 6 < ~ ,  
(n~-)o ~ 

and 

,nr,o t ~o = exp ~ - for 6 --~ 

where  (ne-)c ,  (ne-)o,  Qc, and Qo are the electron con- 
centrat ion and thermoelectr ic  power  af ter  and before 
adsorption, respectively,  and 5 and w are the thickness 
of the surface space charge layer  and of the thermal  
gradient,  respectively.  The value  of ~ is small  (ap- 
pendix B),  but the value  of ~, is not known. Thus, the 
application of Eq. [3] and [4] is val id only if ~ --~ ~,. 
If  8 > ~, the application of Eq. [3] and [4] wil l  give 
an upper  l imiting value for ne- .  It should be recal led 
that  in previous work  on the adsorption of 02 and H2 
on CoFe204 (4) in the same tempera ture  range em-  
ployed in the present  investigation, the condition 
b --~ w was found to be valid. 

Solving Eq. [3] and [4] for he- ,  ne+ and substi tut-  
ing the values into Eq. [18] to [25] and [10] and [11] 
of the preceding paper  (1), it is possible to obtain ex-  
pressions re la t ing the sum of the conversion changes 
(d~l/dt) ~ (da2/dt) to the corresponding Q values. 

As explained in the previous communicat ion (1), 
l inear plots of the reaction conversion vs. Q yield 
different slopes according to the equation used to 
characterize surface equi l ibr ium (Eq. [14] to [17] of 
the preceding communicat ion) .  Thus, the expected 
slopes differ for each of the assumed types of surface 
oxygen. 

If surface equil ibria  are not established dur ing reac-  
tion conditions, the analysis will  not yield l inear  plots 
of the function In (cla/dt) = f (Q) .  In this instance, 
Eq. [22] to [25] of the preceding communicat ion (1) 
should be used. 

The details of the analysis are repor ted  elsewhere 
(3), and only a summary  of the results is g iven here. 
It was found that  the exper imenta l  results could be 
easily fitted when the assumption of the establ ishment  
of surface equil ibria  is made. The corresponding 
mathemat ica l  equations relat ing chemical  conversion 
to thermoelectr ic  power  for the two possibilities of 
neutra l  surface in termedia te  O, and singly ionized 
O -  are: 
(a) Neutra l  surface intermediate,  O: 

h _ rol__.. !`  do1 1 

In 
-* h X H- ~1 [O] 1 
kl P~176 + s 

P~176 ~ \ 

dt[o], T [o], + T I 
k 2  s P ~  -~- k 2  T - ~ -  k - 2 - - ~ 2  S ] 

2 e 
- - - - - - - -10  - 8 - + C ' 1  [5] 

3 Q 
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where  C', is a constant, and the equat ion is val id for  
n-  or p - type  samples. 

(b) Singly charged surface intermediate ,  O - :  

h [ O ] i )  d ~  ] 

In ~ h 

h d~2 [ a l l  
pOco - 

S dt S [ a l l  
§ 

k2  co+ cO,is 

T R A N S I E N T  R E S P O N S E  O F  S O L I D - G A S  S Y S T E M S  

1 e 
: - - 1 0 - S - - Q - ~ -  C'2 [6] 

3 k 

where  C'2 is a constant and the equat ion is val id for 
n- or p - type  samples. A typical  plot of Eq. [5], con- 
structed by means of the exper imenta l  results, is 
presented in Fig. 18. All  exper imenta l  results could be 
fitted with  ei ther Eq. [5] or [6]. 

A calculation of the order of magni tude  of the thick-  
ness of the surface space charge layer  (Debye length) ,  
expected on the surface of CoFe204 during adsorption, 
corroborates the conclusion on the ready establ ishment  
of surface-bulk  equilibria.  In fact, the electron con- 
centrat ion for the n- type  sample, computed wi th  Eq. 
[3] f rom the min imum observed value of the the rmo-  
electric power, - - 50 (~v /~  and T = 300(~ 

= l k T  (erg) ,  N ~ 1 x 35 x 10 ~2 ( c c - 1 ) , i s  found to 
be ne-  : 2.005 x 1022 (cc -1) at 300~ Similarly,  f rom 
Eq. [4] and the m a x i m u m  observed value of the 
thermoelectr ic  power,  290 (~v/~ for the p- type  sam- 
ple and /3 = 6kT (erg) ,  it is found that  ne+ ~ 1.89 x 
1023 (cc-1) .  1 With these l imit ing values and ~ ~ 12, 
the Debye length is of the order  of a few angstroms 
for both samples (3). The possibility of doubly ionized 
oxygen as a surface intermediate ,  O -2, requires,  as 
previously explained, that  no influence of the react ing 
mixture  upon the thermoelectr ic  power  be found (1). 
Since this was not observed,  O -2 ions are el iminated 
as kinet ical ly  significant. The comparison between the 
expected and observed reaction be tween  conversion 
and thermoelect r ic  power  for the two cases, O -  and O, 

z T h i s  v a l u e  is a b o u t  o n e  o r d e r  of  m a g n i t u d e  l a r g e r  t h a n  t h e  n u m -  
b e r  of m e t a l  ions  p e r  c u b i c  c e n t i m e t e r  of  t h e  s p i n e l  f i . 35  • 10~z), 
I t  s h o u l d  be  n o t e d  t h a t ,  fo r  t h e  e n e r g y  l e v e l  s c h e m e  o2 CoFc~O~ h e r e  
e m p l o y e d  ~2a), e q u a t i n g  N in  Eq .  [3] a n d  [4] to  t h e  n u m b e r  of  
m e t a l  ions  p e r  co in  t h e  so l id  i s  p e r m i s s i b l e  w i t h  v e r y  n a r r o w  e n -  
e r g y  l e v e l s  on ly .  T h i s  c o n d i t i o n  d e t e r m i n e s  t h e  n u m e r i c a l  v a l u e  of  
t h e  t r a n s p o r t  coe f f i c i en t  ft. T a k i n g  fl ..~ 4 k T ,  t h e n  ne § ~ N.  
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Fig. 18. Chemical conversion and thermoelectric power plotted 
according to Eq. [5] .  A, left hand side of Eq. [5] steady state: 
p~ ~ 0.410 atm, P ~  . ~  0.590 arm; nonsteady state: p~ 
= 0.605 arm, P~ = 0.395 arm; Coo.994Fe2.o0604, 300~ total 
pressure = ] arm. 
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Table III. Nature of surface oxygen intermediate during the 
oxidation and reduction of surface cobalt ferrite 

E x p e r i -  
C a l c u l a t e d  s lopes,* ~  m e n t a l  C a t a l y t i c  

T e m p ,  F e r r i t e  s lope ,  i n t e r -  
~ t y p e  C a t a l y t i c  I n t e r m e d i a t e  ~ m e d i a t e  

0 0-~ 

800 n - -0 .0232  - -0 .0116  - -0 .0260  O 
300 n - -0 .0232  -- 0.0116 - -0 .0263  O 
300 p --0.0232 --0.0116 --0.0191 0 and O-~ 
190 p --0.0232 -- 0.0116 -- 0.0123 0 -I 

* F r o m  Eq .  [3] a n d  [4] of  th i s  p a p e r  a n d  [18 l  to [25] of  p r e c e d i n g  
p a p e r .  

is presented in Table III. The results show that  for 
the n - type  ferri te,  good agreement  is obtained by as- 
suming that  neut ra l  oxygen  species cover the surface 
dur ing reaction steps [1] and [2], while for the p- type  
sample the assumption of monocharged ions is in 
better  agreement  at low temperature .  With increasing 
tempera ture  there  is more contr ibution f rom neutra l  
species. 

F rom these conclusions, it is possible to single out 
three impor tant  observations. The first refers  to the 
t ime constant of the adsorption and desorption effects. 
As shown, the former  is in the range of minutes or 
more, and the quest ion arises as to the physical na ture  
of this phenomenon. It is clearly a case of "slow" ad- 
sorption. Many adsorption systems previously  invest i-  
gated exhibi t  an init ial  rapid adsorption (seconds or 
less) fol lowed by a slow adsorption (hours).  While it 
is not too difficult to relate  the rapid process wi th  
electronic transit ions and transfers,  it has been gen- 
era l ly  more difficult to establish the nature of the slow 
process. It has been var iously a t t r ibuted to adsorption, 
surface diffusion, or reaction with  the solid (5). In the 
present  case it  is not easy to see how the lat ter  can 
take place with  a formal  surface coverage of less than 
a monolayer.  Diffusional exchanges wi th  the interior  
of the solid can be ruled out as kinet ical ly significant. 
In fact, a simple calculation shows that  at 300~ the 
t ime requi red  for diffusion of a few per cent of ad- 
sorbed species in the crystal  inter ior  is of the order  of 
seconds for a layer  of thickness comparable  to the size 
of the ferr i te  particles used (Appendix  A).  Thus, the 
most l ikely possibili ty is that  the observed re laxat ion 
effects are resul t ing f rom slow, act ivated surface dif-  
fusional transport.  Al though we have not de termined 
whe the r  a slow decrease of surface area of the samples 
took place dur ing the experiments ,  we suggest that the 
na tu re  of the surface t ransport  is similar  to that  con- 
t rol l ing s inter ing of small  solid part icles at  low tem-  
peratures.  A large amount  of i l l -defined surfaces are 
genera l ly  present  in powdered  solids at grain bound-  
aries and other  macroscopic crystal  imperfections.  The 
rea r rangement  of mat te r  along and into the imperfec-  
tions is kinet ical ly significant dur ing sintering. At low 
tempera tures  this process is control led by surface dif-  
fusion, and the ra te  of the la t te r  is influenced by ad- 
sorption f rom the surrounding gas a tmosphere  (8). 
Therefore,  it is suggested that  the long re laxat ion 
times for adsorption and desorpt ion found in this s tudy 
are re la ted to surface mass t ransport  effects of the 
solid. Pore  contr ibution to these effects was probably 
quite  small  since it can be shown that  most of the 
act ive surface was external .  In fact, assuming cubic 
particles wi th  a density of 5.2 (4) (g/cc)  and 10~ size, 
the theoret ical  surface area is 0.115 (m2/g) .  This value  
is wi th in  an order of magni tude  of the va lue  obtained 
f rom the rate  exper iments  (Table II) .  

The second impor tant  observat ion refers to the dif-  
fe ren t  electronic localization which is exper ienced by 
the adsorbed oxygen on the  two spinel samples. The 
results show that  (a) there  is more electron localiza- 
tion in the p - type  sample; the presence of electron 
holes in the semiconducting solid produces a more 



488 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  S C I E N C E  

ADSORBED REACTION INTERMEDIATES 
\ / 

pGHAS E ~ pGHAS E 

-5 0 +5 xc~ 
Fig. 19. Model used for bulk-surface diffusion calculations 

p o l a r i z e d  s u r f a c e  b o n d ;  (b )  e l e c t r o n  l oca l i z a t i on  i n -  
c r eases  w i t h  d e c r e a s i n g  t e m p e r a t u r e .  S ince  Co +3 a n d  
F e  +2 ions  a r e  r e s p o n s i b l e  fo r  t he  d i f f e r e n c e  in  p h y s i -  
c o c h e m i c a l  p r o p e r t i e s  of  t h e  t w o  s a m p l e s ,  i t  is con -  
c e i v a b l e  t h a t  t h e  v a r i a t i o n s  in  e l e c t r o n  l oca l i z a t i on  of 
t h e  s u r f a c e  b o n d  m a y  also be  a s c r i b e d  to t h e s e  ions,  
a m o r e  ion ic  b o n d  b e i n g  e s t a b l i s h e d  b e t w e e n  Co + 3 a n d  
O., in  r e s p e c t  to Fe  +2 a n d  02. A t  p r e s e n t  t h e r e  is no  
i n d e p e n d e n t  s u p p o r t  fo r  s u c h  a conc lus ion .  

T h e  f ina l  o b s e r v a t i o n  r e f e r s  to  t h e  a c t u a l  r a t e  of 
t h e  c a t a l y t i c  r eac t i on .  I n  fact ,  i t  h a s  b e e n  f o u n d  t h a t  
the  r a t e  of t he  r e a c t i o n  w as  f a s t e r  o n  t h e  n - t y p e  f e r -  
r i t e  as c o m p a r e d  to t h e  p - t y p e .  S i n c e  gas  p h a s e  o x i d a -  
t ion  c o n d i t i o n s  p r e v a i l e d ,  th i s  r e s u l t  is a t  v a r i a n c e  w i t h  
c o r r e l a t i o n s  on  t h e  c a t a l y t i c  a c t i v i t y  i n d i c a t i n g  t h a t  for  
o x i d a t i o n  r e a c t i o n s  ( N 2 0  d e c o m p o s i t i o n ) ,  p - t y p e  
o x i d e s  i n d u c e  a f a s t e r  c a t a l y t i c  r a t e  (6 ) .  

I t  s h o u l d  b e  e m p h a s i z e d  t h a t  th i s  r e s u l t  h a s  b e e n  
o b t a i n e d  w i t h o u t  t h e  use  of sol id  s t a t e  dop ing ,  a n d  i t  
is, t h e r e f o r e ,  f r ee  of t he  c r i t i c i s m  o f t e n  e x p r e s s e d  on  
t h e  i n f l u e n c e  of  d o p i n g  a n d  i ts  c o n c e n t r a t i o n  o n  t he  
sol id  su r face .  

Conclusions 
T h e  a p p l i c a t i o n s  of t h e  t h e o r e t i c a l  a n a l y s i s  of t h e  

t r a n s i e n t  b e h a v i o r  of s o l i d - g a s  s y s t e m s  to t h e  r e d u c -  
t i o n  a n d  o x i d a t i o n  of t he  s u r f a c e  of v a r i o u s  s a m p l e s  of 
CoFe204 h a v e  s h o w n  t h a t :  (a)  e l e c t r o n  l oca l i z a t i on  of 
t h e  b o n d  l i n k i n g  t h e  a d s o r b e d  o x y g e n  i n t e r m e d i a t e  to  
t he  f e r r i t e  s u r f a c e  is l a r g e r  for  p - t y p e  t h a n  f o r  n - t y p e  
s a m p l e s  and ,  as  a r e su l t ,  t h e  i n t e r m e d i a t e s  fo r  r e a c -  
t ions  [1] a n d  [2] a r e  O ( n - t y p e ) ,  O a n d  O -  ( p - t y p e )  
a t  300~ a n d  O -  ( p - t y p e )  a t  190~ a n d  (b )  t h e  
k i n e t i c  r e a c t i v i t y  of  t h e  a d s o r b e d  o x y g e n  is l a r g e r  f o r  
O t h a n  O - ;  thus ,  n - t y p e  f e r r i t e  is m o r e  r e a c t i v e  t h a n  
p - t y p e  f e r r i t e .  
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A P P E N D I X  A 

T h e  poss ib le  c o n t r i b u t i o n  to t h e  o b s e r v e d  effects  of  
ionic  d i f fus ion  b e t w e e n  t h e  i n t e r i o r  a n d  t h e  s u r f a c e  
of  t h e  c r y s t a l  m a y  be  ea s i ly  e v a l u a t e d .  C o n s i d e r  t h e  
i d e a l i z e d  m o d e l  of a s l ab  of  f e r r i t e  of u n i f o r m  t h i c k -  
ness  of 10#, a n d  l e t  us  c a l c u l a t e  t h e  u n i d i m e n s i o n a l  
d i f fus ion  of o x y g e n  ions  t h r o u g h  t h e  s lab .  To s i m p l i f y  
m a t t e r s ,  l e t  us  a s s u m e  t h e  f o l l o w i n g  b o u n d a r y  c o n -  
d i t ions ,  C ---- Co a n d  - -5  x 10 -4  --~ x ~ 5 x 10 -4  ( c m )  
fo r  t = 0, a n d  C = Cs a n d  x ---- ___5 x 10 -4  ( c m )  fo r  
t --~ 0, w h e r e  x is t h e  d i s t a n c e  b e t w e e n  t h e  two  s u r -  
faces  of t he  s lab ,  s t a r t i n g  f r o m  t h e  s l ab  m e d i a n  (Fig .  
19). T h e s e  c o n d i t i o n s  m e a n  t h a t  t he  c o n c e n t r a t i o n  of  
o x y g e n  ions  is Co t h r o u g h o u t  t h e  so l id  d u r i n g  s t e a d y -  
s t a t e  cond i t ions .  A t  t h e  t i m e  of t h e  s t e p w i s e  p r e s s u r e  
c h a n g e  ( t  ---- 0) ,  t h e  c o n c e n t r a t i o n  of  o x y g e n  a t  t h e  
s u r f a c e  b e c o m e s  Cs. T h e  s o l u t i o n  of t he  one  d i m e n -  
s i o n a l  F i c k ' s  s e c o n d  e q u a t i o n  g ives  

8 ( Cs -- Co) ~. I 

;~2 1 ( 2 n - -  1) 2 

e x p [ - - ( 2 n - -  1 ) ~ U D t / a  2] [A-1 ]  

w h e r e  D, C, a n d  a a r e  t h e  d i f fus ion  coeff icient ,  t h e  
a v e r a g e  c o n c e n t r a t i o n  of o x y g e n  in  t h e  solid,  a n d  ~ 
t h e  s l ab  t h i c k n e s s ,  r e s p e c t i v e l y .  U s i n g  t h e  v a l u e s  
D = 3 x 10 -12 cm2/ sec  (2b) ,  a = 5;~, t he  t i m e s  r e q u i r e d  
for  0.5 a n d  1% of t h e  a d s o r b e d  o x y g e n  to d i f fuse  in to  
t h e  b u l k  of t h e  sol id  a re  f o u n d  to be  6 a n d  22 sec, r e -  
spec t ive ly .  Th i s  t i m e  is m u c h  s m a l l e r  t h a n  t h a t  co r -  
r e s p o n d i n g  to t h e  r e s p o n s e  s t u d i e d  in  th i s  i n v e s t i g a t i o n  
(5-6 h r ) .  

A P P E N D I X  B 
( ekT ) 1/2 

T h e  use  of t h e  D e b y e  e x p r e s s i o n ,  6 = ,, 8~ n e  2 

fo r  t he  c a l c u l a t i o n  of t he  t h i c k n e s s  of  t h e  s u r f a c e  
space  c h a r g e  l aye r ,  5, is b a s e d  o n  t h e  v a l i d i t y  of t h e  
a p p l i c a t i o n  of t h e  B o l t z m a n n  d i s t r i b u t i o n  u n d e r  o u r  
e x p e r i m e n t a l  cond i t ions .  T h i s  is a p e r m i s s i b l e  p r o -  
c e d u r e  w h e n e v e r  t h e  f o l l o w i n g  c o n d i t i o n s  a r e  sa t is f ied:  
E --  EF > k T  f o r  n - t y p e  a n d  EF - -  E > k T  fo r  p - t y p e  
s amp le s ,  w h e r e  E F  is t h e  F e r m i  leve l .  U s i n g  t he  v a l u e s  
E - -  EF = 0.275.--  v a n d  E F - -  E = 0.275 4- v (2a)  w h e r e  

= - - k T / 2  In g2/~1 = - - ( 0 . 0 2 9 5 / 2 )  In 104 = --0.136 ev  
(190~ a n d  ~ = --0.0025 (300~  it  is f o u n d :  E --  EF 
= 0.500 e v  > 0.0489 e v  ( =  k T  a t  300~  E F  - -  E = 
0.051 e v  (300~  E F -  E ~ 0.139 e v  > 0.0295 e v  
( ~  kT  a t  190~ I n  t h e s e  e q u a t i o n s  gl a n d  ;~ r e p r e -  
s e n t  t h e  e l e c t r o n  a n d  t h e  e l e c t r o n  ho l e  mobi l i t i e s .  
T h e r e f o r e ,  t h e  B o l t z m a n n  e x p r e s s i o n s  a r e  a p p l i c a b l e  
a n d  t h e  use  of t h e  D e b y e  e x p r e s s i o n  for  t h e  c a l c u l a t i o n  
of t h e  space  c h a r g e  l a y e r  is va l id .  
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Instrumentation for Potentiostatic Corrosion 
Studies in Distilled Water 

C. A. Youngdahl and R. E. Loess 
Metallurgy Division, Argonne Nationa~ LaboratcnnJ, Argonne, Iffinois 

Aspects of polarization measurements  in high-resist-  
ance media, such as distil led water,  have been dis- 
cussed in  previous articles (1, 2). The advantages of 
measur ing the sample metal  potential  when  no cur ren t  
is flowing (the in ter rupter  technique) have been noted, 
and apparatus has been described. An impor tant  part  
of the ins t rumenta t ion  employed is a specialized pulse 
vol tmeter  in the measurement  circuit, as indicated in 
Fig. l ( a ) .  Potentiostatic corrosion studies, as distinct 
from polarization curve measurements ,  may be made 
in  distil led water  corrosion envi ronment  by a similar 
technique, as shown in Fig. 1 (b). A simple potentiostat  
circuit is connected to the pulse vol tmeter  through an 
adjustable  bias voltage supply. Incorporated in  the 
potentiostat  are automatic means of adjust ing the 
polarization current,  as shown, to main ta in  the selected 
polarization potential  between the sample and refer-  
ence electrode. Unidirect ional  polarizing current  is 
employed to simplify the system: if cur rent  reversal  is 
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Fig. 1(a). Apparatus for measurement of polarization curves. 
Fig. ! (b). Apparatus for potentiostatic corrosion studies. 
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Fig. 2. Sectional view of polarization cell 

needed dur ing  a given test, manua l  adjustments  are 
required.  

What follows will  deal pr imar i ly  with pulse volt-  
meter  circuitry similar to that  in ref. (1), appropriately 
modified for connection into a potentiostat  loop and 
for the benefits deriving from semiconductor compo- 
nents. A circuit for an electromechanical  potentiostat  
bui l t  prior to the general  advent  of transistors (and 
now in use) is included. Behavior of the control loop 
system in corrosion studies of a luminum samples in 
70~ distilled water  is described. 

Polarization Cell: 
Physical and Electrical Characteristics 

The geometry and materials of construction of the 
sample-cell  system, shown in Fig. 2, determine its 
electrical behavior  and thus wil l  be described briefly. 
The Pyrex  cell is held in a 70~ water bath to main-  
tain constant  temperature.  The corrosion medium is 
degassed, distilled water  of Rs ~- 1.0-1.6 megohm cm 
(25~ prior to en t ry  into the cell. The water  is heated 
to 70~ and added to the cell at the rate of 6 m l / m i n  
to refresh the cell solution, the excess overflowing to 
the drain. A constant  solution resistivity is not  at tained 
because of the influence of sample corrosion, the rate 
of which changes wi th  time. A hollow p la t inum cyl in-  
der of 5.75 cm ID fits closely inside the closed, cylin-  
drical cell and serves as a cur ren t -ca r ry ing  electrode. 
The outer surface and edges of the p la t inum are in-  
sulated with an iner t  wax (Unichrome 330) to prevent  
error due to uneven  current  density, an effect discussed 
in  (2). 

The sample is a solid cyl inder  of 1100 a luminum,  
0.89 cm in diameter  and 9.72 cm long (27.18 cm 2 sur-  
face area).  Sample ends are b lanked off with Teflon 
insulators to ma in ta in  equal current  densi ty at all  
exposed areas. The p la t inum and a luminum pieces are 
positioned coaxially, and the heights of the exposed 
surfaces are equal, again to produce uni form (though 
unequal)  cur ren t  densi ty  over both electrodes. The 
reference contact is a s i lver /s i lver  chloride electrode 
(3) in the solution at the point  where water  leaves 
the cell. This a r rangement  minimizes addit ion of un -  
wanted  chloride ion to the test solution in the cell. 
The solution resistance between sample and p la t inum 
resul t ing from this construction changes typical ly from 
a re la t ively low and variable  value at the beginning 
of test to about 18 kohms after several hours due to 
changes in resist ivi ty noted above. 

The open-circui t  solution potent ial  difference be-  
tween sample and reference electrode (after an ini-  
t ial  equi l ibrat ion period and  wi thout  external ly  ap- 
plied current)  is nea r  800 my. The controlled poten-  
t ial  selected for a given r u n  may be wi th in  a few 
hundred  millivolts above or below this value, and  a 
m a x i m u m  deviation of 10 mv  from the voltage se- 
lected has been deemed acceptable. Sufficient circuit 
resistance is employed to nul l i fy  the effect of the sam- 
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p ie -p la t inum voltage as an unwan ted  source of polar-  
izing current.  

It  is of importance to note that  dur ing  polarizing 
current  in ter rupt ions  the potential  of a polarized 
specimen tends to decay slowly toward the open-ci r -  
cuit value. This proper ty  of the cel l-sample system 
makes it unnecessary general ly to provide external  
means of dr iv ing the sample potential  in  the direction 
of na tu ra l  decay, i.e., the external ly  applied polarizing 
current  may be unidirectional .  The advantage of this 
will  become evident  in  a subsequent  discussion of 
pulse vol tmeter  circuit  operation. Another  pleasant  
consequence of the re la t ively slow rate of decay of 
sample potent ia l  is to reduce the potentiostat  rise 
t ime requi rement  to a range easily accommodated by 
etectromeehanical techniques. Fur ther  discussion of 
sample potent ial  decay is included in subsequent  sec- 
tions. 

Current  Supp ly  and Current  In terrup ter  
The cur ren t  supply indicated in  Fig. l ( b )  is not  a 

critical component  of the system. Voltage supplied 
to the 2,0 kohms potent iometer  shown has typical ly 
been 75-90v. A 20 kohms slider resistor (shown) limits 
the cell current  to a max imum of 4.5 ma (@ 90v), a 
value somewhat higher than the max imum needed for 
control of the sample. 

The in te r rup te r  of Fig. 1 (b) is the vacuum tube cir-  
cuit described in  ref. (1). The circuit  in ter rupts  the 
polarizing current  for 6 msec once every 100 msec. 
Precise t iming is not necessary nor  is synchronizat ion 
with external  circuitry. Leakage resistance across the 
(vacuum tube) switch must  be greater than  10 
megohms dur ing  cur ren t  in ter rupt ions  to prevent  a 
potential  error greater than  1 mv (due to solution IR 
drop) in  the cell herein described, given the solution 
resistances and polarization current  levels encountered 
in  the present  work. Noise presented by the in ter rupter  
to the cell dur ing current  in ter rupt ions  must  likewise 
be sufficiently small  or reproducible to satisfy the ac- 
curacy requirements.  The aforementioned circuit fulfills 
these needs. A transistorized in te r rup te r  is cur ren t ly  
being evaluated and appears satisfactory al though 
relat ively l imited with respect to m a x i m u m  polarizing 
source voltage at an acceptable leakage current  value. 

Character of the Voltage Measurement  Problem 

Pulsa t ing polarization current  flowing through the 
cell produces a pulsat ing voltage pa t te rn  at the mea-  
surement  terminals,  i.e., the sample and reference elec- 
trode contacts, as shown in  Fig. 3. Note that the figure 
represents the reference electrode voltage as varying  
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Fig. 3. Reference electrode-to-sample voltage vs. time during 
polarization. 
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Fig. 4. Input signal during current interruption; biose,I suitably 
for presentation to PVTM. 

with respect to a fixed metal  sample potential;  since the 
sample, having a re la t ively large surface area, is in 
practice grounded, and the ins t rumenta t ion  is con- 
structed accordingly. As the figure indicates, the volt-  
age of interest, i.e., the sample- to-reference electrode 
voltage, is present  by itself only about 6 msec of every 
100 msec period. Dur ing  t h e  remainder  of each period 
the polarization current  flows through the solution, 
producing a var iable  voltage (IR drop) across the 
solution, which acts in  series with the voltage of in-  
terest to produce the results shown in Fig. 3. The 
measurement  scheme requires that the decay of the 
solution IR drop be complete (to wi th in  the acceptable 
error l imit) before the voltage of interest  has decayed 
significantly, as suggested in  Fig. 4. Under  these con- 
ditions, the voltage of interest  may be monitored ac- 
curately dur ing the 6 msec in ter rupt ion  period. No 
difficulty with respect to voltage decay has been en-  
countered with the cell a r rangement  described. The 
relat ively rapid IR voltage decay is achieved by main-  
ta ining sufficiently low cel l - to-ground capacitance (ex- 
cept at sample surface),  which includes the capacitance 
in wir ing connected directly to the cell (except that 
of the grounded sample).  The apparatus can accom- 
modate somewhat greater IR decay tima~, which have 
been encountered in  higher resistance cells. 

Pulse Val tmeter:  Design Considerations and 
Functional Description 

The pulse vol tmeter  receives a fluctuating voltage 
such as those of Fig. 3. Its funct ion is to determine the 
value of the voltage of interest  regardless of the value 
of the solution IR drop voltage and to provide a non-  
pulsat ing output  voltage which varies in accord with 
the former. The fluctuating voltage is biased as shown 
in  Fig. 4 and presented to the vol tmeter  circuit, given 
in  Fig. 5 (b) and (c). 
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Fig. 5(a). Voltmeter circuit 
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Fig. 5(c). Voltmeter circuit 

Isolation and signal conditioning stage~.--A vacuum 
tube cathode follower input  stage [Fig. 5(a)]  is em- 
ployed to provide a high inpu t  resistance and  m i n i m u m  
input  capacitance, thus minimizing the amount  of cell 
loading through the reference electrode. A balanced 
circuit design is used to avoid error due to changes in 
ambient  temperature.  Voltage excursions greater than 
2v occur only when the i r re levant  solution IR pulses 
are present  and would impose design difficulties in suc- 
ceeding circuitry. These excursions are therefore 
l imited in  the clipping circuit following the cathode 
follower. The ampl i tude- l imi ted  pulses are then t rans-  
ferred by a source follower impedance t ransformer  to 
the pulse vol tmeter  proper. 

Pu~se voltvr~etev prope1".--It has been found feasible 
to evaluate voltages such as those of Fig. 3 directly, 
wi thout  need of d-c amplification. Such a technique 
has been described in (1), in  which a thyra t ron  de- 
tector was employed. The present  application differs 
from that  of (1) in  that  vol tmeter  output  leads which 
do not pulsate with respect to ground are desired for 
connection to succeeding potentiostat  circuitry. The use 
of a readi ly inver ted tunne l  diode detector and choice 
of either npn  or pnp transistors as needed permit  de-  
sign freedom not avai lable in  (1) and facilitate 
realization of the behavior  desired. 

Funct ional ly ,  the vol tmeter  proper consists of (i) a 
vol tage-tr iggered oscillator having a sharp threshold 
(stable wi th in  a 10 mv  band) ,  and (ii) a storage ca- 
pacitor connected to a slow charging path and to a 
keyable, rapid discharge path controlled by the oscil- 
lator. These elements are shown funct ional ly  in  Fig. 6. 
Indiv idual  cycles of the oscillator cause small  decre- 
ments of charge in  the capacitor. A stable loop is 
formed by connecting the capacitor back to an input  
t e rmina l  of the oscillator. With no voltage applied to 
input  A, the capacitor will  charge to the voltage 
threshold value of the oscillator, which will  then  pro- 
duce pulses as needed to hold the capacitor voltage at 
that  value. Since the circuit  is so arranged that  voltage 
inputs  at A and B are additive, a small  voltage applied 
to A reduces that  needed at B to ma in ta in  the thresh-  

INPUT B 

0--I TRIGGERED I CHARGING 
INPUT AI OSCILLATOR I SOURCE 

0 
OUTPUT 

KEYABLE ~ _  IO00/J.fd 
DISCHARGE I T  CIRCUIT 50V 

I 

E o + Eb= A CONSTANT ( 3 VOLTS ) 
OSCILLATOR FREQUENCY: 18 KILOCYCLES AT 0.2 DUTY 

Fig. 6. Functional sketch of pulse voltmeter 

old voltage level. Thus the small  voltage applied at A 
results in an equivalent  decrease in voltage at the out-  
put  terminal .  Appropriate  selection of charging rate 
(relat ively slow) in  relat ion to discharge rate  (deter-  
mined  by oscillator f requency and discharge resist- 
ance) permits short pulses at A to funct ion similar ly 
to a steady voltage applied at tha t  point. While the 
rates employed have been selected appropriately for 
the polarization system described, these rates are not 
critical values wi th in  the appropriate range. In  Fig. 5 
the voltage tr iggered oscillator circuit  includes the 
components connected between the emitter  of Q1 and 
the base of Q3. The discharge circuit consists of Q3 
and Q4. Q1 and Q5 serve as impedance t ransformer  
emitter  followers, and the storage capacitor and charg- 
ing source components are evident. Two pulse volt-  
meter  circuits are provided, one for cathodic and the 
other for anodic polarization conditions. 

Sensit ivi ty and stabili ty such as tha t  of the tunne l  
diode discriminator make possible the foregoing 
method of polarization voltage measurement .  The volt-  
age sensit ivity of this circuit is in  the range of 1 my, 
permi t t ing  realization of low over-al l  error in  the 
range of 10 mv as specified above. Tempera ture  sta- 
bil i ty of the IN2940A diode specified should be superior 
to that  of the IN2940 actual ly used by the authors. 
Drift of vol tmeter  output  voltage with the input  
shorted was observed to be less than  10 my for periods 
of 10 days with laboratory air temperature  variat ions 
of _0.5~ 

Potentiostat 
The potentiostat, indicated in Fig. l ( b ) ,  employs 

thyra t ron  voltage discriminators which monitor  the 
output voltage of the voltmeter.  These tubes switch 
motor control circuits to adjust  a potentiometer  in the 

Fig. 7. Potenfiostat 
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Fig. 9. Mock cell for apparatus tests 

current  supply as shown. The amount  of current  is 
thus changed to restore the desired electrode potential  
difference. A circuit diagram of the potentiostat  pres-  
ent ly  used is given in Fig. 7. The apparatus may be 
made from components commonly found in the labo- 
ratory. 

If an addit ional potentiostat  uni t  of this type were 
to be constructed by the authors, t unne l  diode sensing 
circuit and transistors might  be subst i tuted for the 
thyratrons and relays of the ra ther  out-dated circuit 
given. Al ternat ively  a feedback amplifier controlled 
potentiostat  scheme appears applicable. An ar range-  
ment  being evaluated is sketched in Fig. 8. As another  
al ternative,  commercial ly produced potentiostats are 
available and may be employed, since requi rements  to 
be met in this section are not  unusual .  (However, the 
known  commercial uni ts  are comprised largely of 
circuits and components superfluous in  this applica- 
tion.) Interested readers may contact the authors for 
current  results of a cont inuing evaluat ion of al ter-  
nat ive potentiostat  schemes. 

Operational Procedure 
Initial adjustments.--Initial adjus tments  are made 

with the cathode follower disconnected from the cell 
and the measur ing input  shorted. Cathode follower 
balance and source follower bias controls are adjusted 
for zero voltage difference between the signal leads at 
the output  of each of these stages. The input  short is 
then removed and replaced by a d-c voltage source 
equa l  to the desired polarization potential. The source 
follower bias control is again adjusted to restore the 
stage output  voltage to near  zero: a value of 0.3v is 
preferred, negative for cathodic and  positive for anodic 
po la r iz ing  conditions. The output  voltage of the pulse 
vol tmeter  then assumes a steady value which is taken 
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as the setpoint for potentiostatic control: the potentio- 
stat bias is adjusted to stop the correcting motor under  
these conditions. (See below for minor  correction to ac- 
commodate offset error dur ing  operation.) The cathode 
follower input  is then disconnected from the known  
voltage source and connected to the cell. The control 
loop is closed by connection of the polarizing current  
lead to the cell, and the system is allowed to control 
the potential  of interest. Manipulat ion of the motor 
speed and override controls of the potentiostat  in in i -  
tial minutes  of the test facilitates prompt assumption 
of control at the desired potential  by the automatic 
system. The manua l  ad jus tment  period Js minimized 
by presett ing the current  source, given some fore- 
knowledge of the current  value required. 

Apparat~z tests and r~aintenance.--An advantage of 
the control mode employed over the feedback amplifier 
mode arises from the in f requent  need for automatic 
corrective action after a re la t ively  steady polarization 
condit ion is reached. The control loop described may 
be opened for the purpose of brief  apparatus checks 
merely by switching off the motor power: polarizing 
current  remains at a steady value, and apparatus tests 
and adjustments  may be accomplished wi thout  dis- 
turb ing  the cell conditions, with the measur ing ap- 
paratus disconnected from the cell. 

The bias values described above are checked pe- 
riodically, since bias changes affect the control set-  
point  directly. Tests are made at intervals  of several 
days and adjustments  made if needed. In te r rup te r  
power supply batteries have been changed weekly:  re-  
placement  schedules for bias cells have not been 
determined. 

When a potentiostatic corrosion test is not  in prog- 
ress, operational tests are made convenient ly  with the 
mock cell shown in  Fig. 9. Derivat ion of component 
values is explained in the figure. With the mock cell 
connected in place of the polarization cell and capaci- 
tor C in  the circuit, the voltage across C should be 
main ta ined  automatical ly at a setpoint established in 
the manne r  described above, regardless of gradual  
changes in R2 and R4 (Fig. 9). An offset error of the 
order of 10 my is normal ly  observed, which is ra ther  
independent  of polarization current  in the range of 10 
ga to 1 ma, and thus may be allowed for in setpoint 
adjustment .  Capacitor C may be switched out (and the 
system readjusted) to observe the offset error directly 
or to test operationally for in te r rupter  leakage. 
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Con  un cadon @ 
A Rapid Solid-Electrochemical Method for Studying 

High-Temperature Diffusion in Metals 
Douglas O. Raleigh 

North American Aviation Science Center, Thousand Oaks, California 

A method involving the measurement  of diffusion- 
l imited currents  in the sol id-e lect rolyte  cell Ag I AgBrl 
Au was used to de termine  the diffusion coefficient of 
s i lver  in s i lver-gold alloys at 400~ D values of order 
10 -1~ cm2/sec were  measured at five points in the alloy 
composition range 10-60 a /o  Ag in a single day's ex-  
per iment  with one meta l  sample. D values f rom du-  
plicate runs on a gold single crystal  agreed to an av-  
erage of 3% and matched results on a polycrystal l ine 
gold foil to an average of 12%. By contrast, s tandard 
metal lurgical  techniques involving radiotracers  and 
sectioning general ly  cannot be extended below D 
10 - n  cm2/sec and requi re  several  weeks of anneal ing 
as wel l  as precise sectioning techniques.  

In a previous publication (1), results were  repor ted  
on measurements  of the double layer  capacitance of 
the solid e lectrolyte  AgBr  against Pt  and Au elec- 
trodes. The method involved  the use of so-called solid 
state polarizat ion cells, which have  the general  con- 
figuration 

revers ible  electrode I solid electrolyte  I iner t  electrode 

and of which the cell Ag 1 AgBr  I Au is an example.  
These cells have the proper ty  that  if a potential  of 
suitable polar i ty  (negat ive at the Ag electrode in the 
present  case) and small  compared to the electrolyte  
decomposition potent ial  is applied, there  can be no 
s teady-sta te  ionic cell  current .  Under  these conditions, 
the iner t  electrode interface functions to first order  as 
a capacitat ive interface and, for the present  cell, a 
s teady-sta te  si lver activity aAg ---~ exp (--EF/RT) is 
e lectrochemical ly  defined at this interface. Here, ~ is 
the applied cell voltage, and F is Faraday 's  constant. 
In the previous work, potential  steps were  applied to 
similar  cells and the transient  cell current  used to 
de termine  the double layer  capacitance. In the case of 
Pt  inert  electrodes, the t ransient  cell current  could be 
unambiguously  assigned to double- layer  recharging 
(1, 2), but  effects were  repor ted  for Au electrodes 
that  involved the diffusion of metal l ic  s i lver  into the 
electrode at surface act ivi ty  aAg. The purpose of the 
present  study was to ascertain whe ther  such effects 
could be used to determine  the diffusion coefficient of 
Ag in Au and whe ther  a general  method for studying 
diffusion in meta l  systems might  be involved.  

Sol id-electrolyte  cells have  been used previously 
for  the study of rate  processes at e levated t empera -  
tures (3), most recent ly  by Rickert  (4) in measur ing 
the diffusion of oxygen in si lver at 760o-900 ~ . Gen-  
era l  application of these methods to meta l  diffusion, 
however ,  (in par t icular  to small  D values)  requires  
knowledge of the re la t ive  roles of double layer  charg-  
ing and low- leve l  electronic currents  in the electro-  
lyte. In the  present  cell, applying a vol tage E estab- 
lishes act ivi ty  aAg on the t ime scale of the AgBrl Au 
double layer  charging. For  the Au electrode, it is be-  
l ieved that  this act ivi ty  is manifes ted as a part ial  
monolayer  of electrodeposited s i lver  (1, 2). If  Ag  
diffuses f rom the electrode surface to the interior,  ac- 
t iv i ty  ang is mainta ined by the electrodeposit ion of 

more Ag on the surface, a process involving the migra-  
t ion of Ag + ions in the electrolyte  and the electrons in 
the externa l  circuit. Since each Ag atom diffusing into 
the electrode is thus replaced, the diffusion flux is 
measured exact ly  by the cell current.  This "diffusion 
current"  persists unti l  the kinetics of the diffusion 
process become negligible. At this point, the Au elec- 
t rode has the characterist ics of an Au-Ag  alloy of ac- 
t ivi ty aA~. 

If the applied voltage is now changed to E', a new 
silver activity a'Ag is established at the Au surface, 
and diffusion occurs unti l  the Au electrode is re -  
equi l ibra ted at a'~g. The si tuation is analogous to 
placing an infinite reservoir  of s i lver at act ivi ty a'•g 
on the surface of an Ag alloy of si lver act ivi ty  aAg. 
If Co and C~ are the atomic s i lver  concentrat ions cor-  
responding to aAg and a'Ag, the diffusion current  will  
be given by the we l l -known Cottrel l  equat ion 

i = F A ( C ,  --  Co) (D/~t)1/2 

where  A is the electrode area. Use of the cur ren t - t ime  
data and known act ivi ty-composi t ion data (5, 6) for 
the Ag-Au  system to determine  D values depends on 
whe the r  the diffusion current  (which decays as t -1/2) 
is still large enough to be seen against the low- leve l  
electronic cell current  (7) when the double- layer  
charging process is completed. 

In the exper imenta l  arrangement ,  a s ingle-crysta l  
pellet  of AgBr, prepared as previously  described (8), 
was springloaded be tween  a square of Ag foil  and a 
planar  gold electrode. The lat ter  was a polycrystal l ine 
foil in run 1 and a gold single crystal  pellet  in runs 
2 and 3. In runs 1 and 2, a si lver wire  was embedded in 
the per iphery  of the AgBr  pellet,  about midway  be- 
tween the main electrodes, to serve as a reference elec- 
trode. Because of the short diffusion lengths involved  
(~/Dt) ,  it was impor tant  to have a smooth gold sur-  
face for A in the Cottrel l  equat ion to correspond to 
the geometr ic  electrode area. Electropolishing in 
fused 1:1 NaC1-KC1 at 750 ~ gave a specular surface 
on which electron micrographs showed no significant 
roughness down to 500A. The assembled cell was out-  
gassed and heated under  vacuum to the neighborhood 
of the AgBr  mel t ing  point (425 ~ wi th  an applied 
potent ial  (231 my) corresponding to 10 a /o  Ag at the 
Au interface at 400 ~ Interface contact was achieved 
e i ther  by f lash-melt ing the electrolyte  in the neigh-  
borhood of the electrodes (runs 1, 3) or prolonged 
anneal ing under  pressure just below the mel t ing  point  
(run 2). The cell was then cooled to 400 ~ , placed un-  
der an argon flow, and about an hour  al lowed for 
equil ibration.  

F ive  successive vol tage steps were  applied at about 
75-min intervals,  each corresponding to a 10 a /o  in-  
crease in the Ag concentrat ion at the Au electrode sur-  
face. In runs 1 and 2, the cell vol tage and vol tage 
steps were  applied wi th  an electronic potentiostat  
(1,2), using a vol tage fol lower  in the feedback f rom 
the reference electrode. This ar rangement ,  however ,  
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Fig. !. Circuitry diagram for run 3 

was found unnecessary because of negligible polariza- 
tion at the Ag electrode and negligible iR drop in  the 
electrolyte dur ing  the diffusion measurements.  In con- 
sequence, the voltages in r un  3 were applied directly 
via two bat tery-vol tage divider setups and the use of 
a mercury  relay to switch the cell between them. A 
low-impedance current - recording  device was afforded 
by the use of a Phi lbr ick  SP656 operat ional  amplifier 
in conjunct ion with a Moseley X-Y recorder. Figure 
1 shows the a r rangement  for run  3. 

Cur ren t - t ime  data were recorded continuously for 
about 300 sec after voltage step application and in ter -  
mi t ten t ly  till the application of the following step. 
Ini t ia l  peak currents  ~ 100 #a were obtained which 
fell gradual ly  to the approximate level of the steady- 
state electronic current  (several #a). Fol lowing data 
acquisition from the last voltage step in r un  1, the 
cell was cooled to room tempera ture  at the existing 
voltage (55 mv, corresponding to 60 a/o Ag at 400 ~ 
and dismantled.  The Au electrode had a uni form sil- 
very appearance where it had contacted the electro- 
lyte. In run  2, the cell voltage was re turned  to 231 my 
after the last voltage step, the cell allowed to equil i-  
brate, and then cooled under  bias and dismantled. In 
this case, the electrode interface had a gold appear-  
ance. In  all  ruos, the electrolyte was found to be 
bonded tenaciously to both electrodes. For r un  3, the 
Au single crystal from run  2 was cleaned of any ad- 
herent  AgBr in  hot concentrated HBr, rinsed, dried, 
and reassembled into a new cell. 

In all cases, plots of cell cur rent  vs. t -1/2 were ex- 
t remely l inear  in the range 10-100 sec after step ap- 
plication and showed only minor  variat ions from 
l inear i ty  (0.1-0.3 #a) at times out to 4500 sec (75 rain) .  
The Y-intercept  (t = ~ )  gave values of the constant  
electronic current  whose magni tude  and cell voltage 
dependence were in  excellent agreement  with theory 
(9) and previous experiment  (7). At  times below 10 
sec, the cur ren t  showed an up tu rn  from l inear i ty  a t -  
t r ibutable  to residual  double layer  recharging, in  ac- 
cord with previous studies (1, 2). The slopes of the 
plots in the 10-100 sec range were used, together with 
the activi ty-composit ion data of Wachter  (5) and 
Kubaschewski  (6) for the Ag-Au system at 400 ~ to 
calculate D values. Results are shown in  Fig. 2. Since 
the voltage steps represent  jumps from one composi- 
t ion to another, the D values are arb i t rar i ly  plotted at 
the median  compositions. 

A fur ther  exper imenta l  point  should be mentioned.  
The use of successive voltage steps to determine D 
values across the composition range assumes that, in 
the t ime between successive steps, diffusion has pro-  
ceeded sufficiently to resul t  in  an essentially uni form 
composition over the diffusion distance represented by 
the 10-100 sec data range (~30-100A).  This assump- 
tion was tested in  one instance by repeat ing a voltage 
step after an overnight  wait  at the ini t ia l  potential.  
The resu l tan t  current  slope agreed to several per cent. 

Slifkin et al. (10) have measured the self-diffusion 
coefficient of Ag in  a number  of Ag-Au  alloy composi- 
tions at  635~ ~ by s tandard  metal lurgical  tech-  
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Fig. 2. Diffusion coefficient of Ag in Au-Ag alloys of various com- 
positions at 400 ~ . 

niques and derived empirical  expressions for its tem- 
pera ture  dependence. For comparison with our results, 
self-diffusion coefficients at 400 ~ were calculated from 
these expressions, plotted as a funct ion of composition, 
and interpolated values at our compositions taken 
from a best smooth curve through the points. The 
Darken equation (11) was then used with available 
thermodynamic  data (5, 6) to calculate the corre- 
sponding chemical diffusion coefficients for comparison 
with our D values. The results are plotted on Fig. 2. 
Agreement  ranges from good to remarkable,  consider- 
ing the inherent  uncertaint ies  in such a comparison 
and ir~ D values in  general.  

I t  is felt that  the present  method may have wide 
applicability. A solid electrolyte cell Me I MeX I M' may 
be used as a source of fixed and controllable activity 
of metal  Me at the M' surface to study diffusion over 
a wide range of alloy composition. It is required  that  
metal  M' be more noble than Me to avoid side reac- 
t ion with the electrolyte. Application to other solid- 
electrolyte systems (e.g., Cu I CuI, Pb] PbCI~) will  re- 
quire invest igat ion of their electrochemical properties, 
which it is hoped this work will  st imulate.  Fur ther  
results on the present  system wil l  be reported shortly 
(12) and in  a future  publication.  
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ABSTRACT 

Transients  of the voltage be tween a t an t a lum foil and an aqueous electro- 
lyte have been induced by application of d-c current  or else a-c voltage steps 
dur ing the growth of a thin protective oxide film. These t ransients  were ana-  
lyzed in terms of the dependences on voltage and oxide thickness of (a) 
the ionic current  causing the oxide growth and (b) the current  required 
for charge neutral ization.  Certain discrepancies between the theoretical model 
used to analyze the transients  and the exper imental  data indicate a more com- 
plex behavior of the oxide than that of an ideal capacitor shunted by a 
voltage dependent  resistor responding ins tantaneously  to changes in the 
voltage. 

In  a previous paper (1) the spontaneous corrosion 
of t an ta lum in aqueous electrolytes was investigated 
by measur ing capacitance and voltage changes in situ. 
This paper  attempts to clarify the mechanism of oxide 
growth. 

The growth of a protective oxide film involves two 
processes; (i) a t ranspor t  through the oxide film of 
the ions which participate in film growth, and (it) a 
current  flow which neutralizes the charge t ransported 
by these ions. Usual ly this neutra l iz ing current  is 
carried by electrons and /o r  holes, although it is con- 
ceivable that  other carriers such as protons can be 
involved in special cases. However, for the sake of 
brevity,  we shall refer to the two currents  ment ioned 
under  (i) and (it) as the ionic and the electronic cur-  
rents, It and IE. A more precise description would be 
"the ionic cur ren t  leading to film growth" for Ii and 
"the current  through the oxide causing charge neu-  
tralization, but  not oxide growth" for IE. 

The rate of oxide film growth can be derived as- 
suming a simple mechanism for one of the two cur-  
rents, Ii or I t ,  as the ra te -de te rmin ing  factor for cor- 
rosion result ing in a continuous film of the reaction 
product. For  instance, diffusion of ions involved in 
film growth leads to parabolic corrosion kinetics (2). 
In  the case of the protective oxide films formed on A1 
and Ta in  air, tunne l ing  of electrons through the fihn 
providing charge neutral izat ion (3), or else inject ion 
of ions from the metal  interface by a high field mech- 
anism (4), have been postulated as the ra te -de ter -  
min ing  processes. The lat ter  mechanism (4) (Mott- 
Cabrera  theory) has found wide acceptance in the 
li terature. However, in the case of air  oxidation of 
t an ta lum at or near  room temperature,  discrepancies 
with the Mott-Cabrera  theory (4) have been ob- 
served (5). 

In  the case of anodic oxidation of t an ta lum and alu-  
m inum both anions and cations contr ibute  s imul tane-  
ously to the ionic current  Ii (6-8). Moreover, the ionic 
t ransport  may  conceivably proceed in  several  charged 
states, such as O H -  and O - - .  There are possible con- 
t r ibut ions to I~. by  electron transport ,  hole transport ,  
and even by t ransport  of H + ions (9-11). For  a given 

1Present  address: Rensselaer  Polytechnic  Inst i tute ,  Troy,  N e w  
York. 

species such as electrons, there may be several com- 
peting t ransport  mechanisms, e.g., diffusion and field 
dr iven current  flow in the bu lk  of the oxide, tunne l -  
ing through the entire oxide, and thermionic emission 
across barr iers  at the boundaries  of the oxide, or even 
across the ent i re  oxide. Interact ion of various charge 
carrying species may occur. Space charges may lead 
to a significantly nonl inear  voltage distribution. The 
structure and dielectric properties of the oxide in 
close proximity to the metal  substrate may conceiv- 
ably differ from those of the bulk  of macroscopically 
thick anodic oxide films. Image force potentials extend 
through most, if not all, of the oxide films encountered 
in  spontaneous corrosion of A1 and Ta in air, and the 
discrete na ture  of charges at the outer oxide surface 
leads to large field variat ions in the oxide along the 
metal-oxide interface. Last, but  not least, the oxide 
growth may be governed by charge t ranspor t  at cer- 
ta in  s t ructural  faults (12-16), part icular ly,  when 
means for lateral  charge t ranspor t  along the outer 
oxide surface exist, as in the case of corrosion in an 
electrolyte. 

In  view of all these actual or potential  complications, 
it would be ra ther  remarkable  if a single mechanism 
based on a simple concept should be able to account 
for the formation of protective oxide films on t an ta lum 
and a luminum.  

The corrosion of t an ta lum in aqueous electrolytes 
appears to be par t icular ly  well  suited to investigate 
the mechanism of the formation of a protective film, 
since (i) no t an ta lum is dissolved in  the electrolyte 
and (ii) the presence of a conducting outer phase (the 
electrolyte) enables continuous measurements  of the 
potential  across the oxide and of the oxide thickness 
by means of the oxide capacitance. The t ransformat ion 
of the measured capacitance into the oxide thickness 
utilizes the plate capacitance formula and thus in-  
volves surface area and dielectric constant  of the oxide. 
Significant contr ibutions to the capacitance from 
electrolyte space charge layers can be avoided by 
using highly conducting electrolytes and measur ing 
at sufficiently low frequencies. Potent ia l  errors in de- 
t e rmin ing  oxide thickness, d, from capacitance meas-  
urements  have been discussed in ref. (1). 
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The growth rate of the oxide film is de termined  by 
the r equ i remen t  of quas i -charge  neut ra l i ty  ~ (Kirch-  
hoff's law) 

IE ---~ Ii -}- I [1] 

in conjunct ion wi th  Faraday ' s  law 

Od/.Ot = XlI [2] 

In Eq. [1] we  have  included the more  general  case 
that  an ex te rna l  d-c  current ,  I, is permi t ted  to flow. 
The numer ica l  value  for the coefficient ~. in Eq. [2] 
is the same as used in ref. (1). 

F rom the measured  capacitance as a function of 
time, t, the oxide thickness, d, has been der ived by 
the pla te-capaci tor  equation and the ionic cur ren t  
was obtained f rom Faraday 's  law [2]. Using Kirch-  
hoff's law [ i ]  the electronic current  was then derived. 
However ,  since both oxide thickness and vol tage 
change with  t ime simultaneously,  exper imenta l  meth-  
ods must be devised to determine  the re la t ion between 
Ii and IE and V and d. Over  a small  range of oxide 
thickness, d, and oxide voltage, V, the dependencies 
of the ionic and electronic current  on d and V can be 
character ized by the four coefficients 

~E ---- 0 In IE/OV]d [3] 

~l = ~ In Ii/OV]d [4] 

~ E =  0 In IE/~d]v [5] 
and 

~, = 0 In I1/Od]v [6] 

of a Taylor  series of In Ia and In I1. These coefficients 
have  been defined in terms of the logari thms of cur-  
rents ra ther  than currents  proper  in v iew of the near ly  
exponent ia l  dependencies of these currents  on vol tage 
[constant Tafel  slope]. Thus aE and a~ are the Tafel  
slopes of the ionic and electronic currents.  

This paper  deals wi th  exper imenta l  methods to 
der ive  these coefficients and a comparison of the re -  
sults with theoret ical  values expected for various sim- 
ple charge t ransfer  mechanisms through the oxide. 

Experimental Methods 
Sample preparation,  test cell and measurement  cir- 

cuit were  the same as described in (1) and shown 
in its Fig. 1 and 2. In order  to de termine  the vol tage 
and thickness relations for the currents  Ii and IE, an 
externa l  electr ical  signal was applied to the oxide 
and its effect on the d-c voltage, and on the growth 
rate  was measured.  Two techniques have  been used, 
the "d-c method"  and "transient  method."  

D-C method. - -Af ter  spontaneous corrosion had pro-  
ceeded for a certain t ime, a series of cathodic d-c 

I t  w i l l  b e  s h o w n  in  A p p e n d i x  E t h a t  c h a r g e  n e u t r a l i t y ,  w h i l e  
n o t  e x a c t l y  sa t i s f ied ,  ~s a v e r y  g o o d  a p p r o x i m a t i o n .  

>o 

c= 

f 1 

T ~  

Fig. I. Time dependencies of voltage and capacitance during a 
sequence of stepwise changes of the external cathodic current, h 

May 1967 

~v 

~J 

T~ME - 

Fig. 2. Transients of d-c voltage A V  following a stepwise 
change in the a-c voltage amplitude V1. 

current  pulses was passed through the sample as 
shown in the lower curve  of Fig. 1. The d-c vol tage 
and equivalent  series capacitance of the cell responded 
as shown in the upper  and middle  portions of the fig- 
ure. The fol lowing effects can be noted: Fol lowing the 
stepwise change of the cathodic current ,  there  is a 
transit ion to a new quasi -s ta t ionary  level  of voltage 
and capacitance. This t ransi t ion wil l  be analyzed in 
more detail  in Fig. 2. At present  we are interested in 
the shift of d-c potential  marked  ~V in Fig. 1 and in 
the quasi -s ta t ionary rates of capacitance change before 
and after  the change of cathodic current.  The ionic 
current  can be der ived from the quasi -s ta t ionary  rate  
of capacitance change with  t ime by combining the 
plate capacitance equat ion wi th  Faraday ' s  law lead- 
ing to the relat ion given in Fig. 1. In this manner  the 
relat ion II(V) is obtained. The relat ion IE(V) is then 
obtained by Kirchhoff 's  law (1). During the sequence 
of small  cathodic currents  the oxide thickness con- 
tinues to increase. In order to obtain the relations 
II(V) and IE(V) at a constant oxide thickness, a cor- 
rection for the change in oxide thickness is required.  
This correction wi l l  be discussed in Appendix  D, using 
the relations developed in the Appendices A and B. 
" A  drawback of the d-c  method is the fact that  the 

corrections to constant thickness (Appendix  D) re-  
quire  certain parameters ,  which have to be taken from 
the open-circui t  corrosion data of the preceding period. 
In some cases these parameters  va ry  fair ly rapidly  
wi th  oxide thickness so that  the values used for the 
correction may become ill-defined. 

For  large cathodic currents  one has I > >  Ii, and, 
therefore,  I ~ IE, SO that  the cathodic current  vol tage 
relat ion I (V )  provides direct ly  the electronic current  
relat ion IE (V). Thus, in order to derive IE (V), no sig- 
nificant t ime in te rva l  of the quasi -s ta t ionary state is 
requi red  since Ii is not needed. Thickness corrections 
become unimportant .  However ,  at these large cathodic 
current  densities, hysteresis phenomena may be en- 
countered. It  is impract ical  to wai t  unt i l  the "hys-  
teresis" has ful ly decayed af ter  a cur ren t  switch since 
this would  necessitate a significant correct ion to con- 
stant thickness. 

The difficulties arising f rom "hysteresis" and f rom 
the correction for constant oxide thickness led us to 
favor  the a-c method to be described in the nex t  sec- 
tion, which rapidly al ternates  small  cathodic and ano- 
dic bias vol tage so that  no d-c current  results. 

Transient method.--This  method utilizes the vol t -  
age t ransient  fol lowing a stepwise change in an ex-  
te rnal  signal, such as d-c current  I (Fig. 1) or else a 
small  applied a-c vol tage in the  audio- f requency  range 
(Fig. 2). A transient  is character ized by its t ime con- 
stant, T, and the vol tage increment  AV, which were  
de termined  as follows (Fig. 2): The l inear  vol tage-  
t ime relat ionship fol lowing the t ransient  was ext rapo-  
lated through the transi t ion period and formed the 
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base l ine for de terminat ion  of voltage increments  ~V. 
A semilogarithmic representat ion of voltage incre-  
ment  vs.  t ime increment  5t since the switch of the ex- 
ternal  signal gave a straight line, provided that  the 
changes of a-c voltage ampli tude (in the case of Fig. 
2) or else of external  current  hi  (Fig. 1) were suffi- 
ciently small. From the slope of these plots T was ob- 
tained and extrapolat ion to 5t = 0 gave hV. 

From the t ime constant  T and the oxide capacitance z 
an equivalent  paral lel  resistance can be calculated by 
means of 

R1" = 2 C'ES [7] 

The factor 2 is added because the cell capacitance lies 
parallel  to the capacitance CEs of the symmetr ic  
branch of the bridge circuit. 

In  the case of the voltage t rans ient  induced by the 
change in the electrical current,  hi, a "d-c incrementa l  
resistance" can be defined by 

R = ~VI~I [8] 

The experimental data used for the theoretical ,anal- 
ysis of the growth mechanism in terms of ionic and 
electronic currents, Ii and IE, were: (i) the change 
of quasi-stationary d-c potential, • before and after 
the transient, respectively; (ii) the time constant, T, 
of the transient; (iiO the incremental field during 
quasi-s ta t ionary growth periods 

r~ = --.OVlOd [9] 

and ( iv )  the "a t tenuat ion length" l, of the growth 
rate, defined by 

Od 
l = [101 

O ln[Od/Ot] 

The "oxide thickness" d is determined by the plate 
capacitance equat ion from the equivalent  series ca- 
pacitance of the cell which was monitored cont inu-  
ously by means of an a-c signal of about V~ ---- 9 mv 
ampli tude and  100 Hz frequency. During the t rans ient  
studies the ampli tude was raised temporar i ly  to about 
30 my as shown on bottom of Fig. 2. 

In  order to obtain a unique  correlation between 
~E, aI, fiE, and & and the four exper imental  param-  
eters .$V, T, Fi and l, we assumed that IE and Ii are 
instantaneous functions of voltage V and oxide thick- 
ness, d. As will be shown in the Appendices A and B, 
this assumption leads to the relations given in Table I 
for the case of sufficiently small  ampli tudes of the a-c 
voltage V1. Actually the value V12 listed in Table I 
should be replaced by ~V1 ~ i.e., the value of Vt 2 dur -  
ing the increased a-c ampli tude minus  the value of 
V1 ~ which was cont inuously applied at the oxide film. 
In  order to simplify notation, the analysis of Ap- 
pendix A and B assumes that  no a-c signal is applied 
except when inducing a transient.  

a I t  is shown in ref. (1) tha t  the oxide capacitance can be ap- 
p rox imated  by  the equivalent  series capaci tance of the cell, C ~ s ,  at  
100 Hz in h igh-conduct iv i ty  electrolytes. 

497 

50 r . . . . . . . . . . . . . .  

I- x.,,,..~ ~ 1"-x F- / 20?- 

i / / x  IE{V,d : 14.41. ~ 0  4 

"c,c. 

I i ( V , d :  J5.0) , , I ' 

220 240 260 280 300 320 

VOLTAGE, V(SCE vs To) IN MILLIVOLTS 

Fig. 3. Ionic and electronic currents as functions of the voltage, 
SCE vs. To, (a) during spontaneous corrosion, I~  = I~ points 
marked by x; and (b) during a sequence of cathodic currents I 
2, 4, 8, 4 and 2 microamps; ionic currents uncorrected ( A )  and 
corrected ( A )  to constant thickness; electronic currents uncorrected 
(01 and corrected (e) to constant thickness. 

Appendix  C contains the analysis of the d-c voltage 
t rans ient  induced by a large change in a-c ampli tude 
"v'1. 

Experimental Results 
D-C a n a l y s i s . - - F i g u r e  3 shows an example of the 

voltage dependences of the ionic and electronic cur-  
rents as obtained by the d-c analysis. The points 
marked by x are the open-circui t  growth rates, con- 
verted into ionic currents  by Eq. [2] and plotted vs.  
the open-circui t  voltage. When the oxide thickness 
reached the value d = 14.4A, a series of cathodic cur-  
rents, I = 2, 4, 8, 4 and 2, ~a, was passed through the 
sample. The voltages at the end of each constant cur-  
rent  period, and the corresponding growth rates t rans-  
ferred into Ii, are marked by open triangles. The elec- 
tronic currents  marked by circles were obtained by 
Kirchhoff's law [1] from these / i -values  and the ex- 
ternal  currents.  The curve connecting the ionic cur-  
rents and that connecting the electronic currents do 
not retrace for ascending and descending external  
currents  due to the change of oxide thickness dur ing  
the sequences of cathodic currents. Corrections to "con- 
stant oxide thickness" have been made by shifting the 
voltage for each current  point in accordance with Eq. 
[2] of Appendix D. The points for ascending cathodic 
currents  have been corrected to the ini t ia l  thickness, 
d = 14.4A, and  those for descending cathodic currents  
to the final thickness, d -- 15.0A. The points at the 
largest applied current,  I = 8.0 ~a; for which V = 305 
my, Ii ~-~ 0.8 #a, and IE = 8.8 ~a, thus appear twice 

Table I. Expressions for (xI, aE, ~I,  and fiE in the special cases: I = 0 (spontaneous corrosion); I ~-~ - - I i  ~ (large anodic currents) and 
I I  ~ ~-~ 0 (large cathodic currents) 

Coefficient I = 0 I ~ - -  I ~  I ~  ~ 0 

C~s AV 2 C~s 4 hV 
0~I 2 

II  o r V1 s IT V~ ~ 

C~s hV 2 C~s 4 hV 

I i  "1- V I  s 11- V1 s 

( hV) 4AV C-s  2 C~s 

~Sx - - \ I I o r  + 2 V1 s F$ -- L -a - - 1 1 "  F~ . . . .  V1 s Fr 

( C ~ s  2 A V  ~ 
~'~ -zc1"~ v~,----- F ,  - l-~ 
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each after  the correction, once on the curve  for 
d = 14.4A and once on the curve for d =lS.0A.  

The correction to constant thickness requires  the 
slopes ai and a~ of the corrected curves, as wel l  as F~, 
/, and d for each measured point. It is easy to find self- 
consistent values of ~i and aE since the slopes of the 
corrected curves do not differ great ly f rom those of the 
uncorrected curves. Values for F~ and l were  obtained 
by extrapolat ion of graphs using the open-circui t  cor-  
rosion data prior  to d = 14.4A. 

The corrected points IE(V, d = 14.4A), IE(V, d = 
15.0A) and Iz(V, d ----- 14.4A) fal l  on straight  lines. 
However ,  the corrected points I~(V, d = 15.0A) deviate  
considerably f rom the straight  line drawn wi th  a slope 
equal  to that  of I, (V, d = 14.4A). This deviat ion which 
wil l  be t e rmed  here  "hysteresis"  is an af ter  effect of 
the passage of large d-c  currents  and re laxes  substan- 
t ial ly s lower than the t ime constants �9 usual ly ob- 
served for a vol tage change fol lowing a stepwise change 
of current.  

The slopes of the dotted lines in Fig. 2 provide  
aI = --17.4 v -1 and ,~E = 16.4 V-Z; and the ver t ical  
displacements of the dotted lines in combinat ion wi th  
the thickness increment  Ad = 0.6A provide ~i ---- 2.6A-1 
and fl~ = - -0 .73A-L By drawing  the two dotted lines 
for I, paral le l  to each other, and also those for IE, w e  
have  ignored a possible dependence of R, and aE on d. 
The accuracy of the d-c analysis is affected adverse ly  
by hysteresis phenomena and assumptions on F~ and l 
which enter  the correction to constant thickness and 
this prevents  us f rom obtaining the dependences of a~ 
and aE on d for small  increments  of d. 

Coinciding curves IE (V) for different d-values  were  
found for some samples. Fur thermore ,  in these cases 
these curves coincided also with spontaneous corro- 
sion data, I~ ~ I~ VS. V. This indicates that  in these 
samples the electronic current  depends only on voltage, 
but  not on thickness; i.e., that  ~E --~ O. Such behavior  
is expected if charge neutral izat ion occurs at a fault  
which is not blocked by the oxide growth. 

Figure  3 shows that  Iz and IE depend exponent ia l ly  
on the voltage, V. This suggests to define RI and aE 
as der ivat ives  of the logar i thm of currents.  The coeffi- 
cients az and ~E are  thus related to the anodic and 
cathodic t ransfer  coefficients. 

The exponent ia l  dependences of Iz and IE on voltage 
are used in the analysis of the vol tage transient  in 
Appendix  A. 

Transient analysis--spontaneous corrosion.--Table II 
lists values of R and Rr for the cathodic current  steps 
ment ioned in the caption of Fig. 3. Note that  R~ is 
slightly, but consistently larger  than R_ Values of 
calculated by Eq. [5] of Appendix  A with  ai, aE, I,, and 
IE f rom Fig. 3 are given in the last column of the 
table. The increase of R for descending current  steps 
re la t ive  to that  for ascending current  steps arises not  
only f rom the increase in oxide thickness which has 
taken place, but  is affected also by the hysteresis 
phenomenon  ment ioned previously.  

F igure  4 shows a typical  dependence of the d-c  
voltage change V - -  Vo = AV on the a-c vol tage am-  
pli tude V,. The relat ion be tween V - -  V and V, is 

Table I!. D-C and a-c resistances, R and R~, as function of the 
cathodic currents for the data of Fig. 2. Also listed is R 

(aEIE - -ax l r )  - z  according to Eq. [A-5] with IE, Iz, and 
az, and aE from Fig. 2 

I, Iza (~EI~ -- oalz) -z, 
f r o m  t o  R, k i l o h m s  ~r ,  k i l o h m s  k i l o h m s  

0 2 9.4 10.7 8.5 
2 4 10.6 11.4 8.5 
4 8 10.3 10.6 '7.8 
8 4 10.3 11.9 8.4 
4 2 15.0 16.5 12.4 
2 0 16.8 18.2 15.8 

15~ 

F / ,' 
i L l/ 

l L / / .  

o 20 4o 60 so 
v, 

Fig. 4. D-C voltage change as function of a-c voltage ampli- 
tude. Full line Eq. (15) of Appendix A and dotted line Eq. (5) of 
Appendix C, using RI = - -  25 V -1  and ~E = 17V -1 .  

quadrat ic  for sufficiently small a-c voltages and be- 
comes l inear  for large a-c voltages. The quadrat ic  
range and the l inear  range have been fitted by the 
theoret ical  expressions Eq. [15] of Appendix  A and Eq. 
[5] of Appendix  C with  RI ---- --25 v -1 and as = +17 
v -1, and I = O. Since Rz and O~E depend on oxide 
thickness, these values cannot be compared immedi -  
ately wi th  those of Fig. 3. 

It may  seem that  a bet ter  fitting l inear approxi-  
mation could be achieved by a different selection of 
RI and aE. However ,  Eq. [5] of Appendix  C defines not 
only the slope of the l inear  relation, but  also the 
point of intersection. In addition, the coefficient of the 
quadrat ic  approximat ion of Eq. [15] Appendix  A must  
match the exper imenta l  data. Thus, we have three ex-  
per imenta l  data to be fitted by the choice of two con- 
stants aE and ai. 

F igure  5 shows the ratio (V --  Vo)/V12 of the qua-  
dratic range (small  Vt) as function of the oxide 
thickness during open-circui t  corrosion for three  aque-  
ous electrolytes of widely  vary ing  pH-values,  namely,  
sulfuric acid of pH ~ 1, a highly concentrated (3.44 
w/o )  NaCl-solut ion of pH ~ 7 and a NaOH-e lec t ro -  
lyte  of pH _~ 13.5. F igure  5 shows a min imum at 
13.5A in sulfuric acid electrolyte  and at 16A in sodium 
chloride electrolyte.  F igure  6 shows t ime constants, T, 
as function of the oxide thickness, d, for the same runs 
as used in the previous figures: T increases with oxide 
thickness except  at thicknesses d < 9A in sulfuric acid. 

"E 
t 3F 

T 

2 

,f 
i0 12 14 t6 18 

0xIoE THICKNESS. d ( ~ ) ~  

Fig. 5. AV/V21 vs. d during spontaneous corrosion 
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Fig. 7. a~ vs. d during spontaneous corrosion 

The lateral  displacement of the curves for the three 
electrolytes in  Fig. 5 and 6 is in agreement  with the 
changes in apparent  thickness as measured in different 
electrolytes for the same oxide film (1). Values of 
Fi and l can be derived from the figures given in  ref. 
(1) and, therefore, will  not be presented here. 

The values of ( V - - V o ) / V t  2 and C ~ s / ( l z o t )  can be 
combined with data of F~ and l to obtain the a's and/~'s 
by the equations listed in Table I. /z o was derived by 
Faraday 's  law, Eq. [2], from the growth rate. The 
steep dependence of -c on d shown in  Fig. 6 is par t ly  
compensated by that of Ii ~ on d in the product / i~  

The coefficients ai (Fig. 7) and  ~i (Fig. 8) are ob- 
tained by addition of terms of equal sign (Table I ) ;  
on the other hand, aE (Fig. 9) and ~s (Fig. 10) are ob- 
tained by subtract ion so that  the resul t ing value can 
be quite inaccurate  if each term is much larger than  
their difference. This applies par t icular ly  to BE. Points 
in  the Fig. 7-10 for the same electrolyte include re-  
sults from several different samples and runs, which 
in part, accounts for the wide scatter of the points. 
Reproducibil i ty of the a's and ~'s of a sample in the 
same electrolyte (NaOH) was good in four identical  
runs performed. 

The dominant  term for ai, aE and ~z is C z s / t I i  ~ which 
accounts for the s imilar  t rend of these coefficients wi th  
d. The coefficient PE (Fig. 10) is general ly  negative 
except at very small  thicknesses in sulfuric acid where 
positive values appear. However, these positive values 
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could be the results  of some small  exper imenta l  e r ro r  
since ~.  is obtained as the difference of two large 
vaIues. 

Trans ien t  ana lys i s - -anod ic  ox ida t ion . - -Va lues  of as 
and/~i for thicknesses larger  than 20A can be obtained 
convenient ly  by using anodic oxidation. Dur ing con- 
stant current  anodic oxidation the oxide thickness, d, 
and the voltage, V, va ry  l inear ly  wi th  t ime until  a 
certain voltage, which we shall  call " leakage poten-  
t ial" is approached. At this potential,  the leakage 
current  through the oxide (presumably electrons flow- 
ing f rom the electrolyte  to the tanta lum) becomes 
equal  to the external  current.  When the leakage po- 
tent ial  is approached, the oxide growth slows down 
and even tua l ly  stops. With increasing current  densities, 
the leakage potent ial  shifts to larger  negat ive  vol t -  
ages, SCE vs. Ta, and the corresponding oxide thick-  
ness increases. 

F igure  11 shows the incrementa l  field F~ obtained by 
Eq. [9] f rom the electrode potential  vs. oxide thickness 
for constant current  anodization in H2804 and NaC1 
electrolytes. Above  20A, the incrementa l  fields are 
near ly  constant over a wide range of thicknesses unt i l  
the respect ive leakage potentials are approached and 
the incrementa l  fields decrease. The curve  for an 
electrolyte  of NaOH is quite  similar. 

Comparison of thickness increment  wi th  anodization 
current  indicated that  the assumption of 100% cur-  
rent  efficiency was satisfied through the thickness 
range where  F~ remained  constant. 

F igure  12 shows the dependence of the t ime con- 
stants, z, on thickness. When the leakage potent ial  is 
approached, the t ime constants fall off rapidly. In the 
range where  Faraday 's  law is satisfied, ~ is found to 
be constant wi th  thickness in the case of NaCl, but 
decreases slightly in the case of the NaOH electrolyte  
and by as much as a factor 1.5 in the range from 15 to 
50A in the case of the H~SO4-electrolyte. 

At  constant current  anodization of 100% efficiency 
az can be calculated f rom ~, and, independent ly  f rom 
( V - - V o ) / V 1 2  (Table I) .  However ,  it was {ound that  
the ai-values  calculated f rom h V / V ~  ~ are larger  than 
those calculated f rom ~. An example  is shown in Fig. 
13 where  the expression 

B = - - ~ z  " d [11] 

has been plotted for anodic oxidation. Also plotted 

\ 

Fig. 11. Incremental field Fi = - - ~ V / ~ d ,  during constant cur- 
rent anadic oxidation; I =- - -11 .9  and - -31 .6  FA far H~SO4 and 
NaCI electrolytes, respectively. 

~ - - -  ~ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Fig. 12 .  ~ vs ,  d during constant current anodic oxidation; cur- 
rents os in Fig. 11; ] -~- ~ 1 1 . 9  # A  in NaOH electrolyte, 

e /  

,~ ~ ~ ...... ~ . . . . . . . . . . . .  ~ ............ 

Fig. 13. B = --~zd during spontaneous corrosion (e) and during 
constant current anadic oxidation (x, /k) in NaCI electrolyte. The 
growth rate during spontaneous corrosion corresponded to on in- 
ternal current of 24 ~o at 12.3,~, and 0.31 /~a at 18.6~. 

are values of B for spontaneous corrosion, where  
measurements  of T and ~V must  be combined in order 
to obtain ~ by the expressions of Table I. 

In general,  ~ is a function of V and of d. Comparing 
the values of ~i, (a) f rom anodic oxidat ion and (b) 
f rom open-circui t  corrosion, at the same thickness d, 
we may expect differences in ai, since the voltages in 
both cases are different. Only if thicknesses and vol t -  
ages and thus the ionic currents  were  equal, we would 
expect  equal  as's. This was approximate ly  the case at 
the min imum of the ~ -  curve  during open-circui t  
corrosion, where  the ionic current  by Eq. [2] is about 
10 ~a, which is of the same order  as the current  of 31 
~a used during anodic oxidation. For  thicknesses larger  
than those corresponding to the min imum of ~i, the 
current  density at spontaneous corrosion drops off 
rapidly to values of the order  of 1 to 0.1 ~a when  the 
spontaneous corrosion becomes so slow that  exper i -  
ments were  stopped. 

From the values of ~ and F~, we may obtain 
fll ---- ~i �9 F~ in the range of anodic oxidation of 100% 
efficiency, i.e., if I = --Ii .  Since Fi is ve ry  near ly  con- 
stant in this range, the plots of /~I reflect essentially 
the behavior  of ax and wil l  not be given. 

The range where  the leakage potential  is approached 
is characterized by (i) Is ~ --I;  (ii) a decrease in Fi; 
and (iii) a decrease in ~. The fact that  Ii ~ - - t ,  sug- 
gests that  the electronic current  I E  SO far  neglected, 
becomes noticeable and eventual ly  dominant.  An  anal-  
ysis of Fi, l, �9 and ( V  - -  Vo) /V12 in this range could 
be used in principle  to obtain aE and ~E for the elec- 
tronic current  near  the leakage potential.  However ,  i t  
was found that  the behavior  near  the leakage potent ial  
differed so widely  for different samples  and even for 
different runs of a given sample  that  no such analysis 
was attempted. 

T e m p e r a t u r e  d e p e n d e n c e . - - P r e l i m i n a r y  measure-  
ments indicated that  ~V/V12 decreases wi th  increasing 
tempera ture  dur ing spontaneous corrosion and may 
even change its sign. Since ~ V / V i  2 = ( - - a z - - a E ) / 4  
(Table I ) ,  this indicates that  e i ther  aE increases wi th  
tempera ture  much more than ~ ,  or else --~s de-  
creases much more  than aE. 

Capaci tance t r a n s i e n t s . ~ D u r i n g  the t ransient  stud- 
ies, revers ible  changes of capacitance wi th  externa l  
cathodic current,  I (Fig. 1) and wi th  a-c voltage, V1, 
at zero externa l  cur ren t  were  observed. The magni tude  
of these capacitance changes is shown in Table  III. Note 
tha t  the change of cathodic current  by 0.4 ~a and the 
change of a-c potent ia l  f rom 11 to 169 m y  cause 

Table Ill. Effect of a cathodic current I, and of an a-c potential 
V1 on the d-c potential and on capacitance (C = 270/~f;  

d ~ 17.~); pH ~ I ,  H2SO4 electrolyte. 

I, p,a V1, m v  AV, m y  r ,  sec AUz~s, p~ Ad, A 

O --~ 0.4 11 37 180 + 0.5 --0.032 
0.4 ~ 0 I I  --40 210 --0.5 + 0.032 
0 11 ~ 160 34 46 + 5.5 --0.35 
0 160 -~ 11 -- 36 205 -- 6.4 + 0.41 
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changes of d-c potential  of similar  magni tude;  how- 
ever, the changes in capacitance are an order  of magni -  
tude larger  in the case of the a-c  voltage. This shows 
that  the capacitance changes are not mere ly  due to the 
d-c voltage changes. 

Discussion 
We shall first discuss the values of the coefficients 

ai, ~E, ;~I, and/3~ as expected for various charge t rans-  
port  mechanisms which ei ther  have been observed on 
"thick" anodic oxides ( thick ir~ comparison to the 
range covered by our invest igat ion) or else have  been 
proposed to occur dur ing the air oxide format ion on 
tanta lum and aluminum. 

These values wil l  then  be compared with  the ~i, ~E, 
~i and BE coefficients der ived f rom our experiments .  
Finally,  we shall discuss observations which cast some 
doubt on the val idi ty  of the simple model  used by 
us to ext rac t  the ~'s and ;~'s f rom our exper imenta l  
data. 

The react ion 

2Ta + 5H20 --> Ta20~ + 5H2 [12] 

generates  an electric field in the oxide of a polar i ty  
which tends to move posit ive charges f rom the meta l  
toward  the electrolyte  or negat ive  charges in the  op- 
posite direction. These are the flow directions for the 
cations and anions part icipat ing in oxide growth. The 
emf  of the reaction [12] is (in volts)  

E ---- 1.05 -5 0.059 �9 (pH) [13] 

since 0.81v is the free energy of the react ion under  
s tandard conditions and 0.24v is the correct ion for the 
SCE vs. the hydrogen electrode. Equat ion [13] provides 
1.1, 1.4, and 1.9v for our electrolytes I-I2804, NaC1, and 
NaOH, respectively.  When a vol tage V is applied 
across the oxide, the average field in the oxide be-  
comes 

F = (E--V)/d [14] 

If  E is a constant, independent  of oxide thickness, 
then 

OF 
d . = --  F - 5  Fi [15] 

a d 

During constant current  anodization in the thickness 
range where  F~ is a constant (Fig. 11), Eq. [15] is 
satisfied by F = F~ ---- const, so that  Eq. [14] can be 
t ransformed into 

E = V -5 d F i  [16] 

E-values  der ived  in this manner  were  E ~ 0.gv for 
the H2SO4 and NaCl-electrolytes ,  and 1.6v for the 
NaOH-elect rolyte .  The differences be tween E1 by Eq. 
[16] and E2 by Eq. [13] are s imilar  to those repor ted  

~41 ~ \ ~ ..... (E,-y~/~ 11--I.. ~ .. 

O~ ............................................................ �9 ................. 

u ~ 

.2 .5 I 2 5 10 20 50 ~00 

t~(MtCROAMPS} . . . .  

Fig. 14. fli/,~i, - - /~E/aE and F ~ (E--Y)/d as functions of the 
ionic current derived from the growth rate during spontaneous 
corrosion in NaCI-electrolyte; E~ ~ 0.9v and E2 = 1.4v. 

by Vermi lyea  (17) for the HNO3 and NaOH-elec t ro-  
lyres of pH ---- 0.6 and 13.5, respectively.  The dis- 
crepancy between E1 and E2 may arise f rom contact 
potentials Ta vs .  elec t ro ly te-oxide  interface. 

If the ionic current,  I[, would depend on thickness 
and voltage only through the average field F of Eq. 
[14] wi th  E being constant the relat ion 

/~Tlo~I ---- F [17]  

should be valid, as seen readi ly  f rom the definitions of 
~T and ~I. This relat ion is indeed satisfied for constant 
current  anodization, Ii ~ - -  I, where  ~x/~i ---- Fi (Ta- 
ble I), and since F = Fi, if OI/.Od = O. 

In order to invest igate  whether  the relat ion [17] 
applies in the range accessible by spontaneous cor- 
rosion, ~i/aT and F were  plot ted vs .  I i  (Fig. 14). Two 
curves for F are shown, one based on E1 ----- 0.9v and 
the other  on E2 ---- 1.4v. The  exper imenta l  values ,SI/,:,T 
show a pronounced downt rend  toward the right. The 
curve  (E2 - -  V ) / d ,  while  fitting ~T/~I at lower  ionic 
currents  exhibits  a pronounced uptrend at higher  cur-  
rents. The curve  ( E l  - -  V ) / d  exhibits  a slight down-  
t rend at h igher  ionic currents,  but lies much lower  
than ~i/ai at the lower ionic currents.  Thus we con- 
clude that  e i ther  the ionic current  cannot depend on 
voltage and oxide thickness through the field F, or else 
the parameter  E in Eq. [14] for F is not a constant 
(18), but  changes f rom low values E _~ E1 to higher  
value  E --- E2, as the oxide thickness increases and the 
ionic current  decreases. The Mot t -Cabrera  theory (4) 
is based on an exponent ia l  dependence of the ionic cur-  
rent  on the field (14). Such a relat ion is not in agree-  
ment  wi th  the coefficients ~i and ~i as de termined  by 
us. Studies of air oxidat ion (5) of tan ta lum at or near  
room tempera ture  also do not support  the Mott-  
Cabrera  theory. 

Since the dependence of the ionic current  through 
the oxide on voltage and thickness changes signifi- 
cantly at the small  oxide thicknesses encountered in 
spontaneous corrosion, it appears doubtful  that  the 
corrosion currents  can be der ived by comparing the 
vo l tage- t ime  dependence during spontaneous corro-  
sion to values ext rapola ted  f rom the vo l tage-cur ren t  
dependence for thicker  anodic films (19, 20). 

Studies of anodic oxidation of tan ta lum and other 
va lve  metals  lead to the relat ion (21) 

Ii = A exp B F  [18] 

for oxide films which  were  general ly much thicker  
than those encountered in spontaneous corrosion for 
oxide films. If this re la t ion applies, our coefficient ~i 
is re la ted to B by Eq. [11]. The B-values  thus obtained 
for constant current  anodization (Fig. 13) are indeed 
of the order of the transient  B-values  given in the 
l i tera ture  (22, 23, 24). 

In the range d > 13A, i.e., for the thicknesses larger  
than that  at the min imum of ~T at spontaneous corro- 
sion, the values of B = - -  ~T " d f rom spontaneous 
corrosion differ f rom those der ived dur ing constant 
current  anodization (Fig. 13). This suggests that  B 
for these thin oxides depends on the ionic current  
density, I~, or on the voltage, V, and is not  a constant 
as observed for thick anodic oxides where  Eq. [18] 
and [14] appear  to apply fa i r ly  well. 

Recent ly  the relat ion 

Ii ~'~ A'  exp B' A/-F [19] 

has been proposed (25) instead of Eq. [18]. This re-  
lat ion leads to a dependence of ai on V, which is much 
too small, however ,  to account for the differences of 
B ---- - -  aid for  spontaneous corrosion and anodic 
oxidation shown in Fig. 13. 

The expression [14] for the average field in the 
oxide implies that  the changes in the measured vol t -  
age, AV, extend ent i rely across the oxide, and not par-  
t ial ly across a solution double layer. If part  of AV 
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would extend across such a double layer,  R should be 
larger  than RT, while,  in fact, R~ appears to be slightly 
la rger  than R (Table II) .  

The carr iers  causing charge neutra l izat ion move  
opposite to the flow which is induced by the average  
electric field [14]. Carr ier  flow against  the electric 
field can occur by: (a) thermionic emission; (b) tun-  
neling, and (c) diffusion. Fur thermore ,  the possibility 
of localized flow at faults in the oxide, even pinholes, 
must  be considered. 

With respect to the last ment ioned possibility, there 
is a large amount  of evidence for leakage paths local-  
ized at faults or defects in the oxide (12-16). Vermi l -  
yea described techniques to make  these spots visible 
by plat ing out metals  (16). The spreading resistance 
into the electrolyte  at these leakage points provides an 
upper  l imit  for the current  flow. If the ent ire  potential  
V extends across this spreading resistance, the co- 
efficient aE should be the reciprocal  of the voltage, V, 
which is of a reasonable order  of magnitude.  

If  the number  of flaws remains  unchanged as the 
oxide grows, we would  expect  that  ~E = 0. On the 
other  hand, if the number  of flaws or thei r  effective 
area decreased due to blocking by la tera l  oxide growth 
f rom adjacent  regions, negat ive  values of ~E should 
arise. 

Regarding the charge t ransfer  mechanisms through 
the bulk oxide, evidence suggests electron ra ther  than 
hole flow (16). Mott (3) has discussed thermionic  
emission and tunnel ing of electrons through a thin 
oxide barr ie r  of height  W. Theoret ical  expressions for 
aE, ~E and - -  ~E/aE for these cases are listed in Ta-  
ble IV. 

The electron current  due to thermionic emission is 
governed by the Bol tzmann factor e -W/kT, which lead 
to ~E = 0 and aE ---- 40 v-Z at room temperature ,  in 
d isagreement  wi th  the exper imenta l  data. The ob- 
served values, aE ~,~ 10 v -~, could arise by a dual bar -  
r ier  model  of symmetr ic  potent ial  barriers,  as dis- 
cussed for  oxygen reduct ion on passivated Zr (26). 
Such dual barr iers  might  exist  at the faults where  
oxide growth is prevented  and most of the current  IE 
is concentrated. 

The tunnel  current  is governed by the factor  4 

[ 
exp L -  2d \ h - - ~  provided that the tunnel ing 

is not l imi ted  by the lack of acceptors at the oxide 
( 2 m * W ~  ~/2 

electrolyte  interface. Numer ica l ly  2 \ h - - ~ 2  ] ~ 1A, 

for m* equal  to the free electron mass and W ~ 1 ev. 
Table  IV indicates that  the rat io - -  ~ E / ~ E  is independ-  
ent  of m* and should be larger  than 2F. The data of 
Fig. 14 shows that  --~E/aE is smaller  than 2F. There -  
fore, the tunnel  model  does not seem to account for 
the observed values of ~ and aE. 

Since none of the exis t ing theories on the growth of 
protect ive films agrees wi th  the exper imenta l  data for 
a~, ~ ,  ~E and ~E, we have  speculated on novel  mech-  
anisms which may  expla in  these data. The existence 
of a m in imum for a~, a E and ~i suggests that  there  is 
a t ransi t ion f rom one dominant  mechanism to another,  

The shape of the  ba r r i e r  m a y  change  the n u m e r i c a l  c o e f f i c i e n t  
o f  t h e  exponen t  s l ightly,  but  t h a t  should not  affect  the fo l lowing 
d i s c u s s i o n .  

Table IV. The coefficients a E  and/~E for thermionic emission and 
tunnel emission as suggested by Mort (3) 

T h e r m i o n i c  emiss ion 
el/kT 0 0 

( 
Tunnel e ~ o n  

+UsingW = r + q(E -- V). 

or else that  there  is a fair ly drastic change in the 
behavior  of the dominant  mechanism. As a possible 
cause for such a drastic change, we like to ment ion 
the fol lowing: From the average charge density at 
the oxide-e lec t ro ly te  interface, ~oF, one may  der ive  
the average spacing of these charges. For sufficiently 
thin oxide films, the field at the tan ta lum opposite 
to these charges wil l  be much larger  than the average 
field of Eq. [14]. Moreover,  the actual field at the 
metal  oxide interface at positions opposite to a posi- 
t ive tanta lum ion just  a r r ived  at the oxide electrolyte  
interface may even have a polar i ty  opposite to that  of 
the average  field. This would, of course, faci l i tate the 
flow of electrons to preserve  charge neutral i ty.  

As a possible explanat ion for positive values of ~E, 
it is suggested that  the net e lectron current  arises as 
the difference of a forward  current  Ta to e lectrolyte  
and a back flow, electrolyte toward  metal.  The de- 
crease of the back flow with increasing oxide thick-  
ness may cause posit ive values of BE for the net  cur-  
rent. 

However ,  before theorizing in detail  on the mech-  
anisms of current  transport,  it would be wel l  to have 
avai lable  measurements  on the t empera tu re  depend-  
ences of aI, aE, ~z and fiE; and to clarify the fol lowing 
inadequacies of the model  on which the der ivat ion of 
at, aE, ~I and fie was based: (i) the dependence of "ox-  
ide thickness" on the electrolyte  in which it is mea-  
sured (1, 27); (ii) the unusual ly  large  tempera ture  
dependence of the oxide capacitance (1); (iii) the 
dependence of oxide capacitance on current,  I, and on 
the ampli tude of a-c voltage signal (Table III) [see 
also (27)];  (iv) the discrepancy between R and RT 
(Table I I ) ;  (v) the discrepancy between ai as deter-  
mined (a) f rom the t ime constant �9 and (b) f rom the 
voltage change .~V of a t ransient  during anodic oxida-  
tion. 

The evaluat ion of a~ f rom • requires  an assump- 
tion on the coefficient 7~ of the quadrat ic  te rm in the 
dependence of current  on vol tage (Appendix  A).  The 
assumption made was based on the exponent ia l  vol t -  
age dependence shown in Fig. 3, in which case 7i /a i  = 
ai/2. In the case that  Eq. [19] wi th  [14] applies, one 

( has "y~/~i = (~i/2) i __ which approaches 
B'\/F 

the relat ion (A-13) for B' ~ / F  > >  1. It  thus appears 
that  the assumption made on 7I does not  account for 
the discrepancy between ai ('~V) and at(~). 

In a formal  manner  one might  use the  identi ty 
ai(-~V) = ai(~) of Table I to der ive  a value  of Co :~ 
CEs by means of the Eq. [4] of Appendix  A. This value 
of Co should be characteris t ic  for the t ime constants of 
the transient, T ~ 1 sec, ra ther  than for 100 Hz at 
which CEs is measured.  However ,  such a formal  t rea t -  
ment  would not be sufficient to describe the results  of 
slow changes in the space charge distr ibution in the 
oxide which may  occur fol lowing the switch to a new, 
constant potent ial  across the oxide. 

The observations listed under  (i) --  (v) above in-  
dicate that  the oxide does not  behave as an ideal ca- 
pacitor shunted by a resistor which is an instantaneous 
function of voltage. Fur the r  evidence for this state- 
ment  are: The observations of Van Winkel  et al. (22) 
regard ing  the f requency  dependence of the equiv-  
alent paral le l  resis tance of the oxide (changes as large 
as a factor of 3 be tween  100 and 1 Hz measured  wi th  
anodic d-c current  flowing) and the we l l -known  dis- 
crepancy between the B-va lues  of the re la t ion [18] 
as der ived by d-c  (21) and t ransient  methods (22-24). 

Conclusions 
1. The coefficients, ai = 0 In II/OV)d, aE = 0 In IE/ 

OV)d, PZ = 0 In Ii/8d)v, and fE = 8 In IE/Od)v, have  
been der ived as functions of oxide thickness by com- 
bining measurements  of the t ime dependences of V 
and d wi th  those of t ime constant �9 and vol tage change 
,~V = V - -  Vo of cer ta in  transients.  The model  used p re -  
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dicts a relat ion between • and T at constant  current  
anodization of 100% efficiency. However, this relat ion 
is only approximately satisfied, which sheds some 
doubt on the val idi ty of the values obtained for ai, aE, 
3I and fie beyond a first order estimate. 

2. The coefficients ai and ~i dur ing anodic oxidation 
at constant  thickness in the thickness range 20-50A 
are general ly  consistent with an anodic current  de- 
pending on voltage and oxide thickness only through 
the average field F = ( E  - -  V ) / d .  The Tafel slope, 
B : 0 In I I /OF -~ - -  cqd agrees with published values 
derived by t ransient  methods. 

3. A plot of the growth rate dur ing  spontaneous 
corrosion vs .  B]/a] shows that the ionic current  is not 
merely a funct ion of the electric field, F, par t icular ly  
dur ing  the ini t ia l  par t  of spontaneous corrosion. 

4. The exper imenta l  evidence indicates that  the 
growth of a protective oxide film on t an ta lum is more 
complex than assumed earlier (3, 4). Likely complicat- 
ing factors include s tructural  defects, and strong 
space charge polarization in the film, several species 
part icipat ing in the charge t ransfer  mechanism and 
the fields due to discrete charges in thin oxides being 
quite different from those of quasicontinuous charge 
densities. 

5. Clarification of the growth mechanism requires 
exper imental  methods to determine ai, aE, ~I and ~.  as 
functions of oxide thickness and temperature.  An im-  
proved model for evaluat ion of t ransients  is required  
which removes the discrepancy between ai(*) and 
aI(• at constant current  anodization. 

Manuscript  received Nov. 7, 1966; revised ma nu-  
script received Feb. 3 z 1967. This paper was presented 
at the Cleveland Meeting, May 1-6, 1966. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1967 
JOURNAL. 

APPENDIX A 
T r a n s i e n t s  o~ S m a l l  M a g n i t u d e  

The following mathemat ical  analysis is based on the 
assumption that  the currents  Ii and IE at a constant  
tempera ture  are well-defined functions of oxide thick- 
ness and of voltage V. By development  for small  in -  
crements from the point  do, Vo Ii ~ one obtains 

I I / I I  ~  1 = a I ( V - -  Vo) n t- f l I ( d - -  do) + �9 . . [A- l ]  
and 

I E /  (II  o + I )  - I = ~ E ( V -  Vo)  + # E ( d - - d o )  + . . .  
[A-2] 

where the relat ion [1] has been used for the quasista-  
t ionary currents  I1 ~ and IE o before the transient.  Dur-  
ing the t ransient  the conservation of charge requires 
that 

(CEs + Co) OV/Ot  = I i  + I - - I E  [A-3] 

which reduces to Kirchhoff's law [1] in the quasista-  
t ionary state 8/8t = 0. In Eq. [A-3] Co denotes the 
oxide capacitance, and CEs is the capacitance in the 
symmetr ic  branch of the bridge circuit. Inser t ing [A- l ]  
and [A-2] into [A-3] and lett ing I -> I + aI  and 
d --  do ~ 0, one obtains an exponent ial  voltage re laxa-  
tion of t ime constant  

CEs + Co 
T = [A-4] 

aE( I I  ~ + 1) - -  aIII  ~ 
and of ampli tude 

AV = AI[aE (Ii ~ + I) - -  aiI1 ~ -1 [A-5] 

According to these relat ions the resistances defined 
by F_,q. [3] and [4] ought to be equal provided that  
Co ----- CES. Because of R = Rr, measurement  of AV 
and of x for the same cur ren t  pulse do not provide two 
independent  relat ions for calculat ing az and ai. In  the 
special case that I = 0, Eq. [A-5] provides a wel l -  
known expression (28) for the "corrosion resist- 
ance" in terms of the anodic and cathodic t ransfer  
coefficients which are related to ai and aE, respectively. 

Next we shall analyze the t rans ient  generated by 
an a-c voltage applied at the oxide. Let 

V = V + Vt  s in  ~t [A-6]  

m 

where V is the t ime average over an a-c cycle. Let us 
consider first the case of quasistatio_nary cor ros ion  at 
I = O. In  this case, Kirchhoff's law IE ---- Ii  applies to 
the t ime averages of the electronic and ionic currents.  
However, Kirchhoff's law does not  apply to the in -  
s tantaneous currents.  During the cathodic half  of the 
cycle the electronic current  prevails, and  dur ing the 
anodic half of the cycle the ionic current  prevails. If 
the dependence_ of IE and Ix on V is nonli_near, the d-c 
potential  V, has to adjust  in order that Ii = IE. The 
t ime dependence of this ad jus tment  is described by Eq. 
[A-3] with Ii, IE, and V replaced by Ii, IE, and V. In  
order to analyze the change AV which arises from the 
step increase of V1, developments of Is  and Ii to higher 
than first order terms are required.  

Let 

II --~ 1i~ -[- ~I ( V  - -  V ~ + 7 I ( V  - -  V~ 2 + �9 �9 .] [ A - 7 ]  

Inser t  Eq. [A-6] and average over a cycle to obtain 

I I =  11~ + a I ( V - - -  V ~ + 7 i (W-- -  V~ 2 ~- 7IV12/2 ~- . . . ]  
[A-8] 

The corresponding expression for "IE is obtained by 
replacing Ii ~ by I + Ii ~ and ai, 7x by aE, 7E. Inser t ing 
these expressions into the relat ion IE = ~ + I pro- 
vides 

[ V ; Z  1 II~176 + I ) ~ E  
AV = V --  V ~ = L 2 -/ --Ii~ + (Ii ~ + I ) a E  [A-9] 

if we neglect 7 I ( V - - V  ~ vs .  ai, and "~E(V-- V ~ vs .  aE 
as small  order terms. Inser t ing  Eq. [A-9] into [A-8] 
and neglecting the term "n ( V -  V ~ 2 we obtain 

- -  Ixo VlZ  (Ii  ~ + I) (~F,~I-- a~E) 
= [A-10 ]  

Ii ~ 2 --II~ + (II ~ + I)aE 

Exper imenta l  data (Fig. 2) suggest vol tage-depen-  
dences for IE and Ii of the forms 

Ii = II ~ eai(v-vo ) [A-II] 
and  

IE = (II ~ + I) e~ ) [A-12] 
so that  

7I = aI2/2 [A-13] 
and 

7E = aE2/2 [A-14] 

Inserting these values into Eq. [A-9] and [A-10], one 
obtains 

Ixo~12-- (I i  ~ + I)~E 2 
AV -~ V - -  V ~ = --(V12/4) �9 [A-15] 

I i ~  ( I #  + I )aE 
and 

"II - -  I I  ~ V12 ( I i  ~ + I )  (oti - -  orE) 
_ _  = O t E a  I . [A-16] 

Ii o 4 --IIOal + (Ii ~ + I)aE 

The expression [A-4] for the time constant x applies 
regardless of whether the transient is caused by a 
change in the external current or in the a-c voltage. 
Elimination of aE from the Eq. [A-15] and [A-4] leads 
to a quadratic equation for al with the roots 

r  ~ "  

{ [(,+,io) 2CEs 1 __. 
xI  l f f  

[ A - 1 7 ]  
I + 2CEs V1 ~ 

Expressions for the special cases: I = 0  (spontaneous 
corrosion), I _,~ - -  Ii ~ (large anodic current )  and 
Ii o ___ 0 (large cathodic current)  are listed in  Table I. 

APPENDIX B 
D e t e r m i n a t i o n  o f  t h e  C o e f f i c i e n t s  [~s a n d  [3i 

Having determined a~ and aE, we may obtain 3i and 
fie from the changes of d-c voltage V with thickness d, 
and of thickness with t ime as follows: Inser t  Eq. [A- l ]  
and [A-2] into Eq. [1] and differentiate with respect 
to d, to obtain 
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bV ~iI,o --  [3E (I + I1 o) 
- - -  = F i  ---- [ B - l ]  

8d ai/i ~ - -  aE (I -5 Ii ~ 

The second relat ion required to calculate the fl's is 
provided by the t ime dependence of the oxide thick- 
ness. Since Od/Ot is related to Ii by Faraday 's  law [2], 
one obtains for the expression [1O] by means of [A-1] 
and [9] 

l = - - I f f  �9 { [OIi/Od] v + [OI,/OV] d " OV/Od}- l 

~- (aIFi-- flI) -i [B-2] 

By solving the Eq. [C-l] and [C-2] for ~i and /3E, one 
obtains 

~, = aiF~-- l-* [B-3] 
and 

[3E = aEFi-- 1-1 " I*~ (I -5 I* ~ [B-4] 

Thus measurements  of V(d )  and d( t )  permit  the 
determinat ion of Fi and l, which, combined with a1 
and as, yield @i and /3E. Expressions for special cases 
are listed in Table I. 

APPENDIX C 

Transients  of  Large Magnitude 
According to Eq. [A-9], the voltage change _~V de- 

pends quadrat ical ly on the a-c ampli tude in the l imit 
of the small  signal approximation,  where terms of 
higher than the second order in Eq. [A-7] can be 
neglected. In  the case of larger a-c signals, and if Eq. 
[A-11] is valid, we have 

II = II ~  ea*r �9 )~(alV,) [C-l] 
where 

I(Y) = 1/(2;0 [2~r e~ sm x dx [C-2] 
" O  

is the modified Bessel-function of order zero, which 
can be approximated for y > >  1 by 

I(Y) ~ eY/k/2~ y [C-3] 

Insert ing Eq. [B- l ]  with [B-3] and the correspond- 
ing equation for 1-E into Kirchhoff's law, one obtains 
the dependence of -~V on V1 for ]ai[V1 > >  1, and 
aEV, > >  1, which becomes for the special case that  
I----O: 

- -  ln[oq/aEI 
V --Vo = [~E[-  [~[ Vl -~ [C-5] 

~r-- ~E 2 (~I -- ~E) 

APPENDIX D 

Corrections to Constant Thickness  for 
the D-C Analysis  

One has from Eq. [A-I]  

5Ii = Io[aiSV + ~ibd] = Io~,5V* [D-l ]  
where 

6V* -- SV ---- .. ~I 5d= F~-- 6d [D-2] 
eq 

In transforming the last equation, we used Eq. [B-3] 
to eliminate ~i. Since al < O and Fi > 0, both terms 
in parenthesis are positive. A similar correction ap- 
plies to IE VS. V. However, since aE > 0, F~ and --I/~EI 
have opposite signs. It turns out that F~ -- 1/aEl is 
negative, so that the correction of the voltage scale for 
the IE -- V plot has the opposite sign to that of the 
Ii - -  V plot. 

APPENDIX E 
Validi ty  of Kirchhog's  Law ]or 

Quasi-Stat ionary Condition 
The average field in  the oxide layer is given by 

[14] assuming that  changes of the measured poten- 
tial electrolyte vs. t an ta lum dur ing oxide growth arise 
ent irely from potent ial  changes across the oxide, i.e., 
that potential  changes across the double layer in the 
electrolyte adjacent  to the oxide can be neglected. 

Since the oxide growth rate  dur ing spontaneous cor- 
rosion decreases with time, the ionic current  through 
the oxide decreases accordingly, and this requires some 
change of the field F with time. This in  tu rn  reqmres 
that 

Seeo OF/Ot ---- II --  IE ~ 6 [E- l ]  

which appears to contradict our assumption Ii ---- IE in 
the quasi-s ta t ionary case. However, the left hand side 
can be t ransformed by means of [12], [2], and [9] 
into CES~.II ( F i - - F )  where we used Co = Seeo/d "~ CEs. 
Thus Eq. [E-1] becomes 

I , - -  IE 
= CESX (F~-- F) [E-2] 

I, 

Insertion of numerical values on the right-hand side 
gives values smaller than, or of the order of i0 -s, so 
that I, __~ IE appears to be a valid approximation. 

The same argument can be applied to the case of a 
finite external  current.  
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Deposition of Tantalum and Tantalum Oxide 
by Superimposed RF and D-C Sputtering 

F. Vratny 
Bell TeZephone Laboratories, Incorporated, Murray Hil~, New Jersey 

ABSTRACT 

The advantages and flexibility of glow discharge diode sput ter ing for the 
deposition of thin films can be great ly  extended by the simultaneous appli-  
cation of a d-c and rf field at the cathode. The  combined field increases the 
plasma density and prevents  the format ion of a dielectric film on the cathode 
during react ive sputtering. This technique allows: (i) operat ion at sputter ing 
pressures of 0.5-2.0 mil l i torr  wi th  a tan ta lum deposition ra te  of ~80  A/rain,  or 
a two-fo ld  increase in tan ta lum deposition ra te  for pressures in the l0 to 20 
mil l i torr  range;  (ii) high deposition rates (50 to 100 A / m i n )  for the deposi- 
tion of Ta2Os and MnOx by react ive  sput ter ing in pure oxygen. 

Cathodic sputter ing has proven to be an impor tant  
process in the field of microelectronics  for the deposi-  
tion of many  thin film mater ia ls  (1). This technique is 
par t icular ly  impor tant  for tanta lum based films which 
have a wide use for fabricat ion of rel iable  resistors 
and capacitors (2). However ,  the technique of cathodic 
sput ter ing is l imited in its capacity for thin film for-  
mation since the deposition rate is largely  de termined  
and l imited by the sput ter ing pressure and cathode 
voltage. Typical ly  at a cathode voltage of 4 kv  and a 
current  density of 0.25 m a / c m  ~, a sput ter ing pressure 
of 20 mill i torr ,  and a 13 to 16 cm diameter  cathode, 
the deposition rate of tan ta lum is about 80A/min.  
This ra te  can be increased by a factor  of about three  
by var ia t ion  of the sput ter ing pressure,  voltage, and 
interelectrode spacing. For  this range of deposition 
rates, the deposit ing tantalum film incorporates sub- 
stantial  quanti t ies of iner t  sput ter ing gas as wel l  as 
many react ive residuals that  are present  in the vac-  
uum system during deposition. At a pressure of 20 mi l -  
l i torr  of iner t  gas and an init ial  pressure of 2 • 10 -6 
Torr, there  is as much as 1.0 a /o  (atomic per  cent)  
impuri ty,  of which about 2% is argon (3). This 
amount  of rare  gas may affect the electrical  propert ies  
and stabili ty of these films. Enhancement  of the depo-  
sition rate  should reduce the impur i ty  content  of these 
films. Al ternat ively ,  reduct ion of the sput ter ing gas 
pressure,  wi thout  loss of deposition rate, should re-  
duce the amount  of iner t  gas in the film. 

Tanta lum oxide is par t icular ly  difficult to deposit 
as the deposition rate in pure oxygen is in the range of 
0.5 to 5.0 A/ ra in  (4). Severa l  techniques are avai lable 
to enhance the deposition rate as the microwave  oxy-  
gen plasma techniques of Ligenza (5), the Hot Cath-  
ode Discharge (6) techniques, which is not general ly  
applicable to react ive sputtering,  the magnetic con- 
f inement Penning Discharge (7) technique which may  
be inconvenient  for magnet ic  film deposition and 
physically difficult to realize in many  vacuum systems. 

Alternately ,  Moore (8) and Gawehn (9) employed 
rf techniques to generate  ion beams for sputtering, 
while Wehner  (10) employed an rf  technique to sput-  
ter dielectrics directly. The technique of rf  dielectric 
sput ter ing has been explored in depth by Jorgenson 
and Wehner  (11) and Davidse and Maissel (12) for the 
preparat ion of thin films. 

The method described in this paper represents  a 
more flexible technique as it combines a number  of 
separate functions by applying both d-c and rf  power  
direct ly to the sputter ing cathode. It  is possible to em-  
ploy metall ic cathodes for both the deposition of me-  
tallic and dielectric films. 

When an r f  field is applied to a discharge, the 
charged particles decribe oscillatory paths in response 
to the al ternat ing field. Electrons t ravel ing under  the 

influence of a superimposed rf and d-c field have a 
la rger  total  path than with a d-c  field alone. The larger  
path increases the probabi l i ty  of e lectron-gas atom 
collisions leading to an increase in posit ive ion cur-  
rent  density at the cathode for a given pressure. This 
results in an increase in the rate of sput ter ing and film 
deposition. The manner  in which electrons interact  in 
a gas is dependent  on the gas pressure or electron 
mean free path, the f requency of the rf field and the 
interelectrode spacing. At low pressures where  the 
mean free  path is greater  than the interelectrode sepa- 
ration, the electrons are excited and t raverse  the elec- 
trode space with almost no gas collisions. As an 
example  in argon, electrons (13) with an energy of 
0.4 ev  at a pressure of 10 mi l l i tor r  have  a mean free  
path of 10 cm or roughly  the dimension of conventional  
in tere lec t rode spacing. At  pressures where  the mean 
free path of the electron is less than the interelectrode 
spacing yet  the f requency of the field is less than the 
collision f requency of the gas the electrons make many 
collisions for each oscillation of the field and the 
electrons tend to drift  in phase with the field. An ex-  
ample of this method of ion generat ion is found in low 
f requency (60 ~ )  a-c and a-c + d-c sput ter ing (14) 
where  the electrons a l ternate ly  bombard the cathode 
and substrate. 

At  higher  frequency,  the electrons can make  many  
oscillations of smal ler  ampl i tude  between gas colli- 
sions. In this case, the electron cloud would appear to 
be s tat ionary and would result  in an intense plasma 
which can be extracted by a superimposed d-c field. 
This is the range of f requency of interest  to this par -  
t icular  paper for it is by the "standing" cloud that  we 
hope to produce an intense ion cloud that  can be ex-  
t rac ted by a d-c field. At still higher  f requencies  (mi-  
c rowave) ,  the electrons are under  the influence of a 
standing wave  with oscillatory electric and magnet ic  
components and as a result  the electrons are distr ib- 
uted in space in response to cavi ty parameters ,  i.e., 
cell or electrode dimensions and the f requency that  is 
producing the standing wave. 

The presence of the rf  field serves fur ther  to p reven t  
the formation of a dielectric layer  at the cathode dur-  
ing react ive  sput ter ing with  e lectronegat ive gases. As 
the ion density can be mainta ined by the rf  field, the 
resul tant  bombardment  at the cathode decreases the 
chance of significant insulator formation. Should an 
insulator  surface be produced, the rf  induced charge 
at the surface (10) would mainta in  the sputter ing 
process and fur ther  decrease the insulator  format ion 
process. Due to the higher  ionization probabi l i ty  and 
the reduct ion in the breakdown strength of the gas 
(19), the rf field permits  operat ion at lower  sput ter-  

ing pressures than are normal ly  encountered in d-c 
diode sputtering. Finally,  these processes can be 
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Fig. 1. Schematic of thin film deposition system 

utilized wi th  the usual  large diameter  (10-40 cm) 
cathodes encountered in d-c diode sput ter ing configura- 
tions, therefore not sacrificing the uni formi ty  and film 
producing capabili ty found in such systems. 

Exper imenta l  
The vacuum chamber used in this work was a stain-  

less steel bell 46 cm in diameter  by 92 cm high and 
had a view port in l ine with the cathode. I t  was 
pumped by a 10.2 cm oil system that  was liquid n i t ro-  
gen trapped, see Fig. 1. This system had an ul t imate  
pressure of 1 x 10 -6 Tor t  and a leak rate of 0.05 mil l i -  
torr liter/sec. Sput ter ing gas was admit ted at a con- 
s tant  flow rate and the desired pressure was ma in -  
ta ined by throt t l ing the pump with a high vacuum 
valve. The cathode was 13 cm in diameter  and 7.6 cm 
from the substrate. Normally,  the bell jar,  the fixtures, 
and  the substrate were held at ground potential  and 
either d-c or d-c and rf  power was t ransmit ted  to the 
cathode through a coaxial line. The simultaneous ap- 
plication of power required a filtering network to pro- 
tect personnel  and equipment.  A capacitor (C1) was 
used on the rf l ine and an inductor  (I-a) was used on 
the d-c line. Coupling or impedance matching to the 
sput ter ing machine was accomplished by l ink or t rans-  
former couple as well  as T,L- and pi -networks  (15). 
An L-ne twork  (C2 and L1) is indicated in Fig. 1. 
Alumino borosilicate glass slides to be coated were  
cleaned in Alconox and Igepal followed by a sequen-  
tial r inse in water, hydrogen peroxide, and distilled 
deionized water. 

Results 
In a rare  gas (argon) used for direct metal  deposi- 

tion, the application of rf power to a normal  d-c 
diode sput ter ing a r rangement  produces an increase in  
the plasma density, as indicated by the larger plasma 
conductance (see Fig. 2). Using only d-e plasma ex- 
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Fig. 2. Cathode power with applied d-c and d-c ~ rf excitation 
in argon; rf power ~ 100w at 13.56 MHz. 

Table I. Comparison of the deposition rate of tantalum with 
and without rf enhancement 

M e t h o d  

d-e  
A r g o n  C u r r e n t  

pressUre,  D e p o s i t i o n  d e n s i t y ,  
millitorr rate, A/min ma/cmS 

d - c  20 80 0.35 
d - c  + r f  20 1"/6 0.50 

d - c  1.5 0* 0 
d - c  + r f  1.5 76 0.23 

* D i scha rge  c o u l d  n o t  be m a i n t a i n e d :  ca thode  d i a m e t e r  13 cm,  
c a t h o d e  spac ing  7.6 cm, ca thode  v o l t a g e  4 kv .  

r f  P o w e r  ~ 200w, V ---- 280 Vpp,  13.56 inc. 

citation at 50 mil l i torr  of argon, the cur ren t  at a 
given voltage is smaller [curve (I)]  than wi th  com- 
bined plasma excitat ion by d-c and 100w of rf power 
[curve ( I I ) ] .  In  this example, the plasma conductance 
is improved by a factor of three at 500v, a factor of 
two at 1000v, and a factor of ~z at 2500v. At lower 
pressures (5 mil l i torr) ,  the d-c excited plasma has a 
very small  conductance at 3000v and a zero conduct-  
ance at 2000v [curve (III)] .  Yet, with superimposed 
d-c and rf plasma excitation there is a significant 
conductance for voltages as low as of 500v. The sig- 
nificance of the large plasma conductance is that  it 
makes feasible a much lower pressure range for sput-  
tering. 

These improvements  in the plasma density, the 
plasma conductance, are reflected in  the deposition rate 
of the cathode material.  As an example (Table I) in 
the sputter ing of tantalum, at a pressure of 20 mil l i -  
torr  of argon and a d-c cathode potential  of a 4 kv, 
we have a deposition rate of ~80 A/ ra in  of tantalum. 
With the application of d-c and rf plasma excitation, 
the rf at 200w, there is a deposition rate of 176 A/min .  

Further ,  by reducing the sput ter ing pressure to ~1.5 
mill i torr ,  a glow discharge could not be obtained with 
a d-c potential  alone on the cathode. With the d-c -t- rf 
plasma excitation, not only could a discharge be ob- 
tained but  the sput ter ing rate was ~76 A/rain,  near ly  
that obtained at 20 millitorr,  and the process was more 
efficient in terms of current  density. A significant 
feature in this phase of the work is the abil i ty to use 
lower sput ter ing voltages for a given pressure, i.e., the 
80 A / m i n  sput ter ing rate  might  easily have been ob- 
tained with rf -t- d-c plasma excitation at 20 mil l i torr  
and a 3 kv cathode potential.  

In  a reactive gas, the d-c discharge deposition rate 
is inversely proport ional  to the reactive gas par t ia l  
pressure. As an example (Fig. 3)  for the reactive 
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PRESSURE OF OXYGEN IN 20 MILLI TORR, OF ARGON 

Fig. 3. Deposition rate of tantalum oxide as a function of oxygen 
partial pressure in argon (A/rain = 6 x I0-3 /po2);  cathode 
voltage 4 kv, total pressure 20 millitorr. 
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in oxygen; rf power ~ 100 w at 13.56 MHz. 

sputter ing of t an ta lum oxide by the d-c diode sput- 
tering technique, the deposition rate has been found to 
be relat ively constant  over the range corresponding to 
oxygen solution in  tantalum. The deposition rate be- 
gins to drop however, in the range in which t an ta lum 
oxide begins to precipitate (at about  1 x 10 -4 Torr) .  
Higher pressures are normal ly  used to assure stoichi- 
ometry, but  at a loss in the deposition rate. At a pres- 
sure of 1 x 10 -3 Torr  the deposition rate is 5 A/rain.  

The rf ~ d-c plasma excitation method appears to 
offer a solution to this problem for the plasma conduct-  
ance in pure oxygen is improved by dual excitation 
(Fig. 4), At a high pressure (50 mil l i torr)  a 100% im- 
provement  occurs in the plasma conductance at vol t-  
ages above 1000v (curve I for d-c plasma excitation, 
curve II for d-c ~- rf excitation) while at low pres- 
sure (10 mil l i torr ) ,  the improvement  is more pro- 
nounced with as much as a factor of two improve-  
ment  in  the plasma conductance at 1500-2000v (curve 
III  for d-c plasma excitation, curve IV for d-c + rf 
excitat ion).  

The improvement  in the plasma density, the plasma 
conductivity, is directly correlated with an improve-  
ment  in  the deposition rate of the t an ta lum oxide in-  
sulat ing film. As an example (Table II) ,  the deposition 
of t an ta lum oxide from a t an t a lum cathode is 0.1 
A/ ra in  by d-c diode reactive sput ter ing at a cathode 
potential  of 4 kv and an oxygen pressure of 20 mil l i -  
torr. With 200w of rf power added, the deposition rate 
is 58 A/min .  Manganese oxide is sputtered from a 
manganese  cathode at a deposition rate of 1 A/ ra in  by 
the d-c diode sputter ing technique while the addit ion 
of 200w of rf power increases the deposition rate of 
~100 A/min .  A l u m i n u m  oxide is sputtered from an  
a luminum cathode at 8 A/ ra in  by the d-c diode sput-  
ter ing technique. Addit ion of 200w of rf  power in -  
creases the deposition rate to ~80 A/rain.  

Component  Results 
The data for single samples, at one thickness and 

set of conditions, is found in Table III. For  t an ta lum 

Table II. Oxide film comparison of the deposition rate of oxide 
film materials with and without rf enhancement of the 

rate in oxygen 

Cathode  D e p o s i t e d  D e p o s i t i o n  
M e t h o d  m a t e r i a l  m a t e r i a l  ra te ,  A / r a i n  

d-c T a n t a l u m  TarO5 0.1 
d-e  + r f  T a n t a l u m  Ta~O~ 58 

d-c M a n g a n e s e  MnOx 1.0 
d-e + rf Manganese MnOx 100 

d-c A l u m i n u m  AI~C~ 8 
d-e + rs A l u m i n u m  Al.~03 S0 

Ca thode  d i a m e t e r  13 cm, ca thode  s pac ing  7.6 cm, cathode voltage 
3-4 kv .  

r f  P o w e r  ~ 200w, V = 280 Vpp,  13.56 mc,  o x y g e n  p r e s s u r e  ~ 20 
m t l l i t o r r .  

Table Ill. Comparison of oxide film materials prepared by 
d-c -I- rf sputtering technique 

Ta-Ta~O5* 
Ta-Ta~O5 MnOx- Ta-AI~OI 

gold gold gold 

1000 2000 TarO5 400 
300 MnO= 

0.26 0.096 0.25 
0.02 0.007 0.01 

26 22 10 

Thickness (A) of oxide 

Capacitance per unit area 
(9.f/cra~) 

Tan ~(lkc) 
e 
A r e a  = 0.1 cm I 

* A n o d i c  t a n t a l u m  oxide  of  ~ ~O00A. 

oxide deposited on tantalum, at a thickness of 1000A, 
the capacitance per uni t  area (0.1 cm 2) is 0.26 ~f/cm 2, 
with a calculated dielectric constant  of ~26 and a dis- 
sipation factor of 0.02. The dissipation factor is at least 
ten  times bet ter  than  film prepared by other vacuum 
techniques and is near ly  as low as tan ta lum oxide 
films prepared by aqueous anodization (16) which 
typically exhibit  a dissipation factor of less than 0.01. 

For manganese oxide deposited on anodic tan ta lum 
oxide we find that at a thickness of 300A of manganese 
oxide a capacitance per un i t  area of 0.096 #f/cm 2 re-  
sults and a dissipation factor of 0.007. This is com- 
parable in qual i ty to anodically prepared tan ta lum 
oxide (17) with metal  counter  electrodes, which has a 
capacitance density of 0.1 ~f/cm 2 and dissipation factor 
less than 0.01, while the dissipation factor is consider- 
ably improved compared to thermal ly  formed man-  
ganese oxide. For a luminum oxide deposited on tan ta -  
lum at a thickness of 400A a capacitance per un i t  area 
of 0.025 ~f/cm 2 and a dielectric constant  of ~10  with 
a dissipation factor of 0.01 results. This result  is better 
than previously reported informat ion on a lumina  films 
as these films exhibit  a nomina l  dielectric s trength 
measured at a voltage ramp of ~30 v / m i n  of roughly 
1 x 106 v / cm for 0.1 cm 2 samples compared with pre-  
viously reported results of 6 x 105 v /cm for 0.0625 cm 
diameter  spot samples (18). 

The general  method of rf ~ d-c plasma excitation 
demonstrates advantages for the deposition of metal  
films. First  it can be used without  al terat ion of pres-  
ent ly existing d-c diode sputter ing equipment.  The 
technique is par t icular ly  useful  at lower pressure and 
lower cathode voltages for studies of sput ter ing gas 
impur i ty  effects and growth and or ientat ion effects 
that  are determined by the deposition rate. It  also 
allows for the direct deposition of dielectrics from 
metal  cathodes which are general ly more readily 
available in higher pur i ty  than  many  dielectric mate-  
rials. Therefore many  dielectric materials  can be di- 
rectly deposited by this technique. 

Manuscript  received Oct. 27, 1966; revised m a n u -  
script received Dec. 22, 1966. This paper was pre-  
sented at the Cleveland Meeting, May 1-6, 1966. 

Any  discussion of this paper will appear in  a Dis- 
cussion Section to be published in  the December 1967 
J O U R N A L .  
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Incorporation of Ions in Anodic Oxide Films on 
Zirconium and Their Effect on Film Behavior 

J. C. Banter 
Metals and Ceramivs Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 

ABSTRACT 

Transmission spectra of anodically formed ZrO2 films show that cer ta in  
anions such as phosphate,  sulfate, and several  carboxylates  are incorporated 
in these films when they are formed in solutions containing these ions. F u r -  
thermore,  hydrous ZrO2 films result  f rom anodizing in strongly oxidizing 
electrolytes. Films formed in many  other  solutions contain no incorporated 
ions. Fi lm conductivi ty and thickness measurements  indicate that incorporated 
ions increase the electrical  resistance of the films, as well  as l imit  their  
growth. It is suggested that  these effects arise from lowered rates of diffusion 
of electrons and oxygen ions through the films and that  the lowered diffusion 
rates resul t  f rom the space charge created by the incorporated ions. 

In prior  work on anodic oxide films on zirconium 
(1, 2) we formed our films in a complex organic solu- 

tion containing water,  glycerin, e thyl  alcohol, and 
lactic, citric, and phosphoric acids. This solution was 
developed for the specific purpose of  minimizing the 
variat ions in film thickness across the surface of ano- 
dized polycrystal l ine specimens. The solution met  this 
purpose admirably.  However ,  we had noticed for some 
t ime that  anodic films formed in this solution were  
always th inner  than those formed at comparable  vol t -  
ages in the more commonly used 1% KOH solution. 
We also noted that  films formed in this solution dis- 
solved into the z i rconium-base metal  at a much slower 
ra te  during vacuum anneal ing than did those formed 
in 1% KOH (3). 

These observations suggested that  the films formed 
in these two solutions differed in some manner.  There -  
fore, we ini t iated an exper imenta l  program to see if  
we could de termine  the na ture  of this difference and 
what  effects it might  have on the film behavior.  This 
paper  reports  the results of this invest igat ion and those 
of additional work which was suggested by pre l imi-  
nary  results. 

Experimental 
Rectangular  specimens of 0.020-in. thick zirconium 

foil  were  prepared by a previous ly  described pro-  
cedure (2). Oxide films were  formed on specimens by 
anodizing for 30 sec at constant voltages in the organic 
solution as wel l  as in each of the fol lowing solutions: 
0.5M H~PO4, 0.5M H2SO4, 0.5M citric acid, 0.5M oxalic 
acid, 0.5M lactic acid, 1% KOH, 0.5M (NH4)3BOs, 
saturated H3BO3, 0.25M Na2MoO4, 0.5M K2Cr2OT, 0.5M 
K2CrO4, and 0.5M KNO3. Clear  windows of the oxide 
film were  made on each specimen by dissolving the 
base meta l  away from a rec tangular  area wi th  a 20% 
solution of bromine  in e thyl  acetate. The infrared 
transmission spectrum of each of these films was then 
recorded on a Pe rk in -E lmer  Model 21 spectrophotom- 
eter. 

Other  duplicate specimens were  anodized for 30 sec 
at a constant vol tage of 100v in all of the above solu- 
tions except  lactic acid, H3BO3, KuCr2OT, K2CrO4, and 
KNO3. The reflectance of each of these specimens was 

recorded throughout  the u l t raviole t -v is ib le  region of 
the spectrum with  a Pe rk in -E lm er  Model 4000 A 
spectrophotometer  equipped with  a spectral  reflectance 
attachment.  The film thicknesses were  calculated from 
the observed in terference pat terns  using refract ive  
index and phase shift data reported elsewhere (1,4).  

The d-c conductivi ty of each film was then mea-  
sured. The specimens were  masked with  electr ical  tape 
so that  only a known flat area of about 0.75 cm 2 was 
exposed. The specimen was connected in series with a 
Model 61'0 B Kei th ley  e lec t rometer  and an ex te rna l  
power supply. One electrical  contact was made direct ly 
to the substrate and the other  contact was made to the 
exposed oxide by immersing it beneath the surface of 
a pool of mercury.  A known vol tage (1-2v) was ap- 
plied across the film, and the current  flow was read 
f rom the electrometer.  The applied voltage was always 
greater  than 100 t imes the ful l -scale  input  drop of 
the e lec t rometer  so the film resistance was given sim- 
ply by dividing the applied voltage by the measured 
current.  Conductivit ies were  calculated f rom the ex-  
posed film areas, film thicknesses, and the measured  
resistances. 

To check for suspected differences in their  chemical  
reactivities,  films were  formed on two specimens to ap- 
proximate ly  the same thickness (1700A) in two dif- 
ferent  electrolytes. One film was formed at 100v in the 
organic solution, and the other  was formed at 63v in 
1% KOH. Each specimen was dipped into a 5% solu- 
tion of HF for successive 10-sec periods wi th  the speci- 
men being washed free of HF  between each dip. The 
film thickness was est imated af ter  each dip by com- 
par ing its in terference color wi th  those on a set of 
s tandard specimens whose thicknesses had previously 
been determined spectrophotometr ical ly,  and var ied 
f rom 0 to 3500A. The infrared transmission spectrum of 
a film formed in the organic solution and chemical ly 
thinned in this fashion was also recorded. 

Results 
The spectrum of the anodic film formed in the 1% 

KOH solution is shown in Fig. 1. The ZrO2 absorption 
band at 14.3~ seen in this spectrum recurs in the 
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formed at 125v in 1% KOH solution. 
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Fig. 4. Infrared transmission spectrum of an anodic Zr02 film 
farmed at 150v in 0.SM oxalic acid. 
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Fig. 2. Infrared transmission spectrum of an anodic Zr02 film 
formed at 400v in the organic solution. 

spectra of all the films measured. The band just  below 
3~ is not a t rue absorption band but a min imum in the 
t ransmit ted intensi ty result ing f rom first-order in ter -  
ference effects in the film. Similar  in terference minima 
occur in most of the spectra to follow, and their  posi- 
t ion is noted by the let ter  I on each spectrum. 

The spectrum of the film formed in the complex or-  
ganic solution shown in Fig. 2 exhibits an absorption 
band at about 9.3~ which was not seen with the KOH 
film. Miller  and Wilkins (5) have shown that  the ab- 
sorption band for the phosphate ion in inorganic com- 
pounds falls be tween 9 and 10#. Therefore,  the 9.3~ 
band observed here is a t t r ibuted to phosphate ions in-  
corporated in the film during anodization. A similar  
band occurs in the spectra of films formed in H3POa 
solutions. 

An absorption band appears at 9.0~ in the spectrum 
of the film formed in H2SO4 as shown in Fig. 3. This 
band is characterist ic of the sulfate ion suggesting that  
it is also incorporated into anodically formed films. 

Figure  4 presents the spectrum typical  of films 
formed in solutions of the organic acids. The double 
absorption bands with  peaks at about 6.5 and 7.2~ in 
this spectrum are typical of absorption arising f rom 
the resonance between the two possible C-O bonds in 
the carboxylate  ion structure.  This indicates the pres-  
ence of oxalate,  lactate, and citrate ions in these films, 
again presumably incorporated dur ing anodization. 
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Fig. 3. Infrared transmission spectrum of an anodic Zr02 film 
formed at lOOv in 0.5M H2S04 solution. 
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Fig. 5. Infrared transmission spectra of anodic Zr02 films formed 
at lOOv in 0.5M K2Cr207. 

Neither  the spectra of the films formed in the borate 
solutions nor the spectrum of the film formed in 
Na2MoO~ exhibi t  absorption bands other  than those 
a t t r ibutable  to the film itself or in ter ference  effects. 
Thus, these films are similar to the one formed in KOH 
in that  they apparent ly  contain no impur i ty  ions. 

The spectrum of the film formed in K2Cr207 is shown 
in Fig. 5. The two absorption bands at 3.1 and 6.2# in 
this spectrum are at positions corresponding to the 
s tretching and bending modes of the O-H bond in 
bound water.  These two bands, as well  as the broad- 
ening of the 14.3~ ZrO,2 band, are characterist ic of the 
hydrated oxide indicating that  such an oxide is formed 
on anodization in these solutions. There  is no indica- 
tion of other ions in these films. The spectra of the 
films formed in both K2CrO4 and KNO3 also indicate a 
hydra ted  film. 

The results of the thickness and conduct ivi ty  mea-  
surements  are summarized in Table I. The films formed 
in solutions which produced incorporated ions were  
much thinner ,  on the average,  than those formed in 
solutions producing ion- f ree  films. The conductivit ies 
of the two types of film also differ, wi th  the average 
value for ion-f ree  films being about 35% higher  than 
the average  value  for the films containing ions. 

The dissolution by HF of the two films formed to 
approximate ly  the same thickness in KOH and the 
complex organic solution is represented in Fig. 6. The 
KOH film did not appear  to dissolve at all af ter  2 rain 
exposure to the HF. The organic film dissolved rapidly  
at first; but on reaching a thickness of about 950A after  
90-sec exposure, the dissolution ceased. The 9.3/~ a b -  

Table I. Thickness and conductivities of anodic oxide films formed 
on zirconium at 100v in various anodizing solutions 

Anodizing 

solution 

F i l m  c o n d u c t i v i t y  
F i l m  th ickness ,  A (ohm -1 cm-D x 101r 

S p e c i m e n  1 S p e c i m e n  2 S p e c i m e n  1 S p e c i m e n  2 

Organic 1780 1736 1.50 1.68 
0.5M I-I~PO~ 1801 1775 1.89 1.69 
0.5M H~SO4 1646 1653 1.64 1.72 
1% K O H  2675 2675 2.50 2.40 
O.5M (NHD ~BO8 2380 2360 2.19 2.24 
0 . s M  o x a l i c  a c i d  1603 1580 1,50 1.59 
0 .SM c i t r i c  a c i d  1806 1819 2.05 1.92 
0.25M Na~/ioO4 2588 2588 2.39 2.26 
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formed in ] % KOH and the organic solution. 

sorption band a t t r ibuted to phosphate ion was not 
evident  in the spectrum of the chemical ly th inned 
film. 

Discussion 
The detection of incorporated ions in anodic films 

was not completely  unexpected.  P lumb (6) and Ber-  
nard (7) both found phosphorus in anodic films 
formed on a luminum in phosphate solutions, and 
Bogoyavlenski i  and Dobrotvorski i  (.8) found both car-  
bon and cobalt occluded in such films formed in car-  
bonate solutions containing cobalt in a complex anion. 
Bernard  and Randall  (9) found boron in anodic A1203 
films formed in bora te-glycol  solutions. Others (10-12) 
have var iously repor ted  the occlusion of phosphorus 
and sulfur in anodic tan ta lum and niobium oxide films 
formed in phosphate or sulfate solutions. 

Many of these workers  have  suggested that the in-  
corporated mater ia ls  are present  in the films as anions. 
However ,  the spectrographic and radiochemical  me th -  
ods they used to detect  their  presence could not t ru ly  
define the chemical  species. The present  work  shows 
quite  c lear ly  that  the impuri t ies  found in the anodic 
films on zirconium are present  as phosphate, sulfate, 
and carboxyla te  ions, and lends credence to the specu- 
lations of these prior  workers.  

It  was surprising that  the KOH film was not a t tacked 
by the HF solution. However ,  this fact gives an indica-  
tion of the distr ibution of the phosphate in the film. 
Smyth,  Tripp, and Shirn  (10) and Randall ,  Bernard,  
and Wilkinson (11) have shown that  in anodic films 
formed on tan ta lum in phosphate solution, there  is a 
phosphorus-f ree  layer of oxide adjacent  to the meta l  
surface. Above this they found a second layer,  of thick-  
ness equal  to 50-65% of the total  film thickness, 
through which the incorporated phosphorus was 
evenly distributed. The port ion of the film formed in 
the complex organic solution remaining  after  the ini-  
tial dissolution of about 750A of its thickness was not 
at tacked fur ther  on exposure  to the HF solution. This 
remaining layer  was shown to be ion-free,  as was the 
KOH film which was not at tacked by the HF. This in-  
dicates that  the phosphate ion contained in the film 
was held in the outer  750A layer that  was dissolved. 
This layer represented about 44% of the total  film 
thickness. Thus, it appears that  the phosphate- ion im-  
purit ies are incorporated in th inner  layers in anodic 
films on zirconium than in anodic films on tantalum. 
Whether  the phosphate impuri t ies  are evenly  distr ib-  
uted in this layer, as they are in films on tantalum, 
cannot be definitely de termined  f rom these results. 
However ,  the dissolution rate  of this outer layer  ap- 
pears to be reasonably constant as the thickness de-  
creases suggesting such a distribution. Al though no at- 
tempt  was made to determine  the distributions of the 
sulfate or carboxyla te  ions occluded in the films, they 

would presumably  be similar  to that  of the phosphate 
ion. Draper  (12) feels that sulfur  found in films formed 
on tan ta lum and niobium in sulfate solutions is dis- 
t r ibuted throughout  the thickness of the films, but  
presents no rea l  evidence in support  of his position. 

Because of their  ease of preparat ion,  anodic oxide 
films on zirconium are often used in exper imenta l  
studies wi th  the assumption that  results may  be 
equated with the behavior  of corrosion films under  the 
same conditions. The detection of impur i ty  ions in 
anodic films formed in phosphate, sulfate, and car-  
boxyla te  solutions, and the detection of a hydra ted  
oxide product when anodizing in electrolytes contain-  
ing s t rongly oxidizing ions suggests that  films formed 
in these par t icular  solutions should not be used for 
this purpose. These films are not strictly equiva len t  to 
corrosion films, which are presumably  pure  oxide. In 
fact, solutions other  than those invest igated here  may 
also produce films with  ion impuri t ies;  and great  care 
should be exercised in choosing electrolytes in which 
to form films for such use. Present  results indicate 
that  films formed in solutions of (NI-I4)sBOs, H3BO3, 
Na2MoO4, and especially those formed in dilute KOH 
should be suitable to use in this capacity since they 
appear  to be free of occluded ions. 

Indeed, the ions occluded in films lead to other  types 
of film behavior  quite  different from that  observed 
with ion-free  films. For example,  the ions seem to 
impar t  greater  electrical  insulat ing character  to the 
films as indicated by the higher  conduct ivi ty  of the 
ion-free  films. Results of the thickness measurements  
fur ther  suggest that  these ions very  effectively l imit  
the film growth during anodization. This growth is 
general ly  pictured as proceeding via the diffusion of 
oxygen in the form of oxide ions through the film to- 
ward  the meta l  wi th  a counter  diffusion of oxide- ion 
vacancies and electrons. It was shown (11) that  the 
phosphorus in anodic films on tanta lum was immobile  
in the layer  of oxide in which it was contained. If the 
ions detected here are s imilar ly  immobile,  they could 
create a s tat ionary negat ive  space charge which would 
oppose the diffusion of both oxide ions and electrons 
through the films. This would lower both the ionic and 
electronic conduct ivi ty  of the film during its growth, 
thereby producing thinner  films for a given voltage 
than would be obtained were  the space charge not 
present. A similar  l imit ing of the mobil i ty of oxygen 
was suggested for phosphorus-conta ining films on 
tanta lum (10). This model  for the growth- l imi t ing  
effect suggests that  pre-anodizing zirconium to cover 
it with one of these ion-containing films may  prove 
beneficial in increasing its corrosion resistance. It  has 
been reported (10) that  tan ta lum covered wi th  an 
anodic film containing occluded phosphorus gained 
25% less weight  when heated at 400~ in oxygen  than 
did tanta lum with  a film containing no phosphorus. 

The drastic reduct ion of the rate  of dissolution of 
anodic films on zirconium into the under ly ing  meta l  is 
apparent ly  a fur ther  consequence of the presence of 
ion impuri t ies  in these films. For  example  (3), the 
thicknesses of films formed on zirconium in the com- 
plex organic solution and 1% K O H  decreased by 50 
and 710A, respectively,  when  the specimens were  
heated in vacuum at 450~ for 16 hr. This dissolution 
process is also considered operat ive  in the over -a l l  cor-  
rosion mechanism of the metal,  and any decrease in 
the rate of dissolution should improve  its corrosion be-  
havior.  Since the ions are confined to an outer  layer  
of the film, it is not immedia te ly  clear just  how they 
affect a process occurr ing some distance away at the 
meta l -oxide  interface. One possible explanat ion is that  
the kinetics of the dissolution are such that  the ra te-  
controll ing step is the filling of anion vacancies  which 
result  f rom the dissolution with  oxygen ions f rom the 
outer  port ion of the films. The rate of filling these 
vacancies would then be equiva len t  to the rate  of dif- 
fusion of oxygen ions through the outer oxide layer  
containing the ions. This model  agrees wel l  wi th  the 
exper imenta l  observations. 
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Conclusions 
Polyatomic ions such as phosphate, sulfate, and 

various carboxylates are incorporated in anodic oxide 
films formed on zirconium in solutions containing these 
ions. These ions are occluded in an outer  layer of the 
film with ion-free oxide between this layer and the 
substrate metal. The presence of these ions greatly 
affects the chemical react ivi ty of the films. The ions 
also appear to enhance the electrical resistivity of the 
films and limit their growth rate as well as their rate 
of dissolution into the under ly ing  metal. These effects 
are a t t r ibuted to the ions creating an immobile space 
charge in the outer layer which opposes the diffusion 
of both oxygen ions and electrons through this port ion 
of the film. 
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The Effect of Various Optical Radiations and Water 
Vapor on the Trapping Spectrum of CdS 

Paul A. Faeth 
Lewis Research Center, National Aeronautics and Space Administration, Cleveland, Ohio 

ABSTRACT 

Trapping levels in a cadmium sulfide single crystal  were studied by the 
thermal ly  s t imulated current  method. In  all, six t rapping levels were detected 
in  the crystal. A study of the shallow traps, which occurred at 0.04, 0.12, and 
0.13 ev below the conduction band edge, indicated that electrons could be ex- 
cited directly to the 0.13 ev level. A peak in  the photoconductivity was ob-  
served at --60~ when the crystal was cooled in the presence of IR and 533 m~ 
light. The center  with level at 0.13 ev appears to behave as a recombinat ion 
center for temperatures  greater than  --60~ and as a t rapping center which 
can be emptied optically at temperatures  less than --60~ Other experiments  
involving cooling dur ing  i l luminat ion  indicated the presence of another  t rap-  
ping level which apparent ly  could not be filled from the conduction band. 
Water  vapor which was adsorbed on the crystal surface produced thermal ly  
s t imulated current  (TSC) peaks at 80~ C in  the absence of any t rea tment  
of the crystal by light. The appearance and magni tude  of these TSC peaks 
were affected by light as well  as the part ial  pressure of water  vapor. P ump-  
ing over the crystal with adsorbed water  present  also st imulated currents.  
Both of the latter observations are believed due to the dissociation of an ad- 
sorbed species such as (H20) - on the crystal surface. 

Cadmium sulfide is a mater ial  of considerable in ter -  
est because of its photoconductive properties. It  has 
found wide use as a photoconductor and more re-  
cently has shown promise as a solar cell mater ia l  (1). 
The photoconductive properties of cadmium sulfide 
are modified by the presence of electron and hole traps 
in the crystal (2,3) and by adsorbed gases, which 
may produce electrical effects similar  to traps (4-6). 
It  is reasonable to suppose, therefore, that the opera- 
tion of devices such as the cadmium sulfide solar cell 
will be affected by the presence of traps and adsorbed 
gases. Indeed, adsorbed water vapor seriously dam-  
ages cadmium sulfide solar cells and photoconductors. 

In an effort to obtain fur ther  insight  into the effect 
of gases and light on the photoconductive properties 
of cadmium sulfide, an exper imental  study was made 
of some of the effects of water  vapor and light on the 
t rapping spectrum of cadmium sulfide. Water  vapor is 
notorious for causing exper imental  difficulties in high 
vacuum equipment.  Unless special precautions and 
equipment  are employed which remove and el iminate 
water  from the system one cannot  be sure that  the 

presence of water  vapor is not somehow responsible 
for some of the exper imental  effects observed. In  less 
elegant vacuum systems this is especially true. In  addi-  
tion, the use of fight in the presence of water  vapor 
may cause addit ional  effects such as photosorption to 
occur. Several  experiments  were performed which 
seemed to indicate this may be the case. 

The effect of various i l luminat ions  and water  vapor 
on trapped carriers was studied in a single crystal of 
high resist ivity cadmium sulfide by using the TSC 
technique. Various wavelengths of light were used 
singly and in combinat ion with other wavelengths to 
populate the t rapping levels. The purpose of this pro- 
cedure was to make  qual i tat ive observations of the 
manne r  in which radiat ion filled and emptied the traps 
in a relat ively dry system. In  another  series of ex- 
periments,  water  vapor was allowed to adsorb on the 
crystal surface. The effect on the thermal ly  s t imulated 
current  was observed in order to determine qual i ta-  
t ively if adsorbed water  vapor affected this electrical 
property of the crystal. The t rapping levels observed 
in this research on cadmium sulfide occur at energies 



512 J. Electrochem. Soc.: S O L I D  S T A T E  S C I E N C E  M a y  1967 

which are in good agreement  with those previously re-  
ported for electron traps, and it is assumed that  only 
electron traps were  observed. 

Experimental Apparatus and Procedure 
The de terminat ion  of t rap depths in cadmium sulfide 

by measur ing the TSC is a most informat ive  technique. 
The TSC is that  additional current  produced in the 
crystal  when mobile carr iers  are released f rom t rap-  
ping centers by thermal  energy. The mobile  carriers 
are usually excited into the t rapping centers by i l lumi-  
nat ion with  optical radia t ion at low temperatures .  Re-  
cent reviews of this subject  for cadmium sulfide have  
been given by Nicholas and Woods (7) and Dit tfeld 
and Voigt (8). 

The measur ing system that was used is similar  to the 
one described by Bube (9). A beam split ter was pro-  
vided so that  the sample could be exposed to two 
different water- f i l te red  radiations, e i ther  s imultane-  
ously or separately.  Only estimations of intensi ty were  
made. Specific radiations or bands w e r e  obtained by 
using narrow band interference filters and /o r  Wrat ten  
(W-) filters and a quar tz- iodine  l ight source (10). 
The sample was exposed to l ight through a photo-  
graphic shutter. 

The sample was contained in a vacuum- jacke ted  
Dewar  and could be exposed to various gaseous atmos- 
pheres. Hel ium was used as the hea t - t ransfer  medium. 
Oxygen, nitrogen, and hel ium gases were  introduced 
through a l iqu id-n i t rogen  cold trap. Oxygen and 
ni t rogen used in the pumping exper iments  were  
distil led f rom the cold trap to a pressure of 1 a tm into 
the measur ing system which was at room temperature.  
The sample was then cooled to l iquid ni t rogen tem-  
perature.  The crystal  did not come in contact wi th  a 
pool of l iquid O2 or N2. Water  vapor  was carried into 
the system by passing hel ium through a bubbler  at 
room temperature .  

The specimen of cadmium sulfide was obtained from 
the Clevite  Corporation. The crystal  was sulfur com- 
pensated and had an init ial  dark resist ivi ty of about 
10 l~ ohm-cm. The crystal  had been grown by evapora t -  
ing pure cadmium sulfide in an iner t  a tmosphere and 
had less than 1 ppm of electr ical ly act ive centers. 
Ohmic indium contacts were  used in conjunct ion with  
p la t inum leads. In most cases a potential  of 180v was 
applied across the sample. A low order external  re-  
sistor (2.9 x 104 ohms) in series wi th  the sample was 
used as a current  detector. The voltage change across 
this resistor  was monitored with a nanovol tmeter  and 
was recorded. 

Only minor  difficulty was encountered in obtaining 
reproducible  dark current  measurements  f rom day to 
day. In general,  the dark current  which was mea-  
sured wi thout  optical s t imulat ion from l iquid-n i t rogen  
tempera tu re  to the highest tempera ture  of the run  was 
reproducible,  but it was observed that  the previous 
history (11) of the sample was impor tant  to the re -  
producibi l i ty of the dark current  obtained. Repeated 
measurements  of the dark current  showed only slight 
displacements if the sample was consistently stored in 
the dark. It  was fur ther  observed that  inf rared radia-  
tions at l iqu id-n i t rogen  tempera tures  caused the dark 
cur ren t  to be suppressed. Subsequent  exper iments  of 
whi te - l igh t -exc i t ed  TSC curves always resul ted in 
peak suppression (12, 13) after an IR radiat ion and 
indicated a residual effect of the inf rared  radiat ion 
that  was not easily dissipated be tween  cycles. 

The data for t rap depth calculations were  obtained 
by heat ing the crystal  at various l inear heat ing rates 
(~) and observing the tempera ture  of max imum  con- 
duct ivi ty  (Tin). Trap depths were  de termined  f rom 
plots of the equat ion In Tm2/~ ----- E / kT  Jr const. (3, 7). 
Once having  established the trap energies associated 
with  the various peaks a constant heat ing rate  was 
not used for other  TSC exper iments  (unless specified) 
since a re la t ive ly  fast rate  appeared to improve  peak 
resolution. The rapid heat ing ra te  was l inear up to 
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Fig. 1. Thermally stimulated current curve of as-received cad- 
mium sulfide sample. 

--70~ at which tempera ture  deviations could be ob- 
served. The deviations were  constant between runs. 

Experimental Results and Discussion 
The observat ion of a specific t rap emptying  and the 

re la t ive  concentrat ion of t rapped carriers depends on 
a number  of variables  (2) among which are: (i) the 
previous his tory of the sample;  (ii) the radiat ion used 
as s t imulat ion ( including radiat ion combinations);  
(i//) the t empera tu re  at which the radiat ion took place; 
and (iv) the ambient  a tmosphere  and its effect on 
(i), (ii),  and (it/). 

A typical  thermal ly  s t imulated current  curve  is 
shown in Fig. 1. This curve  was generated by cooling 
the crystal  in the dark, i l luminat ing  it wi th  whi te  
l ight and then warming  it. F igure  1 shows the current  
peaks produced f rom the t rapping levels which are 
designated as I, IIA, IIB, IV, V, and VI. Trap III  (Fig. 
3) could not be filled by the technique used to fill the 
other traps and will  be discussed below. The two 
peaks, IIA and IIs, appeared as one if 533 n-~ i l lumina-  
tion t ime was applied for times greater  than 1 min. 
The low- tempera tu re  traps I, IIA, and IIs,  had energy 
depths below the conduction band edge of 0.042, 0.125, 
and 0.131 ev, respectively.  These values are  the least 
squares average of 12 determinat ions  using heating 
rates in the range 0.04-0.3~ 

Traps IV, V, and VI found at higher  tempera tures  
were  not as rel iably reproduced as those occurring at 
low temperatures.  They could occasionally be induced 
to appear  by subjecting the crystal  to special t reat -  
ments. However ,  rel iable data could not be obtained 
which would permit  significant trap depth  calcula- 
tions. 

An at tempt  was maae  to fill electronic traps near  
the conduction band of cadmium sulfide by excit ing 
electrons with optical radiat ion direct ly f rom the 
valence band (12). Kulp (14) reports  that  direct fill- 
ing can be accomplished f rom a level  1.79 ev  below 
the conduction band with  wavelengths  greater  than 
690 m~ for special cadmium sulfide "storage" crystals. 
The TSC of the two traps located at 0.04 and 0.13 ev 
ment ioned above was observed after 30-sec excitat ion 
at l iquid ni t rogen tempera tures  wi th  501, 533, 578, and 
697 m# radiation. A transient,  as well  as a small  sus- 
tained photoconductivity,  was observed during exci ta-  
t ion with  the 500 series. Wavelengths  greater  than 697 
m~ indicated no photoconduct ivi ty  of ei ther  kind. The 
part icipation of the conduction band during exci tat ion 
in these cases limits an in terpre ta t ion of direct filling 
f rom the valence band. Even though the re la t ive  filling 
of the two traps was as expected for direct filling, one 
cannot be certain of the origin of all electrons that  
have  entered the trap. 

Cooling during iltumination.--Another set of exper i -  
ments was per formed to demonstra te  in a more 
definitive way that  electrons were  being exci ted f rom 
the valence band to shallow t rapping levels near  the 
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conduction band and involved cooling during i l lumi-  
nation. Cooling in the presence of white light pro- 
duced a curve similar to those obtained by  Bube (15) 
and Kulp  (14). As the temperature  was reduced, the 
photocurrent  increased showing a broad peak cresting 
at about --80~ Bube explained this effect as a change 
in a defect center from a recombinat ion center to a 
t rapping center as the tempera ture  was lowered. If 
a shallow t rapping center participates in the photo- 
conductive process and is being populated directly 
from the valence band, a change in the photoconduc- 
t ivity might be observed as the n u m b e r  of electrons 
excited to this level is changed. An at tempt was made 
to observe such an effect with the known  level at 0.13 
ev. A band of light (533 m~ peak) was applied to the 
crystal whose energy was slightly more than enough 
to excite electrons from the vicinity of the valence 
band to this level above room temperature.  At l iquid 
ni t rogen temperature  the filter energies were not  suffi- 
cient to promote electrons to the trap level from the 
valence band due to the displacement of the band edge. 
Cooling in the presence of 533 m~ light produced only 
a steady decrease in the photoconductivity;  the ex- 
pected change in the photoconductivi ty was not ob- 
served. Subsequent  TSC curves showed, however, that 
electrons were trapped in the 0.13 ev level. The ab-  
sence of the expected change may be due to this center 
behaving as a recombinat ion center at higher tem- 
peratures and as a t rapping center at lower tempera-  
tures in which case the conduction band may not be 
involved appreciably. Bube (15) has observed a maxi-  
mum in the decay time at about --50~ for CdS: CI: Cu 
crystals, but  little corresponding change in the photo- 
conductivity. 

At low temperatures  the application of IR to a filled 
trap system produced t ransient  current  flow indicat-  
ing that electrons were being excited to the conduction 
band. Some of this conductivi ty resul ted from the 
emptying of the shallow trap levels. A TSC deter-  
mined after such t rea tment  indicated that  the shallow 
traps were empty. Cooling in the presence of 
IR �9 (k > 800 m~) to keep the shallow traps empty and 
533 m~ light to fill them from the valence band pro- 
duced the curve shown in Fig. 2. This curve can be 
explained by assuming a mechanism similar to that 
proposed by Bube. Although the peak tempera ture  at 
--60~ may have no special significance, it is very  
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Fig. 2. Photocurrent of CdS crystal as a function of temperature 
using 533 m~ light and IR. 

near ly  the same as that found for the TSC emptying 
of the 0.13 ev level and suggests that the Fermi level 
may be in the vicinity. At temperatures  above --60~ 
the center  appears to behave as a recombinat ion center. 
Below --60~ the center  behaves as a t rap which can 
be optically emptied. 

The decrease in  photoconductivity shown in Fig. 2 
for temperatures  less t h a n - - 6 0 ~  can be explained if 
the effect of the var iat ion of band gap with tempera-  
ture is considered. The use of white light in such an 
exper iment  readily provides combinations of all the 
energies needed to promote a sustained high photo- 
conductivi ty at all temperatures  below --60~ Con- 
sequently,  the effect of the movement  of the band edge 
is masked. If electrons are excited directly from the 
valence band to the level at 0.13 ev, the n u m b e r  ex- 
cited can be reduced as the band gap increases and 
will be l imited by the pass of the filter and the density 
of states in the valence band. At --60~ the energy 
between the valence band edge and the trap level is 
calculated (3) to be about 2.33 ev and corresponds with 
the energy peak of the 533 m~ filter from the valence 
band edge. If a high density of states is concentrated 
at the valence band  edge, the energy profile of the 
filter may be reflected in the photoconductivity as the 
temperature  decreases. If the density of states de- 
creases as the edge is approached from below (16), 
something other than the filter profile might  be ex-  
pected. Some discrepancy may also arise if the thermal  
and optical excitation energies from the valence band 
to the trap level are not equivalent.  The energy differ- 
ence from the peak to half peak of the filter was 
about, ___0.03 ev. The energy difference calculated from 
Fig. 2 for temperatures  less than --60~ due to the 
displacement of the band edge from peak to half peak 
is about 0.02 ev. The decrease in photoconductivi ty 
below --60~ appears to be due to the decreased 
part icipat ion of the 0.13-ev level  in the photoconduc- 
t ive process and is probably due to the inabi l i ty  of any 
of the wavelengths applied to promote electrons to 
this level. 

Another  series of experiments  was performed dur -  
ing which time the i rradiat ion was applied to the 
sample continuously dur ing the cooling process. Woods 
and Nicholas (13) using cadmium sulfide and Bube 
(17) using cadmium sulfide and mixed cadmium sul-  
f ide-cadmium selenide crystals have performed simi- 
lar experiments  and report  a new trap at 0.73-0.83 ev. 
As ment ioned above, when  the white light was used, 
the photocurrent  decreased as the tempera ture  was 
reduced from 100~ leveled near  room temperature,  
reached a max imum n e a r - - 8 0 ~  and then  decreased 
steadily unt i l  l iquid-ni t rogen tempera ture  was 
reached. After  cooling in  the presence of white l ight  
(heat filter passing wavelengths  less than 800 m~), 
the resul tant  TSC curve (solid curve of Fig. 3) showed 
the presence of peak III occurring at about 0-10~ 
Traps I and II were well  filled and trap II showed no 
resolution. 

A similar  exper iment  was conducted by using only 
533 m~ i l luminat ion  and resulted in the long dashed 
curve, which shows the exclusion of the new peak. 
(Traps I and II were filled as shown by the solid 
curve, but  are excluded from the drawing for clarity.) 
A detail  of the area around 0~176 is shown in the 
inset of Fig. 3. Although photoconduction was evident  
dur ing  the cooling process (electrons in  the conduction 
band) ,  it  did not  appear that t rap III  could be filled 
from the conduction band. The behavior of the system 
indicated by the solid and long-dash curves suggested 
the necessary part icipat ion of at least a second wave-  
length present  in  white l ight to achieve the filling of 
t rap III. 

To test this hypothesis the specimen was exposed 
to two i l luminat ions s imultaneously  as the sample 
was cooled. The pr imary  i l luminat ion  was 533 m;~ 
light; the secondary i l luminat ion  was a band of light 
formed by the heat filter and various Wrat ten  filters. 
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Fig. 3. Thermally stimulated current curve obtained after cool- 
ing during illumination. 
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ments and were  such that  additional increments  of 
shorter  wavelengths  could be passed with  each suc- 
ceeding filter in the series. This procedure  revea led  
that  the secondary wave leng th  needed to allow t rap 
III  to fill lay in the region 610-650 m~. The short-dash 
curve  (Fig. 3) i l lustrates the results. Secondary w a v e -  
lengths greater  than 650 m~ did not produce a filling 
of trap III  and indicates a threshold energy for filling 
of about 2.0 ev. Fur ther  support  for direct  filling of 
traps is found in these results, since the energy com- 
p lement  requi red  to fill the repor ted  trap at 0.41 ev 
(7) direct ly f rom the valence band would correspond 
to a wave leng th  of about  621 r ~ .  It  is also apparent  
f rom Fig. 3 (short-dash curve)  that  the secondary 
wavelength  tends to keep the shal low traps empty. 

Bube (17) has shown that  a similar  trap appears to 
fill most efficiently when the Fermi  level is about 0.45 
ev below the conduction band. Assuming that  trap III  
is the same as that  observed by Bube (17) and Nicho-  
las and Woods (7), the results i l lustrated in Fig. 3 
indicate that  this t rap can be filled readi ly  by direct  
excitat ion f rom a lower state which, on the basis of 
the threshold required,  appears to be near  the valence 
band. 

~]gect of water on thermally stimuZated current.--An 
interest ing effect on the TSC was produced by wate r  
vapor. Since Bube (18) has shown that  water  vapor  
produces a reduced photoeffect for cadmium sulfide, 
it was per t inent  to de termine  whe the r  water  vapor  
would affect the TSC. Consequently,  a series of ex-  
per iments  was per formed in which wate r  vapor  was 
purposely introduced into the system. The sample was 
then cooled to l iquid ni trogen temperature ,  and the 
TSC was measured wi thout  i l luminat ion of the sample 
at any time. Without  exception a complex peak ap- 
peared in the vicini ty of 80~176 The par t ia l  pres-  
sure of wa te r  vapor  in the system was subsequent ly 
decreased by reducing the total pressure to 1/6 arm. 
The pressure was then restored to 1 a tm wi th  dry 
helium. The results of a series of such manipulat ions 
are shown in Fig. 4. The results indicate that the pres-  
ence of water  vapor  produces s imulated TSC peaks, the 
areas of which are a function of the part ial  pressure 
of water  in the system. The appearance of two peaks 
in curves 2 and 3 immedia te ly  suggests a he terogene-  
ous surface, with at least two different sorption sites. 

Af ter  pumping for several  hours at room temper -  
a ture  the normal  dark current  curve  could be ob- 
tained. However ,  inf rared  (30 sec) i l luminat ion (W- 
87) at room tempera tu re  fol lowed by cooling to 
l iquid ni t rogen t empera tu re  (no i l luminat ion)  and 
subsequent  heat ing indicated the reappearance  of the 
80~176 peak (but to a much reduced degree) .  
When whi te  light was used as exci tat ion at room 

Fig. 4. Thermally stimulated current curves produced by manipu- 
lating water vapor pressures; heating rate 0.28~ 

temperature ,  a broad TSC peak was produced which 
crested in the 80~176 region. Similar  exper iments  
in a re la t ively  dry system did not produce this peak. 
The appearance of a TSC peak under  these condi- 
tions might  be at t r ibuted to photosorption of water  
vapor  since small  amounts of water  vapor  undoubtedly  
were  still present. The work  of Sebenne and Balkan-  
ski (19) has shown that water  is adsorbed by cad- 
mium sulfide surfaces, at which place these authors 
suggest it attaches an electron to form ( H 2 0 ) -  ions. 
Desorption of sorbed water  by heating the crystal  
could release electrons to the bulk of the crystal  f rom 
the breakup of such a species and thereby produce a 
peak in the TSC. 

Af ter  water  vapor  had been introduced and sub- 
s tant ial ly removed by pumping to give the normal  
dark current  curve. TSC curves, obtained by i l lumina-  
tion with  white  l ight at l iquid ni t rogen temperatures ,  
showed that the peaks at 60 ~ and 100~ were  separate 
and building (Fig. 5). Af ter  three t empera tu re  cycles 
wi thout  changing the charge of helium, a broad peak 
tending to crest near  80~ was produced. This result  
suggests possibly that  the amount  of water  vapor  on 
the surface of the crystal  was increasing between cycles 
and was probably coming f rom the walls of the sys- 

r SeCond cycle 

i 

First c~le 

-I0 0 20 4O 60 gO LO0 120 l~ 
Temperate, e, ~C 

Fig. 5. TSC obtained by thermal cycling without changing He 
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tern at higher  temperatures.  Fur the r  pumping on the 
system again reduced the peaks in the region 60 ~ - 
100~C. 

The low- tempera tu re  traps (I and II) remained  re l -  
a t ively  empty dur ing these wa te r  t reatments ,  a l though 
their  presence could be detected. This result  indicates 
that sorbed water  vapor  has hindered the filling of 
these levels and can be explained in part  by assum- 
ing some of the sorbed water  acts in the capacity of 
recombinat ion centers (3) and /o r  traps as indicated 
by the TSC peaks shown in Fig. 4. If the capture 
cross section and the escape cross section for the shal- 
low traps are small (7, 17), then the presence of re la-  
t ively  large capture cross-section centers such as 
sorbed wate r  vapor  could h inder  the filling of the 
shallow traps. This could be accomplished if electrons 
in the conduction band reacted at a faster rate  wi th  
recombinat ion centers than with  empty  shallow t rap-  
ping centers. The IR wavelengths  of white  l ight prob-  
ably were  effective also in mainta in ing these levels  
empty. 

Af te r  water  t rea tment  and subsequent  removal  by 
pumping only, a TSC, obtained using 533-m~-il lumina- 
t ion for 2 min  at l iquid nitrogen, showed the strong 
reappearance  of electrons in traps I and II and the 
absence of the 80~176 peak. This result  would 
seem to indicate that  these shal low levels are pref-  
erent ia l ly  filled by this excitation (in the absence of 
IR but in the presence of small amounts of sorbed 
water  vapor)  and that  the filling process probably 
involves a substantial  amount  of direct  filling f rom 
lower levels. If  electrons in the shallow traps are  to 
recombine via the conduction band, they must  enter  
the conduction band via a re la t ive ly  small  escape cross 
section ( <  10 -2~ cm ~) (7) before recombinat ion can 
occur, in which case electrons so t rapped (direct ly)  
would be expected to be observed via a TSC. This re -  
sult also suggests that  the shallow traps were  not de-  
stroyed, but could not be filled using the whi te  l ight 
conditions mentioned above. The same exper iment  
per formed in the presence of larger  part ial  pressures 
of water  showed a water  peak as in Fig. 4 and also 
the peaks of traps I and II. 

Bryant  and Cox (20) find a t rap at 0.86 ev which 
empties at ~100~ This t rap seems to have  some 
similar i ty  to the 100~ trap noted above and might  
be a t t r ibuted to adsorbed water  vapor. These authors 
bel ieve this trap to be the one located at 0.83 ev by 
Nicholas and Woods (7), in which case it could also 
be the trap located by Bube (17) at 0.78 ev. Nicholas 
and Woods describe this t rap as one which empties  
via  f i rs t -order  decomposition of an unusual  t rap com-  
plex. This description fits that of an adsorbed species 
such as (H~O) -  or O3- in the case of oxygen  and 
has been suggested by Bube (17), in the case of oxy-  
gen, as a possible explanat ion for the photochemical  
processes observed by these authors. The apparent  
cross section of this center  in cadmium sulfide is re -  
ported as ~ 10 -15 to 10 -14 cm s (7, 17) and compares 
reasonably well  wi th  the cross-sectional area of an 
adsorbed gas molecule  (,~ 10.6A ~ for wa t e r  at 24~ 
(21). If  an electron becomes associated with  a sorbed 
water  molecule  as ( H 2 0 ) -  on the surface of cadmium 
sulfide, then the escape cross section of the e lectron 
on dissociation of this species and the effective area 
of the sorbed molecule  may be similar. The fact that  
adsorbed water  appears to produce recombinat ion as 
well  as t rapping centers suggests that  fast and slow 
states, respectively,  are l ikely to be found on the sur-  
face of CdS. 

Effect of pumping7 on the TSC.--Evacuation of the 
hel ium in the system between exper iments  f requen t ly  
produced a current  spike as the pressure decreased be- 
low approximate ly  1 ram. This pecul iar  effect was 
reproducible  and was observed at room and liquid ni-  
trogen tempera tures  (Fig. 6). Af ter  a dark current  de- 
termination,  if the sample was re turned  to l iquid ni-  
t rogen tempera ture  in the dark, Was pumped and a 

current  spike obtained, a subsequent  TSC measure-  
ment  would show a peak at 60~ This result  sup- 
ports the idea that  surface t rapped electrons are as- 
sociated with  sorbed gases and that  on desorption via 
pumping some electrons remain  trapped. If the Fe rmi  
level  extends to the surface (22), dissociation of a 
surface t rapped species such as O2- (at l iquid N2) 
located below the Fermi  level  might  resul t  in the cre-  
ation of a surface t rapped electron associated only with  
the solid surface. A subsequent TSC could indicate the 
presence of the new surface-only t rapped electron. 
The pumping  effect was not observed in an oxygen or 
ni t rogen atmosphere.  At room tempera tu re  the pump-  
ing spikes could be obtained only after  i l luminat ion 
(white  light or 533 m/D. Infrared (W87) i l luminat ion 
occasionally produced the spikes but not  always. The  
fact that  pumping  at room tempera tu re  would  not 
produce a current  pulse unless the crystal  was first 
i l luminated suggests that  at room tempera ture  the 
number  of sorbed species (most l ikely to be residual  
H20) increases when  the f ree  electron concentrat ion 
is increased by i l lumination.  

The areas under  the curves of Fig. 6(a)  for room 
tempera ture  and l iquid ni t rogen tempera ture  pump-  
ing correspond to the part icipat ion of 6.5 x 10 TM and 
1.2 x 10 zt e lec t rons /cm 2, respectively.  These values 
represent  a part icipat ion of less than 10% of the sur-  
face at room tempera ture  and less than 1% at l iquid 
ni t rogen temperature .  

The curve i l lustrated in Fig. 6(b) is typical  of the 
pumping  curves obtained af ter  the crystal  had been 
stored in the dark for several  weeks (a "rested" crys- 
tal) .  The curve  was obtained by pumping  over  the 
crystal  dur ing continued i l luminat ion with  501 m~ 
light at 78~ After  continued application of the 
pumping  sequences the curve  i l lustrated in Fig. 6(a) 
was typical  of the results  obtained. 

The results presented above seem to indicate that  
water  vapor  in addit ion to O2 may be an active com- 
ponent of residual air when  studies are made of the 
t rapping propert ies  of cadmium sulfide. Sorbed water  
appears not only to act as a recombinat ion center  but  
also as an electron trap. The adsorption of water  vapor  
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Fig.  6. Variation of current in cadmium sulfide crystol resulting 
from cyclic evacuation of helium from system. 
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alone is sufficient to produce TSC peaks and seems 
to be related to some of the unusua l  thermal  and vac- 
uum effects noted for traps in cadmium sulfide. I l lu-  
minat ion in the presence of adsorbed water  vapor 
causes deep traps to appear while shallow traps remain  
relat ively empty. Direct filling of shallow traps using 
appropriate monochromatic radiat ion less than the 
band  edge can occur even in the presence of recom- 
binat ion centers. Direct filIing is also evident  when  
trap III is filled using a threshold energy of approx- 
imately 2.0 ev. 

Manuscript  received March 25, 1966; second revised 
manuscr ipt  received Jan. 23, 1967. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be publ ished in the December 1967 
JOURNAL. 
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Ternary Condensed Phase Systems of Gallium 
and Arsenic with Group IB Elements 

M. B. Panish 
Betl Telephone Laboratories, Incorporated, Murray Hffl, New Jersey 

ABSTRACT 

Data obtained from a series of differential thermal  analysis studies have 
been used, along with x - r ay  and electron beam microprobe analyses, and a 
regular  solution interpolat ion procedure to construct a major  part  of the 
equi l ibr ium ternary  l iquidus-solidus phase diagrams of the Ga-As-Cu,  Ga- 
As-A~, and Ga-As-Au  systems. In these systems the GaAs pr imary  phase field 
occupms a major  part  of the phase diagram. 

Studies of the Ga-As-Cu,  Ga-As-Ag,  and Ga-As-Au  
te rnary  systems have been under taken  because of the 
current  interest  in gall ium arsenide p -n  junct ions 
made by diffusion or solution growth, in  photo- and 
electroluminescence of variously doped gall ium ar-  
senide and in  the fabrication of ohmic contacts on 
GaAs. The te rnary  phase diagrams define the condi- 
tions for the existence of GaAs in the presence of a 
third component, and contain part  of the data neces- 
sary for the in terpre ta t ion of diffusion and solubili ty 
studies which are needed to fur ther  our unders tand ing  
of the incorporation of a dopant  mater ial  into a b inary  
semiconductor. 

These systems are of part icular  interest  because Cu, 
Ag, and Au are par t icular ly  rapid diffusers in GaAs, 
have ra ther  deep lying acceptor states which are as 
yet not well understood, and in the case of copper, 
represent  a major  source of contaminat ion of GaAs. 

The Binary Phase Systems 
Ga-As . - -GaUium and arsenic form a single con- 

gruent ly  mel t ing compound, GaAs, wi th  a mel t ing 
point of 1238~ (1, 2). Thurmond  (3) has utilized the 
solubili ty measurements  of Koster and Thoma (2) 
and Hall (4), along with an adaptat ion of the regular  
solution t rea tment  of Vieland (5) to construct  the 
b inary  GaAs l iquidus curves. 

Ga-Cu. - -This  system has been summarized by 
Hansen (6). It  is characterized by the existence of 
four major  peritectically formed intermediate  phases 
with ra ther  extensive composition ranges. There is 

only one eutectic point  on the l iquidus curve. This 
point occurs on the gall ium rich side of the diagram 
at 29.6~ 

Ga-Ag. - -The  Ga-Ag system has been summarized 
by Hansen (6). It  is characterized by the existence of 
four major  phases formed peritectically or by solid 
state transitions. Two of the impor tant  peritectic 
t ransformations occur at 611 ~ and 326~ There is only 
one eutectic point on the liquidus. This occurs at 
29.7~ and approximately 97 a/o (atom per cent) Ga. 

Ga-Au. - -Th is  system has recent ly  been re-evalua ted  
by Cooke and Hume-Rothery  (7). The system con- 
sists essentially of a solid solution region and several 
peritectically formed solid solution phases in the gold 
rich region. The l iquidus tempera ture  drops very 
sharply in  the gold rich region to a first eutectic at  
346.7~ and about 70 a /o  Au. Other eutectics occur at 
339.4~ and about 65 a/o Au, 448.6~ and 45 a /o  Au 
and 30~ near  100% Ga. The compounds AuGa and 
AuGa~ melt  congruent ly  at 461.3 ~ and 491.3~ re-  
spectively. 

As -Cu . - -A  limited amount  of informat ion is avai l -  
able for the As-Cu system and has been summarized 
by Elliot (8). The system is characterized by the ex- 
istence of an extensive solid solution region of arsenic 
in Cu, a congruent ly  mel t ing compound Cu3As (mp 
827~ and a peritectically formed t ransi t ional  com- 
pound CusAs2. A compound of approximate composi- 
tion CusAs is formed via a solid state reaction at 380~ 
There are eutectic points at 685 ~ and 81.5 a/o Cu, and 
at 600~ and 54 a/o Cu. No informat ion is available 
for compositions containing more than  about 45 a/o As. 
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Fig. 1. Thermal effects observed on cooling and heating mix- 
tures in the As-Au binary system. 

As-Ag. - -The  As-Ag system is essentially simple 
eutectic in na tu re  with an extensive region of solid 
solubil i ty and several t ransi t ional  solid solutions in 
the silver rich region. The eutectic point  occurs at 
540~ and 25.3 a/o As. The system has been sum- 
marized by Hansen (6) and Elliot. (8). 

As -Au . - -The  l iquidus curve for this system is pre-  
sented here. It  appears that the system is of the sim- 
ple eutectic type with the eutectic composition at 
51 a/o As and at 632 ~ _ 3~ The l iquidus data and 
eutectic tempera ture  reported here (Table I, Fig. 1) 
differ considerably from the data reported earlier by 
Schleicher (9). Since the lat ter  work was done in 
open crucibles, there is some doubt about the compo- 
sition of the samples studied and a disagreement in 
reported l iquidus tempera ture  is not  surprising. The 
difference in eutectic temperature,  635~ (this work) 
and 665~ (ref. 2), cannot  be accounted for. 

The data reported here are in reasonable agreement  
with the l imit ing slopes (which represent  lower l im- 
its for solid phases with no mutua l  solid solubili ty) 
calculated from 

d In x AHm 

d 1/T R 

on the arsenic and gold rich sides of the diagram as 
shown in Fig. 1. 

Electron beam microprobe studies of samples with 
compositions on each side of the eutectic showed 
only phases consisting of Au or As present  with only 
a very slight amount  of mutua l  solid solubility. 

Experimental 
Semiconductor grade arsenic with pur i ty  bet ter  

than 99.99% was used in this work. Reclaimed gal l ium 
with pur i ty  bet ter  than 99.99% was used, and for 
many  of the runs  GaAs was used instead of the ele- 
ments. The use of GaAs was necessary when  the rela-  
tive amounts  of Ga and As were high in  order to 
prevent  explosions resul t ing from the exothermic re-  
action of the elements. The GaAs was general ly pre-  
pared from the elements by passing arsenic vapor 
over l iquid gallium. The copper used was high con- 
duct ivi ty grade, the silver was a reagent  grade with 
pur i ty  bet ter  than 99.99% and the gold was obtained 
from Engelhard with pur i ty  better  than  99.9%. 

Fused-si l ica capsules with volumes of about 3 cm ~ 
which were about two-thirds  filled with melt  were 
used for the differential thermal-analys is  experiments.  
The exper imenta l  details are similar to those which 
have already been described for the study of the Ga- 
As-Zn system (10), except that most cells, other than 
those used for studies in the As-Au b inary  system, 
were held at about 1250~ for a short t ime before 
cooling. 

In an at tempt to determine the extent  to which 
errors resul t ing from supercooling occur, DTA ana l -  
yses for a number  of points were obtained by both 
heating and cooling. The rates of heat ing and cooling 
were varied from about l ~  to about 5~ 

X- ray  and electron beam microprobe analyses of the 
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DTA samples were done by s tandard techniques where 
possible. In regions of the systems where large amounts  
of Cu, Ag, or Au were present  it was not  possible to 
obtain powder samples, and no at tempt was made to 
obtain x - r ay  data in  these regions. 

Results 
The temperatures  at which thermal  effects were ob- 

served when melts of various compositions were cooled 
are given in  Table I for the As-Au system, in  Table II 
for the Ga-As-Cu system, in Table III  for the Ga-As-  
Ag system, and Table IV for the Ga -As -Au  system. 
In  each case T1 represents  the tempera ture  at which 
the surface of p r imary  crystall ization is reached, T2 
is the temperature  at which a second solid phase pre-  
cipitates, T3 is the tempera ture  at which a te rnary  
eutectic or peritectic t ransi t ion occurs, and T4 is at- 
t r ibutable  either to solid state t ransi t ions or fur ther  
eutectic transitions. 

Table i. Thermal effects in the As-Au system* 

C o m p o s i t i o n  ( a / o )  

A s  A u  T z  ~ C T2 ~ C 

10 .0  9 0 . 0  902  6 3 3  
2 0 . 0  8 0 . 0  7 7 0  6 3 6  
4 0 . 0  6 0 . 0  673  631  
5 0 . 0  5 0 . 0  8 3 9  6 3 0  
5 0 . 0  5 0 . 0  - -  6 3 0 * *  
6 0 . 0  4 0 . 0  6 4 5  633  
6 0 . 0  4 0 . 0  6 5 7 * *  6 4 0 * *  
70.0 30.0 683 638 
7 0 , 0  3 0 . 0  695** - -  

* F r o m  c o o l i n g  c u r v e s  e x c e p t  w h e r e  o t h e r w i s e  n o t e d .  
** S l o w  h e a t i n g .  

Table II. Thermal effects in the Ga-As-Cu system* 

C o m p o s i t i o n  (a/o) 

G a  A s  C u  T1 ~  T= ~  2"3 ~  Tr ~  C u t  

5 0 . 0  1O.0 4 0 . 0  9 4 0  6 4 0  2 3 9  - -  A 
5 0 . 0  2 5 . 0  2 5 . 0  1 0 8 2 " *  t t - -  A 
5 0 . 0  2 5 . 0  2 5 . 0  1 0 7 8  6 7 0  2 3 7  - -  A 
5 0 . 0  4 0 . 0  10 .0  1 1 7 6  6 4 0  $ - -  A 

8 , 7 5  0 . 7 5  8 2 . 5  8 6 3  5 9 2  - -  - -  B 
18 .75  18 .75  6 2 . 5  837  ~ 6 8 2  ~ 6 7 0  - -  B 
2 7 . 6  2 7 . 5  4 5 . 0  1 0 1 0  886  666  - -  B 
3 5 . 0  3 5 . 0  3 0 . 0  1105  685  6 6 8  - -  B 
4 2 . 5  4 2 . 5  15 .0  1 1 7 4  6 8 6  6 6 5  - -  B 

5 . 0  5 0 . 0  4 5 . 0  8 6 8  6 0 6  5 9 2  3 2 2  C 
2 0 . 0  5 0 . 0  3 0 . 0  1053  6 0 5  5 9 5  3 2 5  C 
3 5 . 0  50 .0  15 .0  1163  6 0 7  5 9 5  ~ C 

8 .5  2 0 . 5  7 1 . 0  703  6 8 9  6 6 8  - -  - -  
7 .5  2 9 . 0  6 3 . 5  837  700  6 6 6  - -  - -  

* F r o m  c o o l i n g  
** S l o w  h e a t i n g .  

t N o t  d o n e .  
t N o t  o b s e r v e d .  

c u r v e s  e x c e p t  w h e r e  o t h e r w i s e  n o t e d .  

Table III. Thermal effects in the Ga-As-Ag system* 

C o m p o s i t i o n  ( a / o )  

G a  A s  A g  Tz  ~  T= ~  T8 ~  T4 ~  C u t  

5 0 . 0  5 .0  4 5 . 0  9 2 0  4 4 6  - -  2 8 5  A 
5 0 . 0  15 .0  3 5 . 0  1025  t - -  t A 
5 0 . 0  3 0 . 0  2 0 . 0  1130  4 4 3  - -  2 8 5  A 
5 0 . 0  4 0 . 0  10 .0  1 1 7 8  t 1 t A 
5 0 . 0  4 0 . 0  I 0 . 0  1 1 8 7 " *  - -  - -  - -  A 

5 .0  5 .0  9 0 . 0  8 1 9  7 2 6  - -  - -  B 
8 . 7 5  8 .75  8 2 . 5  727  725  - -  - -  B 

17 .5  17 .5  6 5 . 0  9 4 0  732  - -  - -  B 
3 0 . 0  3 0 . 0  4 0 . 0  1073  7 3 8  - -  - -  B 
4 0 . 0  4 0 . 0  2 0 . 0  1 1 5 2  7 3 5  - -  B 

5 .0  50 ,0  6 5 . 0  8 6 0  6 3 2  5 3 4  40"4 C 
5 .0  5 0 . 0  6 5 . 0  8 7 5 * *  636*  5 3 8 * *  C 

1 5 . 0  5 0 . 0  3 5 . 0  9 9 0  6 3 3  5 3 0  4 ~  C 
3 0 . 0  5 0 . 0  2 0 . 0  1119  6 3 0  5 3 0  [ 4 3 0  L 4 2 0  C 
4 0 . 0  5 0 . 0  10 .0  1192  6 4 0  535  - -  C 
4 0 . 0  5 0 . 0  1 0 . 0  1 1 9 8 " *  t t - -  C 

* F r o m  c o o l i n g  c u r v e s  e x c e p t  w h e r e  o t h e r w i s e  n o t e d .  
** S l o w  h e a t i n g .  

t N o t  d o n e .  
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Table IV. Thermal effects in the Ga-As-Au system* 

C o m p o s i t i o n  ( a / o )  

L I | I 

8 0 0  

8oo '? I ? 
0 10 20 30 40 50 

ATOM % CU 

Fig. 2. Thermal effects observed on cooling and heating mix- 
tures with compositions on cut A (Fig. 11) in the Ga-As-Cu system. 

G a  A s  A g  T z  ~  T~ ~  T3 ~  T~ ~  C u t  

5 0 . 0  2 .5  4 7 . 5  9 2 5  ~ 4 4 0 " *  - -  - -  
5 0 . 0  7 ,5  4 2 . 5  1 0 1 0  ~ 4 2 5 " *  - -  - -  
50.0 2 0 . 0  30.0 1 1 2 0  ~ 4 4 2 " "  - -  - -  
5 0 , 0  3 5 . 0  15 .0  1 1 7 2  ~ 4 2 8 " *  - -  - -  
5 0 . 0  4 2 . 5  7 .5  1 2 1 2  ~ 4 2 0 " *  - -  -- 

5.0 5.0 90.0 885 616 582 -- 

5.0 5.0 90.0 t 6195 586 - -  
1 2 ,5  12 ,5  7 5 . 0  6 2 8  5 9 8  5 8 3  - -  
12.5 12.5 75,0 615 610 584 -- 

1 2 .5  12 .5  7 5 . 0  t t 5 9 0 5  -- 

15.0 15.0 70.0 680 638 583 
20.0 20,0 60,0 790 635 581 - -  
2 7 . 5  2 7 , 5  4 5 . 0  9 4 2  6 4 2  5 8 2  - -  
35.0 35,0 30.0 1075 ~610 588 - -  
4 0 . 0  4 0 . 0  2 0 . 0  1120 6 3 5  5 8 8  - -  
4 0 . 0  4 0 . 0  2 0 . 0  11325 t t - -  
4 2 , 5  4 2 . 5  15 .0  1 1 6 4  t t - -  
45,0 45.0 1 0 , 0  1 1 9 4  ~ 6 4 0  588 -- 

A 1000 
A u 
A "-" 
A t- 
A 
B 
]3 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 

4 5 . 0  4 5 . 0  1 0 , 0  1 2 0 4 ~  t t - -  B 
0 .0  5 0 . 0  5 0 , 0  6 3 9  6 3 0  - -  - -  C 
0 .0  5 0 . 0  5 0 , 0  ** 6 3 2  - -  - -  C 
2 .5  5 0 . 0  4 7 , 5  6 4 6  6 2 9  5 8 2  - -  C 
5 .0  5 0 . 0  4 5 , 0  6 5 0  6 1 9  5 7 9  - -  C 
5 .0  5 0 . 0  4 5 . 0  6 5 0 5  6 2 2 5  5 8 6 t  - -  C 
7 .5  5 0 . 0  4 2 . 5  0 9 8  6 5 4  8 2 0  5 8 8  C 
7 .5  5 0 . 0  4 2 , 5  t 6 6 0  t t C 

1 0 . 0  5 0 . 0  4 0 , 0  7 5 2  6 5 7  6 0 9  5 8 7  C 
1 0 .0  5 0 . 0  4 0 . 0  t t 6 1 0 5  5 9 1 5  C 
12.5 50.0 37.5 830 660 608 590 C 
1 5 . 0  5 0 . 0  3 5 . 0  8 4 5  6 5 2  5 8 5  5 8 0  C 
15.0 50.0 35.0 8705 6525 5835 t C 
25.0 50,0 25.0 1120" 650 ~585 580 C 
25.0 50.0 2 5 . 0  11345 t t t C 
3 7 . 0  5 0 . 0  13 .0  1 1 3 2  6 4 5  - -  5 7 6  C 
40.0 50.0 10.0 1166 658 580 875 C 
4 0 . 0  5 0 . 0  10 .0  1 1 7 5 5  t t t C 
2 7 , 0  8 ,0  6 5 , 0  8 2 8  4 0 8  3 7 2  - -  D 
3 5 . 0  2 2 . 5  4 2 . 5  1 0 1 8  4 1 1  3 7 2  - -  D 
6 1 . 5  1 5 . 0  2 3 . 5  1 0 9 8  4 9 2  - -  

* F r o m  c o o l i n g  c u r v e s  e x c e p t  w h e r e  o t h e r w i s e  noted.  
**  S u p e r c o o l i n g  o b s e r v e d .  

t N o t  d o n e .  
$ S l o w  h e a t i n g .  
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The data given in Tables I, II, III, and IV are plotted 
in Fig. 1-10. The mel t ing points of pure Cu, Ag, Au, 
and As were taken as 1083 ~ 961 ~ 1063 ~ 817~ respec- 
t ively (11). For each te rnary  system data were  ob-  
tained along the following three cuts in the t e rnary  
system; Cut A, GaAs to 50 a/o Ga-50 a/o metal;  cut 
B, GaAs to 100% metal;  cut C, GaAs to 50 a/o As-50 
a/o metal. When necessary data were obtained for 
other compositions in the te rnary  system. Since the 
major  objective of this work is to delineate the GaAs 
pr imary  phase field of each of the systems, most of 
the exper imenta l  data was obtained in  that part  of 
each phase system and no at tempt has been made to 
delineate in detail the portions of the phase diagrams 
involving other pr imary  phase fields. 

Construction of the Ternary Phase Diagrams 
The te rnary  diagrams were constructed pr imar i ly  

by the use of the binaries described above as bound-  
aries and cuts A, B, and  C as guides for the location 
of isotherms, eutectic boundaries,  and  eutectic and 
peritectic points. As wil l  be discussed separately for 
each te rnary  diagram below, x - ray  and electron beam 
microprobe data were used in the in terpre ta t ion of 
the DTA data. 

The t e rnary  isotherms in the GaAs pr imary  phase 
field were interpolated by a regular  solution pro-  
cedure. This procedure was recent ly suggested by 
Fu rukawa  and Thurmond  (12), and has been ap- 
plied by them to the 900~ isotherm of the Ga-As-Cu 
system and by this author to the Ga-As-Ge  and Ga- 
As-Sn  systems (13) among others. The application of 
the procedure in this w o r k  is identical  to that  already 
reported for the group IV elements with Ga and As 
( 13 ) .  

The Ga-As-Cu  sys tem. - -For  this system DTA data 
were obtained along cuts A, B, and  C and for several 
other compositions in the ternary,  (Fig. 2-4). The 
te rnary  diagram with isotherms in  the GaAs pr imary  
phase field computed as described above is shown in  
Fig. 11. The regular  solution estimations calculated 

Fig. 3. Thermal effects observed on cooling mixtures with com- 
positions on cut B (Fig. 11), the GaAs-Cu cut, in the Ga-As-Cu 
system. 

from the data on the Ga and As sides of the diagram 
[as described in  ref. (13)] were in good agreement  
for the l l00~ isotherm but  were in  increasingly poor 
agreement  at lower temperatures.  As described pre-  
viously (13), the isotherms drawn are interpolat ions 
of the computed curves weighed to favor each com- 
puted isotherm in the region where it was most ap- 
plicable. The exper imental  data of Fu rukawa  and 
Thurmond  (12) for compositions on the 900~ iso- 
therm are shown in Fig. 11. Luzhnaya  et aL (14) have 
reported l iquidus data for the Cu3As-GaAs cut which 
are in agreement  with this work. 

The DTA thermal  effects noted for compositions 
along cut A (Fig. 2) are a t t r ibutable  to the p r imary  
phase precipitat ion of GaAs at T1, the precipitat ion of 
an alloy based upon Cu9Ga4 at about 640~ (T2), and 
the peritectic formation of CuGa2 at 238~ (T3). All  
three phases were identified by their x - r a y  powder 
patterns. 

The thermal  effects observed for cut B (Fig. 3) are 
a t t r ibutable  to the pr imary  precipi tat ion of GaAs at 
T1 from 0 to 73 a/o copper, to the precipitat ion of 
the alloy based upon CugGa4 at about 686~ (T2) and 
to a te rnary  eutectic at 667~ where GaAs, Cu9Ga4, 
and CuzAs precipitate simultaneously.  The three 
phases ment ioned were identified by their  x - r a y  pow- 
der patterns. In  addition a phase indexed as Cu6As 
but  referred to as CusAs by Elliot (8) was observed in  
the x - r ay  photographs. This phase forms by a solid 
state reaction at about 380~ according to Hansen (6). 
A corresponding thermal  effect was not  observed in  
this work. 

The thermal  effects noted for compositions along 
cut C (Fig. 4) are a t t r ibutable  to the pr imary  pre-  
cipitation of GaAs at T1, the precipitat ion of As at 
606~ (T2), and to a te rnary  eutectic at 594~ (T3) 
at which GaAs, As, and Cu~As precipitate s imul tane-  
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Fig. 4. Thermal effects observed on cooling mixtures with com- 
positions on cut C (Fig. 11) in the Ga-As-Cu system. 

ously. The x - ray  pat terns  contained too many  lines 
for unequivocal  identification, but  are consistent with 
above interpretat ion,  as are the results of the electron 
beam microprobe examinat ion of the DTA samples. 

The isotherms for the copper rich regions, the po- 
sitions of the boundaries  between pr imary  phase fields 
near  the Cu-As b inary  and the te rnary  eutectic points 
at 667 ~ and 594~ have not been determined pre-  
cisely, but  have been drawn in Fig. 11 in such a man-  
ner  as to be consistent with the exper imental  data. 
The subliquidus thermal  effects of Luzhnaya et  al. are 
not consistent with the phase diagram of Fig. 11 in 
the region of CusAs. Fur ther  s tudy is required to 
clarify this region of the system. The 1200 ~ isotherm 
was obtained simply by interpolat ing the data on cuts 
A, B, C, and the Ga-As binary,  and drawing the iso- 
therm through the points thus obtained. 

T h e  Ga-As-Ag sy s t em . - - -For  this system data was 
obtained only along cuts A, B, and C, (Fig. 5-7). The 
te rnary  diagram with isotherms computed as described 
above is shown in Fig. 12. The regular  solution curves 
calculated separately for the isotherms in the GaAs 
pr imary  phase field from experimental  data on each 
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Fig. 5, Thermal effects observed on cooling and h e a t i n g  mix- 
tures with compositions on Cut A (Fig. 12) in the Ga-AI-Ag sys- 
tem. 
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Fig. 6. Thermal effects observed on cooling mixtures with com- 
positions on cut B (Fig. 12), the Ga-As-Au cut, in the Ga-As-Ag 
system. 

side of the phase diagram [as described in  ref. (13)] 
gave sets of curves which were in  excellent  agree- 
ment  with each other. Gubskaya e t a l .  (15) have re- 
ported DTA data for one point in this system at the 
te rnary  composition Ag3GaAs2. Their data are con- 
sistent with the data reported in this work. 

The thermal  effect (T3) noted for several points 
in cut A at 285~ (Fig. 5) apparent ly  results from the 
peritectic formation of a phase based on the phase 
which precipitates at 326~ in the Ga-Ag binary  (6). 
Electron beam microprobe measurements  show that in 
a DTA sample on cut A the phases present  were GaAs, 
Ag (principal ly) ,  and a phase containing roughly sim- 
ilar amounts  of Ag and Ga. 

Cut B (Fig. 6) resembles, but  is not, a t rue pseudo- 
binary.  For s tar t ing compositions in the 0-82 a/o Ag 
region, T1 represents the pr imary  precipitat ion of 
GaAs. T2 is the intersection of the GaAs crystall iza- 
tion path with the eutectic val ley for the s imul tane-  
ous precipitation of GaAs and silver alloys. The crys- 
tallization path for compositions in the Ag pr imary  
phase is not strictly on cut B and T2 in  this region is 
slightly different from T~ in the GaAs pr imary  phase 
field. Electron beam microprobe measurements  indi-  
cate that for s tar t ing compositions on cut B in the 
GaAs pr imary  phase field the only phases present  in 
the cooled DTA samples are GaAs and Ag. The 
amounts  of Ga and As dissolved in the Ag appear to 
be small. 

The DTA, x - r ay  and microprobe data for samples 
on cut C (Fig. 7) are consistent with the in terpre ta-  
t ion that  T1 represents the precipitat ion of the GaAs 
p r imary  phase, T~ the precipitat ion of As along 

I I r I I / 
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400 . . . . .  4 . . . .  ~ i L  ------T4--- ~-- -~-~-  - - 4 - - - - ~ - - - - I  

0 10 2.0 30 40 50 
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Fig. 7. Thermal effects observed on cooling and heating mix- 
tures with compositions on cut C (Fig. 12) in the Ga-As-Ag 
system. 
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with  GaAs, and that  T3 is the te rnary  eutectic rep-  
resent ing the s imultaneous precipitat ion of GaAs, As, 
and an in termedia te  phase based upon the binary 
phase designated ~ by Hansen (6). T4 apparent ly  
represents  the decomposit ion of the Z phase to As and 
Ag alloys, corresponding to the t ransi t ion in the As-  
Ag binary at 374~ (6). 

In the te rnary  diagram (Fig. 12) the positions of 
the isotherms in the Ag pr imary  phase field, the loca- 
tion of the eutectic boundaries  be tween the p r imary  
phases, and the position of the te rnary  eutectic ob- 
served in samples with start ing composit ions on cut C 
are drawn to be consistent wi th  the data of Fig. 5-7 
but have not been determined precisely. 

T h e  Ga-As-Au  s y s t e m . - - F o r  this system DTA data 
was obtained along cuts A, B, and C (Fig. 8-10), at 
two other  points along a fourth selected cut (cut D, 
Fig. 13) in the GaAs pr imary  phase field and at one 
point on the AuGa2-GaAs cut. The regular  solution 
isotherms calculated as described in ref. (13) f rom 
the DTA data on the Ga and As rich sides of the sys- 
tem were  in poor agreement.  The data along cut D 
and the AuGa2-GaAs cut were  obtained in order  to 
aid in the drawing  of the te rnary  isotherms in the 
GaAs pr imary  phase field. The additional data showed 
that  even though the calculated i so therms  were  in 
poor agreement  with each other  when extrapola ted 
across the phase diagram, a close approximat ion to 
the correct isotherm was obtained when  the curves 
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Fig. 8. Thermal effects observed on cooling mixtures with com- 
positions on cut A (Fig. 13), the GaAs-GaAu pseudobinary. 
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were  drawn so as to strongly favor  each computed 
isotherm in the region where  it was most applicable. 

The GaAs-GaAu system (cut A, Fig. 8) appears to 
be pseudobinary in nature,  consisting almost ent i rely 
of the p r imary  phase field of GaAs. The observed 
eutectic point at ~440~ is somewhat  in doubt because 
of extensive supercooling in runs in which it was ob- 
served. The phases GaAs and GaAu were  observed in 
x - r ay  powder photographs and confirmed with elec-  
tron beam microprobe examinat ion of the cooled DTA 
samples. 

The liquidus curve  of cut B (Fig. 9) resembles that 
of a simple eutectic system, T1 represent ing  the first 
format ion of GaAs or Au on cooling the liquid. Au 
is precipitated in a solid solution which may contain 
as much as 25 a /o  Ga. The T2 curve in the gold rich 
region must va ry  with  composition in this region as 
a consequence of the vary ing  composition of the Au-Ga  
solid solution which is the p r imary  phase. T3 is prob- 
ably the t empera tu re  at which a t e rnary  eutectic com- 
prising GaAs, As, and Au containing I-3 a /o  Ga pre-  
cipitates. The T:3 thermal  effect is ambiguous. The DTA 
curves for several  samples gave evidence that  two 
thermal  effects may occur near  T3. 

The cooled DTA samples f rom cut B were  examined  
pr imar i ly  with an electron beam microprobe. In all 
cases GaAs was observed. Arsenic crystals were  ob- 
served in samples which contained more than 50 a /o  
Au in cut B. The arsenic crystals were  probably  not 
resolved by the microprobe in samples very  rich in 
GaAs. The Au phase was observed in all samples and 
contained amounts of Ga vary ing  f rom about 3 a /o  to 
about 25 a/o. Varying Au-Ga  concentrations are to be 
expected since the composition of this alloy varies 
while it precipitates. 

The tempera tures  at which thermal  effects were  
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Fig. 10. Thermal effects observed on cooling and heating mix- 
Cures with compositions on cut C (Fig. 13) in the GaoAs-Au system. 
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Fig. 12. The Ga-As-Ag phase diagram 

noted in  cut C are shown in Fig. 10. Over most of the 
composition range T1 clearly is the result  of the pr i -  
mary  precipitat ion of GaAs, and T2 results from the 
first precipitat ion of As. T3 seems to be the result  of 
two thermal  effects very close in temperature.  

At gold concentrat ions at and above 35 a/o the si tua-  
tion is less well defined. The two thermal  effects at 
T3 separate and are shown in Fig. 10 as T3 and T3'. 
In  all cases the only solid phases observed with the 
microprobe are GaAs, As, and Au containing small 
amounts  of Ga in solid solution. In  samples containing 
more than 35 a/o Au it is no longer possible to identify 
GaAs as the pr imary  phase in electron beam micro- 
probe photographs of polished samples. It is obvious 
that  fur ther  s tudy will  be needed to clarify the te rnary  
diagram in the region of the As-Au binary.  

Only one experimental  point was obtained on the 
GaAs-AuGa2 cut. X- ray  powder photographs and 
microprobe studies reveal GaAs and GaAu2 as the 
only phases present  in  the sample. Only T1 and T2 
thermal  effects were noted with T2 being identical  
(within experimental  error) with the melt ing point  
of GaAu2. It may be concluded therefore that  the 
GaAs-AuGa2 system is essentially a t rue pseudo- 
b inary  system consisting almost ent i rely of the p r imary  
phase field of GaAs. 

The positions of the isotherms in the Au pr imary  
phase field, the position of the te rnary  eutectic near  
the Au-As  binary,  and the location of the eutectic 
boundaries between the pr imary  phases have not  been 
determined precisely, but  have been drawn in Fig. 13 
in such a manne r  as to be consistent with the data 
of Fig. 1, 8-10 and the available data for the Ga-Au  
binary.  

Conclusion 
Extensive portions of the te rnary  l iquid-solid phase 

diagrams of the Ga-As-Cu,  Ga-As-Ag,  and Ga-As-Au 
systems have been obtained. Emphasis has been placed 
on delineation of the position of isotherms in the GaAs 
pr imary  phase field, and the determinat ion of the 
extent  of this phase field. Other pr imary  phase fields 

Fig. 13. The Ga-As-Au phase diagram 

and the boundaries  between them have been identified 
and delineated in somewhat less detail. 
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Large Area Silicon Junctions by Epitaxial Growth Technique 
T. L. Chu and G. A. Gruber 

Westinghouse Research Laboratories, Pittsburgh, Pennsylvania 

ABSTRACT 

Epitaxial  growth is a promising junct ion formation technique for large 
area silicon devices because of its abil i ty to provide: (i) silicon layers with 
chemical and structural  perfection superior to conventional  silicon crystals, 
(ii) flexible dopant concentrat ion and distribution, and (iii) p-n  junct ions of 
better  perfection than diffused junctions.  Using the pyrolysis of silane in a 
flow system, epitaxial  silicon layers of good s t ructural  perfection, as indicated 
by chemical etching and optical microscope examinations,  have been de- 
posited on {111) oriented substrates at 1080 ~ at rates up to 1.5 ~/min. The re-  
sistivity of the grown layer was controlled by using diborane and phosphine 
as p-  and n-dopants ,  respectively. The radial  resistivity of epitaxial  layers 
has been found to be of considerably better uni formi ty  than that of conven-  
tional silicon crystals. Large area epitaxial  p - n  junct ions prepared by de- 
posit ing n-  and p-layers  successively on low resistivity n - type  substrates have 
been found to be superior to diffused shallow junct ions in electrical charac- 
teristics and are advantageous for the fabrication of power devices. 

The epitaxial growth of silicon using the thermal  
reduction or decomposition of silicon compounds on 
surfaces of silicon substrates has been utilized exten-  
sively in the fabrication of integrated circuits and 
other types of small area devices dur ing the past few 
years. In  these epitaxial  devices, the dopant concen- 
trat ion and distr ibution have been programmed and 
controlled to an extent  not obtainable by other fabri-  
cation techniques. In addition to the flexibility of 
dopant control, the epitaxial growth technique is po- 
tent ial ly capable of providing silicon layers with 
chemical and s tructural  perfection superior to con- 
vent ional  silicon crystals. Both Czochralski and float- 
zone crystals used for device fabrication have been 
shown to possess various types of microdefects and in-  
homogeneous dopant distr ibution (1-3). The qual i ty of 
silicon crystals, therefore, becomes a l imitat ion of the 
performance of many types of large area devices, and 
the epitaxial approach appears attractive. Fur the r -  
more, the use of the epitaxial growth technique could 
also el iminate the defects, such as dislocation clusters, 
slip lines, stress, etc., introduced into the vicinity of 
p - n  junct ions by the al loying or diffusion processes. 

The epitaxial growth technique is promising for the 
formation of large area junctions. However, the re-  
quirements  of the properties of epitaxial  layers, such 
as the crystal perfection, radial  resistivity uniformity,  
etc., are more s tr ingent  and more difficult to achieve 
for large area devices than those for small  area de- 
vices. For  large area devices, these properties must  
be highly uniform over the entire area of the device 
to minimize localized breakdown. The crystal per -  
fection of the epitaxial layer is par t icular ly  impor tant  
since one major  defect in the layer  renders a large 
area device useless. Nevertheless, these requirements  
can be fulfilled by optimizing the growth conditions, 
and epitaxial  growth will  u l t imately become an im- 
portant  technique for the fabricat ion of large area 
devices. 

In this work, the advantages of the epitaxial growth 
technique have been uti l ized for the preparat ion of 
silicon p -n  junct ions of a few square centimeters area. 
Using the pyrolysis of silane and appropriate dopants, 
shallow junct ions were prepared by depositing n -  and 
p-layers  successively on low resistivity n- type  sub- 
strates. Similar  junct ions were also prepared by the 
diffusion technique. Epitaxial  structures were found 
to have considerably better  electrical characteristics 
than diffused junctions. They have yielded, after 
emit ter  diffusion, power transistors with good char-  
acteristics. The exper imental  methods and results are 
described in this paper. 

Epitaxial Growth of Silicon by Silane Pyrolysis 
The epitaxial  growth of silicon can be achieved in 

a gas flow system by the thermal  reduction of silicon 
halides and the pyrolysis of silane. The silane process 
has been reported by several workers (4) ; the relat ive 
merits  of this process and the commonly used te t ra-  
chloride process are fairly well established. The pyro-  
lysis of silane is thermochemically and kinetical ly 
more favorable than the thermal  reduction of silicon 
tetrachloride. Silane is thermochemically unstable  at 
room temperature  and above and decomposes rapidly 
at temperatures above 600 ~ thus enabl ing the growth 
of silicon at lower temperatures.  The use of lower 
substrate temperature  not only reduces the diffusion 
of impurit ies between adjacent  layers of silicon, but  
also minimizes the l iberat ion of impuri t ies  from the 
susceptor used for the support and heating of sub- 
strates. Furthermore,  the pyrolysis of silane is es- 
sentially chemically irreversible;  the undesirable  con- 
sequences of chemical t ranspor t  associated with the 
tetrachloride process can be eliminated, and the re- 
sistivity of the epitaxial  layer can be better controlled. 
On the other hand, the silane process has the disad- 
vantage that the thermal  instabi l i ty  of silane tends to 
promote nucleat ion by pyrolysis in the gas phase. The 
solid silicon formed in the gas phase is in the form 
of large atomic clusters of random orientation, and 
the deposition of these clusters on the growing in ter -  
face would interfere with oriented growth. The gas 
phase nucleation, however, can be suppressed by op- 
t imizing the exper imental  conditions. 

The pyrolysis of silane was carried out at atmos- 
pheric pressure using hydrogen as a diluent. Semicon- 
ductor grade silane, purchased from the Gray Chemi- 
cals Company, was used without  fur ther  purification. 
This material  was found to yie ld  n - type  silicon with an 
electrical resistivity higher than 100 ohm-cm. Hydro-  
gen was purified by diffusion through a pa l ladium- 
silver alloy. Hydrogen-diborane,  hydrogen-arsine,  and 
hydrogen-phosphine mixtures, purchased from the 
Matheson Company, were used as dopants. All  reactant  
gases were passed through a filter before enter ing the 
deposition tube to remove any solid particles. The 
substrates were n-type,  0.008-0.012 ohm-cm Czochral- 
ski silicon slices of 1-in. diameter, with main  faces 
of (111} orientation. 

The deposition process was carried out in a hori-  
zontal, water-cooled fused silica tube of 55 mm ID. 
The support, heating, and surface preparat ion of sub- 
strates have been described previously (5). During the 
growth process, hydrogen at a flow rate of 21 l / ra in  
was used as the di luent  for silane, the concentrat ion 

522 



Vol. 114, No. 5 SILICON JUNCTIONS BY EPITAXIAL GROWTH 523 

of silane in the reactant  was 0.01-0.5% and the sub- 
strate t empera ture  was in the range of 1050~176 
The s t ructura l  perfect ion of the epi taxial  layer  was 
evaluated by chemical etching and optical microscope 
techniques (6), and the resis t ivi ty profile of the epi-  
taxial  layer was evaluated by the spreading resistance 
technique (7). 

Deposition Rate and Structural Perfection 
In the epitaxial  growth process under  study, the 

first impor tan t  considerat ion is to minimize  homogen-  
eous nucleat ion through the pyrolysis of silane in the 
gas phase. This condition can be achieved by using 
water-cooled  reaction tube, low part ia l  pressure of 
silane in the reactant,  and high gas-flow velocity over  
the substrate surface. Using deposition apparatus of 
a given geometry and a given flow rate  of the diluent,  
the gas phase nucleat ion was found to be insignificant 
in a l imited range of reactant  composit ion and sub- 
strate temperature .  In general,  the ex ten t  of the  gas 
phase nucleation decreased with  decreasing t emper -  
ature, and at a given temperature ,  the contribution of 
gas phase reactions increased with  increasing concen- 
tration of silane. At 1080~ for example,  epi taxial  
silicon of good crystal  perfection was obtained using 
a hydrogen-s i lane  mix ture  containing 0.5% silane or 
less at a flow rate of 21 1/min. When the concentra-  
tion of silane was increased to 0.7%, however ,  poly-  
crystal l ine inclusions were  incorporated into epi taxia l  
silicon due to the gas phase nucleation. Also, as the 
substrate tempera ture  was increased to 1200~ the 
gas phase reaction became pronounced when the silane 
concentrat ion was only 0.3 %. 

The deposition rate of silicon can be adjusted over  
a wide range by varying the concentrat ion of silane in 
the reactant.  Figure  1 shows the average deposition rate  
of silicon at a substrate t empera ture  of 1080~ using 
a hydrogen flow ra te  of 21 1/min, as a function of the 
concentrat ion of silane. This rate  was 1.5 and 0.19 # /min  
when the reactant  contained 0.5 and 0.013% silane, 
respectively.  The lower growth rate is useful for ac- 
curate  thickness control  of thin layers. In the tem-  
pera ture  range 1050~176 the average deposition 
rate was essentially the same wi th in  the exper imenta l  
error,  indicat ing that  the deposition process in this 
tempera ture  range is diffusion-controlled. At  higher  
temperature ,  say 1200~ the deposition rate  decreased 
due presumably  to the increased contr ibution of gas 
phase reactions. 

Under  conditions where  the gas phase nucleat ion is 
negligible, epi taxial  silicon deposited by the pyrolysis 

, I ' i , I ' I I 

1.6 

1.4 

c 
E 1.2 

1.0 
o = / 

/ 
/ 

I ~ 1 , I , I , I 
0 .1  0.? 0.3 0.4 0.5 

Concentrat ion Of Si lane, 

Fig. 1. Average deposition rate of silicon as a function of con- 
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Fig. 2. Resistivity of n-type epitaxial silicon as a function of 
flow rate of arsine and phosphine. Silicon was deposited by the 
pyrolysis of silane at 1080~ using hydrogen containing 0.2% 
silane at a flow rate of 21 I/min. 

of silane was found to be essentially free of process- 
induced defects, such as stacking faults, growth pyra-  
mids, polycrystal l ine inclusions, etc. Fur thermore ,  the 
s t ructural  perfection of epitaxial  silicon was inde-  
pendent  of the deposition rate  up to 1.5 ~/min. 

Resistivity Control of Epitaxial Silicon 
Epitaxia l  silicon deposited f rom silane at 1080~ 

without  intent ional  doping, was n- type  with a re-  
sistivity higher  than 100 ohm-cm. The control of re-  
sistivity of n - type  epi taxial  silicon by using arsine 
and phosphine as dopants was studied in a series of 
exper iments  using hydrogen containing 0.2% silane 
at a flow rate  of 21 l/rain. The substrates used in these 
exper iments  were  p-type,  and the resis t ivi ty of the 
epi taxial  layer  was determined by the four -poin t  
probe technique. The results are shown in Fig. 2, 
where  the resist ivi ty of epi taxial  silicon, in the range 
of 0.4-60 ohm-cm,  is plotted as a function of the flow 
rate  or arsine and phosphine. At  a given flow rate  of 
the dopant, the doping efficiency of arsine is consid- 
erably  higher  than that  of phosphine. For  example,  
when the epi taxial  layer  was of 10 ohm-cm resistivity,  
the P / S i  rat io in the  gas phase was approximate ly  
twe lve  t imes that  in the solid silicon, and the As /S i  
ratio in the gas phase was about one-hal f  of that  in 
the solid. This can be a t t r ibuted to the higher  ther-  
mal  stabil i ty of phosphine. The thermal  instabil i ty of 
arsine would resul t  in more rapid deplet ion of arsine 
than silane when  the reactant  mix ture  is passed 
through the react ion tube, and large resis t ivi ty var ia -  
tions among specimens in h run have been observed. 
Thus, in spite of the considerably higher  diffusion co- 
efficient of phosphorus in silicon than  that  of arsenic 
in silicon, the use of phosphine as a dopant is more ad- 
vantageous for minimizing resist ivi ty variations.  

The resist ivi ty of p- type  epi taxial  silicon was con- 
t rol led by using diborane as a dopant.  At  a given 
substrate temperature ,  the m a x i m u m  obtainable con- 
centrat ion of boron in epi taxial  silicon was found to 
be considerably lower  than the solubil i ty of boron in 
silicon at the same temperature .  At 1080~ for example,  
the highest  boron concentrat ion obtained was approx-  
imately  2 x 1017 cm -3, i r respect ive of the B2H6/SiI-I4 
molar  ratio in the reactant  mixture.  This is less than 
one- thousandth of the solubili ty of boron in silicon at 
the same tempera ture  (8). To obtain epi taxial  silicon 
of higher  dopant concentration, it was necessary to 
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Fig. 3. Resistivity of p-type epitaxiaJ silicon as a function of 
flow rate of diborane. Silicon was deposited by the pyrolysis of sil- 
ane at !140~ using hydrogen containing 0.1% silane at a flow 
rate of 21 I/min. 

carry out the deposition at higher  substrate t emper -  
atures. F igure  3 shows the resist ivi ty of p- type  epi-  
taxial  silicon, deposited at a substrate t empera ture  of 
1140~ using hydrogen containing 0.1% silane at a 
flow rate  of 21 1/min, as a function of the flow rate 
of diborane. Under  these conditions, epi taxial  silicon 
with boron concentrations higher  than 10 TM cm -~ was 
obtained. The doping efficiency of diborane was ap- 
proximate ly  25%. 

To de termine  the radial  resist ivi ty profile of epi tax-  
ial silicon, a spreading resistance probe was applied 
to the as-grown surface of epi taxial  silicon specimens 
along several  diameters  at various intervals.  In many  
cases, epi taxial  silicon was found to possess less radial  
resis t ivi ty fluctuations than float-zone or Czochralski 
crystals. An example  is shown in Fig. 4 where  the 
local resist ivi ty of an n- type,  phosphorus-doped 
epi taxial  silicon layer  with an average resis t ivi ty of 
5 ohm-cm was measured along a diameter  at 1 and 
O.l mm intervals.  In all  cases, the deviat ion of the 
local resist ivi ty f rom the average  resist ivi ty was 
less than 10%. 

Large Area Shallow p-n Junctions 
Large area shallow p-n  junctions were  prepared by 

both diffusion and epi taxial  techniques. In the for-  
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Fig. 4. Resistivity profile of an n-typo epit~.xial silicon layer with 
an average resistivity of 5 ohm-cm along a diameter of the specl- 
men, p is in each case the average resistivity. 

mer,  n - type  epi taxial  layers of 10 ohm-cm resist ivi ty 
and 25~ thickness deposited on l- in.  d iameter  0.01 
ohm-cm n- type  substrates were  subjected to boron 
diffusion at 1150~ using boron t r ibromide as a dif- 
fusant  in a flow system. The junct ion depth was 5~, 
and the surface concentrat ion of boron in silicon was 
approximate ly  10 TM crn -3. These junctions, approx-  
imately  4 cm 2 in area, were  found to support  voltages 
up to 200v; however ,  the reverse  currents  were  often 
ra ther  high, 100 ma or higher,  at these voltages. To 
determine the cause of the softness of these functions, 
many specimens were  made into mesas and the 
reverse  characteristics of each mesa determined.  It 
was found that mesas wi th  high reverse  currents  in-  
var iab ly  had many localized areas with etch figures 
of various shapes associated with  high concentrat ions 
of dislocations, as shown in Fig. 5 and 6. Etch figures 
shown in Fig. 5 were  due to contaminants  on the 
specimen surface; the reaction be tween  silicon and 
contaminants at the diffusion t empera tu re  yielded 
sufficient stress to generate  dislocations. Etch figures 
shown in Fig. 6 were  due to tweezer  or probe marks 
introduced into the specimen by various handhng  
processes before diffusion; the stress caused by these 
damages were  re l ieved during the diffusion process 
by the format ion of dislocations. The process- induced 
defects are, therefore,  responsible for the high reverse  
currents  of the mesas under  consideration. Since the 
reverse  currents  of these mesas were  found to be 
reduced considerably after  a get ter ing process at 
900~ using phosphorus pentoxide as the get ter ing 
agent (9), one may conclude that  the precipi tat ion of 
heavy metals at dislocations is more harmfu l  than 
the dislocations themselves.  On the other hand, mesas 
with no or ve ry  few etch figures exhibi ted reasonably 

Fig. 5. Irregularly shaped etch figures and associated dislocations 
in epitaxial silicon after boron diffusion (Sirtl etch, 2 min). 

Fig. 6. Etch figures of scratches and associated dislocations in 
epitaxial siJicon after boron diffusion (Sirtl etch, 2 rain). 
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good reverse characteristics even before the gettering 
process. Thus, while diffusion-induced defects only 
reduce the yield of small  area devices, they are very 
serious in large area devices. Also, the fabrication of 
large area defect-free shallow junct ions by the diffu- 
sion technique is a difficult and exacting task. 

Large area epitaxial  p -n  junct ions were prepared by 
depositing 15-30~ of 5-10 ohm-cm n - t y p e  layers and 
5-6~ of 0.1-0.5 ohm-cm p- type  layers successively on 
0.01 ohm-cm n- type  substrates. An example of the 
resistivity profile of an epitaxial s t ructure is shown 
in  Fig. 7 where an 18-#, 4 ohm-cm n- l aye r  and a 6-t,, 
0.3 ohm-cm p- layer  were deposited. Junct ions of 
approximately 4 cm 2 were isolated from the epitaxial  
s tructures by a grooving technique. The reverse volt-  
age of these junct ions depends on the resistivity and 
thickness of the n- layer .  For example, the epitaxial  
junct ions were found to support  350 and 200v when 
the n - l aye r  resistivity and thickness were 1O ohm-cm, 
30#, and 5 ohm-cm, 20#, respectively. The reverse 
currents  at these voltages were usual ly  1 ma or less. 
However, polycrystal l ine inclusions in the epitaxial  
layer were found to cause high reverse currents  at 
low voltages. Epitaxial  junct ions with even one inclu-  
sion supported less than 50v. 

The epitaxial  growth technique is, therefore, su- 
perior to the diffusion technique for the fabricat ion 
of large area shallow junctions.  Fur thermore ,  the 
preparat ion of epitaxial  junct ions is considerably 
simpler in practice than epitaxial-diffused junct ions 
used in certain types of devices such as transistors. 
The epitaxial  junct ions described above, after phos- 
phorus emitter  diffusion at l l00~ have produced 
transistors wi th  a cur ren t  carrying capacity of 100 
a m p ,  V C E  ~-  17Or at 1 ma, VCB ---- 175v at 1 ma, and 
hFE = 15 at 10 amp (10). 

Summary and Conclusions 
The epitaxial growth of silicon by the pyrolysis of 

silane in a flow system has been studied in detail with 
the objective of using this technique for the prepara-  
tion of large-area junct ion  structures. Large area epi- 
taxial silicon layers of good s t ructural  perfection, un i -  
form radial  resist ivity profile, and with resistivity 
controlled over a wide range have been deposited on 
silicon substrates of {111} orientat ion under  a variety 
of conditions. 

Shallow p - n  junct ions of a few square centimeters 
area have been prepared by both diffusion and epitax- 
ial techniques. The diffused junct ions f requent ly  
showed high reverse currents  due to process-induced 
defects. The electrical characteristics of epitaxial junc-  
tions were considerably better,  and power transistors 
have been prepared from these junct ions after the 
emitter  diffusion. Epitaxial  growth is, thus, a promis- 
ing junct ion formation technique for large area sil- 
icon devices. 
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Phase Relations and Thermoelectric Properties of the 
Alloy Systems SnTe-Bi Te  and PbTe-Sb2Te  

Richard A. Reynolds 
Texas Instruments Incorporated, Da~as, Texas 

ABSTRACT 

The phase relat ions in the quas i -b inary  systems SnTe-Bi2Te3 and PbTe-  
Sb2Te3 have been determined using differential  thermal  analysis, x - r a y  dif- 
fraction, electron microprobe, and optical metal lographic  techniques. The 
system SnTe-Bi2Tes forms a continuous series of solid solutions f rom 45 to 
100% Bi.,Te3, and the max imum  solubili ty of Bi2Te3 in SnTe was found to be 
about 5%. The system PbTe-Sb2Te8 contains a eutectic and exhibits  l i t t le 
solubility of ei ther component  in the other. Measurements  of the thermal  
and electr ical  propert ies of the SnTe-Bi2Te3 alloys showed that  they are ei ther 
n - type  or p- type  depending on composition, and that  the carr ier  concentra-  
tions are degenerate  ( ~  ~ 6 x 1019/cmS). At 300~ Seebeck coefficients are  
typically 90 ~v/~ The the rmal  conduct ivi ty  is about 1.3 x 10 -2 w a t t s / ~  
and near ly  independent  of t empera ture  and composition. The m ax im um  
thermoelectr ic  figure of mer i t  obtained at 300~ for these alloys was 0.66~ -1. 

The quas i -b inary  alloy systems PbTe-Sb2Te3 and 
SnTe-Bi2Te3 were  invest igated in order  to de termine  
the i r  phase relations and thermoelectr ic  properties.  
The possibility of the format ion of t e rna ry  compounds 
in these systems was suggested by previous invest iga-  
tion (I)  of the quas i -b inary  system PbTe-Bi~Te3, in 
which the compound PbTe.2Bi2Te3 was found, and the 
quas i -b inary  system SnTe-Sb2Te3, in which the com- 
pound SnTe.Sb2Te3 was found. The object  of the in-  
vestigation was to de termine  whe ther  or not there  
existed compositions which possess propert ies  useful  
for thermoelectr ic  power generat ion applications. The 
binary compounds and their  ternary isomorphous al- 
loys (e.g., PbTe-SnTe  alloys) possess useful  thermo-  
electric propert ies;  hence, the cross-subst i tut ional  al- 
loys SnTe-Bi2Te3 and PbTe-Sb2Te3 may possess unique  
and useful propert ies and invest igation of these alloy 
systems is required.  

Materials and Experimental Procedure 
Materials used to make  specimens were  of the fol-  

lowing purit ies (weight  per cent ) :  Sb, 99.99%; Pb, 
Sn, Bi, and Te, all 99.999%. 

Specimens for metal lographic,  x- ray ,  and physical 
p roper ty  measurements  were  weighed as 10 or 20g 
samples, placed in quar tz  capsules wi th  an inside di-  
ameter  of 8 or 10 mm, and sealed at a pressure of 
1.0 -3 Torr. The samples were  melted, af ter  which the 
capsules were  rocked vigorously for mixing and then 
quenched in water.  Samples for anneal ing w e r e  cut 
f rom the as-cast ingots and encapsulated in quartz  
tubes at a pressure of 10 -3 Tort .  

Samples for x - r ay  diffraction studies were  ground 
to powder  wi th  a mor ta r  and pestle, sifted through a 
300 mesh screen, and mounted  on glass slides. Diffrac- 
tion pat terns were  determined on a Norelco Diffrac- 
tometer  using Cu Ka radiation. Ident ical  results were  
obtained on ground samples and ground and annealed 
samples. 

Metal lographic specimens were  mounted in bake-  
lite and mechanical ly  polished wi th  0.1~ alumina. 
Etching was done ei ther  wi th  a solution of 1 part  
HNO3, 1 par t  HC1, and 2 parts saturated solution of 
K2S2Os in H20, or wi th  a cathodic etching apparatus.  

Resist ivi ty measurements  were  made with  a Ke i th ly  
Mil l iohmmeter ,  which contained its own chopped d-c 
current  supply. The use of chopped current  p reven ted  
the occurrence of t empera tu re  gradients in the speci- 
men  due to the Pel t ier  effect at the current  lead-speci-  
men  contacts. Cur ren t  contacts and potent ia l  measur -  
ing contacts were  soldered for measurements  f rom 
77* to 3O0*K. Above 3000K pressure contacts were  used. 

Seebeck coefficients were  determined using a -~T 
across the specimen of 10~176 Thermocouple  and 
Seebeck voltages were  measured  with  an I_,&N K-3 
potentiometer.  Soldered contacts were  used. 

Thermal  conduct ivi ty  was measured by the s teady- 
state method of S tamper  and Bryant  (2). Samples used 
were  8 mm in diameter  and 6 mm long. 

Hal l  effect measurements  were  made using the 
method of Dauphinee and Mooser (3). The system 
used was capable of measur ing Hall  coefficients as 
small  as 0.05 cm3/coulomb, but in all cases (except  
pure Bi2Te3) the Hall  coefficient was found to be 
smaller  than this. 

Differential  t he rmal  analysis (DTA) was performed 
using 50g samples, and employed indium as the com- 
parison standard. The DTA capsules were  cyl indrical  
(22 mm diameter  by 25 mm long) and had a thermo-  
couple wel l  in the bottom. The capsules were  sealed 
at a pressure of 10 -3 Tort.  Heat ing and cooling rates 
were  varied be tween  1.6 and 4.0~ Reactions in 
the specimen capsule leading to tempera ture  differ- 
ences between the sample and the standard of 2~ or 
more could be detected. An automatic control  circuit  
cycled each sample through the tempera ture  range of 
interest,  and each point of the DTA data represents  
the average of two or more cycles. All  points were  
reproducible to -+- I~ except  the cooling points on 
the l iquidus lines, which scat tered a l i t t le more due 
to varying degrees of supercooling in each cycle. 

Since the heat  effects associated with reactions oc- 
curr ing in the solid state are usual ly very  small, and 
the solid-state t ransformat ion kinetics are ve ry  slow 
in these alloy systems, the DTA data for these systems 
furnish no conclusive evidence about the phase rela-  
tions at temperatures  below the solidus temperature .  

Results 
The System PbTe-Sb2Tes . - -DTA measurements  re -  

vealed the existence of a quas i -b inary  eutectic be-  
tween the two binary  compounds (Fig. 1). X - r a y  dif-  
fract ion data showed only the diffraction pat terns of 
PbTe and Sb2Te3 in all the alloys. Optical meta l lo-  
graphic examinat ion showed that  all compositions 
were  two-phase,  containing only PbTe and Sb2Tea. 
The m ax im um  solubilities of Sb2Te3 in PbTe, and of 
PbTe in Sb.~Te3 were  both less than 5%. 

The lack of appreciable terminal  solid solubili ty and 
the fai lure to form new phases discouraged performing 
fur ther  work  on alloys in this system. 

The System SnTe-Bi~Te.~.--Results of the DTA mea-  
surements  are plotted in Fig. 2 (a phase diagram wil l  
be proposed after  consideration of all exper imenta l  

526 
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data) .  In samples of less than 60% Bi2Te3 the heat  
effect on cooling associated with  the isothermal  a r -  
r e s t  at 581~ was very  small  (less than 1% of the 
total heat  evolved) .  On heating, this arrest  was ob- 
served only in the 85% Bi2Te3 alloy. In  alloys con- 
taining less than 60% Bi2Te3 the only isothermal  ar-  
rest dur ing heat ing occurred at 601~ The appear-  
ance of the arrest  at 581~ on cooling alloys contain-  
ing less than 85% Bi2Te3 is due to peri tect ic incase- 
ment  (4) occurr ing dur ing the l iquid-sol id t ransforma-  
tion. Absence of this arrest  in the heat ing cycle is due 
to anneal ing occurr ing while  the DTA sample was in 
the solid state during the cycling process. Metal lo-  
graphic and x - r ay  data described below show that  
alloys containing more than 45 % Bi2Te3 are all s ingle-  
phase, thus rul ing out the possibility that  the isother-  
mal  react ion at 581~ is due to a eutectic reaction. 

Optical meta l lographic  examinat ion  of samples an- 
nealed at 550~176 revea led  that  compositions con- 
taining 5-40% Bi2Te..~ were  two-phase,  but composi-  
tions containing 45% or more Bi2Te3 were  single- 
phase (Fig. 3a and 3b). Samples annealed at t emper -  
atures lower  than 550~ did not yield any conclusive 
data because the anneal ing kinetics were  ex t r eme ly  
slow. Examina t ion  of as-cast  alloys revea led  that  SnTe 
is the p r imary  phase of solidification in compositions 
of less than 60% Bi2Te3. 

X - r a y  diffraction pat terns of annealed alloys con- 
taining 40% or less Bi2Te3 exhibi ted the diffraction 
pat terns of SnTe and a second phase of hexagonal  
s t ructure  (see Fig. 3a). Annealed  specimens containing 
45% or more Bi2Te3 exhibi ted only the lines of one 
phase having the crystal  s t ructure  of Bi2Te3 (hex-  
agonal) .  The c / a  ratio for this phase showed a mono-  

Fig. 3a. Micragraph of etched 75 mole % SnTe-25 mole % 
Bi2Te3 alloy. Dark phase is SnTe. 

Fig. 3b. Micrograph of etched 15 mole % SnTe-85 mole % 
Bi2Te3 alloy. 

tonic increase f rom 6.68 at 45% Bi2Te3 to 6.88 at 85% 
Bi2Te3 and 6.97 at 95% Bi2Te3. The indexed pat tern  of 
several  Bi2Te3 alloys are given in Table I. The change 
in c /a  is due ent i re ly  to an increase in c as the Bi,_,Te3 
content  is increased from 45 to 100%. It should be 
noted that  the DTA measurements  showed the 85% 
Bi2Te3 alloy to mel t  isothermally,  and that  Fig. 3b 
suggests that  it is single-phase.  

In order  to confirm that  the 85% Bi2Te~ alloy is 
single-phase,  the sample in Fig. 3b was subjected to 
electron microprobe analysis. Nine x - r a y  intensi ty 
measurements  to de termine  local compositions were  
done at random positions on a polished and etched 
surface of 1 cm diameter  using a 1.0~ d iameter  spot 
size. Within 95% confidence the Bi, Te, and Sn contents 
were  identical  at all nine sampling spots, thus con- 
f irming that  the 85% Bi2Te3 alloy is s ingle-phase and 
homogeneous. 

Seebeck coefficient measurements  showed that  alloys 
up to 47.5% Bi2Te.~ were  p- type;  50% Bi2Te3 alloys 
were  n - type  as cast but  became p- type  on annealing;  
alloys be tween 52.5% and 85% Bi2Te3 were  n- type ;  
alloys containing 95% or more  Bi2Te3 were  p-type.  
Resis t ivi ty vs. t empera ture  for several  annealed sam- 
ples is given in Fig. 4. The small  posit ive t empera tu re  
coefficient of resistance suggests the alloys are de-  
generate.  The broad m a x i m u m  in the curves at about 
300~ may  be a resul t  of the long heat ing t imes in-  
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Table I. X-ray diffraction data for SnTe-Bi2Te3 alloys. Patterns have been indexed for a hexagonal crystal structure, but can also be 
indexed for a rhombohedral crystal structure. All observed diffraction lines are listed, but all possible reflections are not. The pattern of 

the 95% Bi2Te3 alloy is indistinguishable from that of pure Bi2Te3 

50% Bi.~Te~ 85% Bi2Te3 95% Bi.~Te~ 
a = 4.40A a = 4.40A a "-~ 4.38A 
c = 29,63A c = 30.21A c = 30.45A 

H K . L  dea l t  d , ~ a ,  I/1~ H K . L  doric dmea, I/Io H K . L  dcale dmea, 1/10 

10.1 3.78 3.78 30 
10.1 3.75 3.78 5 10.1 3.78 3.78 10 01.5 3.22 3.22 100 
01.5 3.21 3.21 100 01.5 3.22 3.22 100 01.8 2.70 2.69 30 
10.7 2.83 2.81 2 2.725 2 10.10 2.37 2.37 100 
00.12 2.47 2.45 5 10.10 2.365 2.365 90 01.11 2.23 2.24 50 
lO.lO 2.34 2.34 90 11.0 2.196 2.196 90 11.0 2.19 2.19 90 
01.11 2.198 2.196 90 00.15 2.016 2.016 50 00.15 2.03 2.03 70 
11.3 2.149 2.147 30 20.5 1.817 1.811 50 10.13 2.00 2.00 10 

2.060 5 00.18 1.883 1.680 2 20.5 1.813 1.814 60 
00.15 1.975 1.982 60 02.10 1.610 1.609 50 20.8 1.699 1.703 30 
20.5 1,815 1.814 50 20.11 1.570 1.560 2 02.10 1.611 1.611 50 
02.7 1.738 1.734 2 11,15 1.489 1.483 50 20.11 1.568 1.565 50 
11.12 1.643 1.633 5 12.5 1.400 1.398 50 11.15 1.489 1.488 60 
02.10 1.603 1.603 50 12.8 1.347 1.347 2 00.21 1.453 1.450 10 
I I .15  1,470 1,472 50 10.22 1.298 1.29~ I0  01.20 1,413 1.4,14 50 
21.5 1.401 1.398 50 00.24 1.261 1.266 10 12.5 1.397 1.396 50 
10.20 1.381 1.385 50 20.20 1.184 1.184 2 12.3 1.34:~ 1.342 30 
21.7 1.367 1.362 2 10.25 1.152 1.152 2 21.10 1.300 1.299 30 
11.15 1.317 1.312 2 22.0 1.100 1.098 5 00.24 1,270 1.265 30 
21.10 1.290 1.295 30 30.15 1.074 1.074 10 03.3 1.249 1.253 10 
10.22 1.269 1.266 30 11.21 1.200 1.211 10 
20.20 1.170 1.171 10 20.20 1.188 1.169 30 
10.25 1.133 1.133 5 10.25 1.159 1.162 30 
22.0 1.100 1.100 2 12.17 1.120 1.120 10 
20.23 1,068 1.068 5 
12.20 1.034 1.034 10 
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Fig. 4. Resistivity vs. temperature for several alloys having com- 
positions near 50 mole % $nTe. Carrier type is indicated by a 
small "n" or "p" on each curve. 

valved (1-2 hr) causing decomposition of the speci- 
mens. The Hall  coefficient was too small  to be de- 
tected in  alloys containing 95% or less Bi2Te3, ap- 
parent ly  due to a low mobil i ty and high carrier con- 
centration. 

Table II gives the Seebeck coefficients near  room 
and l iquid ni trogen temperatures  for compositions 
near 50% Bi.,Te3. 

Table III  presents thermal  conductivity data for 
compositions near  50% Bi2Te3, together with published 
values for SnTe and Bi2Te3. The measured value of 
K has been divided into lattice (K1) and electronic 
(Kel) contributions by assuming the alloys to be de- 
generate electronic conductors and computing Ket from 
the formula 

~ 2 ( k )  2 T  
Kel ='-{- \ - ' ~ /  V 

where k is Bol tzmann's  constant, e is the electronic 
charge, T the absolute temperature,  and p the resis- 
tivity. 

Discussion of the System SnTe-Bi2Te3 
The DTA data alone (Fig. 2) would suggest the exist- 

ence of an intermediate  phase which melts  by peritectic 

Table II. Seebeck coefficients for several SnTe-Bi2Te8 alloys. 

% Bi~Te~ 47.5 50.0 52.5 
T~ 95 301 96 284 91,6 301 

a, ~ v / ' c  +14 .0  +71.5  +21.5  +91.0  - 3 0 . 2  - 7 1 . 0  

Table Ill. Thermal conductivity of SnTe-Bi2Te3 alloys in w/~ 
The electronic contribution has been calculated using the measured 

resistivity and assuming the alloys to be degenerate. 

% Bi2Tes T ~  Kto t .  Kel .  KL 

O.00 85 55 • I0 -s 41,5 • 10-a 13.5 • 10 -8 
ref. (11) 300 66 • 10 -8 44,4 x 10-3 21.6 • 10 -3 

85 11.6 • 10-  ~ 2.73 • 10 -8 8.87 • 10-a 
47.5 305 12.1 • 10 -'~ 5.05 • 10 -8 7.05 • 10 "-a 

86 13,4 • 10 -8 2.10 • 10 -3 11.30 • 10 -8 
50.0 201 12.75 • 10 -a 3,87 • 10 .-3 8.88 • 10 -a 

304 15.22 • I0 -~ 4,31 • 10- a 10.91 • 10- ~ 

88 13,35 • 10 -a 1.22 • 1O -a 12.13 • 10 -~ 
52.5 302 12.50 X 10 -s 2.85 • 10 -a 9.65 • 10 -8 

100.0 85 67,0 • 10 -3 7.0 • 10 -~ 60.0 • 10 -8 
ref .  (12) 300 29.0 • 10-~ 12.0 • 10- ~ 17.0 • 10- ~ 

reaction at 601~ and has a composition of about 50% 
Bi~Te3, and that  a eutectic reaction occurs at 581~ 
and 85% Bi2Te3. However, x-ray,  electron microprobe, 
and metaUographic results all show a continuous series 
of solid solutions from 45 to 1004 Bi2Te3. These two 
groups of data may be reconciled if it is assumed that  
there exists a single phase between 45 and 100% 
Bi.,Te3, the phase being formed by peritectic reaction 
at about 45% BiaTe3 and 601~ and exhibi t ing a min-  
imum in the l iquidus at 85% Bi2Te3 and 581~ The 
presence of the 581~ reaction in alloys containing 
less than  85% Bi2Te3 is the result  of nonequi l ib r ium 
freezing dur ing the peritectic reaction as explained 
previously. This conclusion is supported by the ob- 
servation that  the heat  effect at 581~ is observed on 
heat ing only in the 85% Bi2Te3 alloy. A phase diagram 
showing the course of the l iquidus and solidus lines is 
presented in Fig. 5. 

The high solubili ty of SnTe in  Bi2Te3 is favored by 
two factors if it is presumed that  the Sn atoms occupy 
Bi sites in the Bi2Te~ lattice. First, the Sn sites i n  
SnTe are octahedrally coordinated by Te and the Bi 
sites in Bi2Te3 are near ly  octahedrally coordinated by 
their six nearest  neighbor Te atoms (10). This sug- 
gests that the na tu re  of the chemical bonds between 
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Sn and Te are similar to those between Bi and Te, so 
that Sn can easily be incorporated into the Bi2Te3 
crystal. Second, the Sn atom is smaller  than the Bi 
atom, so that  relat ive size should not prevent  the sub-  
st i tut ion of Sn for Bi in  Bi2Te2. If Sn is incorporated 
on Bi sites, then there would be a stoichiometric deficit 
of one Te atom for every two SnTe molecules dis- 
solved in the Bi2Te3 crystal. This deficit may be ac- 
commodated by either the formation of Te vacancies, 
or by the creation of ant is t ructure  defects [the ant i -  
s t ructure  defect is a Bi atom on a Te site, or vice 
versa, and is believed to be the predominant  na t ive  
disorder in Bi2Te3 (6)].  

It is not possible to determine with cer ta inty 
whether  the degenerate carrier  concentrat ions and 
changes in  carrier type are direct consequences of 
the incorporat ion of Sn into the Bi2Te3 lattice, or of 
a high concentrat ion of lattice defects as occurs in  
SnTe (5) and Bi~Te3 (6). Since the incorporat ion of 
SnTe molecules into Bi2Te~ produces a Te deficit (see 
above) and Bi2Te3 which has a Te deficit is p- type  
(6), conduction by holes should be favored in these 
alloys. Fur thermore ,  Sn has been observed to act as 
an acceptor in Bi2Te3 when added in small amounts  
(7, 8). Thus the expected electrical activity of Sn 
would also favor p- type conductivity. The fact that 
the SnTe-Bi2Te alloys are n- type  over most of the 
single-phase region suggests that  the addit ion of large 
amounts  of Sn to Bi2Te~ alters either the method of 
incorporation of Sn into the lattice or the bandst ruc-  
ture of the crystal. The former possibility might  arise 
due to the large stoichiometric deficit of Te resul t ing 

from the incorporat ion of SnTe into the Bi2Te3 lattice. 
The lat ter  possibility might arise due to the changes 
in the lattice parameters  on al loying Bi2Te3 with 
SnTe. Soonpaa (9) has correlated carr ier  type wi th  
the c /a  ratio of Bi2Te3 alloys and concluded that 
alloys are either n - type  or p- type depending on 
whether  c/a  is greater  or less than 6.98. The n - type  
SnTe-Bi~Te3 alloys, which have c /a  < 6.98, are in  
conflict with Soonpaa's conclusions. 

The best thermoelectric figure of meri t  for the SnTe-  
BieTe~ alloys which can be computed from the ex- 
per imenta l  data is 0.40-0.66 x 1O-3/~ at 300~ for 
compositions near  50% Bi2Te3. Although this best value 
could be improved somewhat by using higher pur i ty  
materials  and more precise control of the S n : B i : T e  
ratios, it still is sufficiently less than the figure of 
meri t  of other materials  cur ren t ly  available to make 
these alloys of little commercial importance. 
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ABSTRACT 

The electrochemical oxidation of hydrogen was investigated potentio- 
statically at 30~ and atmospheric pressure using two movable flat-plate 
p la t inum anodes which were part ial ly immersed in  1.0N H2SO4. The impor-  
tance of meniscus formation, electrolyte film formed on the exposed portion 
of the anode, surface roughness, and hydrogen adsorption on the exposed 
port ion of the anode is demonstrated by t rans ient  currents  resul t ing from 
vert ical  movements  of the anodes. The two anodes of different surface rough- 
nesses, one surface altered by sandblast ing and the other by platinizing, were 
tested at the following conditions: (a) s tat ionary positions, (b) lowering and 
raising at constant  rates (0.7 to 23.8 c m / m i n ) ,  and (c) sudden lowering and 
raising (greater than  480 cm/min) .  Surface roughness was a determining 
factor in the evaluat ion of the data. The roughness of both anodes was tem- 
porar i ly  changed by an electrochemical oxidat ion-reduct ion technique. The 
results of the invest igat ion lend support to the thin film model for porous gas 
diffusion electrodes. 

The mechanism occurring on fuel cell electrodes is 
very complex because of surface geometry including 
surface roughness, equi l ibr ium conditions, and thermo-  
dynamic and kinetic considerations (1). Several  in -  
vestigators (2-9) who considered some of the more 
theoretical aspects of the fuel cell reactions believe 
that  mass t ransport  of the reactant  to the electrode is 
often if not always ra te- l imi t ing;  however, they do not 
agree on the control l ing step. Diffusion of dissociated 
hydrogen on the electrode has been suggested as the 
controll ing step (5). Will  (9) and Maget and Roethlein 
(6), however, believe that the predominant  t ransport  
step is through the upper  port ion of the intr insic me-  
niscus and the adjacent  film, in  which case the entire 
surface of the electrode above the meniscus has a high 
ohmic resistance permi t t ing  poor ionic mobil i ty and 
hence presumably  allowing little current  flow. Pshen-  
ishnikov et al. (7) reported results on smooth elec- 
trodes in which the film above the meniscus actual ly 
contr ibuted more current  than did the meniscus itself. 
Weber et al. (8) came to essentially the same con- 
clusions as did Will;  however, they believe that a 
3-phase zone exists. Cobb (2), using molten carbonates 
as electrolyte, indicated that  the meniscus as wel l  as 
its shape plays a very  impor tant  role in  the electro- 
chemical reaction. The meniscus is considered by most 
to be involved in  the hydrogen transfer.  Certainly the 
meniscus characteristics would be significantly affected 
by surface roughness. 

Since the ra te -de te rmin ing  step of molecular hy-  
drogen t ransport  is often through the meniscus, re- 
duction of this resistance would resul t  in much higher 
currents.  Ennis  (3) found for example that, if the 
anode were raised or lowered in  the electrolyte at a 
constant  rate, larger currents  were obtained than those 
of a s tat ionary electrode at equil ibrium. In  addition, 
t ransient  currents  resulted from fast vertical  move-  
ments  of the par t ia l ly  immersed anode. In  all cases 
these currents  were  larger  than s teady-state  values 
and decayed quickly to equil ibrium. Will  (9) re-  

ported high t rans ient  currents  on lowering the anode, 
but  he found that the currents  were depressed on rais-  
ing it. The apparent  contradiction found by Will  and 
Ennis  concerning the na ture  of the t rans ient  currents  
has not yet  been explained, but  may be caused by 
differences in the surface roughness of the electrodes. 

In  the present  investigation, two anodes were 
roughened by sandblast ing and by electrochemical 
techniques. Surface roughness has been found im-  
portant  in explaining factors which affect t rans ient  
currents  when  the anodes are raised or lowered. 

Equipment and Operating Procedures 
The fuel cell consisted of two compartments  con- 

nected by a f l i t ted glass disk. The anode compartment  
was constructed of a par t ia l ly  submerged glass cyl- 
inder  into which the anode could be raised. The top 
of the cyl inder  was fitted with a rubber, stopper con- 
ta in ing  hydrogen inlet  and outlet ports. The other 
compartment  contained the counter  electrode. 

The anodes used were 0.0075-cm (0.005-in.) thick 
p la t inum foil approximately 2.5 cm wide by 8.0 cm 
long. A No. 20 gauge p la t inum wire was spot welded 
to the top of each electrode and connected through a 
rubber  cap on each Pyrex  glass tube to a No. 18 gauge 
copper wire. Surface roughness of the p la t inum foil 
anodes was modified in the following manner :  anode 
S was sandblasted and cleaned in concentrated hydro-  
fluoric acid; anode R was platinized for 120 sec in a 
10% chloroplatinic acid solution at a current  density of 
18.5 ma / c m 2. The anodes were cleaned before most 
runs  in hot concentrated ni tr ic  acid (di lut ion 1: 3) and 
washed with distilled water  before use; this procedure 
will  be termed the "normal"  electrode conditions. In  
some cases, the anodes were "activated" by an oxi- 
dat ion-reduct ion technique in 2.0N H2804: oxygen 
was evolved at the anode for 12 hr  at a cur ren t  density 
of approximately 0.17 amp/cm 2, it was washed with 
distilled water  and reduced in  a similar  sulfuric acid 
solution for 4 m i n  at a current  density of approxi-  
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mately  0.05 a m p / c m  2. The p la t inum oxide layer was 
bel ieved to be completely  reduced in this la t ter  step 
since a hydrogen equi l ibr ium potent ial  was obtained 
in less t ime than it took to set up the cell and make  a 
measurement  (less than 3 min) .  

The electrolyte  was 1.0N H2804 prepared f rom 96.5% 
reagent  grade sulfuric acid. The electrolyte  was satu-  
rated with  hydrogen gas and mainta ined at 30 ~ 
•176 A saturated calomel  electrode (SCE) was 
used as a potential  reference,  and unless otherwise 
stated all  potentials are re fer red  to this standard. A 
Duffers Model 600 potentiostat  wi th  auxi l iary  equip-  
ment  was used to control the potential  of the anode • 
wi th in  • A Sargent  Model SR automatic  self-  
balancing potent iometer  was used to record the cur -  
ren t  output  of the cell. 

A specially designed elevator,  which could be dr iven  
by motor  or turned by hand, was used to raise or 
lower  the anodes to wi thin  • cm. A r ing stand, 
fitted with  stops and a sliding clamp at tached to the 
anode Py rex  glass tube, was used to raise and lower  
(snap-raise or snap- lower)  the test electrodes by hand 
rapidly. 

Results 
Anodes at stationary positions.--The currents  ob- 

tained wi th  the platinized anode and the sandblasted 
anode at various s tat ionary positions were  measured 
as a function of the emergen t  height  ( the distance 
between the top edge of the anode and the surface of 
the electrolyte)  for the fol lowing conditions: 0..15 and 
0.55v applied vol tage and for both a "normal"  anode 
and for one that  had been preoxidized-reduced just  
before the run. The relationships of current  to height  
for the "normal"  plat inized anode, Fig. 1, curves 1 and 
2, are s imilar  to those explained earl ier  by Will (9). 
At emergent  heights of 6-8 cm, the meniscus was 
ragged; the currents  were  also less regular  and consist- 
ent. 

Immedia te ly  after the preoxidat ion of the platinized 
anode, the currents  obtained at 0.55v (curve 4) were  
general ly  lower  by about 1 ma than curve  2; however ,  
these currents  tended to increase toward curve  2 
wi thin  several  hours. This gradual  increase in current  
wi th  t ime was not observed at 0.15v. The results for 
the sandblasted anode are shown in Fig. 2, and each 
curve  shown is the average of several  runs which also 
gave reasonably good reproducibi l i ty  as indicated by 
a statistical evaluation.  The current  obtained wi th  the 
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Fig. 2, Average current as a function of the sandblasted anode's 

emergent height under normal and preoxidized-reduced conditions 
at potentials of 0.15 and 0.55v. 

sandblasted anode were  often as low as 40% of those 
obtained with the plat inized anode. Preoxidat ion  of 
the sandblasted anode caused the current  to increase 
by about 100% (al though currents  were  genera l ly  less 
than for the other  anode) for applied voltages of both 
0.15 and 0.55v. Both anodes when  preoxidized gave 
similar currents  at 0.55v. 

Al though the surface areas of the two anodes used 
in this invest igat ion were  not  measured directly,  the 
results and methods of prepar ing  the anodes are quite  
similar  to those of Will  (9) for two of his anodes. It  
seems safe to conclude that  re la t ive  surface roughness 
of the anodes are also similar, namely  10 and 88, re-  
spectively. 

Anodes moved at steady rates.--Numerous runs 
were  made in which the two anodes were  raised or 
lowered at various constant rates. F igure  3 indicates 
such results  for the  plat inized anode as a funct ion of 
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FUEL CELL OXIDATION OF HYDROGEN 

Table I. Constants for Eq. [1] and [2] 

Applied 

emergent  height  as the anode was moved at 0.55v. The 
current  clearly increased as the ra te  of lower ing in-  
creased. Curve 5 is for the s tat ionary anode (also 
curve 2 of Fig. I ) .  Raising the anode caused the cur-  
rent  to decrease as is indicated by curves 1-4. 

The average  current  for each run shown in Fig. 3 
was de termined  by graphical ly integrat ing and aver -  
aging. Figure  4 shows a plot of these average currents  
as a function of the average  rate  of raising and low- 
ering the anode. Runs in which the anode was ex-  
posed to hydrogen  for 10.0 min before lowering per -  
haps gave slightly h igher  currents  by about 5% than  
those with  1.0-min exposure;  however ,  more data 
would  be required to eva lua te  this difference statis- 
tically. The middle curve of Fig. 4 designated as 
"average"  current  is the ar i thmet ical  average of the 
curves for  lower ing and raising. Such an average  cur-  
rent  might  be expected if a cylindrical  rotat ing anode 
were  to be used in a fuel  cell. In such a fuel  cell, one 
port ion of the anode would  correspond to the raising 
exper iments  and the opposite port ion to the lower ing 
experiments .  

Similar  runs were  made for the sandblasted anode at 
0.55v, and the results are shown in Fig. 5. The currents  
obtained were  significantly less than those obtained 
wi th  the plat inized anode. However  raising the sand- 
blasted anode at rates greater  than about 4 c m / m i n  in-  
creased the current.  Exper iments  were  also made at 
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Fig. 5. Average current as a function of average rate of raising 
and lowering the sandblasted anode at a potential of 0.55v. 

533 

Anode voltage, v a b e d 

P l a t i n i z e d  0 . 1 5  6 . 6  0 . 9 9  5 . 1  0.50 
P l a t i n i z e d  0 . 5 5  9 . 8  0 . 8 2  9 . 0  1 . 2 4  
S a n d b l a s t e d  0 . 1 5  2 . 1  0 . 2 2  - -  - -  
S a n d b l a s t e d  0 . 5 5  2 . 9  0 . 2 3  - -  

0.15v in which both anodes were  moved  at steady rates. 
The types of curves obtained were  similar  to those ob- 
tained at 0.55v. 

Ave rage  currents  for runs in which the anode was 
lowered  could in all cases be fitted by the fol lowing 
type of empir ical  equat ion 

Cur ren t  = a -5 b (rate of lower ing in cm/min )  [1] 

Currents  for the plat inized anode as the anode was 
raised were  correlated at rates f rom 0.9 to 22 c m / m i n  
by the fol lowing empir ical  equat ion 

Current  = c - -  d lne (rate of raising in c m / m i n )  [2] 

Values of a and b and of c and d were  de te rmined  by 
regression analyses, and Table I indicates the values 
obtained. The va lue  a represents  the average  current  
for the s tat ionary anode. The significance of these 
values will  be discussed later.  

Currents after sudden raising or  lowering of  anode. 
- - N u m e r o u s  exper iments  were  made in which both 
anodes were  suddenly raised or lowered in less than 
0.5 sec f rom one position to another.  These changes in 
position are designated as snap-raises and snap- lower -  
ings. In all cases the emergent  height  of the anodes 
was never  less than 2.0 cm. F igure  6 indicates the 
results of runs for the plat inized anode as it was 
moved from emergent  heights of 2-6 cm and back for 
both 0.15 and 0.55v. When this anode was raised, the 
current  decreased in the first second, then  immedia te ly  
increased somewhat  (to a value less than steady state), 
and then decreased sl ightly for about 0.5 min. From 
0.5-10.0 min the current  increased sl ightly and leveled 
off af ter  about 10 rain. When the anode was snap- 
lowered, the current  increased to a value  off the scale 
of the recorder  (i.e., greater  than 12.5 ma) .  The cur-  
rent  decreased to less than 12.5 ma wi th in  6 sec, a 
min imum current  was exper ienced after  about 1 min, 
and then the current  increased sl ightly and leveled off 
by the end of 10 rain. 

Preoxidat ion of the plat inized anode did not  have  
any significant effect on the t ransient  currents  obtained 
dur ing snap-raises and lowerings. In all runs wi th  
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Fig. 6. Transient currents after snap-raise and snap-lower of the 
platinized anode at potentials of 0.15 and 0.55v. 



534 J. Electrochem.  Sot.:  ELECTROCHEMICAL SCIENCE J u n e  1967 
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Fig. 7. Transient currents after snap-raise and snap-lower of the 
sandblasted anode at potentials of 0.15 and 0.55v. 

this anode, the meniscuses obtained dur ing snap-raises 
and lowerings looked smooth and well-formed. 

The currents  obtained with snap-raises and lower-  
ings of a "normal"  sandblasted anode are shown in 
Fig. 7. The general  characteristics of the curves ob- 
tained are similar to those of the plat inized anode ex- 
cept that  the t rans ient  currents  on raising were about 
3 times greater than the currents  at s ta t ionary condi-  
tions. When the sandblasted anode was then preoxi-  
dized and snap-raised at 0.55v, the results obtained 
160 and 1730 min  after preoxidat ion are shown as 
curves 2 and 3 of Fig. 8. Curve  1 is shown for purposes 
of comparison (also curve 3 of Fig. 7). Preoxidat ion 
drastically changed the type of curves obtained with 
snap raises; there was an instantaneous current  reduc-  
tion, quick rise of current  above the steady-state  
value; the current  then decreased to a m in imum after 
about 0.5 min  and then increased to a plateau by the 
end of 10 min. After  1730 min  (about 29 hr) ,  the 
character of the curve was similar to that  of curve 1, 
although the currents  were higher in all  cases. Snap-  
lowering runs  for the preoxidized sandblasted anode 
showed the same phenomena  as previously described 
and shown in Fig. 7. 

Discussion and Results 
Results of this investigation support  the postulate 

that  the ra te-control l ing step of the over-al l  process is 
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Fig. 8. Transient currents after snap-raise of the sandblasted 
anode under normal and preoxidized-reduced conditions at o poten- 
tiel of 0.55v. 

mass transfer  of the hydrogen to the anode through 
the upper  edge of the meniscus and of the film jus t  
above it. As indicated in Fig. 1 and 2, the max imum 
current  is obtained just  as the meniscus first develops 
when the anode is raised from the electrolyte. 

Surface roughness was found to be an impor tant  
factor in the t rans ient  currents  developed as the anode 
was raised or lowered. With the sandblasted anode 
which was macroscopically rough but  microscopically 
smooth, good agreement  was obtained with the results 
of Ennis  (3), i.e., increased currents  were obtained as 
the anode was both lowered and raised. With the plat i-  
nized anode, however, which is microscopically rough, 
good agreement  was obtained with the results of Will  
(9), i.e., increased currents  when the anode was low- 
ered but  decreased currents  as it was raised. The pre-  
oxidat ion-reduct ion of the sandblasted anode prob- 
ably microscopically roughened the anode (11,12), 
resul t ing in t rans ient  currents  for raising that  were 
intermediate  between those of the two anodes under  
normal  conditions (see Fig. 6 and 8). 

Shibata (11, 12) concludes that preoxidat ion-reduc-  
tion of p la t inum produces an active unstable  p la t inum 
surface with an activity comparable to the plat inized- 
p la t inum electrode. Comparisons of Fig. 1 and 2 and of 
Fig. 6 and 8 can be interpreted in  terms of this model. 
After the preoxidat ion-reduct ion technique the cur-  
rent  vs. emergent  height curves (Fig. 1 and 2) of both 
anodes were more regular,  indicat ing a more un i form 
surface. At 0.55v (curve 4, Fig. 1) the current  of the 
peroxidized platinized anode was ini t ial ly lower than 
under  normal  conditions (curve 2). Some active sites 
may have been "sealed off" by the production of this 
temporary active surface. Such a phenomenon was not 
apparent  at 0.15v or on the sandblasted anode at either 
potentials. 

Will  and Knor r  (10) found that essentially no hydro-  
gen adsorbs on p la t inum electrodes at potentials 
greater than 0.4v relat ive to the normal  hydrogen elec- 
trode (NHE). Will  (9) states that a voltage gradient  
probably exists in the meniscus-fi lm region parallel  
and adjacent  to the anode, s tar t ing from the applied 
potential  in  the bulk  solution and decreasing toward 
the reversible hydrogen electrode potential. This volt-  
age gradient  resul t ing from the slow t ranspor t  of hy-  
drogen ions from the reaction zone into the bu lk  elec- 
trolyte causes concentrat ion gradients of molecular  and 
atomic hydrogen to exist along the anode surface. 
Therefore, a larger port ion of the exposed anode sur-  
face should be at potentials low enough for hydrogen 
adsorption at 0.15 than at 0.55v, relative to the satu- 
rated calomel electrode. Consequently,  on lowering the 
anode, the slope of the curve of average current  vs. 
average rate of lowering should be larger at 0.15 than 
at 0.55v. The platinized anode supports this postulate 
since the corresponding slopes were found to be 0.99 
and 0.82 m a / c m / m i n  (Table I) .  However, for the sand- 
blasted anode, the two different potentials had little or 
no affect on the slope. Since the meniscus on the sand-  
blasted anode was ragged on lowering, the film, if one 
existed, was presumably  extremely thin;  consequently 
a large voltage gradient  existed and most of the ex- 
posed anode surface at both potentials was at a po- 
tent ial  lower than  0.4v (NHE).  

As ment ioned previously the sandblasted anode was 
macroscopically rougher than the other anode, due to 
the sandblasting. Therefore, when  the platinized anode 
was suddenly raised, the l iquid film which was pulled 
up was undoubtedly  smaller  and dra ined more quickly 
than the corresponding film on the other anode which 
tended to "hang up" on the coarse structure. The pre-  
oxidat ion-reduct ion technique discussed earlier should 
produce a temporary  surface structure on the sand- 
blasted anode somewhat in termediate  between these 
two extremes. This intermediate  condition was shown to 
exist (see Fig. 8) and did slowly revert  back to the 
normal  condition. 

When both anodes were quickly raised, the current  
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ins tantaneously  decreased. This could be due to either 
or both of the following: (i) an increased film thick- 
ness resul t ing in a larger bar r ie r  to hydrogen diffusion, 
or (ii) by removal  of that  port ion of the anode which 
was original ly in  equi l ibr ium near  the top of the me-  
niscus and replaced by a lower portion of the electrode 
in equi l ibr ium with a much smaller  concentrat ion of 
hydrogen. The film apparent ly  drains very  rapidly 
from the platinized anode as evidenced by the short 
peaks following the first instantaneous decrease 
(curves 1 and 3, Fig. 6). These same peaks for the 
sandblasted anode are quite large (curves 1 and 3, 
Fig. 7) indicating that  the film drained slowly enough 
to permit  establ ishment  of high currents. These t r an-  
sient currents  are not believed to be affected by the 
potentiostat, since it has a stated rise t ime of 25 ~sec 
for a 0.01v square wave input.  

Upon constant raising of the anode (Fig. 4 and 5), 
the effect of surface roughness is apparent  at speeds 
much slower than those of a rapid or snap-raise.  The 
sandblasted anode shows a modest current  increase 
following a small  depression at very slow rates of rais-  
ing, whereas, the platinized anode exhibits a con- 
t inuously  decreasing current  of an asymptotic nature.  

Results of these experiments  support  the theory 
that a l iquid film exists above the intr insic meniscus 
and that  no 3-phase zone exists. During experiments  
with the platinized anode when it was raised from an 
emergent  height of 6.0-7.0 cm, the portion of the elec- 
trode directly above the apparent  meniscus edge ap-  
peared to become "dry" with a very distinct upper  
boundary.  This dry region encompassed that  portion 
of the electrode greater than 6.0 cm which was pre- 
viously discussed and regarded as nonuniform.  As this 
portion of the electrode became dry, the current  which 
w a s  ini t ia l ly  at steady state decreased approximately 
0.5 ma to a new steady state. The actual shape of the 
meniscus itself probably changed dur ing  this film 
separation and accounted for the current  decrease. It  
is impor tant  to note that  a distinct visible film bound-  
ary did exist. This phenomenon was not observed on 
the sandblasted anode. The existence of the film may 
depend on surface roughness, and if the film does exist 
it  contributes very little to the total current.  

Conclusions 
Surface roughness of a par t ia l ly  submerged p la t inum 

anode has an impor tant  effect on currents  at a station- 
ary electrode and the t rans ient  currents  obtained when  
the anode is raised or lowered. Surface roughness 
affects both the meniscus and film formation, which 
in t u rn  affects the currents.  Preoxidat ion followed by 
reduct ion temporar i ly  alters the surface roughness of 
plat inum. 

At s tat ionary electrode conditions, a thin film covers 
the exposed portion of part ial ly submerged, heavily 
p la t in ized-pla t inum electrodes. This film may or may 
not cover the exposed portion of a par t ia l ly  submerged 
"smooth" anode; however, this film was not  found to 
contr ibute significantly to the total current.  
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Substructures in Oxide Scales on Nickel, Cobalt, 
and Nickel-Cobalt Alloys 

G. C. Wood, J. M. Ferguson, B. Vaszko, and D. P. Whittle 
Corrosion Science Division, Department o~ Chemical Engineering, 

The University o~ Manchester Institute o~ Science and Technology, Manchester, England 

ABSTRACT 

Scales produced on nickel, cobalt, and nickel-cobalt alloys in pure oxygen 
at I000 ~ and 1200~ have been studied, after different cooling procedures, in 
plan and section by optical and electron microscopy. Very large columnar 
grains are separated from the metal core by a thin layer of fine equiaxed 
grains. Subgrain boundaries are revealed on the surface of nickel-rich scales 
by a form of growth or by thermal etching and of cobalt-rich scales by Co804 
precipitation. In section, the visibility of Co304 decorating subboundaries can 
be accentuated by preferential chemical etching. Growth facets and steps and 
thermal etch pits produced by surface processes are clearly evident on scale 
surfaces, certain of the etch pits probably being associated with emergent dis- 
locations. Control of the alloy composition and cooling conditions leads 
to precipitation of Co304 either randomly, or along subgrain boundaries, or 
as very fine particles along preferred directions in the (Ni,Co)O grains. 

Following the very early studies of oxidation phe-  
nomena,  in which the e lementary  ideas of kinetic, me-  
chanical, structural ,  and topographical aspects were 
proposed, came a long period in  which the field was 

dominated by kinetic studies which reached, in  some 
cases, a considerable degree of sophistication. In re-  
cent years, however, the l imitat ions of this approach 
have been appreciated by m a n y  workers, and kinetic 
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measurements  have been supplemented by carefully 
documented topographical, structural ,  and microana-  
lytical information.  

Thus, to characterize an alloy oxidation process rea-  
sonably ful ly it is necessary to know the kinetic rate 
constants for the surface oxide and any in ternal  oxide 
formation, together with the interdiffusion coefficient 
of the al loying elements and the solubil i ty and diffu- 
sion rate of oxygen in the alloy. Additionally,  a full  
knowledge of morphological, epitaxial,  structural ,  and 
microanalytical  data is required at various stages of 
oxidation and often a ra te -de te rmin ing  layer must  be 
isolated. The lattice defect s tructure and semiconduct-  
ing properties of this layer  must  be ascertained by 
techniques such as electrical conductivity measure-  
ments  and radioactive tracer techniques. 

The state of development  of the oxidation field has 
now reached the stage where, in addition to the above 
information,  much more must  be established about 
phenomena affecting the mechanical  properties of 
films and scales, factors which are highly significant 
in determining the oxidation behavior. By analogy 
with the s tudy of metals and ceramics, there are two 
approaches whereby this more fully integrated picture 
of the oxidation process may be attempted. One in-  
volves the direct measurement  of mechanical  prop- 
erties of oxides and oxide/metal  combinations such as 
the stress developed, tensile properties, creep rates, 
fracture properties, and hardness. P re l iminary  mea-  
surements  along these lines have already been made 
by other workers (1-9), although much remains to be 
done. The second approach, an essential one in the long 
run  to unders tand  processes such as slip, fracture, and 
creep fully, is to establish a sound unders tanding  of the 
grain s tructure and substructural  detail of films and 
scales. This involves a knowledge of grain nucleation, 
recrystallization, and grain growth phenomena dur ing 
scaling and subsequent ly  of subgrain  boundary  and 
dislocation distribution. In  certain instances precipita-  
tion phenomena wi th in  the scale are also important.  
The present  paper reports a pre l iminary  study of such 
phenomena in scales. 

Informat ion on the substructure and mechanical  
properties is most urgent ly  needed for oxides such as 
Cr203, A1203, Nb205, and ZrO2 which commonly fail 
by spalling. However, although the problem is by no 
means as severe with nickel and cobalt, the oxides of 
these metals are much easier to study in this way and 
are therefore more suitable for pre l iminary  studies. 
Thus nickel-cobalt  alloys, which are homogeneous and 
single-phase, produce single layers of a single oxide 
solid solution (Ni,Co)O when oxidized above 900 ~ 
950~ cobalt being only slightly preferent ia l ly  oxi- 
dized. Such layers grow according to a parabolic rela-  
t ionship main ly  by the outward movement  of cations, 
and metal  concentrat ion gradients have recently been 
obtained through such scales at various stages of oxi- 
dation (10). The system has the addit ional advantage 
that on cooling scales below 900~176 Co304 is pre-  
cipitated wi thin  the scale to an extent  determined by 
the alloy composition and the cooling rate, thus per-  
mit t ing study of preferential  sites for precipitation. 
This is because (Ni, Co)O, saturated with oxygen at the 
oxidation temperature,  becomes supersaturated on 
cooling, thus promoting the precipitation. Additionally,  
for slow cooling in oxygen or air the surface layers 
would tend to be converted to CoaO4 by continued 
oxidation. 

Experimental Procedure 
In  prepar ing the scaled specimens which were to be 

studied in p lan  and section by optical and electron 
microscopy, it was recognized that as well  as identifi- 
cation of normal  growth features, recourse would 
probably be necessary to the established methods of 
observing substructure in metals, namely  thermal  
etching, chemical etching, and defect decoration. A 
form of thermal  etching was obtained by carrying out 

the oxidation at high temperatures.  Decoration could 
be controlled to some degree by careful choice of the 
alloy and cooling conditions. 

Annealed specimens of nickel, cobalt, and of Ni- 
10.9% Co and Ni-80.0% Co, of pur i ty  in excess of 
99.95%, were used for most experiments,  but  com- 
parable results were also obtained for the pure metals 
with spectrographically pure  material .  The surfaces 
were general ly electropolished at 0.39 amp/cm 2 in 
60% sulfuric acid (s.g. 1.6) at 30~ for 3 min  or l ightly 
mechanical ly polished on 1~ diamond suspension. After 
washing in alcohol and drying, the specimens were 
oxidized by immediate  exposure to pure flowing oxy- 
gen for various times at 1000 ~ or 1200~ They were 
subsequent ly  cooled by quenching in water, by fur-  
nace cooling (2~ or general ly at an in termedi -  
ate rate of approximately 150~ Unless otherwise 
stated in the captions the last cooling rate is applicable. 

Certain scales were examined directly in plan, but  
others were fractured by bending the completely oxi- 
dized specimen or were prepared convent ional ly  in 
section, finishing on diamond suspension. The grain 
s tructure of scales in section on pure nickel was some- 
times revealed by a relat ively long polishing time. 
With cobalt and Ni-80.0% Co it could be accentuated 
by etching in 30% V/V HC1 in ethyl alcohol at 50~ 
for 15-30 sec, which functions by attacking Co804 
precipitates in grain boundaries.  Micrehardness t ra-  
verses across scale sections were made at room tem- 
perature,  using a Reichardt microhardness tester with 
loads in the range 5-100g, but  usual ly  50g. 

The electron microscopical examinat ion of the sur-  
faces of the scales was made using standard replica 
techniques, in conjunct ion with an A.E.I., E.M.6 micro- 
scope. The two-stage fo rmvar /ca rbon  replica technique 
was found to be the most suitable. This produced a 
carbon replica, negat ively shadowed with a p l a t i num/  
carbon alloy, nomina l ly  normal  to the surface. The 
al ternat ive method, involving chemically str ipping a 
direct carbon film as a replica, was also used with 
relat ively flat surfaces where it could easily be re-  
moved. 

Results and Interpretation 
At the present  stage of development  of this work, 

the causes of all the surface features cannot be pre- 
cisely stated because of general  ignorance of the rela-  
tive contributions of directional preferent ial  growth 
through the oxide lattice, surface diffusion, and evap- 
oration and surface-tension phenomena.  For the sake 
of presentation, it will  be assumed that  the very large 
crystal facets, involving entire grain or subgrain  sur-  
faces, are due to preferent ial  growth along certain 
directions whereas smaller steps, striations, or etch pits 
wi thin  the grains are due to surface diffusion and pos- 
sibly evaporation. The term "thermal  etching" will  be 
employed although it is recognized that  this process, as 
employed as a technique in reveal ing the surface struc- 
ture of metals and ceramics, is often carried out in 
vacuo, conditions clearly favoring evaporation proc- 
esses. However, thermal  etching is also known to oc- 
cur in gaseous atmospheres, including those which are 
mildly oxidizing. The oxide surface will be a t tempt ing 
to assume a mi n i mum surface free energy configura- 
tion reveal ing close-packed planes, grain boundaries,  
and dislocation networks. This simple picture will  re-  
quire substantial  modification in  due course. The pos- 
sibili ty of obtaining surface features due to mechanical  
deformation of the oxide or to vacancy coalescence on 
cooling should not be neglected. 

Unfor tunate ly  it is not possible to make a quant i ta -  
tive appraisal of the phenomena at this stage. This 
would require a very detailed study of each factor dis- 
cussed and would in  any case be rendered difficult by 
existing doubts about  surface tension, surface diffu- 
sion, and evaporation contr ibutions to surface fea- 
tures on all materials and about 1:1 correlation be- 
tween etch pits and emergent  dislocations. 
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Table I. Scale Thicknesses 
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Alloy Oxidat ion  t ime Scale th ick-  
and t empera tu re  ness, 

Nickel  12 hr,  1200~ 40 
Ni-10.9% Co 4 hr,  1000~ 13 

5 rain, IO00~ 10 
Ni-80.0% Co 50 hr ,  IO00~ 270 

12 hr, 1200~ 500 

Cobalt 12 hr, 1200~ 900 

Scale thicknesses.--In those cases where scales have 
been examined in plan, it  is of value to know the scale 
thicknesses; consequently these are given in Table I. 

Oxide grain size and distribution.--Figure l a  shows 
a section through a thick scale produced on nickel by 
oxidation for 288 hr  at 1200~ The action of the dia-  
mond polishing suspension is sufficient to delineate the 
grain boundaries  mlldly  and gives clearer results than  
etching in boiling orthophosphoric acid solution which 
tends to stain the specimen. The scale consists of a 
single major  layer with large columnar  grains extend-  
ing from the outer interface to a th in  region of fine 
equiaxed grains adjacent  to the metal. The pores in  
this inner  region appear to be associated with the 
more friable oxide there. Scales on zone-refined nickel 
have large grains extending nearer  to the metal. 

Figure lb  shows in section a remarkably  un i form 
and pore-free s ingle- layer  scale on cobalt oxidized for 
4 hr at 1000~ During cooling at 150~ Co304 
precipitat ion has clearly occurred along the columnar  
grain boundaries and to some extent  at preferred sites 
wi thin  the grains in the outer half of the scale and 
probably  nearer  the metal, al though it is not visible 
there through being small. A similar section of a cobalt 
specimen, completely oxidized in 65 hr  at 1200~ 
cooled at 150~ and etched in alcoholic hydro-  
chloric acid solution, is depicted in Fig. lc. Again, 

Fig. la. Grain size and distribution in section. Nickel oxidized 
for 288 hr at 1200~ 

Fig. lb. Grain size and distribution in section. Cobalt oxidized 
for 4 hr at I000~ 

Fig. lc. Grain size and distribution in section. Cobalt fully ox- 
idized after 65 hr at 1200~ etched, 

massive outer columnar grains are separated by an 
inner  layer  of fine grains. The lat ter  may be par t ly  
associated with impurit ies collecting there and inhibi t -  
ing grain growth, or affecting mechanical  constraints 
near  the metal /oxide interface by reducing scale plas- 
ticity, as indicated by Vall~e (17). It  is noteworthy 
that the region of small equiaxed grains is thicker near  
the end of the specimen which could indicate that  
mechanical  factors operative there influence the struc-  
ture, although clearly the scale has been sufficiently 
plastic to accommodate volume changes in this vicinity. 
Indeed the scale has shown sufficient plasticity to ac- 
commodate vi r tual ly  all volume changes because, apart  
from a few pores which may have been produced or 
enlarged dur ing the polishing process, there is no gap 
in  the center of the specimen as often occurs when 
scales grow by cation diffusion. Special experiments on 
spheres, cylinders, and various angular  specimens with 
very sharp corners all showed adherent  uniform scale 
on cooling from 1000 ~ or 1200~ confirming that 
scale plasticity at these temperatures is sufficient to 
el iminate effects of mechanical  factors on the oxi- 
dation rates. 

Etching reveals the relat ively fine precipitat ion of 
Co304 within  the grains because it acts by attacking 
the Co304. It  is l ikely that the Co304 is decorating 
subgrain  boundaries  bu t  it  is difficult to be precise at 
this magnification. Addit ional ly there is a tendency for 
Co304 precipitat ion from scales on pure cobalt to be 
so extensive that  its location is sometimes throughout  
the grains in a random fashion. The general  grain 
structures just  described are somewhat similar to 
those previously reported for nickel (13), cobalt (15, 
17), and iron (25). 

Microhardness traverses across sections of the thick 
scales at room temperature  showed that the hardness 
values decreased from 650-750 k g / m m  2 for NiO to 450- 
500 k g / m m  2 for (Ni,Co)O on Ni-80% Co and 300-350 
k g / m m  2 for CoO. These ranges cover the scatter from 
numerous  specimens examined, repeated values from 
individual  specimens giving much closer results. The 
small  equiaxed grains near  the metal /oxide  interface 
and at the ends of the specimens gave values 10-20% 
lower than in  the outer columnar  grains. Co304 pre-  
cipitates, of the size observed here, also seemed to re-  
duce the measured hardness of CoO-rich grains by a 
similar  amount.  There was, however, no obvious hard-  
ness gradient  across any  scale section. In  the case of 
the Ni-80% Co alloy, where such a gradient  would be 
expected on the grounds of composition changes, this 
is because the grain size and precipitation effects 
would tend to obscure the gradient. The hardness val-  
ues were general ly  independent  of the oxidation tem- 
pera ture  wi th in  the exper imental  error. Hardness 
values of these oxides which are relat ively bri t t le  at 
room temperature  can only be considered as relative 
and do not directly imply similar trends at tempera-  
ture. The measurements  were general ly made with a 
50g load, al though the values were apparent ly  un -  
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affected in the range 5-100g. Douglass (6), working  
on ZrO2, used much higher loads and found a depend-  
ence of hardness with load under  these conditions. Al-  
though hardness values obtained at temperature  are 
obviously more valuable,  it is still useful  to have mea-  
surements  of scale properties at or near  room tem-  
perature,  because spalling on cooling or thermal  cy- 
cling is clearly par t ly  determined by the latter.  

Figure 2a displays the massive grains on the surface 
of cobalt oxidized for 12 hr  at 120O~ followed by 
quenching in  water, the characteristic grain shape and 
grain boundary  network showing remarkab ly  clearly. 
The apparent  size of these grains lies in  the range 
100-400~, which agrees well with values measured in 
section. No Co304 is evident  in this specimen because 
its deposition was prevented by the rapid water  
quench. By analogy with similar grains on cobalt (18) 
and nickel ( i3) ,  examined by x - ray  diffraction tech- 
niques, the large flat surfaces parallel  to the surface 
may be identified as (100} planes and the sides of the 
few large pits in the grain boundaries in Fig. 2a and 
2b (appearing black) as {111} planes. These large 
faceted pits seem more common on nickel surfaces, 
par t icular ly  at high temperatures  (19). Similar  sur-  
face grain pat terns have been reported by other 
workers (14, 16). In one study of cobalt oxidation the 
grain surfaces are reported to be flatter at higher tem- 
peratures and on annealed surfaces (17). 

Figure 2b displays the effect of cooling a s imilar ly 
oxidized specimen at about 150~ Co304 is pre-  
cipitated in  a relat ively finely divided form at pre-  
ferred sites in the surface, such as subgrain  boundaries  
and other regions of dislocation emergence. The dis- 
t r ibut ion is similar to that  of the specimen shown in 
section in Fig. lc. 

The surface of the scale on Fig. 3a, which was pro- 
duced on Ni-SO.0% Co by oxidation for 70 hr at 1200~ 
and cooled at 150~ shows some irregular  cracks. 
These may well  have followed subgrain  boundaries 
decorated by Co304 dur ing the cooling process. This em- 
phasizes the importance of reactions occurring dur ing  

Fig. 3a. Fracture of scale. Ni-80.0% Co oxidized for 70 hr at 
1200~ and cooled at 150~ 

the cooling process as well  as at temperature  and the 
effects of the differential cooling characteristics of the 
alloy and scale. For comparison, Fig. 3b shows a frac- 
ture surface of a scale on cobalt, completely oxidized 
for 65 hr  at 1200~ and subsequent ly  cracked in half. 
Fracture  steps are clearly visible, and the dots indicate 
Co304 precipitates, comparable in  size to those seen in 
plan, which could well  act as stress raisers. Cracks 
were t ransgranular  in the oxide which is not very  
ductile at room temperature.  

Oxide subgrain size and distribution.--Electron mi- 
croscopy enables the subgrain  structures to be studied 
in much greater detail. Thus, Fig. 4a shows the sur-  
face of a scale in Ni-10.9% Co oxidized for 4 hr at 
1000~ this scale being about 13~ thick (Table I) and 
having a surface composition of (Ni,Co)O containing 
about 20% cobalt wi thout  any Co804 precipitate (10). 
The outer surfaces of the columnar  grains viewed in 
plan are about 1.5-5~ wide, and  the subgrains wi thin  
them are typically 1.5 x 0.4#. The fine veinl ike  struc- 
ture revealing the subgrains is produced by the sur-  
face phenomena ment ioned previously. It  is worth 

Fig. 2a. Grain size and distribution in plan, together with other 
topographica! details. Cobalt oxidized for 12 hr at 1200~ and 
quenched in water. 

Fig. 3b. Fracture of scale. Fracture surface of cobalt specimen, 
completely oxidized for 65 hr at 1200~ 

Fig. 2b. Grain size and distribution in plan, together with other Fig. 4a. Electron microgroph of ,subgrain structure. Ni-I0.9% Co 
topographical details. Cobalt oxidized for 12 hr at 1200~ oxidized for 4 hr at 1000~ 
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Fig. 4b. Electron micrograph of subgrain structure. Ni-80.0% 
Co oxidized for 5 rain at 1000~ 

not ing that  the mel t ing points of NiO and CoO .are 
1960 ~ and 1805~ respectively. 

Another  method of showing up the subgrain struc-  
ture, displayed for Ni-80.0% Co oxidized for 5 min  at 
1000~ (Fig. 4b), is to select the alloy and cooling con- 
ditions so that  Co304 is precipitated preferent ia l ly  
along the boundaries.  The subgrains are somewhat 
larger than  for Ni-10.9% Co which is to be expected 
because of the faster oxidation rate. This micrograph 
also demonstrates that  such precipitat ion is not  al-  
ways necessarily associated with surface topographical 
features. Thus, the Co304 is not  related to the stepped 
surface, the origin of which is discussed in lat ter  sec- 
tions. Some of the small  dots indicated may be Co304 
nuclei. 

Growth facets, steps and striations, and etch p i t s . -  
Figure 5a shows the, surface of a nickel specimen oxi- 
dized for 12 hr  at 120O~ Apart  f rom the large flat 
grains, previously identified by analogy as {100} sur-  
faces and the large facets in grain boundaries  which 
have {111} surfaces, numerous  pits are present  wi th in  
the grains, al igned in two directions. I t  is l ikely that 
these are thermal  etch pits and are not  produced by 
vacancy coalescence on cooling or indeed by direc- 
t ional growth. The large faceted pits in the grain 
boundaries  possibly originally grew from such pits al-  
though, as indicated earlier, they may have appeared 
by directional  lattice growth. The typical pit size is 
2-5~ and there are approximate ly  106 pi ts /cm 2 which 
lies wi th in  the very wide range of 1O6-109/cm 2 for the 
dislocation density in annealed materials.  It  cannot be 
stated categorically that  the pits were ini t ia l ly  asso- 
ciated with emergent  dislocations, but  this is likely. 
The method seems to have possibilities for reveal ing 
dislocations in thermal ly  formed oxides, for example 
by the observation of etch pit location after  progres-  
sive macroscopic film thinning.  Chemical etching in  
hot ni tr ic  acid, which is said (19) to produce disloca- 
tion etch pits in NiO produced by flame fusion and 
subsequent  anneal ing  at 1620~ in argon, failed to in -  
crease the pit density. 

Fig. 5b. Optical microgreph of growth facets, steps, and etch 
pits. Ni-80.0% Co oxidized for 12 hr at 1200~ and furnace 
cooled. 

Numerous  steps, ex tending  ent i re ly  across a grain 
in a direction depending on its orientation,  are de- 
picted in Fig. 5b. This specimen of Ni-SO.0% Co was 
furnace cooled after oxidation for 12 hr at 1200~ so 
the surface is very  rich in Co804. Although the steps are 
related to growth phenomena  and surface diffusion 
they bear s imilari ty to striations which have been 
observed dur ing  nucleat ion processes on metal  sur -  
faces. 

Figure 5c shows a remarkable  weal th  of detail  on 
the surface of a specimen of Ni-80.0% Co oxidized for 
50 hr at 10O0~ Within  each clearly visible grain are 
terraces of growth steps reveal ing cubic planes. There 
are also possibly a few terraced etch pits and a dis- 
play of fine pimplel ike particles which are the Co304 
precipitate particles. 

The differences from specimen to specimen and from 
region to region in those features of surface topog- 
raphy related to surface diffusion processes are deter-  
mined  in part  by impuri t ies  as well  as the oxide sub-  
structure,  temperature,  and cooling rate. These im-  
purities, derived from the gas or conceivably from the 
metal,  poison surface sites and thus control the step 
size and the rate of step movement  across the surface. 

Certain of the features visible in the optical micro- 
scope are examined at greater magnification in elec- 
t ron micrographs in Fig. 6. For example Fig. 6a gives 
considerable detail  of very fine steps or striations, of 
different or ientat ion from grain to grain. These are 
only a fraction of a micron in size, compared with the 
micron-size steps observed on the specimen in Fig. 5b. 
Figure  6b gives the detail of grains about 10g in  size. 
Certain regions of certain grains are covered with 
fine pock marks, typical ly 100OA in diameter  with 
about 108/cm 2. An i mpor t a n t  feature is that  the grains 
appear truncated,  support ing the idea of removal  of 
material .  In  certain regions the pock marks  look like 
fine etch pits without  any special shape. 

The pits on the surface of scale on nickel  (Fig. 5a) 
are shown at much higher magnification in Fig. 6c. 
Some of the pits are square, confirming the surface 

Fig. 5a. Optical micrograph of growth facets, steps, and etch Fig. 5c. Optical micrograph of growth facets, steps, and etch 
pits. Nickel oxidized for 12 hr at 1200~ pits. Ni-80.0% Co oxidized for 50 hr at 1000~ 
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Fig. 6a. Electron micrograph of growth facets, steps and etch 
pits. See Fig. 6b, c, d, and e. Nickel oxidized for 12 hr at 1200~ 

Fig. 6d. Ni-80.0% Co oxidized for 12 hr at 1200~ and water 
quenched. 

Fig. 6b. Nickel oxidized for 12 hr at 1200~ 

Fig. 6e. Ni-80.0% Co oxidized for 12 hr at 1200~ and furnace 
cooled. 

cipitation. The pit density over the surface is 107/cm 2 
and their  size is in  the range 0.2-1.5~. 

The ranges of size, shape and n u m b e r  of pits on the 
surfaces of the specimens i l lustrated in  Fig. 6c and 
6d are in general  agreement  with comparable features 
observed with metals  and ceramics (21-23). 

Figure 6e is of interest  because it shows a scale 
grain boundary  at high magnification on furnace-  
cooled Ni-80.0% Co oxidized for 12 hr at 1200~ The 
surface wil l  be near ly  all Co304, and the different 
step shapes are visible on either side of the boundary.  

Figure  7 shows aligned growth features in some 
grains on a specimen surface, which wil l  be almost 

Fig. 6c. Nickel oxidized for 12 hr at 1200~ 

faces of the large grains to be {100}, but  some are 
rectangular ,  possibly due to the joining together of 
two smaller pits. There are also small  features at  the 
pit bases which have not yet  been identified. 

Pits of a similar  type, bu t  much smaller  and less 
sharply defined, were found on Ni-80.0% Co oxidized 
for 12 hr  at 1200~ and water  quenched (Fig. 6d), 
which would therefore possess a (Ni,Co)O surface 
containing about 80% cobalt, without  any  Co304 pre-  

Fig. 7. Electron micrograph of terraces and lined up shallow 
etch pits on cobalt oxidized for 12 hr at 1200~ and furnace 
cooled. 
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ent i re ly  CoaO4. These are rows of what  are apparent ly  
shallow etch pits, all  in the same direction wi thin  a 
given grain, but  in  different directions from grain to 
grain. I t  may  be proposed that these etch pits are as- 
sociated wi th  rows of emergent  dislocations. The etch 
pits are general ly  0.1-1~ apart, being closer nea r  
boundaries  where  they stop. These features are re-  
markab ly  similar to dislocation pi le-ups observed by 
transmission in  thin foils of stainless steel (22) and 
also in l i th ium fluoride (23). The separations in s ta in-  
less steel were typically 0.04~ and in l i th ium fluoride 
2-10#. Variations in  stacking fault  energy make di-  
rect comparisons impossible. The origin of the pile-ups,  
if such they are, is not known, but  it should be pointed 
out that the outer Co804 layer was produced on cool- 
ing slowly and some plastic deformation must  have 
occurred dur ing  this process. This explanat ion is 
favored by the shallowness of the pits, which would 
have been produced in a relat ively short t ime at a 
lower tempera ture  than  others described earlier. L a r g e  
widely separated steps are apparent  on other parts 
of the micrograph. 

Nature of Co304 prec~p4tai~on in scales.--When the 
surface of Ni-80.0% Co oxidized for 5 min  at 1000~ 
and cooled at 300~ was examined by electron 
microscopy the grains and subgrains were clearly re-  
vealed (Fig. 8a). Certain grains show a fine veined 
s t ructure  reveal ing subgrains, but  the most impor tant  
feature is the directional precipitat ion of small Co804 
particles dur ing  cooling, there being two main  direc- 
tions of al ignment.  The Co~O4 particles are typically 
1000-5000A wide and up to a micron in length, but  
this depends on the grain orientation. They are rodlike 
in shape and there are about 107-10S/cm 2, suggesting 
they are at dislocation sites. It  is, however, conceivable 
that the precipitat ion is of a Widmansta t ten- type ,  but  
this is difficult to judge purely  from surface consider- 
ations. One reason for this fine separated precipitat ion 
is that  the cooling rate was almost twice as fast as 
with previous specimens showing agglomerated pre-  
cipitate. 

Unfor tuna te ly  this very fine precipitation, which 
could well  be used for dislocation decoration studies, 
is difficult to reproduce because it is a critical function 
of composition, temperature,  cooling rate and oxygen 
pressure. For  example Fig. 8b, which was prepared 
at a slightly slower cooling rate, shows (at higher 
magnification) acicular Co304 particles, but  these are 
somewhat larger  and  appear randomly  distr ibuted 
wi thin  the scale. 

Conclusions and Discussion 
1. For nickel, cobalt, and Ni-Co alloys, oxidized at 

1000 ~ or 1200~ large columnar  grains are separated 
from the metal  core by a thin layer of fine equiaxed 
grains. Differential polishing characteristics of the re-  
gions of different grain size probably at least par t ly  

Fig. 8a. Nature of C0304 precipitation in scales: Ni-80.0% Co 
oxidized for 5 min at 1000~ and cooled at 300~ 

Fig. 8b. Nature of Co304 precipitation in scales: Ni-80.0% Co 
oxidized for 5 min at 1000~ 

explain reports of double- layer  scales in earl ier  work. 
2. Subgrain  boundaries may be revealed on the sur-  

face of nickel-r ich scales by the growth form or 
thermal  etching and  of cobalt-rich oxides by CoaO4 
precipitation. In  section it is often advisable to ac- 
centuate this by chemical etching. 

3. Growth facets and steps and thermal  etch pits 
produced by surface processes are evident  on scale sur-  
faces. Certain of the etch pits are probably associated 
with emergent  dislocations. Sometimes shallow etch 
pits, l ined up in a direction related to the orientat ion 
of the oxide grain, may reveal  rows of piled up emer-  
gent :dislocations. 

4. Co804 can be precipitated randomly,  or along 
subgrain  boundaries or as very fine particles along 
preferred directions in (Ni,Co)O grains. This tech- 
nique is promising as a method of obtaining disloca- 
t ion decoration in thermal ly  formed oxides. 

The immediate  problem is clearly to obtain a more 
ful ly documented picture of the influence of alloy 
composition, temperature,  oxygen pressure, cooling 
rate, and degree of cold work of the metal  on the 
features observed. It  should be possible to study sub- 
s tructure in the oxides of s imilar  metals  such as i ron 
(9, 26) and copper (9) and subsequent ly  in  oxides of 
chromium, niobium, and a luminum.  The feasibility of 
following dislocation distr ibution through scales, pos- 
sibly by thinning,  should be at tempted using thermal  
and chemical etching and decoration techniques. Meth- 
ods of examining  thin films, th inned regions of thick 
scales, and par t ly  oxidized foils by transmission are 
also clearly desirable, par t icular ly  in view of the 
greater weal th  of comparable micrographs of this type 
in the allied fields of metals and ceramics. It must  be 
recognized that  the s tructure of oxides, and conse- 
quent ly  their properties (4, 5), may be quite different 
when forming by passage of a large ionic flux in  one 
direction from when formed by compaction of pow- 
ders or other means. I t  is also general ly held that  be-  
havior in a barr ier  layer of oxide next  to the metal  
determines the stress developed, adhesion properties, 
etc., to a large degree. Nevertheless, the properties of 
bulk  scales will  undoubtedly  have some influence on 
behavior  because they have to a t tempt  to ma in ta in  
cont inui ty  with the metall ic core dur ing  growth and 
subsequent  cooling. Various aspects of this work are 
now in hand. The long- term hope is that  the substruc-  
ture of scales may eventual ly  be used to explain their 
mechanical  properties, about which much more in-  
formation is l ikely to emerge in the next  decade. When 
these two aspects have been ful ly explored, an " in-  
tegrated theory" of many  metal  and alloy scaling proc- 
esses will  be much nearer  completion. 
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On the Passivity of Iron-Chromium Alloys 
I. Reversible Primary Passivation and Secondary Film Formation 

Robert P. Frankenthal 
Edgard C. Bain Laboratory For Fundamental Research, 

United States Steel Corporation Research Center, Monroeville, Pennsylvania 

ABSTRACT 

Electrochemical studies, as well  as microscope observations, on an Fe-24% 
Cr alloy in H2SO4 have shown that at least two distinct, potent ia l -dependent  
films are formed. The pr imary  film, which is responsible for the ini t ia l  passi- 
vation, is stable only wi thin  a few millivolts of the pr imary  activation po- 
tential.  A secondary film, which forms at more positive potentials, grows to 
a thickness greater than 10A and, with increasing potential  and time, becomes 
very  stable and resistant  to reduction. The p r imary  passivation process is re-  
versible. The "thickness" of the p r imary  film at the p r imary  activation poten- 
t ial  corresponds to less than the equivalent  of one oxygen atom per surface 
metal  atom. From this "thickness" and from the pH-dependence of the pr i -  
mary  activation potential  (81 m v / p H ) ,  i t  is suggested that  the p r imary  passi- 
vat lon process forms a film containing chromium and oxygen ions and possi- 
b ly  also some const i tuent  of the electrolyte solution. 

The passivation of i ron -ch romium alloys has been 
studied widely, yet  our unders tanding  of the mech-  
anism of this process is still very  limited. Two basic 
problems have not  been resolved: (i) the composi- 
t ion and thickness of the passivating film and (ii) the 
effect of the pH of the electrolyte solution on the acti- 
vat ion potential, i.e., the potent ial  corresponding to 
the ini t ial  rise in the anodic current  upon going from 
the passive region into that of anodic dissolution. 

Olivier (1) reported that  0.008 coulombs/cm 2 were 
required to passivate an 18% Cr alloy; combining this 
with results from B. E. T. measurements,  he concluded 
that  the thickness of the passivating film was about 
20A. The data of Heumann  and Schfirmann (2) in-  
dicate that  0.2 coulombs/cm 2 are required to passivate 
this alloy. King and Uhlig (3) in te rpre t  their  anodic 
polarization data to indicate that  the passivating film 
is an adsorbed film of oxygen, as does Kolo tyrk in  (4) 
from his capacitance data. However, Aronowitz and 
Hackerman (5) believe that  the passivating film con- 
sists of an  adsorbed monolayer  of oxygen through 

which cations migrate  to form an amorphous oxide on 
top of the adsorbed layer. 

Rocha and Lennar tz  (6), using a potent iodynamic 
method (120 m v / h r ) ,  obtained a dependence of the 
activation potent ial  on pH of 120 m v / p H  for alloys 
with Cr content > 14%, as well  as for Cr; 1 King  and 
Uhlig (3) indicated that  this dependence is a func-  
t ion of the rate of potent ial  sweep and adjusted their  
sweep rate so that  they obtained an activation poten- 
tial shift of 59 mv/pH.  Aronowitz and Hackerman (5) 
claim that it is not  possible to remove the passivating 
film on alloys with Cr content  > 12% without  severe 
cathodic t rea tment  or repolishing the surface. While the 
data in  the above references are significant and in-  
structive, much of the in terpre ta t ion  is speculative and 
based on incomplete knowledge and  unders tanding  of 
the systems. 

In  this paper we have combined light and electron 
microscope observations wi th  electrochemical mea-  

l Vet ter  (7) t r i e s  t o  s h o w  tha t  the  data  of Rocha and Lennar t z  f o r  
c h r o m i u m  c a n  b e  f o r c e d  to g ive  a slope of 58 m v / p H .  
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surements  in the hope of obtaining a bet ter  under -  
s tanding of this complex system. We will  show that  
the film that  is stable in the neighborhood of the ac- 
t ivation potential,  and which shall be called the pr i -  
mary  passivating film, is different from the film that  
exists at more positive potentials and is called the sec- 
ondary film. The p r imary  film may be formed and re-  
duced reversibly,  that  is, no hysteresis is observed 
in the poten t ia l -cur ren t  relationship;  while the sec- 
ondary film is difficult to reduce. A pr imary  activation 
potential  is associated with the p r imary  passivation 
process and its dependence on pH is quite different 
from that of the apparent  activation potential  (asso- 
ciated with the secondary film), which has been mea-  
sured by other investigators. 

Exper imenta l  
The alloy investigated was a high-puri ty ,  vacuum 

melted Fe-24% Cr alloy which had the following ana l -  
ysis: Cr-23.8%; C-0.0075%; N-0.0068%; O-0.050%; 
P-<0.005%; S-0.004%; Sl-<0.01%; A1-<0.005%; Cu- 
<0.01%; Mg-<O.001%; no other elements were de- 
tected. The electrodes were machined as previously 
described (8) except that  flats were ground on the 
cyl inder so that  microscope examinat ions could be 
made easily. After machining the electrodes were an-  
nealed for 150 hr  at 760~ and quenched in water. The 
surface layer was removed by mechanical  polishing on 
"microcloth" using 1~ a lumina  particles. The cell, elec- 
trolyte preparation,  potentiostat, potent ia l -dr ive  ap- 
paratus and auxi l iary  equipment  have been described 
previously (8). Potentials are reported relative to the 
s tandard hydrogen electrode (SHE). The electrolyte 
was 1N H.zSO4, except in the experiments  in which 
the effect of pH was studied. In these experiments  the 
ionic s trength was kept constant  by the addition of 
K2SO4. All experiments  were conducted at 24~ 

Just  before insert ion into the cell, the samples were 
electropolished by the method of Sewell et al. (9). On 
insert ion into the cell, the specimen surface was ca- 
thodically reduced at --0.Sv for several minutes,  and 
then the potential  was rapidly  switched to the ini t ial  
potent ial  for that  experiment .  

Coulometric reduct ion of the passivating film was 
done by using a s tandard amperostatic circuit consist- 
ing of a ba t te ry  and a variable  resistance. The poten-  
tial of the electrodes was followed with a Beckman 
Research pH-meter  and recorded on a Honeywell  Elec- 
t ronik 19 recorder. To observe the na ture  and the 
extent  of the anodic attack on the surface, light mi-  
croscopy and electron microscopy using ge rmanium-  
shadowed carbon replicas were employed. 

Results 
Potential-current relationships.--The potent ia l -cur-  

rent  relationships are a function of the direction in 
which the potential  is changed, the rate of potent ial  
change, the potential  at which the surface is passivated 
in the case of the potential  being varied from the 
passive into the active region, and the mode of sur-  
face preparation.  These effects are shown part ly  in Fig. 
1 and in  Table I, and they are summarized in  this 
section. 

Figure 1 depicts the poten t ia l -cur ren t  relationships 
for the alloy in  1N H2SO4 as measured under  three 
different sets of exper imenta l  conditions to be de- 
scribed below. The cathodic loop (indicated by the 
breaks in the curves) is due to the evolution of hydro-  
gen. The activation potential,  Ea, corresponding to the 
ini t ia l  rise in the anodic current  upon going from the 
passive region into the anodic loop, is the m i n i m u m  in 
the cathodic loop of either curve. In  the system under  
discussion, the activation potent ial  can easily be deter-  
mined to wi th in  •  mv  and reproducibil i ty is bet ter  
than __+2 mv  for any  given set of exper imental  condi-  
tions. 

In  Fig. 1 curve "a", the data indicated by the squares 
give the po ten t ia l -cur ren t  relationship for a potential  
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Table I. Variations in the apparent activation potential, Ea, with 
rate of potential sweep and passivating potential, Ep 

S w e e p  r a t e ,  
m v / h r  Ez,, v E a ,  v 

s t a t e *  - -  - 0 . 1 3 0 " *  
S t e a d i 0 0 Y  + 0 . 4 8  --  0 . 1 5 0  

4 0 0  + 0 . 4 8  --  0 . 1 8 4  
4 0 0  -- 0 .02  - - 0 . 1 5 5  ' 

1 0 0 0  --  0 .02  n m * * *  

* S t e a d y - s t a t e  d e t e r m i n a t i o n .  T h e  p o t e n t i a l  w a s  m a i n t a i n e d  a t  
a n y  v a l u e  u n t i l  t h e  c u r r e n t  w a s  c o n s t a n t  f o r  a t  l e a s t  10 m i n .  A s  
t h e  a c t i v a t i o n  p o t e n t i a l  w a s  a p p r o a c h e d ,  t h e  p o t e n t i a l  w a s  v a r i e d  
i n  s t e p s  o f  2 m y .  

** P r i m a r y  a c t i v a t i o n  p o t e n t i a l .  
*** N o t  m e a s u r a b l e  d u e  t o  t h e  f a c t  t h a t  a t  t h e s e  h i g h  p o t e n t i a l  

s w e e p  r a t e s  E a  i s  s o  n e g a t i v e  t h a t  i t  i s  m a s k e d  b y  t h e  h i g h  c a t h o d i c  
h y d r o g e n  e v o l u t i o n  c u r r e n t .  

sweep from negative to positive potentials. This curve 
may be measured either by  the potentiostatic steady- 
state technique or by the potent iodynamic method at 
100 my/hr .  If one reverses the direction of potential  
sweep, i.e., goes from the passive region to more nega-  
tive potentials, the poten t ia l -cur ren t  relationship 
shows a hysteresis (Fig. 1, curve b) the extent  of 
which is dependent  on the rate of potential  sweep and 
the passivating potential. Curve b was obtained by 
passivating at H-0.5v and sweeping the potential  at 100 
my/hr .  

Reversibil i ty can, however, be achieved, that  is the 
hysteresis can be completely el iminated (Fig. 1, curve 
a, circles) if the surface has been carefully reduced 
and etched so as to remove all traces of films prior to 
passivation and if the passivation potent ial  is not  per-  
mit ted to exceed the activation potential  by more than 
a few millivolts (<5  my) .  The following t rea tment  is 
necessary to achieve this reversibili ty.  The surface is 
cathodically reduced at --0.5v; the potential  is then 
shifted to the value corresponding to the peak anodic 
current  density and held for a sufficient Ume to permi t  
between 100 and 200 atomic layers to be anodically dis- 
solved. With the potential  still main ta ined  at this 
value, the electrolyte is flushed from the cell and clean 
electrolyte is introduced. The potential  is then rapidly 
shifted into the passive range, wi th in  5 mv of the ac- 
tivation potential. By this procedure it was possible to 
achieve complete reversibi l i ty  of the potent ia l -current  
curve, 2 independent  of the length of time of passiva- 
tion. The activation potential  determLued in this man-  
ner  was reproducible to bet ter  than •  my. I t  will  be 
referred to as the pr imary  activation potent ial  to dif- 

T h i s  c a n n o t  b e  a s s o c i a t e d  w i t h  e n r i c h m e n t  o f  o n e  o f  t h e  a l l o y  
c o m p o n e n t s  i n  t h e  s u r f a c e  l a y e r  d u r i n g  a n o d i c  d i s s o l u t i o n  s i n c e  
c u r v e  b c a n  b e  m e a s u r e d  i n  t h e  m a n n e r  i n d i c a t e d  i n  t h e  t e x t  a f t e r  
a n o d i c  d i s s o l u t i o n .  

~ 
10-3 a 

~ 10_7 

'~176 . fy5 ~3__ I I I I I I I 
�9 v - 0 2 8  -0.24 "0.20 -0.16 -012 -0.08 -0.04 0.00 0.04 0.5 

POTENTIAL, VOLTS vs S.H.E 

Fig. I .  Potential current curves for Fe-24% Cr in IN H~S04. (a) 
Illustrates reversible behavior in potential range of primary pas- 
sivatlng film. / - I - ( - - )  to (q-) potential sweep; o-(-~) to ( ~ )  
potential sweep; (b) illustrates hysteresis due to presence of sec- 
ondary film. 
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ferentiate  it  from the apparent  activation potential,  
such as observed in curve b, Fig. 1. 

The apparent  act ivation potent ial  for sweeps from 
positive to negative potentials is a funct ion of the 
passivation potential  and the rate of the potential  
sweep. Some typical results in 1N H2SO4 are sum- 
marized in Table I. 

Mode of breakdown of passivating film.--Pickering 
and Franken tha l  (8) showed that  dur ing a potential  
sweep at  100 or 200 m v / h r  from +0.5v into the anodic 
loop, local b reakdown of the passivating film occurs 
followed by crystallographic pi t t ing of the substrate;  
physical or chemical inhomogeneities in the passivat-  
ing film not  associated with dislocation te rmini  or 
grain boundaries in the alloy appear to be the most 
probable sites for film breakdown.  

It  has now been observed that  local breakdown of 
the passivating film followed by pit t ing of the sub- 
strate occurs (Fig. 2) if the surface is passivated at 
potentials as near  as 10 mv  to the pr imary  activation 
potent ial  prior to a slow potential  sweep, e.g., 100 
mv/hr ,  into the anodic loop. If the specimen is passi- 
vated wi th in  5 mv of the pr imary  activation potential  
and then the potential  is swept into the anodic loop, 
pi t t ing is never  observed, but  only a general  attack 
over the surface (Fig. 3), indicat ing that  the passi- 
vat ing film has been reduced uniformly.  If the sur-  
face is passivated at 5 to 10 mv positive with respect 
to the activation potential  prior to the potential  sweep, 
a uni form attack is observed over most of the surface. 
However, a few grains (perhaps 10%) show pi t t ing 
instead of general  attack. In  this case the observed pits 
were always t r iangular  indicat ing an effect of crystal-  
lographic or ientat ion on the structure of the passivat-  

Fig. 2. Micrograph illustrating local breakdown of the passivating 
film as evidenced by crystallographic pitting of the substrate. 
Surface passivated at +O.Sv prior to potential sweep. 

ing film. When the potential  of a specimen after passi- 
vat ion at +0.5v is swept to wi th in  less than 5 my of 
the pr imary  activation potential,  main ta ined  there 
unt i l  a steady state is achieved (several hours) and 
then swept into the anodic loop, only a general  attack 
over the surface, and not pitting, is observed. 

Cathodic chronopotentio~netry.--To learn  more 
about the properties of the passivating film, cathodic 
potent ia l - t ime curves were measured at constant  cur-  
rent.  Such curves for a surface passivated at poten- 
tials near  the pr imary  activation potential  are shown 
in Fig. 4. The potential  associated with each curve is 
the potential  of passivation. The pr imary  activation 
potential  is--0.130% and the curve for the reduct ion of 
the passivating film formed at this potential  is shown. 
At --0.140v the potential  corresponds to the lower par t  
of anodic loop, the observed current  density being 5 
#a/cm 2. At--0.100 the potential  is well  into the passive 
region. The observed "thickness" (expressed in mil l i -  
coulombs/cm 2) of the passivating film at the pr imary  
activation potent ial  lies between 0.40 and 0.68 mc/cm ~ 
and is independent  of the length of t ime of passivation. 
A value of 0.7 mc/cm 2 corresponds to an oxygen to 
surface-metal -a tom ratio of 1: 1, assuming a two-elec-  
t ron transfer  per oxygen atom and an average den-  
sity of surface metal  atoms of 2 x 1015/cm ~, as cal- 
culated from the density of the alloy. The observed 
variat ions in "thickness" are most l ikely due to var ia-  
tions in the surface roughness factor for the different 
specimens used. Since the geometric area was used to 
calculate the coulombic density, all  the values are high. 
Two other errors may affect the coulometric measure-  
ments:  (i) only a partial  correction 3 was made for the 
current  due to hydrogen evolution at the f i lm-reduc-  
tion potential, again resul t ing in measured thicknesses 
that  are too high; (ii) low thicknesses would be mea-  
sured if self-activation, due to side reactions, occurred 
concurrent ly  with the cathodic reduction. If self-ac- 
t ivat ion were operative, the measured thickness would 
increase with increasing current  densi ty  (decreasing 
t ime for reduct ion) .  From Fig. 5 it is concluded' that  
appreciable self-activation that  would significantly 
change the measured thickness does not occur at the 
p r imary  activation potential.  However, at more nega-  
tive passivation potentials, self-activation does occur 
dur ing  cathodic reduction as evidenced by the ap- 
parent  increase in thickness with increasing cathodic 
current  density for a specimen passivated at --0.140v 
(Table II). On opening the circuit after passivation at 
this potential,  self-activation occurred wi th in  72 sec; 
at the pr imary  activation potent ial  and at more posi- 
tive potentials self-activation does not occur on open- 
ing the circuit. 

The potent ia l - t ime curves for a specimen passivated 

.~ T h e  c o r r e c t i o n  m a d e  w a s  e q u a l  t o  t h e  n e t  c a t h o d i c  c u r r e n t  d e n -  
s i t y  m e a s u r e d  a t  t h e  r e v e r s i b l e  a c t i v a t i o n  p o t e n t i a l .  S i n c e  t h e  r e -  
d u c t i o n  p o t e n t i a l  i s  m o r e  n e g a t i v e ,  t h e  c a t h o d i c  c u r r e n t  d e n s i t y  
w o u l d  b e  s o m e w h a t  h i g h e r ,  b u t  n o t  e a s i l y  a s c e r t a i n a b l e ,  

Fig. 3. Carbon replica of surface illustrating general reduction of 
passivating film as evidenced by general corrosion of the surface. 
Surface passivated at --0.12v prior to potential sweep. 

-0 .30  I I I i~41 I I 

-OJOOv 

-o.2o 

z ~ -0.15 r 

-O.lO 
I I I I 41 I I 
0 I0 20 30" 70 80  90 I00 

TIME, SECONDS 

Fig. 4. Cathodic reduction after passivatlon at different paten- 
tials near the reversible activation potential. Current density is 
25 #a/cm 2. Passivation potential indicated next to each curve. 
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Fig. 5. Effect of cathodic current density on the coulombic thick- 
ness of the primary passivating film at the reversible activation po- 
tential. 
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Fig. 6. Cathodic reduction after passivation at +0.08v for differ- 
ent length of time. Current density is 25 /~a/em s. The time of pos- 
sivation, in minutes, is given next to each curve. 

for different times at +0.08v prior to reduction of the 
passivating film are shown in Fig. 6. After passivating 
the surface for 0.5 min  the current  density was still 
greater than  it is after complete passivation; after 1 
min  the surface was completely passive. The reduct ion 
potential  for a surface passivated up to 30 mi n  is 
--0.14v. At 30 rain the potential  break is not as sharp 
as at the shorter times, while at 1000 min  the potent ial  
break is almost completely washed out and the re-  
duction potential  has been shifted to about --0.20v. In  
Fig. 7 the potent ia l - t ime relat ionship is given for a 
surface passivated at +0.48v for 2 rain. The potentials 
of both the peak and the plateau following it are con- 
siderably more negative than those observed after 
passivation at +O.08v (Fig. 6). The peak has previ-  
ously been observed by Caplan, Harvey, and Cohen 
(10); the potential  of it as observed by Captan et al. 
i s  the same as that  shown here if a correction is made 
for the difference in pH of the solutions used. 

Effect of solution pI-I.--The effect of the electrolyte 
solution pH in the range  of 0-2 on the p r imary  acti-  
vation potential,  Ea, is shown in Fig. 8, along with the 
effect of the pH on the p r imary  passivation potential,  
Epp, i.e., the potential  corresponding to the peak anodic 
current  density (see Fig. 1). The relationships may be 
described by 

Ea --~ --0.107 - -  0.081 pi'i 

Table II. Apparent variations in film thickness with cathodic 
current density; surface passivated at --0.140v 

Current density, Film thickness, 
#a/cm2 mc/cm s 

I0 0.11 
2 5  0.20 
33 0.23 

-0.30 

u.i -0.25 
~5 

co 

o -0 .2o  
_1 
}-. 

I- 

-0.10 I I I 
o I 2 3 

TIME, MINUTES 
Fig. 7. Cathodic reduction after passivation at -f-0.48v shows 

high degree of irreversibility. Current density is 25 ~a/cm s. 

I I I I I _ 
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pH 

Fig. 8. Effect of solution pH on the reversible activation poten- 
tial, Ea, and on the primary passivation potential, Epp, potential 
corresponding to the peak anodic current density. 

and 
Epp -~- --0.204 - -  0.060 pH 

If the experiments  are performed so as to measure 
the apparent  activation potent ial  instead of the pr i -  
mary  one, a variety of Ea - -  pH relationships can be 
obtained depending on the passivation potent ial  and 
the rate of potential  sweep. For example, if the sur-  
face is passivated at +0.5v and a sweep rate  of 100 
m v / h r  is employed, the observed relationship is 

Ea = --0.113 - -  0.I00 pH 

over the same pH range and  with the same degree of 
scatter as shown in Fig. 8. This is in reasonable agree- 
ment  with the work of Rocha and Lennar tz  (6), who 
used a sweep rate of 120 mv/hr .  

Discussion 
The results show that the passivating film in the im-  

mediate potential  neighborhood (within 5 my)  of the 
pr imary  activation potential  has quite different prop-  
erties from the film that is stable at more positive po- 
tentials. The former will  be referred to as the pr imary  
passivating film and the lat ter  as the secondary film. 

Primary passivating film.--It has been demonstrated 
that start ing with a cathodically reduced and 
anodically etched surface, the pr imary  passivation 
process is reversible, i.e., no hysteresis is observed. This 
has not  heretofore been established for either ferrit ic 
or austenit ic chromium steeIs (Cr content  >12%) .  On 
the contrary,  the general  belief has been that  the 
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passivation of these alloys is an i r revers ib le  process 
(5, 6, 11, 12) in the sense that  the anodic polarization 
curves show a hysteresis, such as i l lustrated in Fig. 1. 
The present  work, however ,  clearly shows that  the pr i -  
mary  passivating process is revers ible  and that  i r re -  
vers ibi l i ty  results  f rom secondary effects at potentials 
exceeding the p r imary  act ivat ion potential  by more 
than 5 to 10 my. The proper  surface p re t r ea tmen t  is 
essential to achieve reversibil i ty.  For  example,  ca- 
thodic reduct ion for several  minutes a t - -0 .5v,  at which 
potent ial  the current  density is approximate ly  30 
ma/cm2, was found not to be sufficient. The anodic dis- 
solution that  is necessary apparent ly  undercuts  any 
remain ing  film on the surface. 

The po ten t ia l -cur ren t  behavior  also correlates with 
the microscope observations (Fig. 2 and 3). The pr i -  
mary  passivat ing film is reduced uni formly  over  the 
surface, as would be expected for a film that  is formed 
and reduced reversibly.  However ,  as the passivation 
potent ial  is made more  posit ive and the degree of ir-  
revers ibi l i ty  increases, the reduct ion of the film be- 
comes both localized and more difficult (Fig. 2 and 
Table I) .  

The thickness of the p r imary  passivat ing film, as 
measured coulometr ical ly,  shows that  the passivating 
process introduces less than the equiva len t  of one O = 
per surface meta l  a tom into the passivating film (Fig. 
5). Self-act ivat ion,  the only error  that  could make the 
observed values low, was shown not to be significant. 
On the other  hand, a correction for the two approxi-  
mations made, roughness factor equal  to 1, and the ap- 
proximate  correction for hydrogen evolution, would  
make the t rue thickness less than the measured thick-  
ness. Af ter  anodic dissolution during surface prepara-  
tion, the surface is etched; a reasonable value  for the 
roughness factor would  be be tween  1.2 and 2. A fur -  
ther  semiquant i ta t ive  correction can be made for the 
hydrogen-evolu t ion  current.  Assuming Tafel  behavior  
and a slope of 60 m y / c u r r e n t  decade, the current  can 
be extrapola ted f rom the p r imary  act ivat ion potent ial  
to the film reduct ion potential;  applying this correc-  
tion reduces the calculated thickness by roughly  20%. 
Taking both the above corrections into consideration, a 
more correct  ratio of O = / m e t a l  a tom appears to be 
be tween 0.2 and 0.5. 

The slope of the plot of pH vs. the p r imary  act iva-  
tion potential  does not agree wi th  any of the pre-  
viously published results (3,6, 7). This is not sur-  
prising since these workers  measured the apparent  ac- 
t ivat ion potent ial  instead of the p r imary  act ivat ion po- 
tential. Under  those conditions the slope is a function 
of the kinetics of the reduct ion of the secondary film 
and is not re la ted to the p r imary  passivation process. 

For  unders tanding the mechanism of passivity, it is 
the react ion that  produces the p r imary  passivat ing 
film at the p r imary  activation potent ial  that  is im-  
portant,  because with  the format ion of the secondary 
film no fur ther  decrease in the anodic reaction rate  is 
observed (Fig. 1). Since the pr imary  passivating film 
has not previously  been detected, it is not  possible to 
apply published 4 theories of passivi ty direct ly  to its 
formation. These [e.g., see ref. (5), (13), and (14)] 
might  bet ter  apply to the formation of the combined 
pr imary  and secondary passivat ing films as they exist 
at potentials more posit ive than the pr imary  act ivat ion 
potential.  We propose two hypotheses not mutua l ly  ex-  
clusive that  can explain the observed data for the pri-  
mary  passivat ing film. 

The first hypothesis envisions a film of chromium and 
oxygen ions cover ing the surface. Using the upper  
l imit  of 0.5 for the ratio of oxygen ions to surface meta l  
atoms at the p r imary  act ivat ion potential,  the concen- 
t ra t ion of oxygen in the film is 1 x 1025 a toms/cm 2. 
With an ionic radius of 1.40A and a simple square lat-  
tice, this quant i ty  of oxygen would cover 78% of the 
surface. Assuming the other  22% to be covered by 

4Uhlig  (15) has recent ly  proposed that  the passivat ing film is 
initially similar  to the reconst ructed nickel-oxygen layer  proposed 
by investigators in the low-energy  electron diffraction field, 

chromium ions wi th  an ionic radius of 0.7A, the ratio 
of chromium to oxygen in the film would be approxi-  
mate ly  one, which is a ve ry  reasonable value. 

On the other hand, if the ratio of oxygen ions to sur-  
face meta l  atoms is close to the lower l imit  of 0.2, one 
may suggest e i ther  a lower valence state for the chro- 
mium ion or the introduct ion of some const i tuent(s)  
of the e lect rolyte  solution into the film to account for 
complete  coverage. The lat ter  is, perhaps, more rea-  
sonable since the var ia t ion of passive behavior  of met -  
als and alloys f rom electrolyte  to electrolyte is well  
known. 

The var ia t ion  of the p r imary  passivation potential,  
Epp, wi th  pH (60 m v / p H )  is consistent wi th  the var i -  
ation of an equi l ibr ium potent ia l  for a simple meta l -  
oxygen interaction. The var ia t ion of the p r imary  ac- 
t ivat ion potential,  Ea, with pH (81 m v / p H )  is not as 
easily understood. It  may be determined by kinetic 
factors, in which  case its meaning is obscure. How-  
ever,  it may also be de termined  by the quas i -equi -  
l ibr ium react ion that  established the passivat ing film 
at this potential,  in which case it is diagnostic for the 
mechanism of passivation. That  the p r imary  act ivat ion 
potent ial  may  be an equi l ibr ium potential  stems from 
the fol lowing exper imenta l  facts: (~) this potential  
can be approached f rom ei ther  direction; (ii) the pr i -  
mary  passivating film at this potential  is stable with 
respect to time; (iii) the rate  of dissolution and re-  
format ion of the film at s teady state is exceedingly 
small, less than 10 -~ a m p / c m  2 (the current  density in 
the passive potent ial  reg ion) ;  hence it is quite  possible 
that  the exchange current  density for the equi l ibr ium 
react ion is larger  than  this kinetic rate. Thus, the po- 
tent ial  may be an equi l ibr ium potential  for the reac-  
tion that  forms a film of fixed composition f rom the 
meta l  and solution constituents. The dependence of 81 
m v / p H  may then be explained by assuming tha t  the 
act ivi ty  of the solution const i tuent  in the film is pH-  
dependent.  For  example,  if SO4 = were  the const i tuent  
its act ivi ty would be governed by the equi l ibr ium 
HSO4-  ~ H + ~ SO4 =. At  other  potentials be tween 
Ep, and Ea, one may  then expect  the film to have a 
different composition, i.e., act ivi ty  of oxygen,  a spe- 
cific composition being associated with  each potential. 

The i r revers ib le  formation of the secondary film is 
evidenced by its localized reduct ion (Fig. 2). F rom the 
hysteresis (Fig. 1, curve b) and f rom the data in Table 
I it is evident  that  the reduct ion of the secondary film 
is also very  slow with  respect  to the rates of potential  
change employed. This is shown by the shift of the ap- 
parent  act ivat ion potential  in the negat ive direction 
wi th  increasing ra te  of potential  change and by the 
lower  anodic current  densities in curve  b, indicat ive of 
some residual film on the surface at these potentials. 
The shift of the apparent  act ivat ion potent ial  in the 
negat ive  direct ion with  increasing posit ive passivating 
potential  may be due to ei ther  a thickening of the 
passivat ing film wi th  increasing potent ia l  or to an ag- 
ing effect which changes some of the propert ies  of the 
film. It  will  be argued la ter  that  both occur. 

In the case of the localized breakdown of the sec- 
ondary film, the apparent  act ivat ion potential  corre-  
sponds to the ini t ial  breakdown of the local sites. 
Much, but  not  all, of the secondary film can be re-  
duced given sufficient time, as demonstrated by the 
experimer/t  in which the surface was al lowed to reach 
a steady state at a potent ia l  close to the p r imary  ac- 
t ivat ion potential  af ter  having  been passivated at 
~0.5v;  the potent ial  sweep that  fol lowed then resulted 
in a general  at tack on the surface. It was also possible 
to passivate a surface at ~-0.5v and then do a slow po- 
tent ial  sweep into the anodic loop; upon al lowing the 
current  to remain  at any potent ial  in the anodic loop, 
it would  eventua l ly  drift  close to the appropriate  value  
on the revers ible  po ten t ia l -cur ren t  curve (a, Fig. 1). 
However ,  complete revers ibi l i ty  of the curve could not 
be achieved under  these conditions, indicating that  
traces of the secondary film still remained on the sur-  
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face. This was most evident  at potentials near  the ac- 
t ivation potential,  at which the currents  were suffi- 
ciently low so that small  deviations could easily be ob- 
served. 

That  the growth and formation of the secondary 
film is a slow process can best be seen from the ca- 
thodic reduct ion curves in  Fig. 6. Although the surface 
was completely passivated after 1 min, the coulombic 
thickness after 30 min is approximately twice that  
after 1 rain. The film reduct ion potentials for 0.5, 1, 
and 30 min  correspond closely to those for the reduc-  
tion of the p r imary  passivating film. However, after 30 
min  one sees the first signs of i r reversibi l i ty  as the po- 
tent ial  break is no longer so sharp; after 1000 rain 
the potential  break is completely washed out and the 
reduction potent ial  has been shifted 60 mv negative. 
Both observations show that  the film has become very 
difficult to reduce. From this it appears that  the sec- 
ondary film forms by a thickening of the pr imary  film 
followed by growth of a film of a different nature.  It  
is suggested that the thickening may be due to the 
completion of coverage of the surface with a mono-  
layer  of oxygen. Fur the r  adsorption of oxygen is then 
accompanied by the diffusion of metal  ions into the ad- 
sorbed array, thereby forming~ an amorphous oxide 
or hydroxide layer, which constitutes the secondary 
film. This process would be both t ime and potent ial  
dependent  as has been found for the formation of this 
film. 

The secondary film forms much faster at +0.48v 
than at +0.08v and is even  more difficult to reduce 
(Fig. 7). It  is thus impossible to determine the thick- 

ness of the film formed at +0.48v. 

Summary and Conclusions 
1. The p r imary  passivation process is reversible and 

a pr imary  activation potential  is associated with it. 
2. The p r imary  passivating film, containing less than 

one O = per surface metal  atom, exists only in the im-  
mediate potential  neighborhood of the pr imary  acti- 
vat ion potential. 

3. At  more positive potentials a secondary film, 
which does not  fur ther  decrease the anodic current  
density, is formed by a process that  involves both a 
thickening of the p r imary  passivating film and then an 
aging process. 

4. It  is suggested that  the pr imary  passivation proc- 
ess forms a film containing chromium and oxygen ions 
and possibly also some const i tuent  of the electrolyte 
solution. 
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Platinum Oxidation Kinetics 
with Convective Diffusion and Surface Reaction 

R. W. Bartlett 

Smufo~'d Research Institute, Menlo Park, California 

ABSTRACT 

The rate of oxidation of p la t inum is affected by the reversible surface 
reaction, O2 + Pt ~ PtO2(g),  and by t ranspor t  of the oxide vapor through 
a gaseous boundary  layer. Both are considered in an  analysis of the oxida- 
t ion kinetics. Mass t ransfer  coefficients for diffusion of the oxide vapor are 
calculated from the Nusselt numbers  applicable to specific sample geometries 
and flow conditions. The equi l ibr ium constant  for oxidation of p la t inum is 
used to calculate the forward and backward specific rate constants for steady- 
state oxidation at the surface. A combined rate equation, including both con- 
vective diffusion and surface oxidation, is derived and used to calculate 
oxidation rate curves at a var ie ty  of pressures and temperatures.  Good agree- 
men t  with exper imental  data  is obtained. Rate predictions in  high velocity 
flow where exper imental  data have not been taken  are presented. 

At temperatures  above approximately 800~ plat i-  
n u m  oxidizes slowly to produce a volatile species, 
PtO2(g),  that  is comparat ively unstable  (1). The PtO2 
molecule may diffuse away from the oxidizing plat i -  
n u m  surface and subsequent ly  dissociate or, because 

of collisions with sur rounding  gas molecules, r e tu rn  to 
the p la t inum surface for dissociation on impact. Dur-  
ing oxidation at fixed temperature,  pressure, and other 
parameters  affecting the oxidation process, a s teady- 
state condition wil l  result  at the p la t inum surface in-  
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volving the forward and backward rates of the rever-  
sible oxidation reaction 

k~ 
O2(g) ~ Pt  ~ P t O 2 ( g )  [1] 

kb 

to yield a net  oxidation of p la t inum and  migrat ion of 
PtO2 (g) away from the surface. 

Several  exper imenta l  factors can influence the gase- 
ous diffusion and alter the apparent  oxidation rate. 
This s i tuat ion was first recognized by F ryburg  and 
Murphy (2), who pointed out that the use of furnaces 
for measur ing the rates of oxidation of p la t inum has 
lead to widely varying  results that are highly depen- 
dent  on the gas flow rate. With the exception of the 
work by F ryburg  and co-workers (3, 4) previous ex- 
per imenta l  ra te  studies of the oxidation of p la t inum 
(5-8) have failed to consider the role of diffusion of 
PtO2(g) from the p la t inum surface. This omission is 
unders tandable  in view of the commonly held miscon- 
ception that  gaseous diffusion is kinet ical ly impor tant  
only when  oxidation rates are very fast. As late as 
1963, arguments  for Langmui r - type  adsorption of mo- 
lecular oxygen followed by dissociation were pre-  
sented (8) to explain the failure of the p la t inum oxi- 
dation rate to increase in direct proport ion with the 
oxygen pressure except at very low pressures. 

The purpose of this paper  is to present  a kinetic 
t rea tment  of the oxidation of plat inum, considering 
s imultaneously (i) convective diffusion of PtO2(g) 
through the gaseous boundary  layer  adjacent  to the 
sample and (ii) the surface oxidation reaction. 

Oxidation rates are calculated independent ly  of ex- 
per imenta l  data, using boundary  layer theory and the 
equi l ibr ium constant  (1) for oxidation of p la t inum to 
PtO2(g) (Eq. [1]). Rates are calculated for free con- 
vection, e.g., convective mixing  caused by gravity 
forces only, and for a few cases of Newtonian forced 
flow convection. The approach is similar to a previous 
study of the oxidation of tungsten  (9), which occurs 
by an irreversible reaction and is rate l imited by the 
convective diffusion of oxygen to the surface. 

The calculated rates are compared with Fryburg ' s  
exper imental  data (3, 4). F ryburg  employed small  
(0.0287 cm wide) electrically heated p la t inum ribbons 
mounted  in a cold wall  chamber. At pressures above 
100 mm Hg, the r ibbon was extended horizontal ly 
rather  than used as a vert ical  ha i rp in  element.  Cham- 
ber  size is an important  consideration since a quant i -  
tat ive analysis of free convective diffusion of PtO2(g) 
in the gaseous boundary  layer adjacent  to the sample 
depends on an absence of convective h indrance  by 
the container. Fryburg 's  chamber  diameter  was 3.2 cm. 
Since the boundary  layer thickness is related to the 
characteristic dimension of the sample, in this case the 
r ibbon width, no difficulties from the container  wall  
are encountered for a free convection analysis. 

Theory . - -The oxidation rate could be calculated 
from either a surface reaction rate equation or a con- 
vective diffusion equat ion separately if the steady- 
state value of the p la t inum oxide vapor pressure at 
the surface, PPtO2(s), were  known. The value of 
PPtO2(s) cannot be measured convenient ly  since any 
measuring probe would dis turb the boundary  layer. 
However,  PPtO2(s) is the parameter  connecting the 
gaseous diffusion step and the surface reaction step of 
the oxidation process. Because the gaseous diffusion 
rate, :~D, and the surface reaction rate, :~s, must  be 
equal (there are no other mater ial  sources and sinks) 

:~D = :~S [2] 

PPtO2 is un ique ly  determined for any  set of conditions, 
temperature,  pressure, sample configuration, and flow. 

The boundary- l aye r  diffusion rate is described in  
terms of the escape of PtO2(g) from the surface 
through an oxygen or air  envelope by the following 
equation 

(PPto2 s --  PPtO2 r ) 
XD ~ /--\{Mo~ km [3] 

\ p /  Pt Pt 

where I~D is a metal  recession rate (cm/sec) ,  (Mo/p) 
is the ratio of equivalent  weight to density ~or plat i-  
num required to convert  a molar  oxidation r a t e  to a 
surface recession rate, km is the mass t ransfer  co- 
efficient which is calculated using boundary  layer 
theory, PPtO2 is the p la t inum oxide vapor pressure 

beyond the boundary  layer (PPtO2 "=-" 0), and p~ is the 

total pressure or the s tagnation pressure in a flowing 
system. For oxidation in oxygen Pt = P02 and for oxi- 
dation in air or mixtures  of iner t  gas and oxygen, 
Pt > P02. 

The p la t inum surface oxidation rate, J~s, based on 
the steady-state condition for the reaction given by 
Eq. [1], is 

/ Mo \ 
ks [4] 

Since the oxidation rate is slow and Po2 ~ PPtO2s, 
there is no per turbat ion in the oxygen pressure as the 
surface is approached. F ryburg  and Petrus have shown 
that the activation energy for oxidation is equal  to the 
free energy of reaction determined by Alcock and 
Hooper (1), i.e., the low-pressure oxidation of plati-  
num can be calculated from equi l ibr ium data in a man-  
ner  analogous with Langmuir ' s  method for calculating 
vapor pressures from rates of evaporation. I t  is as- 
sumed that the unstable  PtO2 molecules are dissociated 
on str iking the p la t inum surface, which is equivalent  
with an assumed condensat ion coefficient of unity.  
Consequently, the backward rate constant kb in  Eq. 
[4] is the surface collision f requency of PtO2 molecules 
based on gas kinetics 

kb = (2~MRT) -1/2 [5] 

where M is the molecular weight  of PtO2. The specific 
rate constants are related through the equi l ibr ium 
constant, Keq, for the oxidation reaction of Eq. [1] 

Keq = kf/kb [6] 

Inser t ing Eq. [5] and [6] in Eq. [4] yields 

( Mo ) (2~MRT) -1/2 (geqPo2--PPtO2s) [7] 
-~S = T Pt 

By combining the diffusion and surface rate Eq. [2], 
[3], and [7], the unknow n  PtO2 vapor pressure at the 
surface can be el iminated 

Mo 
X ( T ) p t ( 2 ~ M R T ) - I / 2 K e q P ~  [8] 

( 2nMRT) - 1/2 Pt 
1 +  

km 

Equation [8] is valid at all pressures and tempera-  
tures where a volatile p la t inum oxide species is pro- 
duced. It  covers both the convective diffusion con- 
trolled rate region (high pressures) and the surface 
reaction controlled rate region (low pressures).  I t  is 
valid for static and flowing gases and for mixtures  of 
oxygen and ni t rogen or Other iner t  gases, and through 
the dependence of the mass t ransfer  coefficient, km, it  
includes the effect of sample size. 

All of the terms in Eq. [8] are system constants. The 
most complex of these is the mass t ransfer  coefficient, 
kin, which is related to the dimensionless Nusselt  n u m -  
ber (10) for mass t ransfer  Num 

Num ptD 
k m =  [9] 

L R  Tg 

where  D is the gaseous diffusion coefficient, L is the 
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characterist ic sample dimension (r ibbon wid th) ,  R is 
the gas constant, and Tg is the average  gas t empera -  ~ ~_ T s = 1400~ 
ture. The diffusion coefficient varies with gas t empera -  e 

o 
ture  and pressure and was calculated with  the Chap-  [ ~~ 4 
man-Enskog  equat ion ~ ==__ 

D(cm2/sec) o20~ n o  \ T / [ 1 0 ]  s ,/,, 
using the collision cross section ~r = 3.433 and pa-  ~o-~ I 
r amete r  II = 0.74 for oxygen (11). The Nusselt  num-  
ber is obtained f rom published semiempir ical  correla-  
t ion curves re la t ing the Nusselt  number  wi th  the 
Grashoff number  and Sehmidt  n u m b e r  for free con- 
vect ion and the Reynolds number  and Schmidt  num-  
bers for forced convect ion (Newtonian flow). These ~o-~ 
correlat ions are used extens ive ly  in engineer ing anal-  
yses of fluid processes. In calculat ing f ree  convection 
rate  data, the correlat ion curve  for ver t ica l  surfaces -~,o_~ 
(12), in which ~g is the gas viscosity and g is the ac- o 
celerat ion of gravi ty,  was used, see Fig. 1. The Chap-  [ 
man-Enskog  theory was used to calculate the gas vis-  
cosity. Oxidat ion ra te  calculations in the laminar  flow ?, ~~ 
range were  made for long cylinders (wires) ,  using the 
Chi l ton-Colburn  type of correlat ion by Sherwood and c~ 
Pigford (13) shown in Fig. 2. Fur the r  details on cal- ~ 'o -s 
culat ing mass t ransfer  coefficients for simple sample 
geometries  are given by Bird, Stewart ,  and Light -  
foot (10). ,o -~ 

R e s u l t s  a n d  D i s c u s s i o n  
Isothermal  rate  curves calculated wi th  rate  Eq. [8] 

for oxidation of p la t inum in pure  oxygen and air are 
shown in Fig. 3, for a r ibbon width  of 0.0287 cm and 
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Fig. 1. Free convection correlation of the Nusselt No. Num with 
Grashoff No. Gr and Schmidt No. Sc for vertical surfaces (12). 
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for cylinders. 
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Fig. 3. Calculated static platinum oxidation curves for 0.0287 
cm ribbon at 1400~ based on EQ. [8].  
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Fig. 4. Comparison of calculated rate curves with experimental 
oxidation data points for 0.0287 cm platinum ribbons. 

t empera ture  of 1400~ The ra te  in air  is lower be-  
cause Pt > Po2. Al though ni t rogen is chemical ly inert,  
it impedes the t ransport  of PtO2 molecules through 
the boundary layer.  

F rom Fig. 3 and rate  equation [8], i t  can be seen 
that  at low pressures the oxidation ra te  is direct ly 
proport ional  to the oxygen pressure, the ra te  is con- 
trolled by the surface reaction, and 1 > >  (2~MRT) -z/2 
pt/km. At high pressures, the oxidation ra te  increases 
very  slowly wi th  pressure, the rate is control led by 
PtO~ diffusion, and 1 < (2r~MRT) -I/2 p t/km. 

Calculated pla t inum oxidat ion rate  isotherms are 
also shown as solid curves in Fig. 4. Curves of oxida-  
tion in oxygen at 1060 ~ 1200 ~ and 1400~ are pre-  
sented, and a par t ia l  curve for oxidation in air at 
1060~ is included. The equi l ibr ium constants (1) 
used in making the ra te  calculations are  l isted in Table 
I. The effect of air  (Pt > Po2) is to lower  the oxidat ion 
ra te  to about one- four th  of the ra te  in the same par -  
t ial  pressure of oxygen. These curves are based on a 
free convection correlat ion (Fig. 1) wi th  the charac-  
teristic dimension, L = 0.0287 cm, the r ibbon width  
used by F ryburg  (3, 4). 

The exper imenta l  results obtained in static oxygen 
by Fryburg  and Petrus at 1060~ are shown as open 
data points in Fig. 4. The solid datum point is their  ex-  
per imenta l  value  for oxidat ion in static air at 1 atm. 
For  both air and oxygen, the theoret ical  rates calcu- 
lated independent ly  of the exper imenta l  data agree 
with the exper imenta l  data wi th in  a factor of two, or 
less, over  the entire oxygen pressure range, and the 
lowered oxidation rate in air is correct ly estimated. 
Calculated theoret ical  rates agreed equal ly  wel l  wi th  

Table h Equilibrium constants for oxidation of platinum 1 

i~ + O~ ~- PtO~(g) 

Temp, ~ Keq 

1060  5.9 • 10 -7 
1200  2 .6  • 10 -~ 
1400 1.3 • 10 4 
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Fig. 6. Effect of forced flow on the oxidation rates of 0.0287 
cm diameter platinum wire and 1 cm diameter platinum cylinders. 

exper imental  rates at other temperatures  and pres- 
sures, but  since the exper imenta l  data were most ex- 
tensive at 1060~ the comparison at this tempera ture  
is presented. 

The effect of sample size on calculated theoretical 
p la t inum oxidation rates (~ree convection) are shown 
in  Fig. 5. Calculated oxidation rates decrease with in-  
creasing r ibbon width in  agreement  with exper imental  
results. 

Calculation of p la t inum oxidation rates in a high 
velocity air s t ream were made using the correlation of 
Fig. 2 for long cylinders. Isothermal oxidation rate 
curves were calculated for a free s t ream velocity of 
3200 ft/sec (equivalent  velocity behind the bow wake) 
for two cylinders, a 0.0287 cm diameter  wire and a 1 
cm diameter  rod. The high flow rate curves are com- 
pared with curves for static oxidation of the same sam- 
ples in  Fig. 6. The curves show oxidation rate vs. 
stagnation pressure. In  making  a direct comparison be- 
tween static air oxidation rates and forced flow oxi- 
dation rates, consideration should be given to the in-  
crease in  stagnation pressure over ambient  pressure 
in high velocity streams. 

At low-pressures,  high-gas flow velocities have 
little effect on the oxidation rate since there are too 
few gas molecules present  to form a diffusion bound-  

ary layer. Subsequently,  as pressure decreases the 
oxidation rate  asymptotical ly approaches the steady- 
state surface oxidation rate tha t  would occur with no 
reflection and dissociation of PtO2 molecules in the 
surface. At high pressures, high flow velocities in -  
crease the oxidation rate because of the decreased 
boundary  layer thickness and corresponding increase 
in the mass t ransfer  coefficient, kin. 

C o n c l u s i o n s  

In  summary,  oxidation rates of p la t inum can be 
calculated from the Nusselt number ,  using accepted 
dimensionless fluid correlations. The equi l ibr ium con- 
stant, Keq, for p la t inum oxidation is needed to establish 
the oxide vapor pressure at the metal  surface required 
for a solution of the boundary  layer  diffusion problem. 
With this l imited amount  of information,  oxidation 
rates can be calculated over a large temperature  range  
and pressure range in good agreement  with experi-  
menta l ly  observed rates. The method also permits  a 
valid calculation of oxidat ion rates in high gas veloci- 
ties where exper imental  determinat ions of ra te  data 
are difficult, and the rate equation accounts for differ- 
ences in oxidation rates caused by  sample size and 
iner t  gas dilution (air  vs. oxygen).  
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Stress Corrosion Cracking of Titanium Alloys 
I. Ti:8-1-1 Alloy in Aqueous Solutions 

T. R. Beck 

Boeing Scientific Research Laboratories, Seattle, Washingtan 

ABSTRACT 

Stress corrosion cracking of t i tanium: 8% A l - l %  Mo- l %  V alloy notched 
tensile specimens was investigated in various salt solutions under  potentio-  
static conditions. Stress corrosion cracking of duplex annealed Ti: 8-1-1 alloy 
occurred in chloride, bromide, and iodide solutions, bu t  did not  occur in other 
solutions such as fluoride, hydroxide, sulfide, sulfate, nitrate,  or perchlorate. 
The ul t imate s trength was strongly dependent  on potential.  The velocity of 
crack propagation and current  flowing into the crack in chloride, bromide, 
and iodide solutions were l inear ly  related to the applied potential  above a po- 
tent ial  of --900 mv to the saturated calomel electrode. An electrochemical 
mechanism controll ing the velocity is implied. 

The first known report  on stress corrosion cracking 
(SCC) of t i tan ium dates back to Kiefer and Harple, 
1953 (1), who described cracking phenomena with 
commercial ly pure  t i tan ium in  red fuming  nitr ic  acid. 
"Hot salt cracking" of t i t an ium alloys was discovered 
in the mid 1950's in connection with creep in  tu rb ine  
blades. The subject became very  active in the early 
1960's because of the impact of SCC on the supersonic 
t ransport  program. This phenomenon becomes signifi- 
cant above 250~ A considerable amount  of sponsored 
research has been conducted on this topic, some of 
which has been reported (2). 

The first known  report  of stress corrosion cracking 
of t i tan ium alloys in room tempera ture  aqueous en-  
v i ronments  was that  of Brown, 1965 (3). He found that 
precracked specimens of t i tanium: 8% a l u m i n u m - l %  
m o l y b d e n u m - l %  vanad ium alloy (Ti:8-1-1)  were sus- 
ceptible to SCC in sea water. This touched off a new 
flurry of invest igat ion for suitable less-susceptible al- 
loys. Although much applied work was done and suit-  
able, less-susceptible alloys were found, the mechanism 
of SCC in  t i tan ium alloys was unknown.  

A basic research program to study the mechanism 
of t i t an ium SCC was begun at the Boeing Research 
Laboratories in  1965. This paper describes results of 
the ini t ia l  electrochemical studies with Ti: 8-1-1 alloy. 
A discussion of electrochemical theory will  follow in 
another  paper (4). 

All  potentials recorded in the exper iments  are given 
in milIivoIts in this paper. Unless otherwise stated, the 
saturated calomel electrode (SCE) is the zero s tandard 
of reference. 

Exper imental  
Titanium:  8-1-1 was chosen as the alloy for in i t ia t -  

ing the program because i t  had been shown by prior 
investigators to be one of the commercial ly available 
t i t an ium alloys most susceptible to SCC. It was avail-  
able in  two heat - t rea tments ;  mil l  annealed and duplex 
annealed. The mil l  annealed t rea tment  consisted of 
holding the sheet at  788~ for 8 hr, followed by fur-  
nace cooling. The duplex annealed  t rea tment  con- 
sisted of reheat ing mil l  annealed  sheet to 788~ for 15 
rain followed by air cooling. The composition and ten-  
sile properties of the mater ia l  used in  this invest iga-  
t ion are given in Table I. 

Tensile tests were performed with notched speci- 
mens in a 10,000 kg Ins t ron Model TT universa l  test-  
ing ins t rument .  The specimens were gripped in Ins t ron  
G-61-10F Type 10F wedge action jaws. 

The tensile specimen geometry is shown in  Fig. 1. 
The criteria for selection of the specimen geometry 
were: 

1. The specimens should be such a size and  shape 
that  stress corrosion cracking could be produced. 

2. The specimens should fit the jaws and capacity of 
the tensile machine. 

Table I. Composition and Tensile properties of metal used in 
this investigation a 

D u p l e x  D u p l e x  Mi l l  
a n n e a l e d  b a n n e a l e d  a n n e a l e d  

Th ickness ,  in.  0.050 0.060 0.060 
S h e e t  No, 2936 2194 2026 
H e a t - t r e a t  No. B9093-F-2284 3960831 D2654 
Com pos i t i on ,  % 

A1 8.0 7.6 7.55 
Mo 1.00 1.05 1.05 
V 1.01 0.98 0.95 
Fe 0.04 0.11 0.16 
C 0.03 0.04 0.045 
N 0.0045 0.0008 0,001 
H 0.0069 0.0042 0.005 
O 0,075 0,109 0,047 

Yie ld  s t r e n g t h  129.2 137.8 148.0 
K S I  129.5 137.5 148.7 

137.6 149.8 

U T S - K S I  141.6 145.8 156.2 
141.4 144.9 156.9 

144.9 158.7 

E longa t i on ,  % 10.5 11.5 13.0 
10.5 12.0 13.0 

10.5 13.0 

Da ta  f r o m  B o e i n g  A i r p l a n e  D i v i s i o n .  
b Th is  shee t  used  for  m o s t  of the  t ens i l e  e x p e r i m e n t s  r e p o r t e d  

he re in .  

3. The specimens should be inexpensive and easy to 
produce and use so that  hundreds  could be used to 
screen env i ronmenta l  effects. 

I t  was also considered desirable that  the specimens 
should be designed according to fracture mechanics 

* Typical Notch 
Root Racfius = 0.001" 

**w = 0.05 to 0 .06 "  

Fig. 1. Tensile specimen geometry 
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concepts, but  this was not compatible wi th  the above 
criteria. It  is in tended to fol low up la ter  wi th  larger  
size specimens designed according to f rac ture  me-  
chanics concepts. 

Specimens were  prepared  by shear ing f rom sheet  
stock sl ightly oversize blanks; the two long edges were  
machined to finished dimensions. The first specimens 
were  double notched, but  la ter  specimens were  single 
notched. Tolerance on the net  section width  was held 
to • in. The cut ter  was resharpened  be tween  the 
final passes during cutt ing of the notches in order  to 
minimize cold working  and to obtain a more  precise 
notch root radius. Most specimens had a notch root 
radius of 0.001 in. Cutt ing oil was subsequent ly re -  
moved f rom the specimens by a kerosene fol lowed by 
an acetone rinse. The la ter  samples were  anodized to 
70-80v in a 1N sulfuric acid bath to minimize  electro-  
lytic reactions on the surface dur ing the tensile tests. 
Specimens were  not precracked.  In the tensile tests, a 
crosshead veloci ty of 0.005 c m / m i n  was selected as 
s tandard for most of the tests. This selection was made  
af ter  a p re l iminary  screening to de te rmine  effect of 
crosshead speed on specimen strength as described 
under  results. The specimens were  usual ly preloaded 
in the elastic region to about 1000 kg (2200 lb) at a 
crosshead velocity of 0.05-0.10 cm/min.  This procedure  
permit ted  tests to be completed in a period of 10-30 
mln. Rapid test ing was considered necessary in order  
to evaluate  a wide range of environments .  Force  vs. 
t ime plots were  recorded in each test. 

Tests were  made in air and in various electrolyte  
solutions wi th  the specimen potent iostat ical ly held at 
a preset potential.  The Teflon cell configuration used 
in the potentiostatic tests is i l lustrated in Fig. 2. A 
Wenking Model 6379 TR potentiostat  was used. Elec-  
tr ical  connection to the specimens was made through 
the wedge action jaws. Current  flowing to the speci- 
men was recorded vs. t ime dur ing the test using an 
x-ax is  speed of 1/50 in. /sec on a Moseley Model 2D 
x -y  plotter. 

The first tests were  made wi th  3 �89  sodium chlo-  
ride (0.6M solution) corresponding to the total salt 
content  of sea water.  Other  salt solutions for com-  
parison were  also made 0.6M. Concentrat ion effects 
were  studied later. 

Results 
L o a d - t i m e  cuwes , - -Typ ica l  load- t ime curves for 

s ingle-notched duplex annealed Ti: 8-1-1 specimens are 

Load KG 
2500 

Failure in Air 

U / , . ~  7 200b 

B :  Period of Square Fracture 
C=Period of Slant Fracture 

U / p  Failure ~ in 1500 
vs ~ 0.6M NaCI / ~ BI ~ @-500MY 

cl l vs SCE 1000 
5OO 

r  I 1 I I | I I J I I 0 
0 4 8 12 16 20 

Time- Minutes 
Fig. 3. Load-time curves for single-notched duplex annealed 

Ti:8-1-1 specimens. 

shown in Fig. 3. Fa i lure  in 0.6M sodium chloride is 
compared to that  in air. The u l t imate  force, Us, at 
fai lure in sodium chloride solution at a t i tanium po- 
tential  of --500 my  is considerably less than the ul t i -  
mate  force, UA, in air. The typical  appearance of f rac-  
ture in salt solutions under  SCC susceptible conditions 
is shown in Fig. 4. The f rac ture  is ini t ial ly square 
under  SCC conditions, la ter  changing to slant shear 
failure. In air, the duplex  annealed Ti :8-1-1 speci- 
mens failed almost ent i re ly  in slant fracture.  The 
period of propagation of square f rac ture  in NaC1 is 
designated by B and the period of slant f racture  by C 
in Fig. 3. Most specimens were  preloaded to 1000 kg 
(2200 lb) as shown, in order  to save time. The first 
visible evidence of a plastic zone by appearance of a 
dimple on the surface around the root of the notch 
occurred at 1300 to 1500 kg. 

C u r r e n t - t i m e  cu~rves.--A typical  plot of current  
flowing under  SCC conditions is given in Fig. 5. In the 
period, A, before SCC commences, the current  mea-  

Fig. 4. Typical appearance of fracture 

Fig. 2. Configuration of cell for tensile specimens Fig. 5. Typical current vs.  time relation under SCC conditions 
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sured is that  flowing to the old exter ior  surface of 
the specimen. This current  may be anodic or cathodic 
depending on the salt solution and applied potential.  
Later  specimens were  anodized to minimize this back- 
ground current.  Anodizing did not appear  to influence 
the SCC behavior.  When stress corrosion cracking 
started, the current  jumped  in the anodic direct ion 
designated by the region B in Fig. 5. Transi t ion to the 
shear mode or slant failure, region C, was accompanied 
by a peak in current.  The peak correlated wi th  the 
observed change on the specimen surface f rom square 
to slant fracture.  A high anodic current  peak ac- 
companied the final failure. Time for propagat ion of 
square f rac ture  could be direct ly measured f rom the 
current  t ime plots, which were  obtained for  every  run. 
In cases where  the background cur ren t  in period A 
was large, e i ther  anodic or cathodic due to high posi-  
t ive or negat ive polarization, the crack propagat ion 
current  and t ime were  sometimes obscured. 

A typical  pa t te rn  of current  vs. t ime for a poten-  
tial giving immuni ty  to stress corrosion cracking is 
shown in Fig. 6. The first evidence of anodic current  
pips is difficult to define, but  there  was general ly  a 
peak at point X fol lowed by a long period of an i r regu-  
lar  current  of a few microamperes  unti l  slant fa i lure  
occurred. Point  X general ly  occurred at a load of about 
1400 kg for the s ingle-notched duplex-annea led  Ti: 
8-1-1 specimens. The i r regular  anodic current  is pre-  
sumably due to anodizing of meta l  in cracks in the 
oxide film in the plastic zone around the root of the 
notch. Because of its low value, this current  was 
easily obscured by current  flowing to the old surface. 

Effect of crosshead ve loc i ty . - -Ear ly  in the program, 
the effect of crosshead veloci ty was invest igated in 
order  to de termine  a suitable value to use in the tests. 
Results are shown in Fig. 7 for the double-notched,  
duplex-annea led  Ti: 8-1-1 specimens in air and in 0.6M 
sodium chloride at a potential  of --500 my. The 
strengths plot ted are the u l t imate  values, Un and Us, 
i l lustrated in Fig. 3. Stress corrosion cracking appeared 
to occur at crosshead velocities of less than 10 -1 c m /  
min. A veloci ty of 5 x 10 -3 c m / m i n  was chosen as 
s tandard for all subsequent  tests as this gave mea-  
surable differences in a short period of time. 

The stress shown at the r ight  of Fig. 7 was based on 
the notch section area. The unnotched specimens wi th  
slightly h igher  strength had the same net  cross section 

Current 
Final Amps 

06MS~E~.~ec . . . . . . .  KC ] . . . . . . .  ] 
= o Mv vs SCE 10"7 

10-" 
SBcond Troce Fi~t Trace 10-~ 

0 100 200 300 440 540 600 I0-7 
Time--Seconds 

Fig. 6. Typical current vs. time relation under non-SCC conditions 
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as the notched specimens at the  notched section in-  
dicating that  duplex annealed Ti: 8-1-1 is notch sensi- 
tive. There appears to be reasonable agreement  of 
tensile s t rength of the unnotched specimens to the 
data in Table I for duplex-annea led  Ti: 8-1-1. 

F~ffect of notch radius . - -The effect of notch radius 
was invest igated in order  to specify the tolerance on 
the machining of the notches and to de termine  var i -  
abil i ty in results due to this factor. Double-notched 
specimens of duplex-annea led  Ti: 8-1-1 alloy were  ma-  
chined with  notch root radii  of 1, 2, 5, and 20 mils 
(0.0025, 0.005, 0.012, and 0.05 cm) for these tests. Two 
specimens had a notch root radius of about 0.5 mils 
(0.0012 cm),  produced by pressing a knife blade into a 
1 rail radius notch. 

Results in air and 0.6M l i th ium chloride, potassium 
bromide, and potassium iodide solutions are shown in 
Fig. 8. The results in air and in LiC1 at a potent ial  
-]-1000 mv  were  within  the same scat terband and in- 
dicated some notch sensitivity. Specimens in LiC1 at 
--500 mv  showed SCC susceptibil i ty for notch radii  of 
5 mits and less, but  SCC immuni ty  for 20 mil  radius. 
All  ~pecimens with  notch radii  in the range of 1 to 20 
mils were  susceptible  in KBr  and KI  at a potent ial  of 
+1000 mv. Two specimens with  20 rail notch radius 
were  electropolished in the notches and tested at 
4-1000 my in KI  solution; l i t t le  or no sensi t ivi ty  was 
indicated. 

It  was decided, based on these tests, to use 1 mil  
radius machined notches as standard. 

Effect  of halide ions. - -Stress  corrosion cracking of 
Ti: 8-1-1 alloy in aqueous environments  at room tem-  
pera ture  has been found to be very  specific to three  
ions; chloride, bromide, and iodide, and to date no 
others. Other anions invest igated were  fluoride, hy-  
droxide, sulfide, sulfate, nitrite,  and perchlorate.  There  
also appeared to be no cation effect wi thin  the l imits 
of accuracy of the exper iments  for the alkali  and alka-  
line ear th  cations used. The ul t imate  load vs. poten-  
tial for  neut ra l  fluoride, chloride, bromide,  and iodide 
is given in Fig. 9. The exper imenta l  points are not 
shown for the purpose of clarity, but  the scat terband 
width is indicated in the lower  left  of Fig. 9. 

At potentials more negat ive  than about --1000 mv, 
the specimens appeared to be cathodically pro tec ted  in 
all solutions. At alI potentials,  the  NaF solution gave 
results in the same scat terband as the air values. At 
potentials more posit ive than --1000 my, SCC suscepti- 
bil i ty in vary ing  degrees occurs in chloride, bromide, 
and iodide solutions. A region of anodic protection 

Fig. 7. Effect of crosshead velocity for double-notched, duplex- 
annealed Ti:8-1-1. Fig. 8. Effect of notch root radius on ultimate strength 
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Fig. 9. Ultimate toad vs. applied potential in 0.6M halide solutions 

occurs in chloride and bromide solutions. Pi t t ing cor- 
rosion and flocculent whi te  precipitate were observed 
at W1000 my  in KBr solution and W2000 mv in  LiC1 
solution. A photograph of a specimen failed in  0.6M 
KBr solution, Fig. 10, shows the pits and shor t  radial  
lines on the surface that  appeared to be normal  to the 
stress direction around the notches. Although there was 
a decrease in  strength in KI  solution at about -]-700 
my, no pi t t ing or white precipitate were observed. 

The ul t imate  s trength shown in  Fig. 9 is actual ly a 
measure of the stress for ini t iat ion of stress corrosion 
cracking, but  there is a close correlation to propaga- 
tion. It was found, for example, that  SCC could be in i -  
t iated at w500 my in chloride solution and stopped by 
switching the potential  to either the anodic or cathodic 
protection zone. It was also found that  SCC could be 
ini t iated at higher loads t han  normal  at --500 my  by 
first loading in the anodic or cathodic protection zone 
to a point approaching fai lure at that  potential  and 
then switching to --500 my. 

The power of the potentiostatic technique is demon-  
strated in Fig. 9. Specimens on open circuit  have a rest  
potent ial  that  is var iable  depending on metal  com- 
position, history of the surface, trace impuri t ies  in 
solution, etc. A range of at least -t-500 to --500 mv  was 
observed on t i tanium. In  this range m a n y  changes oc- 
cur, accounting in par t  for the large var iabi l i ty  in 
s t rength observed by others under  open-circui t  con- 
ditions. 

Crack propagation veloci ty  and associated c u r r e n t . -  
Crack propagation velocity was measured by  two 
means:  (i) by visual ly observing the progress of the 
crack past scribed pencil  l ines on a specimen surface, 

and (ii) by dividing the square-f racture  length (b in  
Fig. 4) by the square-fracture  t ime (B in  Fig. 5). A 
comparison of the two methods is shown in  Fig. 11. 
There appeared to be reasonable good agreement  for 
this specimen a t - -500 my  in 0.6M LiCk 

It would have been desirable to make all velocity 
correlations using ini t ial  crack velocity f rom visual  
observation of crack length. This was a tedious mea-  
surement  and only a few were made. Data were avail-  
able, however, from the exper iments  already made to 
calculate average crack velocity. If the ratio of aver-  
age velocity to ini t ia l  velocity is relat ively constant, 
correlation using average velocity appears justified 
at this time. 

Average crack propagation velocity was found to be 
l inear  with applied potential  in  0.6M chloride, bromide, 
and iodide solutions for those specimens that  failed 
below about 1500 kg load. These data, based on square 
fracture length and time, are plotted in Fig. 12. This 
is probably one of the more significant findings in  this 
work thus far, as it  demonstrates that, once initiated, 
the crack propagation velocity is determined by  elec- 
trochemistry. 

The current  dur ing  square- f rac ture  crack propaga-  
t ion as measured from current  vs. t ime plots such as 
shown in  Fig. 5 is plotted in  Fig. 13. The average ini-  
tial current  and the average final cur rent  jus t  before 
ini t iat ion of shear fracture appear to be l inear  with 
applied potential. The average current  was estimated 
by drawing by eye a horizontal  l ine through about 30 
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Fig. 10. Specimen failed in 0.6M potassium bromide at -{-1000 
my (pitting corrosion condition). 
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Fig. 12. Relation of averag e crack propagation velocity to ap- 
plied potential in 0.6M haffcfe solutions. 
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Fig. 13. Relation of crack propagation current to applied poten- 
tial in 0.6M halide solutions. 

sec of the i r regular  current  plot. That  the ratio of final 
cur rent  to ini t ial  cur rent  appears to be constant  up to 
at least zero mv  to SCE lends some assurance that  the 
correlation using average velocity was justified. 

The values of the intercepts on the potential  axes in 
Fig. 12 and 13 play an impor tant  role in the analysis 
presented in  the following paper (4). The intercepts 
in Fig. 12 and 13 a re - -900  and --850 mv, respectively. 

Effect of cancentration.--The effect of concentrat ion 
was studied using hydrochloric acid solutions. The pat-  
te rn  of s t rength vs. potential  was s imi l a r  to tha t  shown 
in  Fig. 9 at concentrat ions from 6M to 0.006M. At 
0.0006M anodic protection did not occur unt i l  about  
~1000 my. The resist ivity of the solution was ap- 
parent ly  too high for the potentiostat  to ma in ta in  
effective control. 

It  was found that stress corrosion cracking in chlo- 
ride solution could be suppressed by addition of hy-  
droxide or fluoride. SCC was suppressed in  iodide 
solution by addit ion of hydroxide or perchlorate. The 
molar ratio of inhibi tor  to SCC agent  to suppress SCC 
completely was on the order of 10-100 to 1. 

Effect of temperature.--Temperature of the speci- 
men  and electrolyte from 0 ~ to 74~ had little effect on 
ul t imate  load wi th in  the limits of exper imental  error 
in chloride electrolytes with specimen at --500 mv  
as shown in Table II. Fur ther ,  the relat ively small  
change in  velocity with tempera ture  suggests control 
by mass t ranspor t  ra ther  than kinetics. 1 The tempera-  

Note  a d d e d  in  p roof :  S u b s e q u e n t  e x p e r i m e n t s  i nd i ca t e  an  ac t i -  
v a t i o n  e n e r g y  on t he  o rde r  of  2 kca l .  

ture  of 0~ was obtained by pour ing l iquid ni t rogen 
into the cell un t i l  the surface of the electrolyte froze 
to ice around the specimen. The 74~ tempera ture  was 
obtained by shining heat lamps on the specimen and 
cell and control l ing tempera ture  with an epoxy in-  
sula.ted thermocouple in the electrolyte. 

Effect of heat-treatment--Experiments were con- 
ducted to investigate the effect of heat t rea tment  of 
Ti: 8-1-1 and the p re l iminary  results are summarized in 
Fig. 14. The results on duplex-annea led  mater ia l  have 
already been described. In  contrast  it can be seen that  
notched specimens of the alloy in the mi l l -annea led  
condition are relat ively br i t t le  under  all conditions of 
test and are relat ively insensi t ive to the environment .  

Fractographic analysis.--Numerous electron photo- 
micrographs of square- f rac ture  surfaces have shown 
that  specimens fractured in aqueous salt solutions ex-  
hibited t ranscrystal l ine cleavage of the a-phase in  
Ti: 8-1-1 alloy. Ductile rup ture  occurs in the E-phase. 

Conclus ions  
The following conclusions are based on experiments  

wi th  duplex annealed Ti:8-1-1 alloy specimens in  
aqueous solutions: 

1. Notched specimens are susceptible to stress cor- 
rosion cracking in  chloride, bromide, and iodide solu- 
tions. 

2. Notched specimens are not  susceptible in fluoride, 
hydroxide, sulfide, sulfate, nitri te,  or perchlorate solu- 
tions. Fluoride, hydroxide and perchlorate were found 
to inhibi t  SCC in chloride, bromide, and iodide solu- 
tions for molar concentrat ion ratios in exces~ of 10-100 
to 1. 

3. No significant cation effect was observed for hy-  
drogen ion and alkali  and alkal ine earth metal  ions. 

4. SCC is accompanied by an anodic current .  
5. There is a ma x i mum rate of elongation of notched 

tensile specimen above which shear fai lure occurs 
rather  than SCC. 

6. Precracking is not  necessary, but  there is a min i -  
mum notch root radius above which SCC does not  
occur in chloride solutions. SCC was found to occur 
in bromide and iodide solutions with a larger root 
radius, at potentials above the pi t t ing potential.  Elec- 
tropolishing the notch inhibi ted SCC in iodide solution. 

7. The load for ini t iat ion of SCC appeared to be re-  
lated to the first visible indication of plastic deforma- 
tion around the root of the notch. 

8. Cathodic protection occurred at potentials more 
negative than  --1000 mv to SCE i'n chloride, bromide, 
and iodide solutions. An  anodic protection zone of po- 
tent ia l  occurred in chloride and bromide but  not in  
iodide solution. 

9. Susceptibil i ty occurs in  hydrochloric acid solu- 
tions to concentrat ion at least as small  as 0.0006M (20 
ppm).  

10. Average velocity of crack propagation dur ing 
SCC is l inear ly  related to potential  in  chloride, bro-  
mide, and iodide solutions. Data for the three ions were 
correlated by the same line which had an extrapolated 
intercept  of --900 mv  to SCE at zero velocity. There is 

Table II. Effect of temperature on ultimate load and crack 
propagation velocity at potential of - -500 my in 

chloride solutions 

Crack 
T e m p ,  U l t i m a t e  ve loc i t y ,  

S p e c i m e n  No. E l e c t r o l y t e  ~ l oad  = k g  c m / s e c  • 108 

473 0.6M K C I  0 1500 4.6 

Avg. of several 
specimens 0.6M KCI  21 1 3 0 0  "~" 9 0  8 

J 
145 0.6M LiC1 74 1340 5.0 ~ 

150 

125 

5_ 
~ ~oo 

75 

50 

F 

-1000 -500 0 

Potential MV vs. SCE 

Air 
(Duplex Anneal) 

~ Air 
(Mill Anneal) 

500 1000 1500 

6 Ve],ocity c o u l d  be  l a r g e r  t h a n  t h i s  v a l u e  because  t i m e  of t r a n s i -  Fig. 14. Ultimate strength of Ti:8-1-I notched mill annealed and 
tion to ~hear could not be determined, duplex annealed in 0.6M LiCI. 
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a re la t ive ly  small  t empera ture  effect on velocity from 
0 ~ to 74~ 

11. The anodic current  during SCC was also re la ted  
l inearly to potential  in chloride, bromide,  and iodide 
solutions. An electrochemical  mechanism control l ing 
veloci ty is implied. 

12. Electron photomicrography indicates t ranscrys-  
tall ine cleavage of alpha phase on SCC fracture  faces. 
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Electrodeposition of Coherent Deposits of Refractory Metals 
V. Mechanism for the Deposition of Molybdenum from a Chloride Melt 

S. Senderoff and G. W. Mellors 

Research Laboratory, Consumer Products Division, Union Carbide Corporation, Cleveland, Ohio 

ABSTRACT 

After  observing an i r revers ible  step in the electrode process in all cases 
of coherent  deposition of metals  f rom molten fluorides, a chronopotent io-  
metr ic  study of the KC1-LiC1-K3MoC16 system which produces coherent  mo-  
lybdenum deposits was undertaken.  It was found that  in this case also, the 
electrode process was i r revers ib le  at 600~ a tempera ture  at which coherent  
deposits are produced, and became more  revers ible  as the t empera tu re  in-  
creased. The i r revers ib le  behavior  of the electrode and the decrease of bath 
stabil i ty with decrease in concentrat ion of molybdenum could be explained 
on the basis of the fol lowing mechanism 

slow 
[Mo2C19] -s(1) + 3C1- (1) ~, 2[MoC18] -3 (1) (A) 

[MoC18]-~(1) -t- 3(e) ~ Mo~ + 6C1-(1) (B) 

- - M o ( s )  + - - M o C l s ( g )  + 3CI-  (I) (C) 
;~5 5 

The fai lure of the electrode to behave in a Nernst ian manner  at 600~ is 
ascribed to the slowness of the dissociation in step (A).  Its more  near ly  
Nernst ian behavior  at 700 ~ and 800~ probably  results f rom the increased 
rate of this dissociation and is associated with  decreased coherency of deposits 
at these temperatures .  

In a recent  series of papers (1-4) it was shown that  
in each case in which a coherent  deposit of a re f rac tory  
meta l  was obtained f rom fused salt systems, the meta l  
product ion step in the electrode process was i r revers i -  
ble. In niobium and tan ta lum deposition, the i r revers i -  
bi l i ty was apparent ly  the result  of a sl ightly soluble 
intermediate ,  while  in the case of zirconium, it may 
have resul ted f rom corrosion of the the deposit by the 
solvent. In all  of these studies the system under  in-  
vest igat ion was a fluoride electrolyte which had been 
demonstrated to be a general  medium for the coherent  
deposition of ref rac tory  metals  (5). It had been shown 
ear l ier  that  a chloride electrolyte  may be used to de- 
posit molybdenum (6) coherent ly  under  certain condi- 
tions, and a study of static potentials in this system in- 
dicated that  the Mo/Mo 3+ electrode behaved revers i -  
bly in accordance with  Nernst 's  Law (7). The study 
of the kinetics of the electrode process by chronopo-  
tent iometry  was under taken  to determine  whe the r  
revers ib i l i ty  of the electrode was mainta ined under  
the dynamic conditions during deposition or whether  
it was a proper ty  of the static electrode system 
only. 

Experimental 
The general  procedures and equipment  used in pre-  

vious investigations (2-4) were  used with  the fol low- 
ing modifications: 

1. The reference hal f -ce l l  consisted of a si lver rod 
immersed in solution of 1 tool % AgC1 in the KC1-LiC1 
eutectic mix ture  (41.2 tool % KC1-58.8 tool % LiC1) 
contained in a recrystal l ized alumina crucible (Mor- 
ganite ARR). This crucible was held in the cup desig- 
nated C in Fig. 2 of ref. (4). 

2. The test solutions were  prepared by making an 
electroplat ing solution wi th  K3MoC16 in KC1-LiC1 as 
described ear l ier  (6) and electrolyzing unti l  satisfac- 
tory plates were  produced. This solution was quickly 
frozen, analyzed, and portions were  then added to 
purified KC1-LiC1 to make the diluted solutions re-  
quired for chronopotent iometry.  The I~MoC16 was 
prepared  as previously described (8). 

3. The crucible containing the test solutions [desig- 
nated I in Fig. 2, ref. (4)] was molybdenum. 

Chronopotent iometr ic  runs  were  made wi th  a pla t i -  
num disk 1 cm 2 in area as indicator electrode and a 
molybdenum strip as counter  electrode. As wil l  be dis- 
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cussed below, the solutions were unstable  at low con- 
centrat ions and high temperatures  so each concentra-  
tion was run  as rapidly as possible at various current  
densities at the lowest temperature  (600~ then at 
higher temperatures,  and finally cooled and a few cur-  
rent  densities repeated at the ini t ial  tempera ture  of 
600~ Only those runs  in  which the t ransi t ion t ime 
constant  of the ini t ia l  chronopotentiograms was re-  
produced at the end of the r u n  were used in in te rpre t -  
ing the results. Samples for analysis were taken  at the 
conclusion of each set of runs  at a fixed temperature.  

Results 
The electroplating bath which formed the stock solu- 

t ion for the chronopotentiometric runs  contained 4.8 
w/o (weight per cent) Mo (6.8 x 10 -4 moles/cc at 
600~ I at a mean  valence of 2.9 as determined by 
chemical analysis. 2 This solution could not be used for 
chronopotentiometric studies since at this high con- 
centrat ion a microelectrode 0.01 cm 2 in area was re-  
quired in order that  reasonable current  densities and 
t ransi t ion times could be employed. Such electrodes 
were made by sealing p la t inum or tungsten  wires in  a 
quartz tube, but  did not yield satisfactory chronopo- 
tentiograms. Satisfactory runs were made on diluted 
solutions containing ini t ia l ly  1.7 x 10 -4, 1.0 x 10 -4, and 
5.8 x 10 -5 moles/cc Mo, bu t  the last of these lost 36% 
of its molybdenum content  wi th in  the short t ime re-  
quired to complete n ine  chronopotentiograms at 600~ 
A solution start ing with 3.5 x 10 -5 moles/cc lost 97% 
of its molybdenum content  after only five runs at 
600~ and could not be used to obtain significant data. 
The two more concentrated solutions showed negli-  
gible molybdenum losses at 600~ but  lost concentra-  
tion slowly at 700 ~ and 800~ Because of the pro- 
gressive instabi l i ty  of the solutions with decreasing 
concentrat ion and increasing temperature,  only a l im- 
ited range of concentrat ions could be studied. 

Figures 1A and 1B are typical cathodic chronopo- 
tentiograms at 600 ~ and 700~ They show a single 
plateau at --0.18 and 0.0v, respectively. The small  i r -  
regular i ty  near  --0.Tv is caused b y  a trace impur i ty  
and may be ignored. The static potenUal observed on a 
molybdenum electrode in this solution is +0.05v at 
600 ~ and 700~ vs. the Ag/AgC1 (0.3M), KC1, LiC1 
electrode, and is near ly  independent  of temperature  
except when  the electrolyte decomposes, thereby de- 
creasing the concentrat ion and raising the mean  va-  
lence. At 800~ values vary ing  between +0.17 and 
+0.23v are observed for the static potential, the var i -  

Dens i t y  da ta  t a k e n  f r o m  ref.  (9). 

2 The  s a m p l e  is  d i s s o l v e d  i n  excess  fe r r i c  su l fa te  and  back  t i -  
t r a t e d  w i t h  d i c h r o m a t e .  The  m e a n  v a l e n c e  is c a l c u l a t e d  f r o m  the  
t i t e r  a n d  the  t o t a l  Mo con ten t .  The  l a t t e r  is  d e t e r m i n e d  e o l o r i m e t r i -  
ea l ly  on the  t h i o c y a n a t e  c o m p l e x  of m o l y b d e n u m  a f t e r  d i s s o l v i n g  
t h e  s a m p l e  and  f u m i n g  i t  in  H~SO4 c o n t a i n i n g  a ~ew drops  of HNO3. 
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Fig. 1. Chronopotentiograms for the reduction of K3MoCI6 in 
KCI-LiCI. 

a b 
Temp, ~ 600 700 
Concentration, moles/cm 3 17 x 10 - 5  13 x 10 - 5  
Current density, ma/cm2 200 150 
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Fig. 2. Cathodic-anodic chronopotentiometry of K3MoCle !n 
KCI-LiCI, cathodic portion on the left. 

a b c 
Temp, ~ 600 700 800 
Concentration, moles/cm 3 17 x 10 - 5  13 x 10 - 5  12 x 10 - 5  
Current density, ma/cm 2 100 150 175 

abil i ty being related to the instabi l i ty  of these dilute 
solutions at this temperature.  

Figures 2A, B, C are cathodic-anodic chronopoten- 
t iograms at 600 ~ 700 ~ and 800~ respectively. While 
at 600~ the ratio of backward- to- forward  transi t ion 
times is 1.0, this ratio is anomalously large at 700~ 
(1.7) and 800~ (3.3). Table I shows the chronopoten '  
t iometric data for the results at 600 ~ 700 ~ and 800~ 

Discussion 
Stability af the solution.--Although the plat ing solu- 

tion at a concentrat ion of 4.8 w/o Mo is stable up to at 
least 800~ the approximate fivefold and tenfold 
dilutions represented by solutions I and II in Table I 
showed slight concentrat ion losses at 700~ and addi- 
t ional losses at 800~ The dilution of approximately 
15-fold represented by solution III fell from a con~ 
centrat ion of 5.8 x 10 -5 to 3.7 x 10 -5 moles/cc even at 
600~ and was too dilute at 800~ for satisfactory study. 
On di lut ing the plat ing solution to 1/25 of its original 
concentration, it decomposed at 600~ before even a few 
runs could be made. Upon decomposition, a volatile ma-  
ter ial  is evolved from the solution and a dark powder 
is precipitated. When this approximately 25-fold di- 
lut ion was quenched after a 2-hr hold at 600~ two 
layers developed. The white upper  layer contained 
less than 10 -6 moles/cc NIo, and the lower black one 
contained 3.4 x 10 -4 moles/cc Mo. The ini t ia l  nomina l  
concentrat ion based on the di lut ion of the plat ing bath 
was 3.5 x 10 -5 moles/cc, and the x - r ay  spectrum of the 
black material  showed lines characteristic of Mo metal  
and MoO2 (the lat ter  undoubted ly  a product of the 
aqueous separation procedure).  One may conclude that  
the decomposition is a disproportionation yielding a 
volatile higher chloride of molybdenum and m o l y b '  
denum metal. However, while a disproport ionation 
may be fur thered by higher temperature,  it is ex- 
t remely unusua l  for it to be enhanced by dilution. In  
fact, if the process is of the na ture  of 

5MoCI~ (1) ~ 2Mo (s) W 3MoC15 (g) [1] 

then decrease in concentrat ion of MoCls in solution 
(as K~MoCI6) should drive the reaction to the left 
ra ther  than toward addit ional disproportionation. To 
account for the observed effect of tempera ture  and 
concentration, another  process must  be postulated in 
addition to the observed disproportionation. While in  
aqueous systems di lut ion f requent ly  results in  decom- 
position of complexes and disproportionation, this 
would not be expected in this case since the concen- 
t ra t ion of the ligand, chloride ion, is essentially u n -  
affected by vary ing  the concentrat ion of MoC13 in  a 
large excess of KC1-LiC1. One process which would be 
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Table I. Chronopotentiometrlc data for reduction of K3MoCI5 in KCI-LiCI eutecfic mixture 

~r~/~/C, 
Conc. ]~MoCle,  CD, amp/cm 2 E1/r v ,  i ' r  :t/:a, amp see 1/~ amp secl/2 cm, 

m o l e s  cm-~ x 10 -5 M i n .  M a x .  a v e r a g e  ~ c m ~ ,  a v e r a g e  a mo1-1 x 10 -2 

I 
I I  
I I I  

I 
I I  
H I  

I 
I I  

A .  600~ 

17.0 b 0.100 0.300 - 0 . 1 7  ~ 0.03 0.181 - -  0.002 9.5 
10.0 b 0.075 0.150 --0.18 ~ 0.02 0.088 ~ 0.002 8.8 

3.7 ~ 0.025 0,100 - - 0 . 1 8  .~ 0,02 0.029 "4- 0.002 7.8 

B. 700~ 

13.0 ~ 0.150 0.300 --0.01 ~- 0.01 0.178 ~- 0.005 13.7 
7.0~ 0.050 0.150 --0.04 ~ 0.01 0.095 _ 0.005 13.5 
3.0 ~ 0.030 0.100 --0.04 2 0,01 0.027 - -  0.002 9.0 

C. 800~ 

12.0 ~ 0.175 0.350 +0.11 ~__ 0.02 0.182 - -  0.009 15.1 
5.8" 0.100 0.200 + 0.10 +__ 0.01 0.104 ----- 0.003 18.0 

B a s e d  on  6 or  7 r u n s  a t  e a c h  c o n c e n t r a t i o n .  
F i n a l  a n d  i n i t i a l  v a l u e s  n o t  s i g n i f i c a n t l y  d i f f e r e n t .  

, F i n a l  v a l u e  a t  e n d  of s e r i e s .  

favored by decreasing concentrat ion is dissociation of 
a polymer to form a monomer  in solution. The equi-  
l ibr ium 

Mn ~=~ nM [2] 

is dr iven to the r ight  on decreasing the concentrat ion 
in  accordance with the equi l ibr ium expression 

[ M ] "  
= K [3] 

[M,] 

Polynuclear  ions such as [W2C10] -3, [Mo~F9] -a, 
[Mo3C17] -1, and others are known and, if one may 
postulate that an ion such as [Mo2C19]-3 exists, the 
concentrat ion dependence of the decomposition can be 
explained by a process such as 

[Mo2C19] -3 (1) + 3C1- (1) ~ 2 [MoC16] -3 (1) 

6 4 
-->--MoC15(g) - t - ~ M o ( s )  + 6C1-(1) [4] 

5 5 

That is, if the molybdenum is present  in a stable bi-  
nuclear  ion in  equi l ibr ium with a less stable m ononu-  
clear one, decreasing the concentrat ion favors disso- 
ciation of the b inuclear  to the mononuclear  ion, which 
then disproportionates. Increasing the tempera ture  can 
be expected to increase the tendency toward dispro- 
port ionation of the mononuclear  ion. A spectroscopic 
study could probably settle definitely the question of 
whether  such a binuclear  (or polynuclear)  ion of 
molybdenum exists, and the behavior  with di lut ion de- 
scribed above can only be considered as very indirect  
evidence for it. However,  as wil l  be seen below, the 
concept will  prove useful  again in correlat ing the ki-  
netics of the electrode reaction. 

The electrode process . - -Examinat ion of Table I re-  
veals that the t ransi t ion t ime constant, iT1/2/C, is rea-  
sonably invar ian t  at 600~ at all concentrat ions and 
also at 700~ at the higher concentrations. In  Fig. 3 
are plotted the values of iz 1/2 vs. C from Table I. Be- 
cause of the restricted range of concentrat ions accessi- 
ble for s tudy and the unre l iab i l i ty  of the data at low 
concentrat ion and high temperature,  too much signifi- 
cance cannot be ascribed to the straight lines drawn. 
Therefore, it cannot  be unambiguous ly  demonstrated 
from these data that  the reaction is subject  to dif- 
fusion control, although it may be. 

However, it can be shown conclusively in  a n u m b e r  
of ways that  the reaction is not reversible at 600~ 
and that  it  becomes more near ly  reversible and  ap-  
proaches Nernst  behavior  at higher temperatures.  
First, examinat ion  of Fig. 2A reveals a 0.4v difference 
of potential  between the anodic and cathodic processes 
at 600~ In  a reversible process this should be twice 
the IR drop. If it is assumed that  the 17 x 10 -5 moles /  
cc K8MoC10 does not  mater ia l ly  change the conduc- 

Table II. Comparison of IR drop in electrolyte with 
observed polarization of anodic and cathodic processes 

2 • IR,  v O b s e r v e d  
KC1-LiC1 (1.5 cm p o t e n t i a l  d i f -  

T e m p ,  E u t e c t i c ,  C.D. ,  e l e c t r o d e  f e r e n c e ,  v 
~ K, o h m  -~ c m  -1 amp/cm-"  s e p a r a t i o n }  ( f r o m  F i g .  2) 

600  2 .34 0.100 0.128 0.4 
700 2.81 0.150 0.162 0.3 
800 3 .14 0.175 0.168 0.18 

t ivity of the KC1-LiC1 mixture  [2.34 ~ - 1  cm-1  at 
600~ (9)],  it is calculated that  the IR drop at 100 m a /  
em 2 on 1 cm 2 electrodes 1.5 cm apar t  is a max imum of 
0.064v. The observed difference is therefore more than  
six times the IR drop, and can only represent  i r re-  
versibi l i ty of the electrode process. This difference in 
potential  between the anodic and cathodic processes 
decreases to 0.3v at 700~ and to 0.18v at 800~ At 
800~ the conductivi ty of the KC1-LiC1 mixture  is 
3.14 ~ - 1  cm-1 so that the IR drop at 175 ma / c m 2 with 
the same electrode configuration is 0.084v. Here the 
total  difference is almost exactly twice the IR drop, 
indicat ing that  at 800~ the anodie and cathodic proc- 
esses are near ly  reversible. Table II indicates the ap- 
proach to reversibi l i ty  of the electrode process with in -  
creasing temperature.  

An identical conclusion can be reached by compar-  
ing the E1/4 values of the cathodic reduct ion with the 
observed static potent ial  values. In  Table I it is seen 
that  the average E1/4 values at 600 ~ 700 ~ and 800~ 
are, respectively, --0.18v, --0.03v, and +0.11v. The 
static potential,  which is almost tempera ture  inde-  
pendent,  is +0.05v. Because measurements  become dif- 
ficult at 800~ the E1/4 value observed is probably not  
significantly different from the static potential ;  at 
700~ it  is polarized cathodically by only 80 my, and 
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Fig. 3. Transition time, current, concentration relationship from 
data of Table I. Q 600~ [ ]  700~ Z~ 800~ 
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at 600~ by 230 mv, again showing a considerable de- 
par ture  from reversibi l i ty  at 600~ with near ly  re-  
versible behavior at 800~ The var iat ion of E1/4 with 
the concentrat ion expected when a metal  is the prod- 
uct of the reaction is not detectable in these experi-  
ments, because at 600~ the variat ion of one decade in  
concentrat ion for a three-electron reaction will  pro- 
duce a change in E1/4 of only 58 my. Since the var ia-  
tion of concentrat ion was less than  fivefold, the ex-  
pected change in potent ial  over the whole concentra-  
t ion range is about 35 mv, which is at the border l ine  
of the precision of these measurements .  

Selis (7) gives the static s tandard potential  of 
Mo/Mo ~+ with respect to P t / P t  + + on the molar  scale 
of Lai t inen (10) as --0.603v at 450~ In the present  
work a static potential  value of +0.05v at 600~ was 
observed between Mo/Mo 3+ (0.1M) and Ag/Ag + 
(0.3M). Since the tempera ture  coefficients of these 
cells are very  small, the difference of 150~ in tem- 
peratures of measurement  may be ignored and on 
convert ing the observed  static potential  to the s tand-  
ard value on the same scale, a s tandard  potent ial  of 
--0.72v is obtained. This may be considered reasonable 
agreement  in view of the different methods, conditions, 
and solutions used. 

A final and probably conclusive demonstrat ion of the 
lack of reversibi l i ty  at 600~ with approach to reversi-  
bil i ty at the higher temperatures  is the plot of E vs. 
log y(t) as a test for Nernst ian behavior. Visual com- 
parison of the shapes of the plateaus in Fig. 1A and 
1B is sufficient to demonstrate  that  they are very 
different from each other. A plot of E vs. log 
(T 1 / 2 -  t l /2 ) / t  1/2 and vs. log (T 1 / 2 -  t '/2) for the cases 
of the soluble and insoluble products, respectively, did 
not  produce straight lines for any chronopotentiograms 
taken at 600~ Where the best s traight  l ine was 
drawn through as many  points as possible, r idiculous n 
values, some as low as 1.0, others as high as 8.5, were 
obtained, depending on how the l ine was d rawn  
through the curve of points. However, an example of 
these plots for one of the chronopotentiograms taken 
at 700~ is shown in Fig 4. The excellent straight 
line obtained with the plot for the insoluble product 
case [i.e., f ( t )  -- log (~1/2 _ t~/2)] gives from its slope 
an n number  of 2.8. An average of 11 such plots gives 
an n n u m b e r  for the reaction of 2.66 • 0.28 in good 
agreement  with the three-electron reduction expected 
from these t r iva lent  molybdenum solutions. It  is sig- 
nificant that  this is the first case observed in this study 
of refractory metal  deposition in which l inear  behavior  
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Fig. 4. Nernst plot of chronopotentiograrn for reduction of 
K3MoCl6 in KCI-LiCI. Q f(t) = log (T~/=--t�89189 [] f(t) = 
log (T�89189 Temp, 700~ current density, 100 mo/cm2; con- 
centration, moles/cm 3 = 7 x 10 -5.  
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was found with the plot for an insoluble product. P re -  
vious cases where insoluble intermediate  compounds 
were observed still showed l inear behavior  with the 
plot of soluble products. This may be explained by 
point ing out that  a slightly soluble compound must  
first saturate  the l iquid at the interface and by that  
t ime most of T has been completed. However, it is clear 
that when  an extremely insoluble mater ial  such as a 
refractory metal  is deposited at the electrode, the case 
for an insoluble product holds strictly. It  is also in ter -  
esting that at 600~ the ratio tanode/tcathode is equal  to 
1.0, as shown in  Fig. 2A. This confirms that  an in -  
soluble product is produced, and since the electron 
n u m b e r  (at 700~ has been shown to be three, this 
insoluble product  must  be molybdenum metal. The 
higher tanode/tcathode ratios obtained at higher tem- 
peratures are anomalies and are believed to be due to 
molybdenum which entered the p la t inum before the 
chronopotentiometric r un  began. It was observed that  
mere immersion of the p la t inum in  the electrolyte at 
700 ~ and 800~ produced a thin diffusion coating of 
molybdenum in the p la t inum which must  be removed 
by vigorous t rea tment  with 1:1 HNO3 or by anodizing 
in the molten electrolyte. 

From the foregoing it is evident  that  the molybde-  
num is reduced from the t r iva lent  state to metal  at 
600~ in a single irreversible step which progressively 
becomes more reversible as the temperature  is raised, 
so that  at 800~ all criteria for reversibi l i ty  are sat- 
isfied. The criteria for reversibil i ty,  which in this in-  
vestigation proved most significant, were cathodic- 
anodic potential  difference, polarization of E1/4, and 
the Nernst  plot of E vs. log (T 1 / 2 -  tl/2). This observa- 
t ion of the i rreversibi l i ty  at 600~ must  be correlated 
with the observation over ten years ago that  the 
molten ch lor ide-molybdenum plat ing solution gave 
good coherent deposits only at 600~ and that  at 
900~ powders were obtained (6). Steady-state  po- 
larization tests performed at that  t ime also indicated 
notably  higher polarization at 600~ than at higher 
temperature  (11). This observation of coherent plates 
associated with i rreversibi l i ty  at low temperature ,  and 
decreasing coherency at higher temperatures  coupled 
with increasing reversibi l i ty  of the system is another 
example of the close connection be tween coherent 
plat ing and irreversible electrode behavior. 

Reactions of the re:ducible species.--One apparent  
anomaly  still requires explanat ion as does the source 
of the i r revers ibi l i ty  of the system. Selis (7) found 
by static potent ial  measurements  exact Nernst  de- 
pendence on concentrat ion of the observed equi l ibr ium 
pOtential at temperatures  between 460 ~ and 540~ 
Under  the dynamic conditions of chronopotentiometry,  
however, Nerns t ian  behavior  is not observed at 600~ 
This may be explained if a slowly established equi l ib-  
r ium is displaced by the electrode process so that  in 
static measurement  an equi l ibr ium always exists such 
that  the concentrat ion of the potential  de te rmin ing  
species is proport ional  to the total molybdenum concen- 
tration, while in the cathodic process at a finite ra te  
the equi l ibr ium state is not  maintained.  A polynu-  
clear ~ mononuclear  ion equil ibriu m of the type of 
reaction [4] can be such a process. If the mononuclear  
ion is reduced electrolytically to metal  as fast as it 
is produced, it would not be able to disproportionate;  
and if its concentrat ion is kept  low by a slow rate of 
dissociation of polynuclear  ion, the electrode would not 
behave in a Nerns t ian  manner .  Final ly,  the value of 
n : 3 calculated from the static potential  data  by Sells 
and from the chronopotent iometry of the present  work 
indicates that  the s ix-electron reduct ion of the bi-  
nuclear  complex is total ly i rreversible under  these 
conditions and thus does not  affect the potential  mea-  
surements.  It  is interesting, therefore, that the same 
postulate which is consistent with the concentrat ion 
dependence of the stabil i ty of the solution can also 
explain the observations regarding the static and dy- 
namic electrode potentials in  the system. 
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Fig. 5. Activation energy for diffusion of chloromolybdate (111) 
ion in KCI-LiCI. 

Transport propert ies .NBy taking n ~- 3 one can cal-  
culate the diffusion coefficient, D, of the reducible spe- 
cies, [MOC16]-3, from the lines of Fig. 3, the slopes of 
which equal �89 1/2. At 600 ~ 700 ~ and 8O0~ 
respectively, these equal 1.43 x 10 -5, 2.89 x 10 -~, and 
3.87 x 10 -~ cm 2 sec -1. A plot of log D vs. 1/T is shown 
in Fig. 5 in which only the two lower temperatures  
are used to draw the l ine because of the poor repro-  
ducibil i ty of the measurements  at 800~ The slope of 
the l ine corresponds to an activation energy of 11.9 
kcal mo1-1, and may be compared with the value of 
9.8 kcal mo1-1 for the t r iva lent  b ismuth ion obtained 
by Thalmayer  et al. (12) in  the KC1-LiC1 solvent. The 
value of the diffusion coefficient at 750~ taken from 
the line of Fig. 5 is 3.8 x 10 -5 cm 2 sec -1, which is one- 
half that  found for Ag + in  the same solvent at "that 
temperature  (18) and is a reasonable difference which 
one would expect for a t r iva lent  as compared to a 
monovalent  ion (12). 

Summary 
The electrodeposition of molybdenum from the 

chloride electrolyte occurs as a single three-electron 
irreversible step at 60O~ It  becomes more reversible 
with increasing temperature,  while at the same time 
the plate becomes less coherent. The source of the Jr- 

reversibi l i ty  has not been unambiguous ly  established, 
but  the peculiar decomposition of the electrolyte with 
decreasing concentrat ion suggests that a slow s dissocia- 
t ion of a b inuclear  (or polynuclear)  ion to a mono-  
nuclear  one may be involved both in the i rreversible 
electrode reaction and  in the chemical decomposition. 
The postulated process may be wri t ten:  

slow 3 ,. 
[Mo~C19] -8 (1) _t_ 3Cl-(1)x._._ - 2[MoC16]-~ (1) 

[MoC16] -a  (1) + 3e--> MoO(s) + 6C1-(1) 
14 2 3 

N M o ( s )  W - -  MoC15(g) -F 3C1- (1) 
> 5  5 

[5] 
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Vapor Deposition of Tungsten by Hydrogen Reduction 
of Tungsten Hexafluoride 

Process Variables and Properties of the Deposit 

Jean F. Berkeley, Abner Brenner, and Walter E. Reid, Jr. 
Nat~ona~ Bureau ol Standards, Washington, D. C. 

ABSTRACT 

An invest igat ion of the var iables  involved in the deposit ion of tungsten 
f rom a mix ture  of tungsten hexafluoride and hydrogen has shown that  the 
fastest ra te  of deposition (about 5 mils thickness in 2 min)  was obtained at 
a tmospheric  pressure with a hydrogen / tungs ten  hexafluoride ratio of 1.5 (by 
volume) at a t empera ture  of 800~176 The presence of hydrogen fluoride 
or chloride in the react ing gases diminished the rate of deposition. The de-  
posits had about the same hardness, electrical  conductivity,  and densi ty as 
commercia l  wrought  tungsten. The tensile s t rength of the deposits was about 
30,000 lb/in.2. The in ternal  stress wi thin  the deposits was also about 30,000 
lb/ in.  2. Codeposit ion of carbon, f rom carbon monoxide,  great ly  increased the 
hardness of the deposits. 

About  1958, the Metal  Deposition Section of the Na-  
tional Bureau of Standards under took an invest igat ion 
of the deposition of tungsten, which project  was sup- 
ported by the Special  Projects  Section of the Depar t -  
ment  of the Navy. This organization was interes ted in 
producing ei ther  tungsten nozzles or graphi te  nozzles 
coated with  tungsten for use on rocket  engines. Since 
tungsten has not been electrodeposited f rom aqueous 
solutions in the uncombined state (al though it has been 
codeposited with other  metals  as alloys), the only 
processes considered were  electrodeposit ion f rom fused 
salt baths and deposition f rom the vapor  phase. 

We were  not successful in obtaining smooth tung-  
sten deposits 1 or 2 mm thick f rom fused salt baths. We 
tr ied the bora te- tungs ta te  bath of Davis and Gent ry  
(1) and various baths prepared (in the absence of air) 
by dissolving tungsten dichloride or te trachloride in 
melts of alkali  chloride or fluorides. Subsequently,  
McCawley, Kenahan,  and Schlain (2) and Mellors and 
Senderoff (3) obtained improved results f rom fused 
salt baths. 

We found deposition of tungsten f rom the vapor  
phase by published methods also unsatisfactory. De-  
position of tungsten f rom the vapor  of the carbonyl  
(4) was too slow, and sufficiently thick, smooth de- 
posits could not be obtained f rom either this system 
or the tungsten hexach lor ide-hydrogen  system (5). 

We modified the lat ter  process by substi tut ing tung-  
sten hexafluoride for tungsten hexachtor ide  and ob- 
tained very  superior results (6). At  about the same 
t ime that  we were  engaged on this phase of the in-  
vest igat ion we learned that  the Bureau of Mines (7) 
was also working on this process for the purpose of 
producing highly pure  tungsten. The hexachlor ide  is a 
solid (mp 270~ which requires  a t empera tu re  above 
200~ to produce an adequate  vapor,  whereas  the 
hexafluoride is a gas at room tempera ture  (bp 19~ 
and was easily passed into the react ion chamber  from 
a commercia l  cylinder.  No lower  va len t  halides were  
formed and deposition of tungsten occurred over  a 
wider  range of t empera ture  and vapor  composilion. 

The hexafluoride process found some special applica-  
tions (8-13) for prepar ing objects of tungsten, but  has 
yet no large use. In particular,  i t  is now in operat ion 
for the production of tungsten spherules (12) which 
are used in powder  metal lurgy.  The conditions of de- 
position which have been used for these various i tems 
were  essentially those which were  disclosed in the 
ini t ial  br ief  publications on the subject  (6) and may  
not have been the optimum. 

Since the process appears to have  potential  engi-  
neer ing  and commercia l  applications, more informa-  

tion on the operat ion of the process and on the prop- 
erties of the deposit was warranted.  The object ive of 
this invest igat ion was to de termine  the effects of the 
operat ing variables  on the rate  of deposition and on 
some of the propert ies  of the deposits and to invest i -  
gate other  phenomena associated with the reaction. 

Experimental Apparatus and Procedure 
Although the vapor  plat ing process allows a wide 

lat i tude of choice of equipment,  for this research we 
requi red  an exper imenta l  setup that  enabled specimens 
of uniform thickness to be prepared  at a controlled 
tempera ture  f rom a react ion mix ture  of known com- 
position. The commonly used flowing system was not 
satisfactory because the gases could not be propor-  
t ioned with sufficient accuracy, and a deposit of uni-  
form thickness was not obtained because of the more 
rapid deposition on the windward  side of the sub- 
strate. Tempera tu re  control of the specimen was also 
more difficult in a flowing system. 

In this invest igat ion we deposited tungsten f rom a 
static vo lume of gas. The substrate was a nickel  tube 
about 4 in. (10 cm) long, 0.125 in. (3.0 mm)  in diam- 
eter  wi th  a wal l  thickness of 0.01 in. (0.25 ram).  The 
end of the tube was plugged so that  deposition did not 
take place on the inside. We bel ieve that  the results 
obtained with the static system are qual i ta t ive ly  ap- 
plicable to the flowing system, that  is, a change in the 
value  of a process var iable  produces changes of the 
same type and direction in both static and flow sys- 
tems. 

The tube was induct ively  heated by being suspended 
in a work  coil about 1.5 in. (4 cm) in d iameter  and 6 
in, (15 cm) long. Five to 15 sec were  requi red  to reach 
a t empera ture  of 1000~ The tempera tu re  of the tube 
during deposition was measured with  a thermocouple,  
which was placed in the inter ior  of the tube. Tempera-  
a ture  was control led within about  10 ~ by manual ly  
operat ing the cores of three  auxi l ia ry  coils (al l  wa te r  
cooled) which were  in series wi th  the main  work  coil. 
The tempera ture  was constant wi th in  this l imit  over  
the central  2-in. length of the tube. 

The react ion chamber  (see Fig. 1) was a cyl inder  
of stainless steel about 10 in. (25 cm) in d iameter  and 
24 in. (60 cm) long. It  had a vo lume of approximate ly  
1 ft  ~ (30 l i ters) .  This large vo lume  was necessary to 
prevent  the concentrations of the react ing gases f rom 
changing f rom thei r  ini t ial  values  by more  than 5 or 
10%. 

In prepar ing the chamber  for an exper iment  it was 
first evacuated to about 0.05 Torr. Hydrogen was in -  
t roduced to the desired pressure, as read on a mercury  
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position of tungs ten  from the hexafluoride is 

WFG + 3I- I2~ W + 6HF 

Although the stoichiometric ratio of the reactants  is 
three volumes of hydrogen to one of tungs ten  hexa-  
fuoride,  this ratio did not  give the opt imum results at 
all temperatures.  T o  a first approximation, at a given 
temperature,  the rate of deposition appeared to de- 
pend upon the concentrat ion of tungsten hexafluoride 
in the gas. For  example, at 800~ a faster ra te  of de- 
position was obtained with a ratio of hydrogen to 
tungsten  hexafluoride of 1.5 than wi th  3.0, as shown in  
Fig. 2. Over the lower par t  of the tempera ture  range, 
there was little difference in  rate between the ratios, 
as the curves for the lat ter  seem to branch from a com- 
mon  trunk.  F igure  3 gives the data of Fig. 2 in a 
different form. I t  shows that  at 500~ the rate is not  
affected by the ratio of reactants. The rates of deposi- 

Fig. 1. Schematic view of vapor-plating chamber: 1, specimen 
holder, 3/16 in. nickel tube; 2, thermocouple inside (1); 3, lid; 4, 
antechamber; 5, cut-off valve, dotted lines representing closed posi- 
tion; 6, lid to plating chamber; 7, specimen guide; 8, specimen; 
9, r.f. induction work coil; 10, heater band; 11, motor-driven gas 
stirrer; 12, gas ports. 

manometer ,  and nex t  the tungsten  hexafluoride. The 
two gases were then  mixed by a motor dr iven pro-  
peller in  the bottom of the reaction vessel. This was 
necessary because of the large difference in  the density 
of hydrogen and tungsten  hexafluoride (the la t ter  
being about 150 times more dense than hydrogen) .  

The induct ion uni t  was next  t u rned  on and ma in -  
tained at the required temperature  long enough to 
provide a thickness of deposit which usual ly  ranged 
between 3 and 10 mils (75 and 250~). The rate of de- 
position varied from about 1 to 3 mils/rain,  hence, a 
plat ing period of 2-3 min  was adequate. 

To permit  the plat ing of more than one specimen 
from a single filling of the reaction chamber, the lat ter  
was provided with an air lock, as shown in  Fig. 1. The 
main  par t  of the air lock was a vacuum-t igh t  slid- 
ing gate valve, which had an opening about 2 in. (5 
cm) in diameter. Several  specimens could be obtained 
from a single filling of the chamber  before the com- 
position of the gases changed more than  10%. The re-  
active gas mixture  could be allowed to remain  in the 
chamber  for a few weeks without  det r iment  to the 
plat ing process. 

At the conclusion of a set of runs  the gases in  the re-  
action chamber  were removed by drawing dried air  
through the equipment  with a water  aspirator, which 
also served to absorb WF6 and HF. 

The plated specimens were t reated wi th  ni tr ic  acid 
to dissolve the nickel  substrate. Thus, the tungs ten  
specimen was obtained in the form of a th in -wal led  
tube. The tubular  shape of the specimen made possi- 
ble the handl ing  of the fragile deposits wi thout  me-  
chanical damage. 

The special items of equipment  and the procedures 
involved in  the measurement  of the properties of the 
deposits are described under  each property.  

E~ect of Plating Variables on the Rate of 
Deposition and Appearance of Deposit 

Ratio of reactants.--The reaction involved in  the de- 

Fig. 2. Rate of deposition of tungsten from various gas composi- 
tions at 1 atm. The number on a curve represents: (Partial pressure 
of H2)/(Partial pressure of WF6). The shaded area indicates (a) 
that the curves run together at lower temperatures and (b) that 
the relation between thickness and temperature is not reproducible 
enough to be represented by a line. 
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tion shown in Fig. 2 are to be considered as i l lus- 
t ra t ive  only, inasmuch as the rate  varies wi th  the 
size and shape of a specimen and on the period of t ime 
that  the deposition is a l lowed to proceed. 

Pressure o] gas.--Figure 4 shows that  the rate  of 
deposition increases wi th  the total  pressure of the 
mixed reactants.  There  appeared to be no advantage in 
operat ing the process at a pressure lower  than atmos-  
pheric. In this respect  the process differs f rom most 
other  vapor  deposition processes, which usual ly oper-  
ate at less than atmospheric  pressure, often with  the 
addition of a di luent  gas. 

Miller  and Barnet t  (14-16) deposited tungsten at a 
pressure of only about 10 -8 Torr  for the purpose of 
obtaining thin deposits in the range of 1000A in th ick-  
ness. Deposit ion was very  slow, about  300A/hr. This 
result  is in accord with  the t rend in Fig. 4. 

We made a few exper iments  in a bomb at pressures 
up to 170 atm to de termine  if this made possible the 
deposition of tungsten at a lower temperature .  The 
lowest t empera ture  at which deposition occurred was 
300~ At  400~ the reduct ion of tungsten hexafluo- 
ride to meta l  was about 90% complete. In some of 
these exper iments  a higher  than  stoichiometric rat io 
of hydrogen to tungsten hexafluoride was used in the 
expectat ion of obtaining tungsten fluorides in which 
the meta l  had a lower valence than 6, but  no such com- 
pounds were  observed. However ,  Golovanov and co- 
workers  (17) obtained br ight ly  colored di-, te tra- ,  and 
pentafluorides of tungsten at a t empera tu re  of 275~ 

Temperature.--As already mentioned,  deposition of 
tungsten can take place at a t empera tu re  of 300~ but 
the rate  is too low for the process to be practicable. 
This confirms the observations of Golovanov et aL, who 
repor ted  metal  deposition at 300~ but not at 275~ 

Figure  2 shows that  the rate  of deposition increases 
rapidly wi th  temperature .  The lowest t empera ture  at 
which deposition proceeded at a practicable rate was 
500~ 

Heestand et al. (17A) also repor ted  a considerable 
increase in rate of deposition with  temperature .  They 
operated the process at a lower  concentrat ion of WF6 
(H2/WF6 = 70 or 140 at 10 or 20 Torr)  than we did and, 
consequently,  their  rates of deposition ranged f rom 
1/10 to 1/100 of those which we give in Fig. 2. An-  
other  reason for the difference is t h a t  they deposited 
the tungsten in a heated tube, under  which conditions 
the composit ion of the gaseous mix tu re  var ied  along 
the tube. 

The appearance of the deposits var ied considerably 
with  plat ing conditions, especial ly with temperature .  
Also, the deposits grew rougher  wi th  increasing thick-  
ness. F igure  5 shows representa t ive  surfaces obtained 
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Fig. 4. Effect of total pressure on the plating rate. Temperature, 
constant at 650~ Ratio = Partial pressure of H2/Partial pressure 
of WF6. 

on the substrate of nickel  tubing ment ioned earlier.  
For  ratios of Vol. H J V o l .  WF6 grea ter  than 3 the de-  
posits became increasingly dendri t ic  as the t empera -  
ture  rose above 650~ At a t empera tu re  above 1000~ 
the deposits were  masses of crystals or dendrites,  not  
a coherent  coating. However ,  at a rat io of 0.5 the 
deposits were  as smooth at 950~ as the deposits ob- 
tained at a ratio of 3 at 650~ We cannot indorse 
Hoertel ' s  v iew (17B) that  the rate  of deposition must  
be less than 2 mils (50#) per  hour  (at an H2/WF6 -~ 4 
and a tempera ture  of 550~ to 600~ to obtain a 
smooth deposit. 

The possibility of fnd ing  gaseous compounds which 
added to the react ing gases will  p revent  the format ion 
of dendri tes and yet  permi t  rapid deposition of thick 
coatings at the e levated tempera tures  is touched on 
below. 

Agitation.--Qualitatively, we noted that  a rapid flow 
of the react ing gases over  a specimen increased the 
ra te  of deposition. A few exper iments  were  made in 
our static system with the nickel  tube rotat ing a few 
hundred revolut ions per minute.  The results were  not 
very  reproducible,  but  indicated an increase in the rate  
of deposition of 20-50%. Also, it resul ted in smoother 
coatings at e levated temperatures .  

Ef]ect of oxygen, hydrogen fluoride, and hydro- 
gen chloride on the rate  of deposition.--In depositing 
tungsten f rom the static react ing gases, we noted that 
the rate  of deposition decreased gradually,  unti l  about 
half  or more of the avai lable  tungsten had been de- 
posited. At this point sometimes the deposition ceased 
to occur on a fresh nickel tube. A low rate  could be 
obtained at a higher  temperature ,  or by depositing on 
a tungsten instead of a nickel  substrate. 

This decrease in the rate of deposition indicated 
that  hydrogen fluoride was probably responsible, 
since there was still  a substantial  concentrat ion of 
tungsten hexafluoride in the gas. This idea was con- 
firmed by adding hydrogen fluoride direct ly  to a cham- 
ber of unreacted  hydrogen  and tungsten hexafluoride. 
A concentrat ion of hydrogen fluoride equal  to about  
25% of the vo lume of the react ing gases was sufficient 
to inhibit  deposition of tungsten. The concentrat ion at 
which the cut-off of deposition occurred w a s  not as- 
certained. The effect of hydrogen fluoride on the de- 
position is important ,  because its inhibi t ing effect must  
be taken into consideration in any explanat ion of the 
mechanism of deposition. It  is l ikely that  the increased 
rate of deposition resul t ing f rom an increase in the 
rate  of flow of gas or f rom agitat ion of the substrate 
may  resul t  as much from the removal  of hydrogen 
fluoride as to the replenishment  of the react ing gases 
at the  surface of the substrate. 

Concentrat ions of oxygen up to about 0.5% of the 
vo lume of react ing gases did not  seem to have  an ap- 
preciable  effect on the ra te  of deposition or on the ap- 
pearance, including microstructure,  of the deposit. This 
was for tunate  as it indicated that  the react ion chamber  
did not have to be subjected to a high vacuum before 
admit t ing the react ing gases. 

The effect of hydrogen chloride on the plat ing proc- 
ess was qual i ta t ive ly  determined.  A concentrat ion of 
one percent  by volume reduced the ra te  of deposition 
by more  than 50% and caused a finer micros~ructure 
(see Fig. 5 and 8). 

Mechanical  Properties of Deposits 
Hardness.--The hardness measurements  were  made 

wi th  a Knoop indenter  on polished cross section of the 
deposits. The hardnesses of smooth deposits ranged be-  
tween  600 and 1100 Knoop (see Table I ) .  The lat ter  
hardness was that  of a deposit produced at 500~ The 
hardness of a dendr i te  of tungsten deposited at 900~ 
was 410 VHN. 

Mills and co-workers  (18) measured  the Diamond 
Pyramid  Hardness  of tungsten tubes wi th  a 100g load 
and obtained values ranging between 350 and 450 VHN. 
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Fig. 5. Surface view of vapor deposited tungsten. Number refers 
to ratio vol. H2/vol. WF6. Magnification ca. 11/zX. 

They found no difference in the hardness of tubes ob- 
tained by vapor  deposition and those prepared by ex-  
trusion at tempera tures  of 1200 ~ and 1800~ Basche 
(13) gave data on the hardness of various kinds of 
tungsten after  anneal ing to tempera tures  be tween 
800 ~ and 2800~ The range of hardnesses was about 
the same as reported by Mills and co-workers ,  but 
the i r  vapor  deposited tungsten was a l i t t le softer than 
sintered and wrought  tungsten. Hoer te l  (17B) obtained 
Knoop hardness numbers  be tween  400 and 500 (with a 
100g load) on tungsten deposited be tween  500 ~ and 
600~ 

Tensile s trength.--The specimens used for the mea-  
surement  of tensile s t rength were  similar  to those em-  

played in a study of the propert ies  of chromium de- 
posits (19). Tungsten tubes, formed as described above, 
about 1 in. long, of un i form wal l  thickness, were  ce- 
mented by epoxy resin into two cylindrical  meta l  
fittings, one at each end. A 4 or 5 mm band of tung-  
sten was left  exposed. In some tests a 2 mm wide 
band of this exposed tungsten was anodically etched to 
form a necked-down section (about 20%) to induce 
breaking in this area. However ,  not  all of the samples 
broke precisely wi th in  the etched zone. A few broke 
on a diagonal crossing both etched and unetched por-  
tions. Two samples broke in the unetched zone. The 
measurements  in Table I are based on the cross-sec- 
t ional area measured at t he  break. The s t rength of 
samples that  were  unetched, even  though the, break 
occurred near the fitting, agreed very  wel l  wi th  that  
of the etched samples, indicat ing that  the etching was 
not necessary. 

The tensile strengths averaged about 30,000 lb/ in.  2 
wi th  no clear t rend  with  conditions of deposition. The 
tungsten specimens heat  t rea ted at various t empera -  
tures showed a small  increase in tensile strength. 

Stress.--The magni tude  of the  stress in tungsten de- 
posits is impor tant  since, if too high, it could p reven t  
the fabricat ion of tungsten articles by plat ing on a 
master.  We had determined that  hea t - t r ea tmen t  of 
vapor-deposi ted  tungsten at tempera tures  above 900~ 
rel ieved stress, and, therefore,  it would  not be ex-  
pected to occur in deposits produced at or above that  
temperature .  

The measurement  of the stress was done by the wel l -  
known method of depositing a meta l  on one side of a 
thin metall ic substrate and measur ing  the resul t ing 
change of curvature.  The tungsten was deposited at an 
e levated temperature ,  but  the measurement  of the 
change in curva ture  was done at room temperature .  
Hence, the use of a substrate of any other meta l  than 
tungsten would have  introduced a curva ture  resul t ing 
f rom differential  thermal  expansion. The substrates for 
the test specimens were,  therefore,  prepared f rom 
tungsten itself. 

The first step in prepar ing the specimen was the 
production of a tube of tungsten by vapor  deposition. 
Tungsten up to a thickness of 5-10 mils (125-250~) was 
deposited upon a nickel tube about 0.75 in. (2.0 cm) in 

Table I. Properties of vapor-deposited tungsten 

R a t i o  
V o l H 2  Hardness ,  

T e m p e r a t u r e  of Knoop ,  
VolWF8 deposition, ~ lO0-g load 

R e s i s t i v i t y ,  
Dens i t y ,  m i c r o h m - c m ,  I n t e r n a l  t ens i l e  

g / c c  25 o C stress ,  ps i  
Tens i l e  

s t r e n g t h ,  ps i  
X - r a y  

o r i e n t a t i o n  

20 650 550 
8 650 620 

f SO0 650 
650 610 

3 ] 7 0 0  -- 
t . 7 8 0  600 
[ 5 0 0  850 to 1100 
j 6 o o  

1.5 ] 6 5 0  580 
t 8 0 0  600 
~500  525 
J65o 525 

0.5 ] 7 6 0  570 
t 9 0 0  670 

%Carbon 
Carbides % (Vol.) of CO content 

660 1.7 1,800 - -  
750 1.7 1,600 0.2 
700 1.4 -- -- 
700 1.4 - -  2.4 
750 5.2 3,300 1.1 
700 5.6 2,800 2.4 
700 11.6 2,500 2.5 

A n n e a l e d  samples*** 
T e m p .  o f  annea l ,  ~ T ime ,  h r  

800 4.5 
1100 1.0 
1300 1.0 
1450 1.0 

19.09" 5.5 24,400 34,800 - -  
1 9 . 2 2  5.3 - -  3 5 , 0 0 0  - -  

- -  5.3 33,400 31,700 - -  
- -  5.3 - -  26,500 - -  

34,800 
19.02 5.3 26~'00 - -  - -  26,000 [~"~'~uuJ 

5.1 25~'300 28,500 30,000 
5.6 - -  31,500 [lOO] 

19~2 ~ - 36,0-00 E10m 
19.23 5.3 - -  38,300 [100] 

5.3 - -  41,000 

18.65 

1 7 . 2 5  

3 6 , 2 " *  

66,000 
35,300 
35,000 
40,100 

* L o w  due  to  r o u g h  surface .  
** A t  31~ 

*** P r e p a r e d  a t  6 5 0 ~  r a t i o  = 3. 
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diameter  and a few inches long. The tube was cut 
into rings about  0.5 in. (1.0 em) wide and the wal l  
was slit at one place in a direction parallel  to the 
axis of the tube. The nickel  substrate was then dis- 
solved. The bands were annealed at 800~ or above in 
an iner t  atmosphere to relieve stress. In  making  a de- 
te rminat ion  of stress, the tungsten  band was placed on 
a graphite fixture [for figure, see (20)], so as to allow 
tungs ten  to deposit only on the outside surface of the 
band. A tensile stress in the tungsten  deposit caused 
the slit to become wider. The change in  the curva-  
ture  of the band  that  resul ted from the plat ing opera- 
t ion was determined by measur ing  the change in  the 
width of the slit wtih a microscope before and after 
tungsten  deposition. Since the changes were small  the 
change in the width of the slit could be considered as 
equal to the change in the circumference, AC, of the 
band. 

The tempera ture  at which the deposits for stress 
measurement  were produced was not definite, because  
the band  and the graphite fixture required from 10 to 
30 sec to come up to tempera ture  or to cool down. 
Since the period of deposition at the desired tempera-  
ture  was only  a minute  or two, a fair  proport ion of the 
deposit was produced at intermediate  temperatures.  
Thus, the stress must  be considered as relat ing to a 
range of t empera ture  ra ther  than to a single tempera-  
ture. 

Physical Properties 
Density.--The density of tungsten tubes, prepared 

as noted above was determined by the method of loss 
of weight on immersion in  water. The densities (see 
Table I) varied from 19.02 to 19.23 g /cm 3 at 25~ The 
value for tungsten  is given in the l i terature as 19.3 
g /cm 3 (21) (from x- ray  data) .  

Electrical resistivity.--The electrical resist ivity of 
tungsten  was determined using tubes of uniform cross 
section, prepared as described above. The uni formi ty  
was checked by examining  the contour of the tubes in  
a shadow-graph.  The specimens were suspended in  an 
oil bath main ta ined  at room temperature.  

The measurements  were made by  passing a current  
of known  strength through the tube and measur ing 
the voltage across a 1-cm length. The resistance, R, 
was then calculated. The resistivity, p, in ohm-cm is 
given by the equat ion 

Rg 
p-~ 

19.2 LD 

where R is the resistance of sample, ohms, g the 
weight of sample, g, L the length of sample, cm, and 
D the distance between voltage contacts, cm. 

The average value of the electrical resist ivity (see 
Table I) was 5.3 microhm-cm. This value is approxi-  
mately the same as that  given in the l i terature  for 
commercial  tungsten,  which is 5.6 microhm-cm (21). 

Structure of Deposits 
All of the deposits obtained by vapor deposition from 

the simple gas mixture  were columnar,  and the cross 
section looked very much like that of electrodeposits 
from an acid copper bath or a Wart 's nickel bath (20). 
Some of the deposits were f ine-grained like the deposit 
from a nickel chloride bath (see Fig. 6). 

The presence of carbon monoxide in the reacting 
gases produced a hard deposit containing tungsten  car- 
bide which was laminated (to be discussed later) .  
Some exploratory exper iments  with several other 
additives to the reacting gases, for example, TIC14, 
MoF6, BFs, GeC14, ReCI~ yielded deposits with slightly 
smaller  grain  structure.  The addition of MoF6 caused a 
laminated structure. The addition of SIC14 reduced 
the efficiency of the process and caused larger crystals. 
No analyses on the deposit were performed. NH3 and 
H2S, possible reducing agents, reacted with the WF6. 

There is a good possibil i ty tha t  suitable additives 
can be found which wil l  reduce the tendency of the 
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Fig. 6. Microstructure of vapor deposited tungsten. The ratio 
vol. H2/vol. WFe. 

deposit to become nodular  or dendri t ic  at high tem-  
perature  (see Fig. 8.) If this can be achieved, then 
deposits of tungs ten  2 mm thick could be bui l t  up in 
an hour. There is some indicat ion of this in  experi-  
ments  conducted with jets of react ing gases, for ex- 
ample, WF6, impinging  on a substrate in an atmosphere 
of hydrogen. In  this circumstance a but ton of tungs ten  
can be quickly bui l t  up in the region where the jet of 
WF6 strikes. 

X - r a y  examinat ions of a few deposits indicated 
growth essentially only in the [100] direction, radial ly 
from the center of the rods. The temperature  of dep- 
osition was from 500 ~ to 800~ (see Table I). The 
geometry of the tungsten  tub ing  l imited our results to 
quali tat ive interpretat ion.  McMurray and co-workers 
(22) had already reported that  a preferred or ienta-  
t ion of the deposits occurred with the (100) or the 
(111) planes paral lel  to the substrate. They found 
indications that the vapor-deposited tungsten  would 
yield a surface of more un i form electron emission than 
a randomly  oriented tungs ten  surface. 

Supplemental Observations 
Yield of tungsten from WF6.--Since tungsten  in the 

form of hexafluoride is expensive, a high yield of 
metal  f rom the compound is important .  In  experi-  
ments  in which the mixed gases with an adequate ratio 
of hydrogen were passed through a long, hot tube, al-  
most all of the compound was reduced to metal. In  the 
experiments  (at 650~ in which the react ing gases 
passed through a short heated section, for example, 
in deposition on a rocket nozzle, or over objects sus- 
pended in the gas stream, the deposition was only 
about 50% efficient. In  the experiments  with the static 
reactants, the rate of deposition on the tubu la r  nickel 
substrates became very low when about  one-half  of 
the tungsten  had been deposited out of the gas. 

Reversibility o~ the react /on.--We made an experi-  
ment  to determine if the tungsten deposit was at-  
tacked by HF. The effect of I-IF on tungsten  in the ab-  
sence of WF6 was noted by  heat ing vapor-deposited 
tungsten  in commercial anhydrous  HF (puri ty  99.9% 
rain.) at 1 atm pressure. A slight weight-loss occurred 
amount ing  to 1 mg/cm ~ (0.5~ thickness) at 750~ and 
4 mg/cm 2 (2~ thickness) at 1000~ in 10 min. Since 
the concentrat ion of HF in the reacting gases dur ing  
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tungsten deposition is much less than 1 atm it is not 
l ikely that  the react ion reverses  dur ing the plat ing 
operation. 

Uniformity of thickness of tungsten deposits.--In 
deposition f rom the vapor  phase, the problem of meta l  
dis tr ibut ion is smilar  to that  which occurs in electro-  
deposition. A thicker  deposit occurs on edges and 
corners of a substrate and also on the windward  side 
of a specimen placed in a flowing s t ream of react ing 
gases (20). More uni form distr ibution of the coating 
over  an i r regula r ly  shaped object can be obtained by 
suspending the lat ter  in an a tmosphere  of hydrogen  
and leading the WFo to the vicini ty  of concave or in-  
ternal  surfaces by means of small tubes. 

The distr ibution of tungsten that  occurs when  the 
mixed  gases flow through a heated tube has some 
special features that  have  not been explained. This 
mat te r  is impor tant  because it wi l l  have a bear ing on 
the elucidation of the mechanism of the reaction. In 
our exper iment  a copper-pla ted  steel tube about 2.5 cm 
in d iameter  and 40 cm long was heated  in a tube fur -  
nace. The hydrogen and tungsten hexafluoride were  
passed through individual  injectors (about 0.5 cm 
diameter)  which were  placed inside the steel tube 
and extended to its center. The gases were  thus heated 
up to t empera tu re  before  they mingled at the center  
of the steel tube. The la t ter  also contained a par t i t ion 
at the center  to p reven t  the gases f rom flowing to the 
front  end of the tube. In this exper iment  the max i -  
mum thickness of deposit (see Fig. 7) was obtained 
about 6 cm from the point where  the gases mixed. 
Spacil  and Wulff (23) first noticed this peculiar  type 
of distr ibution in the deposition of molybdenum by 
the passage of molybdenum pentachlor ide  vapor  and 
hydrogen through a heated tube. 

Heestand et al. (17A) also observed the max im um  
thickness of tungsten in a tube for deposition be tween  
500 ~ and 700~ They expla ined this as owing to the 
t ime requi red  for the mix tu re  of gases to come up to 
t empera tu re  after  enter ing the heated tube. However ,  
this explanat ion is not val id  in the l ight  of our e x :  
per iment  in which the gases were  preheated  before 
mixing in the center  of the hot zone. 

Another  pecul iar i ty  of the meta l  distr ibution was 
that  the deposit  was of nonuni form thickness c i rcum- 
ferent ia l ly  at the center  of the steel tube where  the 
gases mingled. The deposit  in the 6 o'clock posi- 
t ion was considerably th icker  than  in the 12 o'clock 
position. This resul t  suggests that  in our exper iment  
the odd distr ibution might  have  been caused by a 
lack of mix ing  of the gases at the point  where  they 
issued f rom thei r  individual  tubes. To sett le this point, 
it would be necessary to per form another  exper iment  
in which a rota t ing propel ler  is placed at the point 
where  the gases emerged. 

The addition of HF to the react ing gases (in the 
proportions by volume,  HF/H2/WF6 = 1.7/1.5/0.5) 
caused the max imum to be less pronounced, as shown 
in Fig. 7, curve 2, and also made the c i rcumferent ia l  
metal  distribution more uniform. However ,  the yield 
of tungsten (based on amount  of WF6) was only 
about 40% in the presence of HF as compared with  
almost 100% in its absence. 

Adhesion.--The adhesion of the coating was satis- 
factory to nickel, copper, molybdenum,  graphite,  and 
to some ceramics. Adhesion to steel was not adequate,  
probably because the surface of the lat ter  was at-  
tacked before deposition began. This explanat ion is 
similar  to that  given by Wlodek and Wulff (24) to 
explain the problem with  adhesion encountered in the 
vapor  phase deposition of molybdenum from the pen-  
tachloride. 

Codeposition of carbon.--Addition of carbon mon-  
oxide to the react ing gases resul ted in the codeposition 
of carbon with  tungsten. In these exper iments  the 
ratio of hydrogen to tungsten hexafluoride was 3.0. 
F rom a reaction mix tu re  containing 1.7% CO by vol -  
ume, at 650 ~ and 750~ smooth bright  deposits were  
obtained (see Fig. 5). The deposit  obtained at 850~ 
was rough. The rate  of deposition in the presence of 
carbon monoxide was less than  half  that  in the simple 
gas mixture ,  as shown in Fig. 9. Tungsten deposited 
from a gas mix ture  containing 5.2% CO by volume 
was smooth but not bright. 

Table  I shows the hardness and carbon content  of 
the deposits. The high hardness of the deposit is of 
technologic interest.  It  scratches glass wi th  ease. The 
carbon contents of about 2.4% indicate that  this de- 
posit must consist of more than 75% tungsten carbide, 
W2C. The microst ructure  of representa t ive  deposits, as 
shown in Fig. 8, had distinct laminations.  

Some of the thin carbide deposits seemed ve ry  weak, 
because they broke into f ragments  when the nickel  
substrate was dissolved, a l though deposits about  1 mm 
thick remained intact. The fr iabi l i ty  of the thin de-  
posits may be enhanced by the differential  the rmal  ex-  
pansion between the nickel substrate and the deposit 
on cooling. 
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Fig. 7. Distribution of tungsten resulting from the flow of re- 
acting gases through a heated tube. Curve 1,640 ~ to 670~ curve 
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Fig. 8. Effect of addition agents on the microstructure of vapor- 
deposited tungsten. 
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Fig. 9. Effect of separate additions of carbon monoxide and hy- 
drogen chloride on the rate of deposition of tungsten from a mix- 
ture of 3 volumes of hydrogen and one of WF6. Curve 2 was token 
from Fig.  2 .  

Hoertel  (17B) found that  the grain size of tungsten 
was reduced by introducing butane, propane, or car-  
bon dioxide into the react ing gases. The deposit ob- 
tained wi th  butane (2% by volume)  contained about 
0.05% carbon; that  obtained with  propane (4% by 
volume) contained 0.04% carbon; and that  obtained 
with carbon dioxide (24% by volume)  contained 0.02% 
carbon. The Knoop hardness numbers  of these deposits 
were, respect ively;  1315, 1050, and 1220. 

Summary of New Phenomena Observed 
Any explanat ion of the mechanism of the react ion 

must  take  into considerat ion the fol lowing new phe-  
nomena  which we observed in this invest igat ion:  

1. Inhibi t ing effect of the product  HF and of HC1 on 
the reaction. 

2. Nonrevers ib i l i ty  of the react ion ( tungsten with  
HF). 

3. Maximum in the distr ibution of tungsten in a 
heated tube. 

4. Occurrence of the m a x i m u m  rate  of react ion of 
800~ at a nonstoichiometric  composit ion of the gas 
(H2/WF6 ---- 1.5), and at 500~ the lack of depen-  
dence of rate  on composition. 
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APPENDIX I 

Purity 
A study of the pur i ty  of vapor-deposi ted  tungsten 

was not  included in our program, as this phase of the 
subject had been extens ive ly  invest igated by Nieber-  
lein and Kenwor thy  (7) and Hoer te l  (25), all of the 
Bureau of Mines. Data have  also been published by 
Mills and co-workers  (18) and Taylor  and Boon (26). 
The data f rom these various sources showed that  
vapor-deposi ted  tungsten was purer  thsn  commercial  

Table II. Purity of vapor-deposited tungsten 

P a r t s  p e r  m i l l i o n  

V a p o r  d e p o s i t e d  P o w d e r  E l e c t r o -  
m e t a l -  E x -  d e p o s -  P l a s m a  

E l e -  I u , r g y  t r u d e d  i t e d  s p r a y e d  
m e n t  ** =** * * �9 

AI I0 8 1 20-40 3 4 10-30 
Ca -- 2 -- - -  

c ~  - 3 ~.~  - -  <os 6• - 
F e  10  4 1 - 1 0 0  1 0 - 4 0  4 0  2 - -  
Mg -- I0 <0.5 -- <0.5 <0.5 -- 
Mn -- 3 <0.5 -- <0.5 <0.5 -- 
N i  - -  5 1 - 2 0 0  - -  50  2 0 0  - -  
S i  I0 28 <6 10-20 <6 2 20-40 
T i  -- -- <6 -- <6 <6 -- 
Mo N.D. 1 30-50 <I00 50 800 -- 
C 17 15 8 2-4 6 -- 66-98 
O~ 12 I0 9 1-5 12 110 5-9 
H a  2 2 4 - -  3 6 
N s  1 0  0 5 5-16 15 ~ s - 7  
F~ I0 1O 4-45 -- 3 13 

* D a t a  o f  M i l l s  e t  al. ( 1 8 ) .  
** D a t a  o f  T a y l o r  a n d  B o o n e  ( 2 6 ) .  

*** D a t a  o f  N i e b e r l e i n  a n d  K e n w o r t h y  ( 7 ) .  
N , D .  N o t  d e t e c t e d .  

tungsten used for powder  metal lurgy,  having  less than 
0.01% total impurit ies,  a l though some of the speci- 
mens had only about 60 ppm of impurities.  Table II 
gives some typical analyses of vapor-deposi ted  tung-  
sten in comparison with  other  kinds. The large 
amounts  of nickel  or iron found in some samples prob-  
ably came from the substrate upon which the tungsten 
was deposited. The analysis of a sample of tungsten 
which we had deposited was included in the  repor t  
of Mills et al. (18). The pur i ty  fell  wi thin  the limits 
shown for vapor-deposi ted  tungsten in the table. 

A P P E N D I X  II 

Process oJ Deposition Utilizing Tungsten Hexachleride 
as Intermediate 

The deposition of tungsten from the hexafluoride 'is 
expensive because of the cost of the compound. 

Since tungsten hexachlor ide is less expensive than 
the hexafluoride, a process util izing the fo rmer  would  
be economical ly advantageous.  The direct use of the 
hexachlor ide in the deposition process, however ,  has 
some drawbacks, as noted earlier.  

The react ion of tungsten hexachlor ide  wi th  hydrogen 
fluoride 

WC16 -t- 6HF--> WF6 -{- 6HC1 

to produce the hexafluoride was first invest igated by 
Ruff et al. (27). They mixed about a three- fo ld  excess 
of l iquid HF with WC16 and after the reaction, had 
some difficulty in separat ing the last traces of HF, 
which boils at about the same tempera tures  as WF6. 
We found that  passage of the gaseous HF through a 
tube or  vessel filled with  a large excess of WC16 re-  
sulted in the react ion of most of the HF, and the gases 
emanat ing f rom the react ion vessel could be direct ly  
lead into the react ion chamber  and used for the dep- 
osition of tungsten. However ,  because of the presence 
of much HC1, the reaction was much slower than  with  
the uncontaminated reactants. 

The method of operat ing the react ion was as fol-  
lows: The hexachlor ide  was placed in a polyethylene  
bottle or tube which was warmed  to about 50 ~ to 70~ 
and the HF passed through. An endothermic react ion 
took place, and the vessel became percept ibly  cooler. 
Al though tungsten deposition was accomplished di- 
rect ly  f rom the effluent gases, which contain WF6 and 
HC1, the deposition would have  proceeded faster  if the 
HC1 had been removed.  Plan.s for this were  made but 
not carr ied out. The separat ion of WF6 and HC1 could 
easily be made by passing the gases through a cool 
chamber  in which the WF6 would  l iquify and be drawn 
off whi le  the gaseous HC1 was al lowed to escape. 

In  one exper iment  we uti l ized the above react ion for 
removing  HF from the gases of our static reaction 
chamber.  Dur ing a plat ing run the gases were  con- 
t inual ly  circulated through a bottle of WCls and back 
into the reaction vessel. No par t icular  benefit accrued 
since the HC1 was not removed  f rom the  system. 
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Absorption of Electrolytic Hydrogen 
by Nickel and Iron-Nickel Alloys 

Thomas C. Franklin and P. E. Hudson 1 

Chemistry Depar tment ,  Baylor University, Waco, Texas 

ABSTRACT 

A s tudy was made  of the  absorpt ion  of e lec t ro ly t ica l ly  genera ted  hydrogen  
by  nickel  and i ron-n icke l  alloys. I t  was shown tha t  the exper imen ta l  ra te  law 
for the  absorpt ion of hydrogen  is 

Rate  of  Absorp t ion  ~ k[Hads] -~- I 

By control l ing the cur ren t  dens i ty  i t  was possible to obtain expe r imen ta l  
condit ions such tha t  the  ra te  law agreed  wi th  the fol lowing mechanism 

Hads -'> Habs 

It  was shown that  the p r i m a r y  cause for  changes in the  ra te  of absorpt ion of 
hydrogen  on a l loying  i ron  wi th  n ickel  is changes in the  amount  of adsorbed 
hydrogen.  

In  conjunct ion wi th  a series of corre la t ion  studies on 
the effect of hydrogen  on different  processes at  solid 
meta l  e lectrodes and the effect of addi t ives  on these 
processes (1-4),  a s tudy was made  of the effect of 
addi t ives  in solut ion on the  ra te  of absorpt ion  of h y -  
drogen into n ickel  wire,  e lec t rodeposi ted  nickel ,  and 
e lec t rodeposi ted  i ron-n icke l  a l loy electrodes.  

In  ea r l i e r  studies, Schuld iner  and  Hoare  (5) found 
no pene t ra t ion  of hydrogen  th rough  pa l lad ized  nickel  
plates  or foils. In  a l a te r  study,  Szk l a r ska -Smia lowska  
and Smia lowski  (6) r epor ted  the  format ion  of n icke l  
hydr ide  phase  (NiH0.7) when  nickel  was ca thodical ly  

1 Present  address: TRACOR, Inc., Austin, Texas .  

charged under  appropr i a t e  conditions. In  a s tudy  in-  
volving the oxidat ion  processes at  nickel  electrodes,  
Weininger  and Bre i te r  (7) pos tu la ted  tha t  there  were  
two forms of hydrogen  sorbed at the n ickel  electrode.  
Devana than  and Se lva ra tnam (8) quan t i t a t ive ly  de-  
t e rmined  the  f rac t ional  coverage  of the  n ickel  elec-  
t rode by  hydrogen  atoms. They  assumed tha t  only  one 
hydrogen  species was presen t  and that  this  was the  
e lec t rochemical ly  act ive one. 

In  the  present  inves t iga t ion  emphasis  was placed on 
the effect of solution addit ives,  changes of hydrogen  
genera t ing  cur ren t  density,  and  a l loying on the ra te  
of absorpt ion of hydrogen.  
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Exper imenta l  
The electrodes were prepared by sealing vary ing  

lengths (2-3{) cm) of the sample in Teflon spaghetti. 
The nickel  wire electrodes were  mechanical ly  polished 
with emery cloth, degreased in acetone, washed with 
distilled water, then redisti l led water, and placed in 
the cell for study. 

The nickel  plated electrodes were prepared by pla t -  
ing nickel wires prepared as above for a definite length 
of t ime at a known  current  density. The plat ing sta- 
tion was a constant  current  coutometer (9, 10) with a 
mi l l iammeter  and t imer placed in  the circuit. After 
plating, the samples were r insed with redisti l led water  
and placed in the cell for study. 

The plat ing bath was of the Watts type and con- 
tained 240g of hydrated nickel sulfate (NiSO4.6H~O), 
45g of hydrated nickel chloride (NiCl~-6H20), and 30g 
of boric acid in one liter of solution. After  dissolving 
the components, nickel  carbonate was added to raise 
the pH. The solution was filtered and the pH lowered 
to 4.0 by adding dilute sulfuric acid (11). 

The electrodes to be plated with i ron-nickel  alloys 
were nickel wires pretreated as previously described. 
The i ron-nickel  alloys were plated using a mixture  
containing different amounts  of the Wat ts - type  bath 
previously described and an iron sulfate bath (12). 
The relat ive composition of the alloys was determined 
by use of a General  Electric Model XRD-5 X - r a y  
Spectrometer. 

The coulometric techniques previously used (1-4) 
in studies of hydrogen at solid electrodes were used 
in this study. Hydrogen was generated on the elec- 
trodes for vary ing  lengths of t ime at at constant  cur-  
rent  density and for varying  current  densities at con- 
stant  times by connecting the cell to a power supply. 
The cell was then connected to the polarograph, and 
the hydrogen was electrolytically oxidized. The non-  
polarizable electrode was a large p la t inum gauze elec- 
trode. The solution was 2N sodium hydroxide. 

In  the experiments  on the effect of additives, mea-  
sured amounts  of a solution of the additive in 2N 
sodium hydroxide were added to the bath. Hydrogen 
was then generated on the electrode electrolytically, 
and the hydrogen on the surface was analyzed coulo- 
metrically.  

In  all cases the reagents were the purest  available 
commercially.  The tempera ture  of the cell was ma i n -  
ta ined at 25 ~ • 0.1~ 

A diagram of the apparatus is shown in Fig. 1. 

SARGENT MODEL "X'm" AUTOMATIC I 
l RECORD'NG POLAROGRAPH I 

Ii--C--TIs-- 

~iTri~-osfc <~RI~T? ~ 
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NICKEL ~ ~ 1  ~" I ~  
ELECTRODE ~[  ~ II ~ r " ~  ~ _  PLATIN U M 

t~]/ I I ~ J GAUZE 
2N Na OH ~ . ~ _  LUG G, N~A ~L L ; : :  cTRODE 

Fig. I. Diagram of experimental arrangement 
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Fig. 2. Current-voltage curve for the oxidation processes at the 

nickel wire or electrodeposited nickel electrode. 

D a t a  and  Discussion of Results 
Ef]ect of additives on the rate of penetration of hy- 

drogen.--The general  appearance of the current  volt-  
age curves for the oxidation processes at the nickel or 
plated nickel electrodes in 2N sodium hydroxide solu- 
t ion is shown in Fig. 2. As can be seen, four maxima 
appear in the curve, indicat ing that  there are four 
oxidation processes, differing in potential,  occurring 
at the electrode. 

In  2N NaOH average values for the potentials at 
maxima I, II, III, and IV were --0.50, --0.40, +0.10, 
and about +0.91v, respectively, measured against  a 
saturated calomel e lectrode (SCE). 

Weininger  and Breiter  (7) proposed that  the oxides 
of nickel are formed by the following mechanisms: 

(a) Ni + O H -  = NiOH + a -  

(b) NiOH + O H -  = Ni(OH)2 + a -  

(c) Ni(OH)~ + O H -  = NiO(OH) + H20 + e -  

Electrodes of vary ing  length were prepared and the 
number  of coulombs required for the formation of 
maxima  III  and IV determined. The results in Table I 
show that  maxima  III  and IV required essentially the 
same number  of coulombs for formation. From the 
comparison of the potentials and the number  of cou- 
lombs involved with the data of Weininger  and Breiter, 
it can be concluded that maxima III  and IV can be 
identified as being caused by the formation of Ni (OH)2 
(III) and NiO(OH) (IV). Since, in the scheme of 
Weininger  and Breiter, there should be a third peak 
due to the formation of NiOH, this ma x i mum must  
coincide with max imum II of Fig. 2. I t  is evident  that  
max imum II is much larger than either m a x i m u m  III  
or IV, and thus it is apparent  that  the formation of 
NiOH is accompanied by  another  anodic process. This 
accompanying process is probably the oxidation of one 
form of hydrogen, since this is the accepted region 
of hydrogen oxidation. Maximum I in  Fig. 2, which 
is at the most negative potential,  is caused by the 
oxidation of another  form of hydrogen. 

In  summary,  the maxima  in Fig. 2 may  be described 
as being caused by: (a) the oxidation of one form of 
hydrogen;  (b) the oxidation of a second form of hy-  
drogen and the formation of NiOH; (c) the formation 
of Ni(OH)2; and (d) the formation of NiO(OH).  

Since the ma in  concern of this work was the in -  

Table I. Comparative area of maxima III and IV 

Electrode Peak III, Peak I V ,  
l e n g t h ,  c m  m c o u l  m c o u l  

5.0 0.47 0.47 
8.2 0.59 0.58 

i0 .0  0.58 0.59 
20.0 1.25 1.29 
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Fig. 3. Current-voltage curve for the oxidation of hydrogen on a 
nickel wire or electrodeposited nickel electrode. 

vest igat ion of the hydrogen  maxima,  a correct ion due 
to the overlap of hydrogen  oxidation and formation 
of NiOH was applied to all calculat ions and de te rmi-  
nations involving the second form of hydrogen.  

Figure  3 is a typical cur ren t -vo l tage  curve in the 
hydrogen region for the oxidation of a nickel  wire  or 
electrodeposited nickel  electrode on which hydrogen 
has been electrolyt ical ly  generated.  The existence of 
various forms of hydrogen on p la t inum has been 
shown by a number  of workers  (2, 13-17) and on iron 
by Matsuda and Frank l in  (4). The potentials of the 
two max ima  were  compared with  the potentials ob- 
served by Matsuda in exper iments  run  under  identical  
conditions. The potentials of both the first and second 
peaks on nickel agreed wi th in  exper imenta l  error  wi th  
potentials obtained by Matsuda for the oxidation of 
hydrogen sorbed on iron. In agreement  wi th  Matsuda, 
peak I has been a t t r ibuted to the oxidation of ad-  
sorbed hydrogen and peak II to the oxidation of ab- 
sorbed hydrogen.  

The area under  I can then be taken as the number  
of coulombs needed to oxidize adsorbed hydrogen 
whi le  the area under  II minus the area under  peak IV 
can be taken as the number  of coulombs needed to 
oxidize hydrogen in the inter ior  of the metal. This is 
possible since the area under  peak IV corresponds to 
the coulombs needed to conver t  Ni (OH)2 to NiOOH. 
This corresponds to one electron for each surface 
nickel  atom. This is the same number  of coulombs tha t  
was needed to conver t  the nickel  to NiOH. Since peak 
II is caused by both the oxidat ion of absorbed hy-  
drogen and the format ion of NiOH, this many cou-  
lombs must  be subtracted. 

F igure  4 shows the variat ions of the total area under  
the max ima  wi th  charging time. A similar  curve  was 
obtained with  variat ions in current  density holding 
the generat ing t ime constant. Examinat ion  was made 
of these curves along wi th  an examinat ion  of the 
original  cur ren t -vo l tage  curves and a visual  examina-  
tion of the electrode dur ing  the charging process. 
These indicated that  up to the region of point B, no 
hydrogen was visibly desorbed and in the preponder -  
ance of cases studied, only  the first m a x i m u m  was 
found on the cur ren t -vo l tage  curves. Therefore,  it was 
concluded that  in this region the charging current  was 
being used to reduce oxides and form adsorbed hydro-  
gen. In the next  region, BC, hydrogen begins to absorb 
in the nickel  as shown by the format ion of the second 
peak and in the straight  line portion, CD, a steady 
state is reached in which hydrogen is desorbing and 
absorbing as fast as it  is generated.  This steady state 
was shown in that  the first peak stopped growing and 
only the second peak increased in this region. There -  
fore, the major  process occurr ing in the straight  line 
portion, CD, other  than  desorption of hydrogen f rom 
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Fig. 4. Effect of time of generation on total hydrogen at the 
electrode. 

the surface of the electrode, was the absorption of hy-  
drogen by the nickel. 

F rom these observations it was concluded that  the 
slope of CD was a measure  of the rate  of absorpt ion of 
hydrogen by nickel  f rom a surface wi th  a constant 
s teady-s ta te  amount  of adsorbed hydrogen on the sur-  
face. 

The curves described above were  observed for both 
electrodeposited nickel  and nickel  wire  electrodes. 

Figures 5 and 6 show typical  famil ies  of curves ob- 
tained when  2,7-naphthalenedisulfonate ion was used 
as an addit ive and when the length was varied. Simi-  
lar  curves were  obtained wi th  different cur ren t  den-  
sities and different additives. At  low charging cur-  
rent  densities, there  was a decrease in the rate  of ab- 
sorption (the slope of CD) at low concentrat ions of the 
disulfonate ion, but  at h igher  concentrat ions  the slope 
increased. 

At  high charging current  densities, there  was a regu-  
lar  decrease in the slope wi th  increasing concentra-  
t ion of the disulfonate ion. F igure  7 shows plots of the 
rate of absorption (the slope of CD) compared to the 
amount  of adsorbed hydrogen. Curve  A in Fig. 7 shows 
results obtained with  different nickel  electrodes. The 
area was var ied by vary ing  the ]ength of wire  and 
plat ing time. Some of these points are f rom unplated 
nickel  and others f rom plated nickel. 
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Fig. 5. Effect of 2,7-naphtholenedisulfonate ion on amount ab- 
sorbed hydrogen. 
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Fig. 6. Effect of surface area on amount of absorbed hydrogen. 

Table II. Composition of the iron-nickel alloys 

Alloy  # B  % I r o n  % Nickel  

1 '/8.0 22.0 
2 73.0 27.0 
3 66.0 34.0 
4 51.0 49.0 
5 30.0 70.0 

close to zero. It was assumed that since the rate law 
under these conditions was identical to the rate law 
in Eq. (I) ,  the secondary effects were negl igible  and 
the primary mechanism of absorption was given in 
Eq. (A). 

The composition of the iron-nickel  alloys prepared 
is shown in Table II. By using data similar to that in 
Fig. 5 and 6, one obtains Fig. 8 and 9, which  show 
the rate of penetration for the various alloys. As before 
a straight-l ine relationship exists. Correcting the slopes 
of these lines by compensating for their varying 
lengths and radii, one can obtain the plot shown in Fig. 
10, which  shows the rate constant as a function of al-  
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Fig. 8. Variation of rate of absorption with area under first 
maximum: disodium 2,7-naphtholenedisulfonate and charging cur- 
rent of 1.6 ma. Curve A, alloy No. 1; curve B, alloy No. 2; curve C, 
alloy No. 3; curve D, alloy No. 4; curve E, electradeposited iron. 

Fig. 7. Variation of rate of absorption with area under first 
maximum: curve A, no additive and charging current of 170/~a; 
curve B, disodium 2,7-naphthalenedisulfonate and charging current 
of 1.6 ma; curve C, disodiam 2,7-naphthalenedisalfonate and 
charging current of 170/~a. 

It is apparent from these curves that the rate of 
absorption of hydrogen is directly proportional to the 
amount of adsorbed hydrogen. In the experiments per- 
formed at different charging current densities, both 
with  and without  additives, the fo l lowing equation is 
fol lowed 

Rate of Absorption = k [Hads] + I 

Both the intercept I and k are influenced by  changes 
in current density and by the presence of an additive. 
With any one current density and additive, k and I 
were constants. 

This kinetic  equation is indicative of a complex 
mechanism. The first term, however,  is the expected 
rate law for the usual ly  expected mechanism of ab- 
sorption: 

M e c h a n i s m :  ~'~ads -'> Habs ( A )  

Rate law: Rate of Absorption = k [ H a d s ]  ( I )  

Effect of Alloying on the Rate of Penetration 
of Hydrogen 

In order to study the al loy systems, a generation 
current (1.6 ma)  was selected that gave an intercept 
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Fig. 9. Variation of rate of absorption with area under first max- 
imum: disodium 2,7-naphthalenedisulfonote and charging current 
of 1.6 ma. Curve F, alloy No. 5; curve G, electradeposited nickel. 
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loy composition. There is a general  decrease in the 
rate constant  as the amount  of i ron in the alloy de- 
creases except in the region between 65 to 75% iron. 
In this region, McKeehan (20) observed a change in 
crystal  s t ructure  and noted a possible coexistence of 
the two structures and that either a r rangement  was on 
the verge on instabil i ty.  It  is of interest  to note that  
on a plot of electrical resistance (of i ron-nickel  alloys) 
vs. percentage alloying element, there is a maxi -  
mum in the curve at 30% nickel. This and several 
other anomalies in this region are ascribed to the fact 
that the i ron-nickel  alloys may be either ferrite, 
austenite, or both (21). An explanat ion for this increase 
in rate  of penetra t ion is that there are more grain 
boundaries  in this region, and this presents an ease of 
penetra t ion along these boundaries.  

S u m m a r y  
I t  has been shown that the experimental  rate law for 

the absorption of hydrogen is 

Rate of absorption = k[Hads] -~ f 

By control l ing the current  density it has been pos- 
sible to obtain exper imental  conditions such that  the 
rate law agreed with the following mechanism 

Hads "-> Habs 

Studies of the effect of al loying i ron with nickel 
show that  the pr imary  cause for changes in  the rate  of 
absorption of hydrogen is changes in the amount  of 
adsorbed hydrogen. 

Manuscript  received Oct. 20, 1966; revised m a n u -  
script received March 13, 1967. This paper  was pre-  
sented at the Phi ladelphia Meeting, Oct. 9-14, 1966. 

Any  discussion of this paper  will  appear in  a Dis- 
cussion Section to be published in the December 1967 
JOURNAL. 
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The Mechanism of the Electrooxidation 
of Acetylene on Gold 

J. W. Johnson, J. L. Reed, and W. J. James 

Departments of Chemical Engineering and Chemistry, The University of Missouri at Rolla, Missouri 

ABSTRACT 

Acetylene has been oxidized anodically in aqueous solutions at 80~ on 
gold electrodes. It  was found that  the part ial  oxidation to CO2 was accom- 
panied by a polymer formation. Effects of potential,  acetylene part ial  pres-  
sure, pH, and tempera ture  on the rate (current)  were measured. A discon- 
t inui ty  in  the Tafel curves was noted that indicated a change in  the reaction 
mechanism with potential.  The discontinui ty was also pH dependent.  A mech- 
anism involving the discharge of H20 and /or  O H -  has been proposed that  is 
consistent with the exper imental  results. 

The electrooxidation of acetylene has been studied C2H2 (sol) ~ C2H2 (ads) 
previously on platinized p la t inum electrodes (1). A H20(-~-OH (ads ) -} -H  + + e  
reaction mechanism of the following sequence was r.d.s. 
proposed C2H2 (ads) + OH (ads) > . . .  
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The na ture  of the electrode is impor tan t  in this mech-  
anism as it is the source of oxygen-conta in ing  species 
(originating f rom water )  for the oxidat ion reaction. 
The coverage of this species on p la t inum in the poten-  
tial region where  acetylene is oxidized is given by 
Dahms and Bockris as ca. 0.I. They also show the cov-  
erage on gold which is much smaller.  This offers an 
indirect  test of the mechanism in that  it is an op- 
por tuni ty  to observe the effect of decreasing the sur-  
face concentrat ion of the oxygen containing species. 
In addition, the absence of electrons in gold for form-  
ing covalent  bonds with  adsorbed reactants  and in ter -  
mediates gives it impor tant  characterist ics that  de- 
serve fur ther  study. 

Exper imental  
Cell and apparatus.--The electrolytic cell was simi- 

lar to that  described previously (2, 3) unless otherwise 
stated. The working  electrode (anode) was a rectan-  
gular  piece of fine gold foil (0.005 in. thick) wi th  a 
geometr ic  area of 30.2 cm 2. The auxi l iary  electrode 
(cathode) was constructed of plat inized p la t inum 
gauze. The procedure  for act ivat ing the electrodes 
has been reported (2, 3). The reference electrodes 
were  mercury -mercurous  sulfate (1N H2SO4) for acid 
solutions and calomel (1N KC1) for basic solutions 
and were  at 25~ during the experiments .  All  poten-  
tials of the gold anode are re fe r red  to the SHE as zero 
at the tempera ture  of the exper iment  by means of the 
procedure described quant i ta t ive ly  below. Al l  studies 
were  made potentiostat ical ly (except  as noted) and 
at 80~ except  for the act ivation energy determinat ions  
which ranged f rom 50 ~ to 80~ 

Potential caleulations.--The potentials l isted in 
Table I were  used in calculat ing the potentials of the 
gold anode. All, wi th  the exception of those indicated 
with asterisks, were  exper imenta l ly  measured values. 
The measured potential  differences be tween the gold 
anode and the reference electrodes were  

A V m e a s  = V'-- Eref ,25  

In order  that  V might  be re fe r red  to the SHE at the 
tempera ture  of the experiment ,  the fol lowing relations 
were  used 

1. For  the calomel (1N KC1) reference electrode 

V -- V ~ E H , t  

--~ V - -  E c , 2 5 ' - -  ( E c , t  - -  E C , 2 5 )  -~- ( E c , t -  E H , t )  

: A V m e a s - -  ( E c , t - -  E c , 2 5 )  -}- ( E c , t - -  E H , t )  

2. For  the mercurous  sulfate (1N H2SO4) reference 
electrode 

V ----- V- EH.t 

V ' - - E s , 2 s - -  ( ~ s ~ t - - E s , 2 5  ) -~- ( E s , t - - E c , t )  "~ ( E c , t - - E H , t )  

: A V m e a s - - ( E s , t - - E s , 2 5 )  ~ -  ( E s , t - - E c , t )  -t- ( E c , t - - E H , t )  

Numer ica l  values for terms shown in the parentheses 
were  taken f rom Table I. 

Reagents.--Sulfuric acid, sodium sulfate, sodium 
carbonate, and sodium hydroxide,  "Fisher  Certified" 
reagents;  acetylene,  Matheson purified (>99.6% pu-  
r i ty ) ;  nitrogen, Matheson prepurif ied (>99.997% pu-  
r i ty ) ;  and disti l led water .  Ace ty lene-n i t rogen  mix -  

Table I. Data used for potential calculations 

E l e c t r o d e s  AE, v E l e c t r o d e s  hE,  v 

tures were  made with  the use of a dual-f low propor-  
tioner. 

Coulombic efficiency.--The apparatus and procedure 
used to de termine  the coulombic efficiency in acidic 
solutions have  been described previous ly  (1). The cell  
was operated galvanostat ically.  In basic solutions, a 
gravimet r ic  procedure was used in which the CO2 
absorbed in the 1N NaOH anolyte was precipi ta ted as 
BaCO~ by addition of bar ium acetate solution. The pre-  
cipitate was collected, dried, weighed, and the CO2 
equivalent  calculated. The exi t  gases f rom the cell 
were  passed through a bar ium hydroxide  absorber to 
insure that  no CO2 was escaping. 

Results 
Rest potentials.--Nitrogen was passed through the 

anodic and cathodic compartments  for about 1 hr  to 
remove  oxygen f rom the cell. The flow through the 
anolyte was then replaced with acetylene or acetylene-  
ni t rogen mixtures  at a rate  of 90 cm z (STP) /min .  
The values shown in Table II were  obtained immedi -  
ately on the admit tance of acetylene and behaved 
s imilar ly  to those on pla t inum (1). The rest potentials 
var ied  very  sl ightly in acidic solution, but  the var ia-  
t ion approached ~ --140 m v / p H  unit  in basic solu- 
tions. The rest potentials were  independent  of acety-  
lene part ial  pressure. 

Coulombic e]~ciency.--The results of the coulombic 
efficiency studies are shown in Table III. 

Af te r  each test in acidic and neut ra l  solutions, the 
anolyte was o range-brown in color, and the electrode 
had a thin, dark brown resinous film on it. The pres-  
ence of the film had no noticeable effect on the cur-  
ren t -potent ia l  relationships. At a constant potential,  
the current  remained  re la t ive ly  constant (less than 
10% change) for periods in excess of 24 hr, even 
though the film was forming. In 1N NaOH, the color- 
ing of the electrolyte  was present, but  no film was 
formed on the electrode. Later  exper iments  showed 
the film formed in the acidic e lectrolyte  to be soluble 
in hot NaOH solutions, thus explaining its absence 'in 
the basic electrolyte.  

By-product analysis.--Various tests and analyses 
were  per formed on the anolyte (both acidic and basic) 
and the resinous film from the  acidic solutions in 
order to characterize the by-products.  

1. The anolyte was extracted with  ethyl  ether, ben-  
zene, carbon tetrachloride,  and n-hexane.  Upon con- 
centrat ion of the extract ,  only the ether  showed visible 
signs of any extracted material .  An infrared spectrum 
of the ext rac t  indicated the presence of C = C  and 
O - - H  bonds. A trace of the IR  spectrum is shown in 
Fig. I. 

2. Negative results were obtained when the elec- 
trolyte was subjected to aldehyde and ketone tests, 

Table II. Rest potentials for acetylene at 80~ 

Vres t ,  V 
pH (VS. S H E  = 0 a t  80~ 

0.35 + 0.28 
1.45 + 0.28 
6.0 +0 .14  
8.6 + 0.03 

11.6 - - 0 . 2 0  
12.5 -- 0.34 

Eo,so -- EH,50 + 0.2716" Ec,~o -- EC,~ + 0.0125 
Ec,6o -- EH,~O + 0.2672* EC,Go -- EC,25 + 0.0178 
Ec,7o -- EH,~O + 0.2623* Eo,7o -- Ec,~5 + 0.0230 
EC.8o -- EH.SO + 0.2567* EC,SO -- E e . ~  + 0.0278 
Es,5o -- E c , ~  + 0.362 Es,5o -- E s , ~  + 0.0063 
Es,o~ -- EC,~  + 0.359 Es,~o -- E s , ~  + 0.0091 
Es,~o -- Ec.7o + 0.857 Es,~o -- Es,~ + 0.0117 
Es,so -- Ee,so + 0.355 Es,so -- Es,~5 + 0.0143 

* C a l c u l a t e d  f r o m  a n  e x p r e s s i o n  g i v e n  i n  I v e s  a n d  J a n z  (0).  
S u b s c r i p t s .  H ,  S H E ;  C, c a l o m e l  (1N K C D  r e f e r e n c e  e l ec t r ode ;  

S, m e r c u r o u s  s u l f a t e  (1N I-I~SOD r e f e r e n c e  e l ec t rode ;  n u m b e r s ,  t~  

Table Ill. Coulombic efficiency for CO2 production for acetylene 
oxidation 

A c e t y l e n e  
E l e c t r o l y t e  p r e s s u r e ,  a t m  Ef f i c i ency ,  % 

IN H~SO4 1.0 60 • 5 
0.I 24 
0.01 3 

IN NaOH 1.0 80 ----- I0 
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Fig. 1. Sketch of infrared spectra of (a) ether extract of acidic 
anolyte and (b) concentrated solution of resin dissolved in acetone. 

indicat ing an absence of CHO and C-~O groups in the 
by-products .  

3. The resinous mater ia l  was subjected to solvation 
tests in the solvents ment ioned above plus acetone, 
methanol,  2N H2SO4, and 2N NaOH. Only in hot 
NaOH did the resin dissolve readily.  Concentrat ion of 
the acetone and methanol  solvents showed visible signs 
of dissolved material .  An infrared spectrum of the 
acetone solution confirmed the O - - H  bond and indi-  
cated a C - - O  bond, possibly a C - - O H  bond (see Fig. 
1). An emulsion of the resin was also prepared  wi th  
fluorlube, but  IR analysis was unsuccessful. 

4. A ca rbon-hydrogen-oxygen  analysis 1 of the res in-  
ous film gave a C : H : O  atomic ratio of approximate ly  
2:2:1. 

The most  l ikely s t ructures  of the by-produc t  tha t  
are consistent wi th  the analyses are an unsatura ted  
po lyhydroxyl  compound and a mixed  hydroxyl  struc- 
ture  wi th  e ther  linkages. Any  s t ructure  of the la t ter  
type with  the proper  C:H:  O ratio contains an uncon-  
jugated enol form which has doubtful  stabili ty wi th  
respect  to a keto  shift. Thus, it seems that  the most 

H OH H OH 
I I I I 

probable s t ructure  is of the type, - - C ~ C - - C - - C - - .  
A po ly -hydroxy l  s t ructure  of this type would  be stable 
due to the conjugated bonding. It would  also behave 
chemical ly  similar  to a phenol which accounts for its 
solubil i ty in strong base. 

Analysis  of the exi t  gases f rom the electrolysis cell 
showed that  no volatile,  par t ia l ly  oxidized hydrocar -  
bons were  present.  Hence, it was assumed that  the only 
by-produc t  was the po lyhydroxyI  compound at va r i -  
ous degrees of polymerizat ion.  

Current-potential relation.--Tafel curves  are shown 
in Fig. 2. The current  values at a constant potential  
could be reproduced wi th in  5%. There  seems to be a 
t ransi t ion region (discontinuity) in the plots for pH 
values of six and greater.  This region is shifted up-  
ward  along the Tafel  curve  as the pH is increased. 
The slope of the Tafel  curve, both above and below 
the t ransi t ion region, is approximate ly  140 mv. The 
increasing slope at the upper  end of the curves is as- 
sumed to be due to e i ther  passivation phenomena or 
ohmic drop in the reference  circuit. The t ime effects 
were  essential ly the same as those for the oxidat ion 
of acetylene on p la t inum (1). However ,  unl ike  pla t i -  
num, no potent ial  region of complete  passivation was 
found for the gold electrode below oxygen  evolution.  

pH e ~ e c t - - T h e  effect of pH at constant ionic 
s t rength is also shown in Fig. 2. Quali tat ively,  in 
strong acids, 0 log i/O pH ~_~ O. This va lue  increased 
wi th  pH, reaching uni ty  in basic solutions. 

Analysis performed by Galbraith L a b o r a t o r i e s ,  K n o x v i l l e ,  T e n -  
n e s s e e .  

LO 

0.8 

O.fi 

0.4 

> 0.2 
O.C 

,o ,04 ,0-2 i, amp.c~ 2 

Fig. 2. Current-potential relation (PA = 1 atm) as a function of 
pH at 80~ (�9 pH = 0.35; /% 1.45; i-1, 6.0; e,  8.6; 4,, 11.6; 
I I ,  12.5) (Potentials vs. SHE = 0 at 80~ 

o 

'8 

,d 

I i 
2T 28  2.9 3 0  3, 3.2 

+ . , 0 3 ,  

Fig. 3. Current-temperature relation (Pa = 1 atm) as a function 
of potential. (�9 0.368v, 1N NaOH; e, 0.318v, 1N NaOH; A ,  
0.832v, IN H2SO4; A ,  0.732v, 1N H2SO4; [~, 0.018v, 1N NaOH; 
I I , - -0 .032v ,  1N NaOH; �9 e, I-I, El, below transition region; 
A ,  A ,  above transition region) (Potentials vs. SHE = 0 at tern- 
perature of experiment). 

Temperature el~ect.--The effect of t empera ture  on 
current  in 1N H 2 8 0 4  and 1N NaOH (above and below 
the transi t ion region) is shown in Fig. 3. Act ivat ion 
energies were  calculated and are shown in Table  IV. 

Values of O(Ea)/OV are approximate ly  equal  to 
aF = --11.5 k c a l / v  for = = 0.5. In 1N NaOH, it  should 
be noted that  the potential  change does not account 
for the entire difference be tween  act ivat ion energies 
above and below the transi t ion region. This suggests 
that  some change or a l terat ion may  have  been made in 

Table IV. Activation energies for the anodic oxidation of 
acetylene on gold electrodes 

P o t e n t i a l ,  v A c t i v a t i o n  
( v s . S H E  = 0 a t  e n e r g y ,  k c a l  
t e m p e r a t u r e  of a t  S H E  a ( E a ) / a V ,  

E l e c t r o l y t e  e x p e r i m e n t )  p o t e n t i a l  k c a l / v  

lJV H2SO~ 0.732 19.9 -- 11.9 
0.832 18.8 

1N N a O H  0.368* 12.6 -- 12.0 
0.318" 13.2 
0.018"* 18.7 -- 12.0 

- -0 .032** 18.3 

* A b o v e  t h e  t r a n s i t i o n  r e g i o n .  
** B e l o w  t h e  t r a n s i t i o n  r e g i o n .  
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Fig. 4. Current-acetylene partial pressure relation as a function 
of potential at 80~ (�9 0.268v, 1N NaOH; e, 0.218v, 1N NaOH; 
I~, 0.068v, 1N NoOH; I I ,  0.018v, 1N NaOH; A ,  0.732v, 1N 
H2SO4; A ,  0.682v, 1N H2SO4; V ,  0.632v, 1N H2SO4, A ,  A ,  
V ,  i--], I I ,  below transition region; �9 e, above transition region.) 
(Potentials v s .  SHE ~ 0 at 80~ 

the react ion mechanism. Due to mixed  reactions, the 
revers ible  potent ial  could not be evaluated in order 
to calculate the t rue  (chemical)  act ivat ion energy. 

Pressure efJect.--Partial pressure studies were  made 
in 1N H2SO4 and 1N NaOH. The results are shown in 
Fig. 4. In 1N H2SO4, the pressure effect (Oi/Op) was 
negative.  In 1N NaOH below the transi t ion region, 
the pressure effect s tar ted out negative,  then became 
posit ive at pressures ~0.1 atm. In 1N NaOH above the 
transi t ion region, the effect was posit ive at pressures 
>0.1 atm and approached a constant value  at pres-  
sures ~0.1 atm. Under  the la t ter  conditions (1N NaOH, 
above transi t ion region) ,  appreciable residual  currents  
were  noted when the acetylene flow was stopped after  
several  minutes of electrolysis. Other  measurements  
made in f resh electrolyte  showed the pressure effect to 
be posit ive over  the ent i re  range, 0.01 to 1 atm. How-  
ever, due both to the residual  currents  and the small-  
ness of the values, it was felt  that  only measurements  
above 0.1 atm were  of sufficient accuracy to be con- 
sidered val id for p ressure -cur ren t  correlations. 

Discuss ion  

Adsorption of Acetylene 
The adsorption of acetylene on Pt  has been dis- 

cussed in the previously ment ioned paper (1). The 
isotherm (Langmuir )  was formula ted  as 

0A 
=KpPA 

(I --0A) 4 

where 0A is the fractional coverage by acetylene, PA 
is the acetylene partial pressure, and Kp is the adsorp- 
tion constant for the isotherm relating coverage to 
partial pressure. The order of magnitude of Kp, esti- 
mated both by an indirect method and correlation of 
experimental data, was 104-10 s atm -I. No data are 
available which would allow an independent evalua- 
tion of K~ for acetylene adsorption on Au from solu- 
tion. 

The most probable attachment of acetylene to a 
meta l  surface is (4) 

H t t  
t I 

C ~ C  
I I 

M M  

There is evidence that  acetylene forms covalent  bonds 
wi th  the meta l  surface in the case of Pt  and Au by 
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r ea r rangement  to dsp hybrids (4, 5). P la t inum has 0.5 
vacant  d-orbi tals  per atom avai lable  for covalent  
bonding, thus acetylene was assumed to have  a 4 site 
a t tachment  (1). Gold has no statist ically calculated 
d-orbi ta ls  avai lable  for covalent  bonding (6), there-  
fore the number  of sites occupied (covered)  wil l  be 
ascertained f rom a scaled diagram of an acetylene 
molecule adsorbed on a gold surface (Fig. 5). The 
acetylene covers only two sites, but  possibly blocks two 
others due to its size. Therefore,  the isotherm for the 
adsorption of acetylene on Au is taken as 

0A 
= K~PA [1] 

(I-- 8A) ~ 
where n can be equal to 2 or more. 

React~o~ Mechanism 
The ra te -de te rmin ing  step below the transi t ion re-  

gion must exhibi t  the fol lowing characteristics:  (i) 
Be the first electron t ransfer  since the Tafel  slope is 
2(2.3 RT/F) ,  (~i) involve  a species other  than ad-  
sorbed acetylene,  (or der ived theref rom) since Oi/ap 
0, and (iii) exhibi t  essentially no pH dependence in 
strong acid solutions but  show a dependency,  0 log 
i/OpH ~-~ 1 in strong base solutions. 

Above the t ransi t ion region, the  ra te -de te rmin ing  
step must: (i) again be the first electron t ransfer  since 
the Tafel  slope remains 2 (2.3 R T / F ) ,  (ii) involve  ad- 
sorbed acetylene (or a species der ived theref rom)  since 
Oi/Op > O, and (iii) exhibi t  a pH dependence  0 log 
i/O pH ~ 1 in going from weak acid to strong base 
solutions. 

There is apparent ly  competi t ion (branching reac-  
tions) between intermediates  species in regard  to the 
formation of the resin mater ia l  and total  oxidation 
products, CO2 and H + (or H20).  As the faradaic effi- 
ciency was not great ly  affected by potent ial  or pH, this 
competi t ion probably  occurs after  the r.d.s, in the 
different regions. The effect of acetylene par t ia l  pres-  
sure on the efficiency wil l  be discussed later. 

Below the transi t ion region (b.t.r.), the substances 
involved in the r.d.s, must  be O H -  or H20. This is as 
proposed previously as a source of OH radicals in-  
volved in the oxidation of acetylene and ethylene on 
Pt  (1-3). Currents  depending on the discharge of O H -  
would  be diffusion l imited up to pH's of 6 to 8 at the 
cur ren t  densities used in this study. Thus, the reac-  
tion sequence can be represented  as 

C2H2 ~ C2H2 (ads) [2] 

H20--> OH (ads) + H + + e ~ [3a] 
r.d.s. 

O H -  --> OH (ads) + e [3b] 

C2H2 (ads) + OH (ads) --> . . .  

--> CO9. + H + + electrons + resin [4] 

0 O/O 
C = C  bond distance = 1 . 3 4  

C-H bond dJstnnce = 1 .06  

Fig. 5. Schematic diagram of an acetylene molecule adsorbed on 
a gold surface. 
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The anodic oxidat ion of acetylene can be expressed as 

ib.t.r. = nF(k~aaH2o + k3baOH--) ( i  w 8r) exp (~FV/RT) 
[5] 

where  k3a is the rate constant for water  discharge and 
k3b is the rate  constant for O H -  discharge. The cov- 
erage of OH radicals is ve ry  low (6), and the coverage 
of all other  in termediates  can be neglected in com- 
parison wi th  0A since they occur in the react ion se- 
quence after the r.d.s. Thus, ~T ~ 0A, and 

ib.t.r. ~ -  nF(k3aaH20 + k3baOH--) (1 ~ 0A) exp ('aFV/RT) 
[6] 

Above the transit ion region (a.t.r.), the r.d.s, in-  
volves ei ther  adsorbed acetylene or a radical  der ived 
therefrom. The dissociative adsorption of acetylene can 
be disregarded due to previous considerations of the 
energy involved (1) and to the pH effect observed in 
this study. The studies on Pt  (1) also indicated there  
was no hydrolysis  of acetylene in solution. A react ion 
sequence that  meets all  the requi rements  is 

C2H2 ~--- C2H2 (ads) [7] 

C2H2 (ads) +H20-->C2H2OH (ads) -b H+ + e-~r.d.s" [8a] 

C2H2 (ads) + OH---> C2H2OH (ads) -be J [8b] 

This gives the anodic oxidation rate  as 

ia.t.r. = nF(ksaaH2o + ksbaoH--) 0A exp (aFV/RT) [9] 

pH dependence.--Current-pH values were  calculated 
f rom Eq. [6], represent ing rates below the t ransi t ion 
region, considering the t e rm [ ~ F ( I ~ 0 A )  exp (aFV/ 
RT) ] constant at a given potent ial  over  the ent ire  pH 
range. The contribution of k3aaH2o was calculated f rom 
an exper imenta l  value of the current  in 1N H2SO4. 
Here  the contr ibution f rom O H -  discharge would  be 
negligible due to its low concentration. The contr ibu-  
tion of k3baOH-- was calculated in 1N NaOH assuming 
k3~aH2o to be insignificant. Exper imenta l ly  this is 
justified as the 0 log i/O pH ~-~ 1 in strong base. It  was 
necessary to make  a correct ion for the electrolyte pH 
at the e lect rode-solut ion interface due to the diffusion, 
away from the electrode, of H + produced by the 
reaction. This correction was significant only for bulk 
electrolyte  pH's in the range 5 to 9. Using these con- 
stants, the pH dependence f rom Eq. [6] over  the en-  
t ire pH range is shown in Fig. 6. The exper imenta l  data 
are also included for comparison. Above the transi t ion 
region, where  Eq. [9] applies, it was not possible to 
consider the contribution of ksaaH2o as exper imenta l  
data were  avai lable only for pH's > 6. Evaluat ing  
ksaoH- in a s imilar  manner  as described above gives 
the pH-cur ren t  relat ionship also shown in Fig. 6. It  
can be seen that  Eq. [6] and [9] correlate  these ex-  
per imenta l  data in their  respect ive regions. 

Partial pressure dependence.--Qualitatively, the rate  
dependence on acetylene par t ia l  pressure can be sum-  
marized as follows. (A) acid solution (below transi-  
t ion region) ,  Oi/Op < 0, Eq. [6] applies. (B) Base solu- 
tions (above transit ion region) ,  Oi/Op ~ 0, Eq. [9] ap-  
plies. (C) Base solution (below transi t ion region),  for 
p > 0.5 atm, OiZOp < 0, and for p < 0.5 atm, Os ~ O, 
i.e., Eq. [6] applies at h igher  pressures while  Eq. [9] 
applies at the lower ones. 

The data f rom acid solutions (b.t.r.) were  correlated 
using Eq. [6] for which the acetylene coverage was 
calculated f rom Eq. [1] wi th  assumed values of n and 
Kp as 4 and 104, respectively.  The procedure for these 
calculations has been described (1). The predicted 
values as wel l  as exper imenta l  data are shown in 
Fig. 7. 

A similar  t rea tment  of data f rom base solution 
(a.t.r.) using Eq. [1] and [9] is also shown in Fig. 7. 
Here, values of n and Kp were  8 and 2.5, respectively.  
It  should also be pointed out that  n = 4 and Kp ~ 3.5 
correlated the data wi thin  exper imenta l  errors, al- 
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Fig. 6. Theoretical current pH relation at constant potential 
O.40v. ( - - ,  Eq. [6];  �9 experimental data below transition region; 
- - ,  Eq. [9];  e, experimental data above transition region). 

2C / 
/ /  

18 s " 
i / 

{6 g /2 
/ 

14 / '  

P 
o~ 12 / 
~E / u / 

/ ~ lC / 
/ 

/ 

8 ,~ / .  

x 6 

t 

, arm 

Fig. 7. Theoretical current-acetylene partial pressure relation 
as a function of potential at 80~ (�9 0.268v, IN NaOH; e, 
0.218v, IN NaOH; - - ,  Eq. [9] ,  data above transition region; A ,  
0.732v, IN H2SO4; A ,  0.682v, IN H2SO4; V ,  0.632v, IN H2SO4; 
- - ,  Eq. [6] ,  data below transition region) (Potentials vs .  SHE = 
0 at 80~ 

though not as well  as the f i rs t -ment ioned values. These 
pressure effects can be related to a react ion mech-  
anism if it is assumed that  the amount  of acetylene ad- 
sorbed onto gold decreases as the pH of the solution 
increases, and H20 (or O H - )  wil l  undergo discharge 
only when adsorbed adjacent  to an adsorbed acetylene 
molecule. The first assumption is consistent wi th  trends 
noted for the adsorption of some other organic com- 
pounds from solution (7). Since the oxide (hydroxide)  
coverage on gold is very  low at these potentials  in the 
absence of adsorbed acetylene (6), then H20 (or O H - )  
discharge does not occur readily. Thus, the second 
assumption could be considered feasible. With these 
assumptions, the coverages of acetylene on gold can be 
pictured as shown in Fig. 8a and 8b. In the first case 
(Fig. 8a) for high coverage, it can be seen that  most 
any adsorption site avai lable  for  H20 (or O H - )  wil l  be 
adjacent  to an adsorbed acetylene molecule;  thus H20 
(or O H - )  wil l  be discharged and the rate  wi l l  be 
proport ional  to (1 - -  aA). If due to geometr ic  con- 
siderations, four  adjacent  vacant  sites were  necessary 
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Fig. 8. Schematic diagram of acetylene molecules adsorbed on a 
gold surface at (a) high and (b) low coverage. 

for the acetylene to adsorb, then this model would be 
consistent with the values of n = 4 and Kp ~- 104. In  
the second case (Fig. 8b) for low coverage, there are 
considerable available sites for water  (or O H - )  to ad- 
sorb that  are not adjacent  to adsorbed acetylene mole- 
cules. Discharge does not  occur on these sites, there-  
fore, the rate is proport ional  to 0A ra ther  than (1 - -  0A). 
This case is consistent with the lower value of Kp 
(equal to 2.5). The higher value of n can also be 
rationalized to some extent  if one considers that, for 
reaction to take place, acetylene must  adsorb on a spot 
that has more than four adjacent  vacant  sites so that 
the discharge of water  can be accommodated. 

Acetylene coverages have been calculated for Eq. [6] 
and [9] and are shown in Table V. These coverages are 
also such that  Langmui r - type  adsorption is approxi-  
mated. 

In  base solutions (b.t.r.) where the pressure depen-  
dence changes from negative to positive, i.e., the ex-  
pression for the current  changes from Eq. [6] to Eq, 
[9], there would necessari ly have to be a higher acety- 
lene coverage than in base solutions above the t ransi-  
tion region. This would suggest the acetylene coverage 
may have some potent ial  as well  as pH dependence. 

Reaction products.--The most probable explanat ion 
for the incomplete oxidation of acetylene on a gold 
electrode is similar to that  suggested by Dahms and 
Bockris per ta ining to the anodic oxidation of ethylene 
on various rare metals (6). Using Paul ing 's  equat ion 
(6) for the strength of a covalent bond between a 
metal  and a carbon atom, it can be shown that  the 
Au-C bond is about 45 kcal less than  the P t -C  bond. 
Thus, a par t ia l ly  oxidized in termediate  could break 
away from an Au surface before being completely 
oxidized much easier than  from a Pt  surface. Due to 
the reactiveness of the par t ia l ly  oxidized compounds 
(possibly radicals) and acetylene, polymerizat ion 
products would be expected. 

Summary 
The anodic oxidation of acetylene has been studied 

at 80~ in solutions of H2SO4, Na2SO4, and NaOH of 
constant  ionic strength. The reaction rate was deter-  

Table V. Calculated pressure-coverage relationships for the 
adsorption of acetylene on gold electrodes at 80~ 

Eq.  [8] (Kp = l ~ , n  = 4) Eq.  [9] (Kp = 2.5, n = 8) 
PA (arm) 9A PA (arm) 8A 

1.0 0.90 1.0 0,25 
0.3 0.87 0.5 0.20 
0.1 0.83 0.3 0.17 
0.03 0.78 0.2 0.14 
0.01 0.'72 0.1 O.lO 
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mined as a funct ion of potential, pH, acetylene par-  
tial pressure, and  temperature.  Coulombic efficiencies 
were determined for CO2 production in  both acidic and 
basic solutions. Two regions of l inear  Tafel behavior  
separated by a t ransi t ion region were found. 

The following kinetic parameters  were noted: 
Below the transttio~ region 

,O V O~ 
- -  = 140 my, < 0 

0 log i 0p 

0 log 
- -  = 1 (weakly acidic and basic solutions) 

0 pH 

Above the transitio~ region 

,8V ~i 
- -  = 140 mv, > 0 

0 log i Op 

0 log i 

O pH 

O log i 

= 0 (moderate to strong acid solutions) 

- -  = 1 (weakly acidic and basic solutions) 
0 pH 

The acetylene was part ial ly oxidized to CO2 with 
some polymer formation. The coulombic efficiency for 
CO2 production was 60 ___ 5% in acidic and 80 • 10% 
in basic solutions and decreased with decreasing acety- 
lene part ial  pressure. The most probable s tructure of 

H OH H OH 
I I I ! 

the polymer was - - C ~ - C - - C : C - - .  Activation energies 
in the l inear  Tafel regions varied from 12-20 kcal. The 
potential  dependence of the activation energy, OEa/OV, 
was --12 kcal/v.  

The reaction mechanisms in the l inear  Tafel re-  
gions were interpreted in terms of the following se- 
quences. 

Below the transition region 

C2H2 ~ C2H2 (ads) 

H20 ~ OH (ads) + H + ~- e 
r.d.s. 

J O H -  --> OH (ads) ~- e 

C2H2 (ads) ~- OH (ads) -~ . . .  

Above the transition region 

C2H2 ~ C2H2 (ads) 

C2H~ (ads) -f- H20--> C2H2OH (ads) + H + + e ~r.d.s. 

C2H2 (ads) + O H -  -> C2H2OH (ads) + e 

The discharge of H20 and /o r  O H -  was necessary to 
explain the observed pH effect. 
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The Thermal Temperature Coefficient of the 
Calomel Electrode Potential between 0 ~ and 70~ 

I. Experimental Results in Aqueous Potassium, Sodium, 
Lithium, Calcium Chlorides and in Hydrochloric Acid 

Andre J. de Bethune, Henry O. Daley, Jr., Nancy A. Swendeman Loud, and G. Robert Salvi 
Laboratory of  Physical  and Nuclear  Chemis t ry ,  Boston ColZege, Chestnut  Hffl,  Massachusetts  

ABSTRACT 

The initial thermal temperature coefficient of the calomel electrode po- 
tential has been measured between 0 ~ and 70~ for aqueous 1.0, 0.I, and 0.01m 
potassium chloride, sodium chloride, l i th ium chloride, hydrochloric acid and 
0.5, 0.05, and 0.01m calcium chloride. Thermal  diffusion of the electrolyte was 
impeded by the use of Vycor intermediate  ( thirsty glass) glass plugs in the 
salt bridges between the two banks of electrodes, one of which was kept  at 
35 ~ while the other was varied from 0 ~ to 70 ~ The thermal  emfs of the fifteen 
cells investigated exhibited a slight curvature  concave to the temperature  
axis. The hot electrode had the ( + )  polari ty (cathodic in a bat tery sense) in 
all  cases. Exper imenta l  data can be fairly represented by quadratic equations, 
and least squares values of the quadrat ic  constants are given. The ini t ial  
thermal  temperature  coefficients are compared with prior thermal  emf data on 
the calomel electrode. The relat ive thermal  emfs of the same electrode in 
different salts at constant  chloride ion concentrat ion are compared with values 
deduced from prior thermal  emf observations on calomel and silver chloride 
electrodes or calculated from the t ransport  entropies of chlorides obtained 
in thermal  diffusion studies. 

The thermal  temperature  coefficient (dV /dT) tu  of 
the potential  of an electrode is the tempera ture  deriv-  
ative of dE/dT2 of the ini t ial  emf (i.e., before thermal  
diffusion sets in) E ~ V" - -  V' of the thermal  cell 

Cu (T1,V')/Electrode (T1)/Electrolyte (T1) / 
Electroly te  ( T2 ) /Electrode ( T2) / Cu ( T2) / C u  ( T1,V") [1] 

in  which the tempera ture  T1 is fixed and T2 varies. 
The thermal  temperature  coefficient is given a posi- 
t ive va lue  when  the hot electrode is the ( + )  or 
cathodic te rminal  of the thermal  cell, as is the case 
exper imenta l ly  with all calomel electrodes studied. 

The thermal  tempera ture  coefficient of the calomel 
electrode potential  was originally studied by Gockel 
(1) and later in more detail by Richards (2). Subse- 
quent  investigations were conducted by Fales and 
Mudge (3), Ewing (4), Sorensen and Linders t rom- 
Lang (5), Kolthoff and Tekelenburg  (6), B je r rum and 
Unmack (7), Burian (8), Young (9), Wingfield and 
Acree (10), Cary and Baxter  (11), and Ikeda and 
Kimura  (12) (who investigated only differences be-  
tween tempera ture  coefficients in various aqueous 
chlorides). In  most thermal  emf studies, the tempera-  
ture differential has been kept between 5 ~ and 10~ 
and the thermal  tempera ture  coefficient assumed to be 
valid at the median  temperature,  which was usual ly  
between 15 ~ and 25~ 

Thermal  emf data (13, 14) can be used to determine 
relat ive values of the entropies of diffusion t ransport  
S D (Soret t ranspor t  entropies) ,  and of the conjugate 
heats of t ransfer  Q*, of electrolytes. They can also 
throw light on the several  ionic t ranspor t  entropies, 

viz.,  the ionic entropy of electrochemical t ransport  
S~i (the so-called "absolute" part ial  molal  entropy 
of an ion),  and the ionic entropy of migrat ion t rans-  
port  SM~ [the entropy of transfer,  Eastman's  entropy, 
in Agar 's  (15) terminology],  with its conjugate ionic 
heat of t ransfer  Q' i ,  as well  as the sum of the two 

ionic t ransport  entropies S ( =  SEi -t- SM0 introduced 
by Temkin  and Khoroshin (16) as the entropy of the 
moving ion, and referred to by Agar (15) as the t rans-  
ported entropy of the ion. Because of the intr insic  
interest  of thermal  emfs as an exper imental  source of 
informat ion for these t ranspor t  entropies of electro- 
lytes and ions, the thermal  tempera ture  coefficient of 
the calomel electrode was reexamined in  the present  
investigation by measur ing  the thermal  emf between 
banks of half-cells at 35~ and  at a variable tempera-  
ture  t ranging from 0 ~ to 70~ for three levels of 
concentrat ion of five different aqueous chloride elec- 
trolytes. 

Experimental 
The thermal  emf of the calomel electrode was deter-  

mined for the following electrolytes: potassium chlo- 
ride, sodium chloride, l i th ium chloride, and hydro-  
chloric acid at 25~ concentrat ions of 1.0, 0.10, and 0.91 
moles per liter, and calcium chloride at 25~ concen- 
trations of 0.50, 0.05, and 0.01 moles per liter. The salts 
and acid used were of reagent  grade. The sodium, po- 
tassium, and l i th ium salts were dried at l l 0~  and the 
solutions prepared by di lut ion of the weighed dried 
salt in a volumetric flask. Hydrochloric acid solutions 
were prepared directly by di lut ion of stock concen- 
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Table I. Parabolic least-squares constants for the 
thermal emf of the calomel electrode between 0 ~ and 70~ 

A's in mv/deg, B in mv/deg 2 

C o n c e n t r a t i o n ,  M o l a l i t y .  
25~ m o l e s /  m o l e s /  

S a l t  l i t e r  k g  H 2 0  A3~ A ~  B 

Table II. Standard deviations of mean observations 
from least-squares quadratic emf at four preselected 

temperatures 

(millivalts) 

E l e c t r o l y t e  5" 20 ~ 50 ~ 65 ~ 

KC1 0.0100 0.01003 0,89139~ 0.921233 -- 0.00149e 
KCI  0.1000 0.10057 0,7577so 0.77644o --0.000933 
KC1 1.000 1.0327 0.5661as 0.58143s - 0.000762 

N a C I  0.0100 0.01003 0.8917u.; 0.9159s,o - -0 .001211 
N a C I  0.1000 0.10046 0.7505.~o 0 .7672~  -- 0.00083v 
N a C I  1.00 1.021s 0.53924o 0.54904o -- 0.000490 

LiC1 0.0100 0.01003 0.9854oo 1.023693 --0 .001910 
LiC1 0.100 0.10045 0.803831 0.815471 -- 0.00058.2 
LiC1 1.00 1.021G 0.63393~ 0.6392~6 -- 0.00026~ 

CaC12 0.0102 0.01030 0.8857o~ 0 .9233~ -- 0 . 0 0 1 8 ~  
CaCI2 0.0493 0.0494~ 0.7588~l 0.775211 -- 0.00081~ 
CaC12 0.4999 0.5071 0.54406~ 0.54614o -- 0 .00010,  

HC1 0.00970 0.00978 0 .6409~  0.6782z9 --0.00186~ 
HC1 0.1004 0 .1009 0.4346,~ 0.4646o~ -- 0.00149s 
HC1 0.9927 1.014s 0.27652~ 0.29422~ --0.00068~ 

t ra ted acid, and checked by t i t rat ion with s tandard 
base. Calcium chloride dihydrate  was weighed di- 
rect ly  f rom the stock bottle, the resul t ing solution 
checked by t i t rat ion with  standard si lver nitrate.  The 
concentrat ions of the solutions used in the prepara-  
tion of the calomel electrodes are listed in Table I. For  
each solution, the molal i ty  was computed f rom the 
25~ molar i ty  via  In ternat ional  Crit ical  Tables den-  
sities (17) since it is t empera ture  invariant .  

The apparatus consisted of 8-in. 25-ram diameter  
test  tubes which were  made into calomel half-cel ls  
with p la t inum in soft-glass connectors. The salt 
bridges were  made of 1/4 in. Tygon tubing with  Vycor 
in termedia te  ( thirsty glass) plugs (18) in each end to 
prevent  thermal  diffusion of the electrolyte. In most 
determinat ions  five hai l -cel ls  were  connected together  
through a common graduated cyl inder  and the rmo-  
stated at a given tempera tu re  unti l  they agreed within  
___0.2 my. An identical  a r rangement  was made in the 
other  t empera tu re  bath. A single salt bridge provided 
the electrolytic connection between the graduated cyl-  
inder in the fixed tempera ture  bath and that  in the 
var iable  t empera tu re  bath. 

Emf values were  obtained by thermosta t ing one bath 
at 35.0 ~ ___ 0.1~ and by heat ing the var iable  bath to 
75 ~ and le t t ing it cool slowly to 35 ~ , or a l te rna t ive ly  
by cooling the var iable  bath to 0 ~ and al lowing the 
bath to w a r m  up slowly to 35~ The emf of the cell 
was measured at intervals  of one to two degrees as the 
var iable  tempera ture  bath slowly dr i f ted  in t empera -  
ture. A check for hysteresis was made by also taking 
emf values as the var iable  t empera tu re  bath was 
slowly heated to 75 ~ f rom 35 ~ or slowly cooled to 0 ~ 
f rom 35 ~ and also by taking s teady-sta te  readings wi th  
the v a r i a b l e  bath h e l d  at a c o n s t a n t  temperature.  No 
hysteresis was found in excess of the exper imenta l  
scatter  which genera l ly  amounted to about --+0.1 to 
0.5 mv  in emfs that  ranged up to 33 mv  between the 
hot and cold electrodes at the ex t rema  of t empe ra -  
tures. The polar i ty  of the calomel thermal  cells was 
observed to be (4-) ,  i.e., cathodic in a ba t te ry  sense, 
at the hot electrode in every  single instance studie d . 

The bias be tween  the two banks of half-cel ls  w a s  
measured at the beginning and at the end of each 
"hot" and "cold" run, by the fol lowing technique:  in 
a "hot" run, the thermal  emfs observed in the heat ing 
and cooling portions of the run  b e t w e e n  35 ~ and 42 ~ 
45~ were  plotted on an expanded scale and ex t rapo-  
lated l inear ly  to 35 ~ , since the data are l inear in this 
range. In a "cold" run, the same was done be tween 35 ~ 
and 28~176 The observed emfs at higher  or lower 
tempera tures  were  then corrected for the 35 ~ bias ob- 
tained in this manner,  so that  the thermal  potent ial  of 
a bank of calomel electrodes was, in each instance, re -  
ferred to the potential  of the same bank of electrodes 
at 35~ 

0 .01m KC1 0.42 0.20 0.23 0.23 
0.1m KC1 0.19 0.13 0.05 0.15 
1 .0m K C I  0.10 0.06 0.07 0.10 
0.01m, N a C I  0.19 0.41 0.20 0.23 
0 .1m NaC1 0.13 0.08 0.08 0.15 
1.0m NaCI 0,II 0.06 0.06 0.08 
0 .01m L i C l  0.59 0.33 0.83 0.60 
0 . 1 ~  L~C1 0.23 0,13 0 .14 0.25 
1 .0m LiCI 0,13 0.24 0.16 0.15 
0 .01m C a C h  0.30 0.06 0.22 0.36 
0 .05m CaCle 0 .29 0.05 0.08 0.46 
0 .Sm CaC12 0.23 0.10 0 .16 0.03 
0 .01m HC1 0.33 0.14 0.10 0.14 
0 , 1 m  HCI  0.05 0.13 0.14 0.17 
1 . 0 m  HC1 0.22 0.11 0.05 0.08 

Results 
For  each of the fifteen calomel ha l f -ce l l  systems 

studied exper imenta l ly  (Table I), several  hundred  
thermal  emf values were  recorded between 0 ~ and 
70~176 Plots of these thermal  emf values vs.  tem- 
pera ture  were  not quite  linear. In each instance, there  
was a slight curva ture  concave to the tempera ture  
axis. This corresponds to a negat ive  value  of the sec- 
ond thermal  t empera tu re  coefficient ( d 2 V / d T  2) th. The 
exper imenta l  data  have  been fitted by computer  to 
the parabolic e q u a t i o n  

V t -  Vs5 ---- A3~(t--  35) 4- B ( t  - -  35)2 [2] 

The least-squares values of the constants As5 and B, 
in millivolts,  are given in Table I and are val id over  
the tempera ture  range invest igated 0~176 The de-  
viations of the several  paral le l  runs general ly  
amounted to a few tenths of a mil l ivol t  f rom the least-  
squares quadrat ic  curve. The standard deviat ions of the 
mean observed values are given, at the selected tem-  
peratures  of 5 ~ 20 ~ 50 ~ and 65~ in Table II. Cubic 
equations were  also computed by the method  of least-  
squares. Since the cubical constants amounted to only 
a few thousandths of a microvolt ,  posi t ive or  negative, 
in each case, it was decided to re ta in  the s impler  
quadrat ic  form as a more convenient  and adequately  
precise vehicle for the summariz ing of the several  
thousand the rmal  emf points observed in this study. 

The original  least-squares  quadrat ic  equat ion [2] 
was conver ted to the equivalent  25~ quadrat ic  equa-  
tion 

V t  - -  V25 = A 2 5 ( t - -  25) 4- B ( t - -  25) 2 [3] 

by noting that  the 25~ of the A constant is 
. equa l  to the f i rs t -der ivat ive  of [2] at 25 ~ i.e. 

A25 = [ d ( V ~ - -  V35)/dt]25 ---- A ~ - -  20 B [4] 

Values of A25 are also given in Table II and give di-  
rectly, in mil l ivol ts  per degree, the the rmal  t empera -  
ture coefficient of the corresponding calomel electrode 
at 25~ 

Discussion 
In Fig. 1 to 5, the ini t ial  thermal  t empera ture  coeffi- 

cients of the fifteen calomel electrode systems in-  
vest igated in this study have  been plotted, vs.  t em-  
pera ture  in the range 0~176 as the straight  lines 
computed f rom the first der iva t ives  of the quadrat ic  
thermal  emf  equations [2] or  [3]. The exper imenta l  
scatter corresponding to the standard deviat ions of 
Table II is indicated by the vert ical  lines. The points 
plotted give the thermal  t empera ture  coefficients as 
de termined in the work  of previous observers be-  
ginning with  Richards (2). Genera l ly  the agreement  
between the s t raight  lines deduced f rom our exper i -  
menta l  thermal  emfs and the independent  exper i -  
menta l  data is good. Par t icu la r ly  no tewor thy  is 
Richards '  f r agmen ta ry  data on the 0.5m KCl-ca lomel  
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Fig. 1. Potassium chloride 

Fig. i-5. Initial thermal temperature coefficient of calomel elec- 
trodes from 0 ~ to 70~ in KCI, NaCI, LiCI, CaCI2, HCI. The lines 
give the first, derivatives of the least squares quadratic thermal 
emfs as observed in this study. Comparative prior experimental data 
as follows: �9 0.01M chloride ion; ( )  0.1M chloride ion; Z~ 0.5M 
chloride ion. �9 1.0M chloride ion. References for the prior experi- 
mental data. 1. Agar (15); 2. Bernhardt and Crockford (21); 3. 
Burian (8); 4. Butler and Turner (26); 5. Chanu (24); 6. Crockford 
and Hall (22); 7. Goodrich (20); Goyan (19); 8. Haase and Sch~nert 
(23); 9. Ikeda and Kimura (12); 10. Kolthoff and Tekelenbarg (6); 
11. Richards (2); 12. Salvi (27); 13. Sorensen and Linderstrom-Lang 
(5); 14. Swendeman (28); 15. Tanner (25); 16. Young (9). 
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Fig. 5. Hydrochloric acid 

electrode (tr iangles in Fig. 1) which are found to lie 
at the correct logarithmic spacing between our 0.1m 
and 1.0m KC1 lines. 

The comparison of the ra ther  sparse prior data on 
calomel thermal  tempera ture  coefficients with our own 
observations shows excellent agreement  for potassium, 
sodium, and calcium chlorides, for the 0.1~ and 1.0m 
l i thium chloride, and for the 0,1m hydrochloric acid. 
For the 0.01~,~ l i th ium chloride (Fig. 3) and 0.01m 
hydrochloric acid (Fig. 5), our own temperature  co- 
efficient is a bit  higher than the prior data. 

Another  comparison of the present  data with prior 
exper imental  work is provided from the relat ive 
thermal  emf of the same electrode in different chloride 
salts, i.e., from the differences be tween the ini t ia l  
thermal  tempera ture  coefficients observed in  two dif-  
ferent  electrolytes of the same chloride ion concentra-  
tion. If the assumption is made, to a first approxima-  
t ion at least, that  the electrode tempera ture  effect is 
the same in both electrolytes at the same chloride ion 
concentration, the difference between the two init ial  
thermal  tempera ture  coefficients measures the differ- 
ence between the thermal  l iquid junct ion  potentials, 
the ~tljp, of the two salts. At  the same chloride ion 
concentration, these Atljp's should be the s a m e  be-  
tween the same two salts, regardless of the par t icular  
chloride-ion electrode system used. Thus the calcula- 
t ion of 5tl jp 's  permits  a direct comparison of the pres-  
ent  data, and of other calomel thermal  cell data, with 
the si lver-si lver  chloride thermal  emf studies ini-  
tiated by Eastman and Goyan (19) and pursued by 
Goodrich (20), Bernhard t  and Crockford (21), Crock- 
ford and Hall  (22), and Haase and SchSnert (23). 

In  the irreversible thermodynamic  theory of thermal  
cells (13), it is shown that  the difference between ini-  
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tial thermal  tempera ture  coefficients for different 
salts, when the electrode temperature  effect can be 
considered eliminated, takes the following form for 
chloride-ion electrodes 

( d V / d T )  ~h. ~n~ (MC1) 
- -  ( d V / d T )  tu, ~,~ (KC1) 

h t l ip  (MC1--KCI)  
= ( 1 / F ) [ $ K S  D (KC1) - - t M S  D (eq. MC1)] [5] 

where S D is the entropy of diffusion t ransport  (per 
gram equivalent)  of the salt and the t's are t ransfer-  
ence numbers .  The entropy of diffusion t ransport  (per 
mol) is related to the Soret coefficient, d In a+_/dT, 
i.e., to the fractional change in mean  ion salt activity 
resul t ing from thermal  diffusion across a tempera ture  
gradient, by the expression 

S D (MC1) = - -  , , R T ( d  In a+_/dT) [6] 

where v is the number  of ions per  molecule of the 
salt. Thus the measurement  of ht l jp 's  provides a re la-  
tive method for the determinat ion of entropies of dif- 
fusion t ranspor t  of salts if the value for one salt is 
known from an independent  thermal  diffusion experi-  
ment. The method, however,  is sensitive to small  
errors in the measured thermal  emfs. Conversely, Eq. 
[5] permits a calculation of htl jp 's  from the entropies 
(or heats) of diffusion t ransport  of salts as deter-  
mined in thermal  diffusion experiments  such as those 
of Agar (15), Chanu (24), Tanner  (25), and Butler  
and Turne r  (26). 

The at l jp 's  of sodium, l i thium, and calcium chlorides 
and of hydrochloric acid, referred to potassium chlo- 
ride of the same chloride ion concentration, are plotted 
for 1.0, 0.1, and 0.01m chloride ion, in Fig. 6, 7, and 
8, vs. tempera ture  between 0 ~ and 70~ The lines are 
based on the present  series of experiments  and repre-  
sent the differences between the lines of Fig. 2, 3, 4, 
and 5 and the corresponding line in Fig. 1 (KC1). The 
numbers  refer to the legends of the figures and 
identify the observers of the prior  exper imental  data. 
Points labelled 9, 11, and 16 are based on relative 
thermal  emfs of calomel electrodes; points labelled 2, 
6, 7, and 8, on relat ive thermal  emfs of s i lver-si lver  
chloride electrodes; points labelled 1, 4, 5, and 15, on 
the results of thermal  diffusion studies. In  Fig. 6 (0.1M 
chloride ion),  the points labelled 2 and 6 have been 
computed by interpolat ion between 0.05 and 0.25M 
chloride ion solutions. 

The comparisons provided by Fig. 6-8 show gener-  
ally good agreement,  i.e., within  about --+20-50 ;~v/ 
degree, between the present  work and prior invest iga-  
tions for most of the salt pairs studied. The present  
results are about 40 to 60 ~v/degree higher in O.01M 
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l i th ium chloride, and about 60 to 100 ~v/degree higher 
in 0.01m hydrochloric acid. These comparisons and 
those of Fig. 1, 3, and 5 suggest that  the thermal  emfs 
here reported in O.0Dn l i thium chloride and hydro-  
chloric acid may perhaps be systematically high, while 
those of 0.01m potassium chloride are perhaps sys- 
tematical ly low. Thermal  emf work has  proved more 
troublesome in the dilute solutions, as already ob- 
served by Richards (2), especially at higher tempera-  
tures. 

The thermodynamic  consequences of this present  
exper imental  investigation, par t icular ly  the determi-  
nat ion of the entropies of diffusion t ransport  S D of the 
electrolytes involved (relative to potassium chloride),  

and of the moving entropy S of the chloride ion, and 
the estimation of the entropies of electrochemical 
t ransport  S E and of migrat ion t ranspor t  S M of chlo- 
ride and hydrogen ion, will  be developed in Par t  TI 
of this study. 
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Technical[ 

Porous Carbon Fuel Cell Electrodes from Polymer Precursors 
M. W. Reed and W. C. Schwerner 

LTV Research Center, Dallas, Texas 

The problem in obtaining an active fuel cell elec- 
trode can be considered twofold: (i) preparat ion of a 
corrosion resistant,  conductive substrate of nar row 
pore spectrum to serve as a support  for a catalyst 
specific for the desired electrode reaction, and (ii) 
deposition of an adherent,  active catalyst  at some step 
of the electrode processing. An ideal diffusion-type 
electrode, besides being an electronic type conductor, 
should be iner t  to the electrolyte, reactants,  and 
products of the fuel cell. The electrode should have 
mechanical  strength, a nar row pore size spectrum, and 
a disordered surface in order to furnish a large n u m -  
ber of sites for catalyst deposition. The electrode 
should have specificity for the electrode reaction and a 
long operating life without  change in electrochemical 
performance, physical properties, and corrosion re-  
sistance. In  addit ion the fabrication process should pro- 
duce homogeneous electrodes with reproducible prop- 
erties. The fuel  cell electrodes considered here are of 
the diffusion type with free electrolyte and gaseous 
reactant  on opposite sides. The electrolyte is held in 
the pores by capil lary pressure and tends to form a 
meniscus concave to the electrolyte; in wetted elec- 
trodes diffusion through the electrolyte film above the 

z Saran  A, courtesy D o w  Chemical  Company.  

meniscus has been shown to be l imit ing in certain fuel 
cell electrode reactions (1). 

The preparat ion of porous fuel cell electrodes using 
polyvinyl idene chloride, Saran  A*, as a carbon pre-  
cursor by the pyrolysis reaction, (CH2C C12)~--> 2xC + 
2xHC1, shows promise. The controlled thermal  decom- 
position of Saran A gives a stoichiometric yield of car-  
bon free from the impuri t ies  usual ly  found in  carbons 
from na tura l  sources. Saran  carbon is characterized by 
toughness and s trength not present  in other carbons of 
equivalent  density. The corrosion resistance of Saran 
carbons appears superior to those carbons from na-  
tural  sources. Two reasons possibly contr ibute to this: 
(a) the lower impur i ty  level and (b) the homogene- 
ous, isotropic s tructure of Saran carbon which consists 
of only one phase. Convent ional  carbons have a he- 
terogeneous, two-phase structure of conventional  car-  
bons arising from the use of a carbon source such as 
pet roleum coke and  an easily carbonized b inder  such 
as sugar. 

It is known from x- ray  data that  poly (vinyl idene 
chloride) consists of v inyl idene  chloride monomer  
units  joined in a head-to- toe arrangement .  The first 
step in the pyrolysis results in the l iberat ion of hydro-  
gen chloride and the formation of a l inear  polyene 
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with a l te rnat ing  hydrogen and chlorine. The second 
step is a cyclization to a s ix-membered  r ing pre-  
sumably through a Diels-Alder  mechanism (2): 

Table I. Physical properties of Saran carbon 

( C z H 2 C I 2 ) x  Z~=.  ( C H  : C C I ) x  + x H C t  

- \c ~_._~c/C~ - 
/ \ 

-CCJ H C-- 

\ / 
/c  c\ 

H CI 

\ / 

_// \\_ 
\ / 

/ ~ \  

+xHGI 

Fur ther  evolution of hydrogen chloride then occurs 
leading to a completely aromatic structure. Data from 
Jackson indicate that graphite crystalli tes of approxi-  
mate ly  un i t  cell dimensions are present  in ful ly  pyro-  
lyzed Saran carbons (3). Saran  carbon is not graphi-  
tized on a macro scale dur ing  heat ing to 3000~ 

Porous Saran carbon is prepared by using poly-  
v inyl idene chloride, Saran  A, (CH2CC12)x as the pre-  
cursor; a simplified flow sheet for the Saran carbon is 
shown in Fig. 1. Step 1 involves compacting the pow- 
der at between 780-3500 psi by either convent ional  
die or hydrostatic compaction of the powder in  a bag. 
The compacts have enough green strength without  a 
b inder  at this stage to be weighed and placed in  a 
vacuum oven. 

The compacts are heated to 125~ (step 2) in  30 in. 
Hg vacuum. The pump should be protected from the 
evolved HC1, boiling point --84~ by l iquid n i t rogen 
traps. The tempera ture  is increased to 175~ (step 3) 
at 10~ and held for 16 hr  under  the 30 in  Hg 
vacuum (step 4). The Saran pyrolysis reaction, 
(CH2C C12) x -> 2xC -~- 2xHC1, becomes extremely rapid 

in the 165~176 range. The compacts change from 
white to black in color dur ing  the 175~ pyrolysis. The 
compacts are placed in a furnace  and heated under  
iner t  gas atmosphere or vacuum to 1000~ (step 5) 
which completes the Saran pyrolysis to carbon. 

The pore spectra and density of the carbon may be 
varied in a controlled manne r  by changing the particle 
size and compacting pressure of the precursor Saran  
powder. In  this respect, the process is similar to con- 
vent ional  ceramic or powder  metal lurgical  techniques. 

Typical physical properties of porous uncatalyzed 
Saran  carbon are given in Table I. 

The relationship between final pyrolysis tempera-  
ture and surface area of Saran carbon is shown in 
Fig. 2. These data indicate that  pyrolysis temperatures  
above l l00~ should be avoided for m a x i m u m  area. 

Pore spectra curves are plotted in Fig. 3. The carbon 
pressed at 1300 psi has most of the pores between 3 
and 8~ average diameter  while the 930 psi specimen 
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C o m p a c t i n g  p r e s s u r e ,  ps i  930 1300 2000 
A p p a r e n t  d e n s i t y ,  g / c m  ~ 0.686 0.731 0.745 
A v a i l a b l e  p o r o s i t y ,  % 61.9 59.4 58,6 
A v a i l a b l e  p o r o s i t y ,  c m S / g  0.902 0.814 0,786 
S u r f a c e  a r e a  (4), m e t e r s ~ / g  1300 1300 1300 
P e r m e a b i l i t y ,  N=, m i l l i d a r c i e s  53.6 46.9 30,3 

has a wider  pore spectra between 3 and 15~. The car-  
bon pressed at 2000 psi has a na r row spectrum be-  
tween 1 and 4~. A nar row pore spectrum allows a gas- 
l iquid interface to be established in  a th in  electrode, 
the thin electrode being necessary from mass t ransport  
considerations. Gas pressures greater than  about 1 psig 
are required to prevent  electrode flooding. The e l e c -  
t r o d e s ,  being of the gas diffusion type, must  be oper-  
ated near  the gas break- through pressures for maxi -  
m u m  performance. 

Photomicrographs, of porous Saran  carbon show the 
930, 1300, and 2000 psi mater ial  in Fig. 4. Notice the 
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Fig. 2. Surface area of Saran carbon vs. temperature, from La- 
mond et el. 
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Fig. 4. Photomicrographs of Saran carbons. Scale 0.001 |n./di~- 
Fig. 1. Flow-sheet for carbon electrodes from Saran precursors sion. Magnification 50X. 
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small  porosity apparent  wi th in  the large, ca., 0.004 in., 
carbon particles, as wel l  as the more dense appearance 
of the 2000 psi material .  

Electrochemical  evaluat ion  of the electrode was by 
the single electrode technique as given by Reed and 
Brodd (6). Constant direct  current  was impressed be-  
tween the test e lectrode and a counter  electrode. Po-  
tent ia l  was measured  be tween  the test e lectrode and a 
reference electrode through the electrolyte  path in the 
Luggin capillary. Mercury -mercur i c  oxide was the 
reference  used with potassium hydroxide  electrolyte;  
mercury -mercurous  sulfate was the reference used 
with  sulfuric acid electrolyte.  Testing was l imi ted to 
fuel  cell cathode materials  wi th  ei ther  air or oxygen 
as the oxidant. An in te r rupter  technique was used to 
determine  the resistance of the operat ing electrode 
(7); the data are plotted f rom revers ible  oxygen po- 
tent ial  af ter  correction for ohmic drop. The ohmic 
drop correction is 0.174v at 100 m a / c m  2 for the 
data on Fig. 6, for example.  The open-ci rcui t  potentiaI  
of these electrodes has been found to be about 0.2v 
below the revers ible  oxygen  potential ,  indicating a 
peroxide mechanism at open circuit  and low cur ren t  
densities (8). The cell  exposes 5 cm z of electrode area 
to the electrolyte.  The oxygen  used was 99.5% min i -  
m u m  puri ty  O2. The air used was passed through an 
anhydrous calcium sulfate drying tower. The potas- 
sium hydroxide  e lect rolyte  was prepared by dissolving 
Baker  reagent  grade pellets (86.2 w / o  KOH) in dis- 
t i l led water.  The sulfuric acid electrolyte  was prepared  
by diluting Baker  reagent  grade (97.3% H2SO4) wi th  
disti l led water.  

Polarizat ion data in sulfuric acid e lect rolyte  for oxy-  
gen and air electrodes wi th  Saran  carbon substrates 
are plotted in Fig. 5. The effect at 25~ of using air 
ra ther  than oxygen is seen as a decrease in current  
density f rom 95 to 40 m a / c m  2 at a polarization of 
0.465v. Moderate  heat ing of the cell produces signifi- 
cant decreases in the polarizat ion of air electrode; at 
10O m a / c m  2 polarization decreases by 0.09v to 0.495v. 
Further ,  per formance  at 59~ on air is almost as good 
as that  using oxygen at 25~ 0.495v vs. 0.475v at 100 
m a / c m  2. The polarizat ion of the oxygen electrode at 
59~ is 0.47v at a current  density of 200 m a / c m  2. The 
increase in cell t empera tu re  f rom 25 ~ to 59~ reduced 
the polarizat ion by 0.1v. Note that  the curves become 
marked ly  nonl inear  at current  densities above 70 
m a / c m  2. The re la t ive ly  thick, ca. 0.070 in., electrodes 
become diffusion l imited at this point. The p la t inum 
catalyst  used in these tests was deposited by impreg-  
nating the porous Saran carbon substrate wi th  chloro-  
platinic acid at a vacuum of about 25 in. Hg. Af ter  
inf rared drying the p la t inum was reduced i n  s i t u  by 
hydrogen at 400~ Other  catalyst  techniques were  
evaluated;  none were  as rel iable for making active 
cathodes. 
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Fig. 5. Polarization data, air and oxygen electrodes in 30% 
H2S04. 
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Fig. 7. Life test dote, oxygen electrode in 30% H2SO4 

Figure  6 is a polarizat ion vs.  current  density plot  of 
Saran carbon as an oxygen electrode mater ia l  in po- 
tassium hydroxide  at an oxygen pressure of 7.6 psig. 
The si lver catalyst, 4 m g / c m  2, was deposited f rom a 
silver amine solutior~ by reduct ion with  formaldehyde.  
The polarization is 0.47v at a current  density of 100 
m a / c m  2. The Saran was pressed init ial ly at 1300 psi. 

The life tests in sulfuric acid of the Saran carbon 
cathodes compacted ini t ial ly at 1300 psi have reached 
over  ten months as shown in Fig. 7. The  init ial  4.5 
months were  at a constant cur ren t  density of 100 m a /  
cm 2. This was changed to 70, ther~ 20 m a / c m  2 for the 
next  2.5 months. The current  density was changed 
again back to 100 m a / c m  2 for an addit ional  four 
months and are still in progress. The polarizat ion is 
the same or lower than when the tests were  started. 

Conclus ions  
Electrodes made of carbon from Saran polymer  pre-  

cursors can be made  having control led pore size spec- 
tra in the range useful for diffusion-type fuel  cells. 

Life  tests have  established that  the chemical  sta- 
bil i ty of the Saran carbon in acid electrolyte  wi l l  
al low its use in fuel  cells designed for  long life. 

Catalysts of high act ivi ty  and specificity may  be de- 
posited on the porous carbon to make fuel  cell  cath-  
odes wi th  low polarizat ion characteristics.  

Manuscript  received Dec. 19, 1966; revised manu-  
script received March 9, 1967. This paper  was pre-  
sented at the Cleveland Meeting. May 1-6, 1966. 

Any  discussion of this paper  wil l  appear  in a Dis- 
cussion Section to be published in the December  1967 
JOURNAL, 
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Measurement of the Anodic Oxide Film Growth on Iron for Hours 

Norio Sato and Takenori Notoya 
Physical Chemistry Laboratory, Faculty of Engineering, Hokkaido University, Sapporo, Japan 

In a previous s tudy (1) of the kinetics of anodic 
oxide film growth on i ron in a neut ra l  solution, it  was 
found that  in the steady growth region the rate of 
thickening of the oxide varies with both film thickness 
and electrode potential  in  accordance with the equa-  
tion 

i = k' exp (BE -- QT/B} [1] 

where E is the potentiaI, QT the film thickness, and k', 
/~, and B are constants. Accordingly, under  galvano- 
static condit ion the potential  is a l inear  funct ion of 
the film thickness 

E = E' Jr" KQT [2] 

a n d  at constant  potent ia l  

i ~ A exp ( - -Qr /B)  [3] 

which can be integrated to the equation of logarithmic 
law 

Qr = a ~ b In ( t - -  to) [4] 

Increase of the film thickness, QT, dur ing  potentio- 
static oxidation can be measured electrochemically by 
in tegrat ing the cu r ren t - t ime  curve obtained. However, 
since after a certain period of t ime the anodic current  
falls to less than the l imit  of exper imental  error, it be- 
comes difficult for extended periods of t ime to obtain 
an accurate measure of the amount  of charge passed 
dur ing  potentiostatic oxidation. The present  note re- 
ports another convenient  method for est imating the 
thickness of the oxide film formed by prolonged oxida- 
tion. 

The exper imental  procedure was almost the same as 
that described in previous papers (1-3); the specimen 
was an electropolished carbonyl  i ron sheet of 5 x 1 
cm, and the solution was a deaerated aqueous mix-  
ture  of 0.15N boric acid and 0.15N sodium borate 
(pH = 8.42). Before the measurement ,  the a i r - formed 
or passive oxide film on the specimen was completely 
removed by cathodic reduction, and the solution was 
renewed at least three times. 

The specimen was anodically oxidized at a constant  
potential  of 0.Or (SCE scale) at 25 ~ _ 0.1~ for eight 
different periods of t ime ranging from 0.5 to 50 hr, 
which was immediate ly  followed by the galvanostatic 
oxidation at a current  densi ty of 10 ~a/cm 2. Results of 
the galvanostatic oxidation subsequent  to the poten-  
tiostatic oxidation for the various periods of t ime are 
shown in Fig. 1. It  can be seen in agreement with Eq. 
[2] that the potential  rises l inear ly  with increase of 
AQT in the steady growth region, and that  the E - -  AQT 
curve in  the straight l ine range shifts in a paral lel  
fashion toward the more noble potential  region with 
increased time of the preceding potentiostatic oxida- 
t ion and hence with increasing the ini t ial  thickness 
of the oxide film sQr 

E = E' + K(~QT -b sQr) [5] 

Accordingly, sQT, the thickness of the oxide film grown 
dur ing  the preceding potentiostatic oxidation, can be 
estimated from Eq. [5], where K and E" are constants 
at constant  current  density. 

From Eq. [5] 
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Fig. 1. Change of potential with coulomb passed during galvano- 
static oxidation at 10 /~a/cm 2 subsequent to potentiostatic oxida- 
tion at O.Ov for eight different hours. 

5.2 

1.0 

5.0 

0.8 

4.8 

_ 06 .~ 

0 0 . 4  ~ 
E 

~ 4.4 ~ 

0.2 0 
<3 q , 

4.2  ~ 

0.0 <3 

4.2 

-0.2 

J i 

38 o:s , 2 ; ,o 2b ,~ ,oo 

t ( hr, scale in log t" ) 

Fig. 2. Change of film thickness in coulomb with time of po- 
tentiostafic oxidation at O.Ov. 

E ~  ~,' 
sQT = - -  AQT 

K 

and at a given potential  

sQT = sQw ~ -~ (AQT ~  AQr) [6] 

where sQT o is a known  value of sqT which can easily 
be measured with sufficient degree of accuracy by in-  
tegration of the cur ren t - t ime  curve obtained, for ex- 
ample, a value of sQT ~ (1 hr, 0.0v) = 4.10 mC/cm 2 
being obtained for 1 hr potentiostatic oxidation at O.0v. 
The difference (AQT ~  AQT) in coulombs at a given 
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potential, for example, of +0.8v can be calculated from 
the galvanostatic oxidation curves shown in  Fig. 1. 

The oxide film thickness, sQT, thus calculated is 
plotted against  the logari thm of t ime of the poten-  
tiostatic oxidation at 0.0v in Fig. 2. A straight l ine can 
be d rawn  to fit the data, indicat ing that  at constant  
potential  the anodic oxide fi]m thickens according to 
the same kinetics represented by Eq. [3] and [4] for 
extended periods of t ime to 50 hr. 

Manuscript  received Jan. 30, 1967. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1967 
J O U R N A L .  
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Electrodeposition of Coherent 
Deposits of Refractory Metals 

VI. Mechanism of Deposition of Molybdenum and Tungsten from Fluoride Melts 

S. Senderoff and G. W. Mellors 
Research Laboratory,  C a l u m e t  Products D~v~sion, Un~on Carbide Corporation, C~eve~and, Ohio 

In  a recent  report  (1) it  was shown that  the depo- 
sition of molybdenum from a chloride melt  occurs by 
an irreversible single step reduction, but  that  the 
usual  t rea tment  of the chronopotentiometric data was 
not definitive because of instabi l i ty  of the electrolyte 
in the dilute range of composition required for chrono- 
potentiometry.  In  a similar study of molybdenum and 
tungs ten  deposition from a fluoride melt  (2) the in-  
stabili ty on approximately tenfold dilution of the 
plat ing solution was even greater and the concentra-  
t ion and temperature  range amenable  for study was 
even smaller  than in  the case of the chlor ide-molyb-  
denum system. Nevertheless it was possible to demon-  
strate by techniques equivalent  to those used in the 
chloride system that  the deposition of coherent metal  
also involved an irreversible reduction as in all pre-  
vious cases (3), and that  the i rreversibi l i ty  was greater 
in the fluoride system, and extended to higher tem- 
peratures, than  the molybdenum-chlor ide  system (1). 

Molybdenum depos i t ion .wA plat ing solution was 
prepared by react ing MoF6 with molybdenum metal  
in a mol ten eutectic mix ture  of KF  (0.42), LiF (0.47), 
NaF (0.11) as described previously (2). After  sufficient 
electrolysis to produce satisfactory plates, the solution 
contained 6.6 w/o  (weight per cent) Mo at a mean  
valence of 3.~. This was diluted to yield three samples 
containing 0.55, 0.51, and 0.40 w/o Mo and chronopo- 
tentiograms were run  on these samples as described 
previously (1), using a Ni/NiF2, alkali  f luor ide/ /  ref-  
erence electrode (3). 

Dur ing  the 1-2 hr  that i t  took to r u n  the chrono- 
potentiograms at 600 ~ 700 ~ and 800~ the solutions 
lost 15 to 19% of their  molybdenum content  and the 
mean  valences of molybdenum had risen to 4.0 or 
higher. The scatter of points in the iT 1/2 vs. C plots was 
too great for any conclusions to be d r awn  from them. 
Plots of E vs. log (~1/2 _ t l / 2 ) / t l / 2  were nonl inear  as 
were those of E vs. log (T 1/2 - -  tl/2). The l inear i ty  of 
the plots of the lat ter  funct ion improved with increas- 
ing tempera ture  so that  for the chronopotentiograms 
run  at 800~ the plots were near ly  linear, but  the aver-  
age electron number ,  n, calculated from the slopes was 
2.0 • 0.2. Since the total reaction was known  to be 
reduction of t r ivalent  molybdenum to metal,  and since 
only a single plateau 1 was observed (see Fig. 1) this 
can be in terpre ted only as either a two-electron slow 
step in the reaction, or an inapplicabi l i ty  of the Nernst  
plot. In  ei ther case it  implies i rreversibi l i ty  of the 
reaction. 

The i rreversibi l i ty  is confirmed by examining  the 

1 W h e n  t h e  m e a n  v a l e n c e  e x c e e d e d  4.0, a s e c o n d  p l a t e a u  a t  a p -  
p r o x i m a t e l y  i v  a p p e a r e d .  U n d e r  t h e s e  c o n d i t i o n s  u n s a t i s f a c t o r y  
d e p o s i t s  a r e  o b t a i n e d .  
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Fig. 1. Chronopotentiogram for reduction of trivalent molybdenum 
to metal from the alkali fluoride electrolyte. Temperature, 600~ 
concentration, 11.3 x 10-~  males/co (0.55 w/o Mo); current dens- 
ity, 100 ma/cm 2. 
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Fig. 2. Cathodic-anodir chronapotentiogram for deposition and 
dissolution of molybdenum metal; cathodic portion on left. 

a b c 
Temperature, C ~ 600 700 8 0 0  
Concentration, moles/cc 11.3 x 10 - 5  10.5 x 10 - 5  9.2 x 10 - 5  
Current density, ma/cm 2 100 250 200 
tanode/tcathode 1.05 0.96 I .OO 

cathodic-anodic chronopotentiograms of Fig. 2 and the 
data in  Table I, in  which aE is the difference in  E 
value between the i ~ t i a l  portions of the cathodic and 
anodic pIateaus and ~ is the calculated specific con- 
ductance of the te rnary  alkali  fluoride solvent. This 
was obtained from the conductivity data of Yim and 
Feinleib (4) for the individual  components by assum- 
ing ideal additivity, i.e, Kmix ~ ~NiKi where Ni is the 

mole fraction of component  i. In  the 800~ case the 
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Table 1. Comparison of IR drop in electrolyte with 
observed polarization of anodic and cathodic processes 

K F - N a F - L i F  2 • IR,  v,  AE, o b s e r v e d  
Eu tec t i c  1.5 cm p o t e n t i a l  

Temp,  K, o h m - l ,  C .D. ,  e l ec t rode  d i f fe rence ,  v 
~ cm -~(=) a m p / c m  s s e p a r a t i o n  ( f rom Fig .  2) 

600 4.6 0.100 0.065 0.58 
700 5.1 0.250 0.15 0.47 
800 5.6 0.200 0.11 0.27 

{a) C a l c u l a t e d  a s s u m i n g  idea l  so lu t ion .  

conduct ivi ty  data f rom (4) is ext rapola ted only about 
100~ and, even if the nonideal i ty  might  cause the re-  
sist ivity to be as much as 30% grea ter  than calculated 
as it is in the KC1-LiC1 eutectic mix tu re  (5), the ob- 
served value  of hE would  still be considerably in ex-  
cess of twice the IR drop, the value  expected for re -  
versible  systems. At the lower  tempera tures  the differ- 
ence be tween  hE and 2 (IR) is even larger.  Comparison 
of • in the fluoride system with  that  in the chlo- 
r ide mel t  (1), reveals  that  in spite of the higher  con- 
duct ivi ty  of the fluoride melt,  5E remains  greater  in 
the fluoride than in the chloride solution. F ina l ly  the 
average Ell4 values for the chronopotent iograms such 
as those of Fig. 1 are --0.48 ~ 0.06v at 600~ --0.34 __+ 
0.04v at 700~ and --0.24 _ 0.02v at 800~ The sta- 
tic potential  is --0.1v with  l i t t le change with t em-  
perature.  E1/4 thus shows considerable polarizat ion 
even at the highest temperature .  

It  can be concluded, therefore,  that  on the basis of 
the same cri ter ia  used in the case of the chloride melt,  
reduct ion of t r iva lent  molybdenum to meta l  in fluo- 
rides is i rreversible.  That  considerable i r revers ibi l i ty  
extends to 800~ in the fluorides, but  not in the chlo- 
rides, is significant in v iew of the excel lent  plates ob- 
tained at this e levated t empera tu re  f rom the fluoride 
melt, whi le  in the chloride, lower tempera tures  (ca. 
600~ are best for plating. 

Tungsten deposition.--A plating solution containing 
3.53 w / o  W in the te rnary  alkali  fluoride eutectic m i x -  
ture was prepared  by react ing WF6 with  tungsten 
metal  in the mol ten fluoride mix tu re  (2). The mean 
valence of the tungsten was 4.48. This was di luted to 
0.32 w / o  W by addit ion of alkali  fluoride, and chrono-  
potent iograms were  run in tungsten crucibles at 600~ 
A typical resul t  is i l lustrated in Fig. 3. An average of 
six such runs gave an Ell4 value  of --0.34 ___ 0.04v 
compared to a static potential  of --O.05v. At higher  
tempera tures  results obtained were  i r reproducible  due 
to rapid change in solution composition. Reduct ion in 
concentrat ion of tungsten was small  but i ts  mean 
valence rapidly  increased to 5 or above. When the 
valence reached 5, another  plateau at --0.Sv appeared 
and probably corresponded to the reduct ion of a higher  
valence state f rom which poor deposits are produced. 

Another  set of chronopotent iograms at 600~ on a 
solution containing 1.69 w / o  W gave an average Et/4 
value  of --0.28v and a static potent ial  of +0.08v. The 
poor reproducibi l i ty  even at 600~ is probably the re-  
sult of composition variat ions during the course of 
the run, especially in the more dilute solution. Mea-  
surements  at the higher  concentration,  however ,  re -  
quired very  high currents  and were  difficult to make. 

In Fig. 4 is shown a cathodic-anodic chronopotent io-  
gram for  the deposition and dissolution of tungsten 
meta l  at 600~ The difference in potent ial  be tween  the 
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Fig. 3. Chronopotentiogram for deposition of tungsten metal 
from fluoride electrolyte. Temperature, 600~ concentration, 3.6 
x 10 -5  moles/cc (0.32 w/o W); current density, 100 ma/cm 2. 
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Fig. 4. Cathodic-anodic chronopotentiogram for deposition and 
dissolution of tungsten metal, cathodic portion on left. Tempera- 
ture, 600~ concentration, :].6 x 10 -5 moles/cc; current density, 
75 ma/cm2; tanode/tcathode, 1.08. 

cathodic and anodic processes of 0.65v compared with 
0.05v corresponding to twice the IR drop is even 
greater  than in the molybdenum case and this indicates 
even greater  i rreversibi l i ty.  

Another  probable indication of i r revers ib i l i ty  is the 
init ial  m a x i m u m  in the chronopotent iogram of Fig. 3 
which may resul t  f rom crystal l izat ion or nucleat ion 
overvoltage.  

F rom these results it is clear that the reduct ion of 
molybdenum and tungsten to produce coherent  meta l  
deposits f rom the fluoride mel t  involves  an i r revers ible  
process as is t rue  in a l l ' o the r  cases of coherent  depo- 
sition thus far  investigated.  The instabi l i ty  of the dilute 
baths makes it difficult to de termine  the cause of the 
irreversibi l i ty,  but since the behavior  is qual i ta t ively  
similar  to that  of the Mo-chlor ide system (1), it is 
l ikely that the i r revers ib i l i ty  arise.s f rom the same 
cause, i.e., slow dissociation of a polynuclear complex 
anion of molybdenum and tungsten with  fluoride to a 
mononuclear  ion. 

Manuscript  received Dec. 5, 1966. 

Any discussion of this paper will  appear  in a Dis- 
cussion Section to be published in the December  1967 
JOURNAL. 
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The Electrochemical Reduction of N-p-Nitrobenzylaniline 
S. Wawzonek, T. Plaisance, ~ and T. Mclntyre 

Depar tment  o] Chemistry, University o5 Iowa, Iowa City, Iowa 

The report  of Elbs and Gaumer  (1) that  the elec- 
trolytic reduct ion of N-p-n i t robenzylan i l ine  in weakly 
alkaline ethanolic solution gave p-diani l inoazoxyst i l -  
bene (I) could not be duplicated. The reduction under  
all 

C~H~NHC ~ N-*O 

CsHsNHC ~ N 

I 

conditions tried gave p-azoxybenzylideneaniline (II). 
This structure was indicated by its infrared and nmr 
spectra, conversion to p-azoxybenzaldehyde melting at 
193 ~ with hydrogen chloride in ethanol, and com- 
parison with an authentic sample (2). Elbs, Nacken, 
and Hofmann (3) reported that their compound was 
converted by hydrogen chloride in ethanol to a di- 
hydrochloride melting at 191~ No elemental analysis 
was given, however, to confirm the structure. 

p-Azoxybenzylidenaniline can be formed from N-p- 
nitrobenzylaniline by simple treatment of the latter in 
ethanol with sodium hydroxide or sodium carbonate; 
no electrolytic reduction is necessary. In the electrol- 
ysis, hydroxide ion, formed since sodium acetate was 
used as an electrolyte, could cause the reaction. A 
similar  type of react ion is reported when  p -n i t ro -  
benzylpyr id in ium chloride or bromide is t reated with 
aqueous alkali;  p-azoxybenzaldehyde is formed (4). 
The following 
tion; 

CH2NHCsH5 

OI4- 

NOe 

o 

CsHsN=CH @ %N=N Q CH=NC6H5 

II 

mechanism is suggested for this reac- 

CHNHC6H5 CHNHC'6H5 

NO~A - o / N x o  - 
B 

HC=NC6Hs CH =NCr CH=NC6H5 

G G �9 ) ) C2HsOI~ 

HdN oH No 0 0 
c D II 

The formation of the anion A parallels the formation 
of the anion from p-ni t ro to luene in t -bu ty l  alcohol 
containing potassium t-butoxide (5). Eneamines con- 
taining a hydrogen on the ni t rogen (B) are not stable 
but  rearrange to the Schiff's base. The product in this 
case would be an intermediate  (D) which is often 
postulated for the reduction of a nitro compound to a 
nitroso compound. The lat ter  compounds in basic 
ethanol produce azoxycompounds (6). The conversion 
of p -n i t robenzy lpyr id in ium chloride to 4, 4 ' -azoxy- 
benzaldehyde would differ in  the second step; hydrox-  
ide ion would displace the pyridine and form E which 
would lead to the formation of the product by similar 
steps. 

+ 

OH-> 

+ N H  
_ ffl%o_ _ d N ' o _  _ o '  "o_  

1 NASA Trainee, 1963-1966. E 

Attempts to prepare the cyclic compound (I) by 
other methods were not successful and led to high 
melt ing products. 4, 4 ' -Dini t robenzi l  (7) on electrol- 
ysis gave a solid which melted above 360~ The azoxy 
and carbonyl  absorptions in the infrared were normal  
and not shifted to a higher frequency as would be 
expected if a s t rained r ing were formed. The com- 
pound was insoluble in  dimethylformamide and d i -  
m e t h y l s u l f o x i d e  and could not be examined further.  

The benzoin condensation of p-azoxybenzaldehyde 
was also at tempted even though this compound prob- 
ably has the transconfiguration. As expected a poly- 
meric mater ial  was obtained mel t ing above 345~ A 
high melt ing compound was also obtained from the 
electrolytic reduction of this compound. 

Electrolytic oxidation of p -n i t robenzylan i l ine  at a 
p la t inum anode in acetonitri le containing sodium per- 
chlorate gave the hydrazine (III)  ra ther  than the 
desired sti lbene (IV). The structure (III) was indi-  
cated by the ir and nmr  spectra. 

CsHsNCH2 @ NO2 C6HsNHi - - ~  NO2 

C6HsNCH2 @ NO2 C6HsNHC - ~  NO2 

III  IV 

The lat ter  compound (IV) would be a critical in ter-  
mediate in the formation of the cyclic compound (I).  
It could exist in the cis configuration necessary for 
fur ther  cyclization because of the size of groups in-  
volved. If the dimerization proceeded first through the 
azoxy group, the t rans isomer would result  and lead, 
on fur ther  reaction, to l inear  structures. The products 
actually isolated from Elbs (1) procedure melted from 
180 ~ to 270~ The formation of the hydrazine (III) 
instead of the sti lbene (IV) definitely eliminates the 
possibility of forming a cyclic product (I) in the elec- 
trochemical reduction of N-p-ni t robenzylani l ine .  

Experimental 
p-Azoxybenzylidenianiline (II).--The procedure of 

Elbs (3) was employed, p-Ni t robenzylani l ine  (10.4g) 
in ethanol (120 ml) was treated with a solution of so- 
dium acetate (2.4g) in  water  (6 ml) and placed in a 
250-ml beaker which served as the cathode compart-  
ment. The anode compar tment  consists of a Coors 
porous cup (10.8 by 2.0 cm) and was filled with a sim- 
ilar solution of sodium acetate in water  and alcohol. 
The cathode was nickel sheet metal, 3.8 cm wide and 
10.8 cm long formed into a cylinder. The anode was 
a carbon rod 0.6 cm in diameter  and 10 cm long. A 
power supply capable of producing 4.0 a m p / d m  2 was 
used to carry out the electrolysis. 

The electrolysis was carried out at the boil ing point 
of the solvent and gave after 2 rain a quant i ta t ive  pre-  
cipitation of the product. Prolonged electrolysis re-  
duced the yield to 6.2g. If the electrolysis was carried 
out unt i l  4700 coulombs (10% excess) were used the 
yield dropped to 3.1g. The resul t ing yellow solid sin-  
tered in the range from 180 ~ to 270~ and on repeated 
crystallizations from dioxane and from benzene gave 
a product which sintered at 185 ~ and melted at 223 ~ 
228~ The use of a saturated solution of sodium car- 
bonate and a lead anode (10 cm long, 5 cm wide, and 
0.3 cm thick) in the anode compartment  did not  
change the na ture  of the product and only caused 
a faster precipitation in the cathode compartment.  

The same product  was obtained by using zinc and 
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alkali  in methanol,  sodium hydroxide  and ethanol and 
sodium carbonate  and ethanol as reducing agents and 
by t reat ing p-azoxybenzaldehyde  with  anil ine in the 
presence of acetic acid. Alway  (2) repor ted  a mel t ing 
point of I85~176 for this compound. The inf rared  
spectrum did not show any absorption above 3200 cm-1 
and therefore  e l iminated s tructure I for the product. 
Frequencies  were  obtained at 1637 and 1590 cm -1 for 
C = N and phenyl  and 1310 cm -z  for the azoxy group. 

The NMR spectrum in hexamethylphosphoramide  at 
l l 0~  gave singlets at 5 ~ 8.20 and 8 ---- 8.30 ppm for 
the = C H  hydrogen,  a singlet at 5 ---- 6.72 for the 10 
phenyl  hydrogens, and a complex peak center ing at 
8 = 7.56 ppm for the other  8 aromatic  protons. 

p-Azoxybenzaldehyde.--This compound was formed 
when the reduct ion product  (II) was t reated wi th  
ei ther gaseous hydrogen  chloride in ethanol, concen- 
t ra ted hydrochloric  acid, and ethanol and aqueous 
boiling acetic acid. The compound mel ted  at 193~ 
[ (2) 194~176 

Electrolytic reduction of 4,4'-dinitrobenzil.--4,4'- 
Dinitrobenzi l  (7) (1.0g) dissolved in a mix ture  of di- 
oxane (50 ml) and wate r  (18 ml)  containing sodium 
acetate ( lg)  was reduced electrolyt ical ly  in the cell 
described earlier. The anode compar tment  contained a 
lead anode and a saturated solution of sodium car-  
bonate. At  a potential  of 6v a current  of 1.2 amp was 
obtained, and the electrolysis was a l lowed to proceed 
for 3 hr. The product  was a ye l low solid which de- 
posited on the cathode and mel ted above 360~ It  was 
insoluble in alcohol, dioxane, nitrobenzene,  d imethyl -  
sulfoxide, d imethylformamide,  and hexamethylphos-  
phoramide. The infrared spectra gave a peak at 1310 
cm -1 for the azoxy group and a broad peak in the 
2510 to 3000 cm -1 region for an hydroxyl  group. 

Benzoin condensation o~ p-azoxybenzaldehyde.--p- 
Azoxybenzaldehyde (0.5g) was refluxed wi th  sodium 
cyanide (0.1g) in ethanol  (100 ml) and dioxane (5 ml) 
for 1 hr. The resul t ing yel low precipi tate (0.38g) 
mel ted above 345~ and was difficult to purify. The 
infrared spectra gave bands at 3700 cm -1 for  the hy-  
droxyl  and 1715 cm - I  for the carbonyl  groups. 

Electrolytic reduction of p-azoxybenzaldehyde.--The 
reduct ion of this compound was carr ied out using a 
modification of the procedure of Elbs (3). The electro-  
lytic solution consisted of ethanol (100 ml) ,  wa te r  
(6 ml) ,  dioxane (25 ml) ,  and sodium acetate (4g). A 

yel low solid (60% yield) formed during the first 10 
min  of the electrolysis and mel ted  above 320~ 

1,2-DiphenyI-1,2-bis,(p-nitrobenzyl ) hydrazine (III). 
- - A  mix tu re  of a solution (60 ml) of 0.5M sodium 
perchlorate  in acetonitri le,  pyr idine (5 ml) ,  and p-  
ni t robenzylani l ine  (1.0g) was electrolyzed at a p la t -  
inum gauze anode. The cathode compar tment  consisted 
of a Coors porous cup and contained 0.5M sodium per-  
chlorate in acetoni t r i le  and a coil of 16 gauze copper 
wire  as a cathode. The electrolysis was carr ied out 
using 8v, which gave a current  of 0.5 amp; after 2 hr  
the current  dropped to 0.05 amp. The resul t ing ano- 
lyte was concentrated to 20 ml  and t reated wi th  ether  
(200 ml) .  The sodium perchlorate  which precipi tated 
was removed  by filtration, and the e ther  was washed 
with  wate r  and dr ied over  sodium sulfate. Chroma-  
tography on alumina gave 1,2-diphenyl-l ,2-bis  (p-ni -  
t rophenyl)  -5 hydrazine (III) (0.3g). Recrystal l izat ion 
f rom carbon te t rachlor ide  gave a solid mel t ing at 
161~176 which showed no NH bands in the in-  
frared. Peaks were  obtained at 690 and 755 cm for the 
five adjacent  free hydrogen atoms in the phenyl  
groups, at 850 cm -1 for the two adjacent  hydrogens in 
the p-n i t robenzyl  group, and at 1475 and 1365 cm -1 
for the nitro group. The nmr  spectrum gave a singlet 
at 5 = 4.83 ppm for the methylene  protons and several  
peaks in the region 5 = 6.7-8.1 ppm for the aromatic 
protons. 

Anal. Calcd for C26H2204N4; C, 68.70; H, 4.88; N, 
12.32. Found: C, 68.42; H, 4.85; N, 12.40. 

Manuscript  received Jan. 3, 1967; revised manu-  
script received Feb. 27, 1967. This paper  was ab- 
stracted from the Ph.D. thesis of one of the authors 
(T.P.). 

Any discussion of this paper will  appear  in a Dis- 
cussion Section to be published in the December  1967 
JOURNAL. 
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Air Depolarized Electrolytic Oxygen Generator 
R. A. Wynveen and K. M. Montgomery 

TRW Equipment Laboratozies, TRW Inc., Cleveland, Ohio 

An electrochemical  technique has been tested for 
obtaining pure oxygen from ambient  air. The oxygen 
is separated f rom the ni trogen and other  inerts by 
react ing the oxygen at a cell cathode and s imul tane-  
ously electrolyt ical ly  evolving oxygen at the cell an- 
ode. 

A schematic drawing  i l lustrat ing the basic assembly 
of a single cell  and the electrode reactions are shown 
in Fig. 1. The process continues as long as air and 
power are supplied to the  cell. In the event  of loss in 
the air supply, the cathode react ion would r eve r t  to 
evolut ion of hydrogen and the over -a l l  process be- 
comes a conventional  water  electrolysis cell. 

Experimental Technique 
The cell used to evaluate  the operat ing parameters  

is shown in Fig. 2. The electrodes consisted of a por- 

ous layer of p la t inum black and Teflon spread uni-  
formly  on and supported by a fine mesh nickel  screen. 1 
Each electrode had an area of 6Y4in.2. The electrolyte  
was a 32% solution of KOH. The end plates were  nickel  
and then gold-pla ted stainless steel. 

Air  entered the top of the cathode compartment ,  
passed through a baffling system, and exi ted through 
the bot tom of the cell. The gas passage was designed 
to prevent  ni t rogen stagnation pockets f rom forming. 

In the anode compar tment  the  baffling was not nec-  
essary. Oxygen is evolved regardless of gas compar t -  
ment  geometry.  The baffles were  put  into the oxygen 
side so that  the gas compartments  could be in ter -  
changed. 

A schematic d iagram of the test r ig used in the 
single-cel l  tests is shown in Fig. 3. A compressed air 

t Amer ican  Cyanamid  type AB-1. 



590 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  S C I E N C E  J u n e  1967 

Fig. 1. Cell reactions and schematic of the TRW oxygen gener- 
ator. 

Fig. 2. Single-cell oxygen concentrator 
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Fig. 3. Schematic of test rig for single-cell studies 

source was used when  cell  tests were  conducted at 
ambient  pressure. A vacuum pump, s imul taneously  
connected to the air and oxygen exhausts,  was used 
when  inlet  pressures less than  ambient  were  being 
tested. 

The air was passed through a CO2 absorber to re -  
move  the traces of carbon dioxide found in air to p re -  
vent  it f rom neutra l iz ing the KOH electrolyte.  To 
prevent  the cell f rom desiccating it was necessary for 
the net  t ransfer  of wa te r  into and out of the concen- 
t ra tor  to be zero. This was accomplished by bubbl ing 
the air through a humidif ier  located in a constant t em-  
pera tu re  wa te r  bath. The vapor  pressure of the wa te r  
in the air enter ing the concentrator  was thus made  
equal  to the vapor  pressure of the electrolyte,  at the 
cell  operat ing tempera ture ,  by control l ing the wate r  
bath tempera ture .  The moisture  content  of the incom- 

ing air was var ied  depending on the t empera tu re  and 
concentrat ion of the electrolyte.  

A pressure gauge was used to monitor  the air inlet  
pressure, and a differential  pressure gauge was used 
to measure  the difference in pressure be tween  the 
exit  air s t ream and exit  oxygen stream. 

Results and  Discussion of Results 
A coulomb balance was made to demonstra te  that  

the reactions occurr ing were  the four  electron reac-  
tions given in Fig. 1. The cur ren t  put  through the con- 
centra tor  correlated with  the oxygen consumed and 
the oxygen evolved as exper imenta l ly  measured.  The 
calculated and exper imenta l ly  measured  values of the 
oxygen output agreed with each other wi th in  0.1% 
when four was used as the number  of electrons t rans-  
fer red  in the process. 

The theoret ical  revers ible  vol tage for this react ion 
is 0.01v. Because of act ivat ion polarizat ion and to a 
small  extent  concentrat ion polarization and ohmic 
losses, the voltages requi red  during the e lect rochemi-  
cal concentrat ing process ranged  f rom 60 to 100 times 
greater  than the theoret ical  value. The exact value 
was found to depend on air flow rate, air inlet  pres-  
sure, cell operat ing tempera ture ,  number  of accumu- 
lated operat ing hours on the cell, and cell moisture 
balance. 

The data presented in Fig. 4 show a typical  per-  
formance curve obtained wi th  the cell. The  top curve 
shows the voltage requi red  to separate the oxygen and 
includes the IR drop. The bot tom curve represents  the 
IR free voltage. All  IR free data were  taken  with  a 
transistorized vers ion of the Kordsch-Marko  bridge 
(1). 

A typical  resis tance value for the cell, evaluated  
at 100 ASF, was 0.00.08 ohm-f t  2 or 0.74 ohm-cm 2. 

The air  flow rate  into the cell  was four  t imes the 
stoichiometric ( theoretical)  air flow rate, T, for the 
oxygen being generated.  

The air flow rate  may  also be expressed in terms of 
the percentage of the oxygen removed from the in-  
coming air s t ream and t ransported to the anode com- 
partment .  Thus a flow rate of 4T means 25% of the 
oxygen found in the incoming air is consumed at the 
cathode and generated at the anode. Two T would 
mean 50% of the 02 is removed,  whi le  3 and 5T mean 
33 and 20% are removed,  respectively.  

The data presented in Fig. 5 are the IR free per fo rm-  
ance contr ibuted by the individual  half-cells.  The ref -  
erence electrode was a p la t inum black-Teflon com- 
posite (the same as used for the cell e lectrodes) ,  elec- 
t r ical ly  isolated f rom the anode, but  located against the 
porous mat r ix  mater ia l  in the same plane as the anode. 
The reference electrode was fed wi th  pure  oxygen 
f rom an ex te rna l  source through an isolated mani -  
fold system but at the same pressure as the anode com- 
partment .  

The l imit ing current  density for the cell in the range 
of 120 to 130 ASF  results f rom a gas phase polar iza-  
tion at the cathode. Proper  geometr ical  design of the 
cathode compar tment  can ex tend  the current  density 
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Fig. 5. Half-cell performances 

over which one can operate before reaching the l imi t -  
ing value.  

The per formance  of the cell is dependent  on the 
flow rate  of the incoming air. This dependency is 
i l lustrated in Fig. 6 for flow rates corresponding to 
2T, 3T, 4T, and 5T. The power  requi red  to generate  a 
given quant i ty  of oxygen  decreases as the flow rate 
increases al though increasing the flow rate to above 
5T had li t t le effect on lower ing the power required.  

As may  be observed f rom the curves, there  is a de- 
cided difference in onset of the l imit ing current  density 
between flow rates of 2T and 3T. At 4T and 5T the 
performance  still improves (power  requi red  de- 
creases),  but  at a s lower rate. For  this cell geometry  
it was found that  flow rates greater  than 5 had li t t le 
effect on improving  the concentrator 's  performance.  

Cell per formance  is dependent  on inlet  air pressure 
as wel l  as inlet  air flow rates. This is i l lustrated in 
Fig. 7. Here  exper iments  were  per formed at inlet  pres-  
sures of 4, 6, 8, 11, and 15 psia. A constant air mass 
flow rate  was used for all the tests. As the inlet air 
pressure increased the performance  increased. 

Both air flow rates and inlet  air pressures are im- 
portant  in regard to cell performance.  However ,  the 
cell 's moisture balance is also critical. In Fig. 8 are 
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presented data taken  during the t ime the cell 's mois- 
ture content  was varied. 

Curves 1 through 5 were  all obtained with  the same 
cell. Curve 1 was the ini t ial  per formance  obtained 
while the cell had a proper  moisture balance between 
that  requi red  by the cell and the air feed stream. 
Curve 2 was obtained after  the cell had been desic- 
cated, i.e.,  that  the water  content  of the incoming air 
was less than that  requi red  to match the vapor  pres-  
sure of the electrolyte.  Curves 3, 4, and 5 i l lustrate  the 
improvement  in cell performance,  as the cell was 
brought  back to its init ial  moisture conditions. The 
results presented in this figure emphasized the impor-  
tance of mois ture  balance on cell operat ion and the 
importance of knowing that  such a balance exists when  
performance  (parametr ic)  data are taken. 

At any one moisture balance a typical  family of 
parametr ic  (flow rate, pressure, etc.) curves can be 
obtained. All  exper imenta l  data presented previously 
were  obtained under  balanced moisture conditions. 
When the previously presented data ' a r e  collected 
under  the conditions represented in curves 2, 3, or 4 of 
Fig. 8, an ent i re ly  different group of relat ionships is 
found. The trends are the same, but the magni tude of 
values, such as the l imit ing current  density, is ma rk -  
edly different. In addition, if the effect of variables,  
such as flow rate, is de termined while  the cell is e i ther  
going into or out of mois ture  balance, the t rue effect 
of this var iable  is not observed. In fact, the general  
t rends can be reversed  mere ly  by not ing the change 
in cell performance.  Therefore,  mois ture  balance is 
t ru ly  impor tant  in evaluat ing a cell 's per formance  
characteristics. 

Electrode act ivi ty  is also influential. Ini t ial  pe r fo rm-  
ance curves taken  on a cell assembled wi th  new elec- 
trodes were  always better.  However ,  in al l  of these 
exper iments  the electrodes had been tested for a 
sufficient number  of hours ( typical ly 100-200 hr) so 
that  changing of electrode act ivi ty  was not l ikely to 
obscure the results of these tests. 

These data indicate that  it is essential to know the 
condition of the cell 's moisture balance in de termining 
the effect of parameters  on cell per formance  when the 
electrolyte  is held in a porous matrix.  

For  a cell to be rel iable  in producing oxygen its 
per formance  over  a long period of t ime must  be dem- 
onstrated. Data  i l lus t ra t ing concentrator  per formance  
for over  600 hr  are shown as Fig. 9. Here  the current  
density was held  constant at 40 ASF and the voltage 
was fol lowed as a function of time. The var ia t ion  in 
vol tage f rom 0.7 to 0.9v may be observed. The tests 
were  concluded at the end of 600 hr for sake of con- 
venience in the laboratory.  

C o n c l u s i o n s  

The four-e lec t ron  t ransfer  process for concentrat ing 
oxygen from ambient  air was exper imenta l ly  demon-  
s t ra ted by observing that  a coulomb balance predict ing 
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the quant i ty  of gas generated in  a given time period 
was wi thin  0.1% of the exper imental  quant i ty  of gas 
collected over this same t ime period. 

The performance of the concentrator cell was found 
to vary  with inlet  air flow rates, inlet  air pressures, 
and moisture balance between the water  content  in  the 
inlet  air s tream and the vapor pressure of the electro- 
lyte. 

The l imit ing current  density of the cell greatly in -  

creased between inlet  flow rates of 2T and 3T. The 
performance was still bet ter  at 4T and 5T but  the rate 
of gain was slower. The higher the inlet  pressure of 
the air stream, the better  was the performance of the 
cell. At a 4 psia inlet  this l imit ing value was 30 ASF. 
At 15 psia this l imit ing value was beyond 120 ASF. 

In a single test the l imit ing current  density of the 
cell could be varied anywhere  from 5 ASF to beyond 
120 ASF, depending on what  the moisture balance 
relat ionship was between cell electrolyte and the 
vapor pressure of the water  in  the incoming air stream. 
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On the Mechanism of Oxygen Evolution at Iridium Electrodes 
A. Damjanovic and M.  K. Y. Wong 

The Etectrochemistry Laboratory, The University el Pennsylvania, Philadelphia, Pennsylvania 

Recently, the mechanisms of oxygen reaction at 
i r idium electrodes were analyzed both for acid (1N 
HC104) and for alkal ine (1N KOH) solutions (1). 
Then available kinetic parameters  were found consist- 
ent  with the reaction paths listed in  Table I. On the 
basis of indirect  evidence it was suggested that  the 
l ikely reaction path is the "electrochemical oxide" 
path (2) with the second reaction step in the anodic 
direction as the ra te-control l ing at low cathodic and 
anbdic, and the first reaction step as the ra te-con-  
t rol l ing at high anodic overpotentials.  Here, addit ional 
evidence is presented support ing the electrochemical 
oxide path for oxygen evolut ion at i r id ium electrodes. 

The pH dependence of overpotential  in oxygen 
evolution in acid solution can discriminate between 
electrochemical oxide path and the other two paths of 
Table I. In  acid solution both at low and high ~t's, 

Table I. Calculated and observed pH dependence of overpotential 
in oxygen evolution 

A c i d  A l k a l i n e  
L o w  ~; H i g h  ~ L o w  y H i g h  

E l e c t r o c h e m i c a l  o x i d e  p a t h  (2)  

S + H 2 0  --> S O H  + H + + e -  R T / F  RT/F --RT/F --RT/F 
S O H - - >  S O  + H +  + e -  R T / 3 F  RT/F - - R T / 3 F  - - R T / F  
2SO-+ 2S + 02 

S + H~O -> SOH + H+ + e- RT/F RT/F --RT/F --RT/F 
S O H  + H20---> S O H O H  + H + 0 --RT/F --RT/F 
S O H O H - - - - >  S O H O H  + e -  --RT/3F --RT/F --RT/3F --RT/F 
S O H O H ~  S O  + H 2 0  
2SO-- ->  2 S  + 0 2  

" K r a s i l s h c h i k o v "  p a t h  (3) 

S + H 2 0 - - >  S O H  + H + + e -  RT/F RT/F --RT/F --RT/F 
S O H - - ~  SO--  + H + 0 --RT/F --RT/F 
S O - - - >  S O  + e -  --RT/3F --RT/F --RT/3F --RT/F 
2 S O  --> 2 S  + O~ 

O b s e r v e d  d e p e n d e n c e  a t  I r  + 18 + 4 8  - -  15  --  55 

d~/dpH is positive for the second, rate-control l ing,  step 
of the electrochemical oxide path, and negative for the 
third steps of the lat ter  two paths, where the d~/dpH 
dependence is the same. In  alkal ine solution, the 
d~/dpH is negative both at low and high anodic over-  
potentials but  with different values. Observed de- 
pendences are also given in Table I. 

Potent ia l -anodic  current  density relationships are 
determined both in  HC104 and  KOH solutions of differ- 
ent concentrations. The exper imenta l  procedure, in-  
cluding the purification of the solutions, was the same 
as in a previous work (1). In  Fig. 1 and 2, results are 
given for acid and alkal ine solutions, respectively. 
These results confirmed the reported characteristics of 
two distinct l inear  V-10g i regions in evolution both in 
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Fig. 1. V-log i at Ir in acid solutions. Open circles, pH 0.9; 
crosses, pH 1.9; triangles, pH 2.9. 
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acid and in a lka l ine  solutions wi th  the Tafel  slopes 
at  low ~'s cor responding to 2RT/3F and at  h igh n's to 
2RT/F. The pH dependence  of overpoten t ia l  in acid 
solutions are  close to +18 and +48  m v / p H  at low and 

high overpotent ia ls ,  respect ively .  In  a lka l ine  solution 
these are  --15 a n d - - 5 5  mv/pH.  These dependences  are  
in agreement  only wi th  the ca lcula ted  dependences  
for the e lect rochemical  oxide path.  P resen t  exper i -  
menta l  evidence, hence, supports  the e lect rochemical  
oxide pa th  for oxygen evolut ion at  I r  electrodes.  
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Improvement of a Square-Wave 
Technique for Capacitance Measurements 

R. G. Barradas and E. M.  L. Valeriote 

Lazh Miller Chemica~ Laboratories, Department 05 Chmnistry, 
University of Toronto, Torah to, Ontario, Canada 

The deve lopment  of a squa re -wave  charging tech-  
nique for the measurement  of different ia l  capacit ies 
of the  e lect r ica l  double  l aye r  has been descr ibed by  
Hackerman  and co-workers  (1,2) .  This method is 
based on analysis  of the  repet i t ive  charging and dis-  
charging of the e lect r ica l  double  l ayer  th rough  a 
series resis tance Rs. An eva lua t ion  of the technique 
was car r ied  out  by  the authors  (3) who observed a 
subs tant ia l  dependence  of the measured  capaci tance-  
potent ia l  curves,  and  the i r  reproducibi l i ty ,  on the va lue  
of Rs. Agreemen t  wi th  e lec t rocap i l l a ry  data  and wi th  
capac i ty -po ten t ia l  curves obtained by  the impedance  
br idge method appeared  to be be t te r  for l a rger  va lues  
of Rs. Because of the  in te rdependence  of the exper i -  
men ta l ly  var iab le  quant i t ies  (3),  values  of Rs large  
enough to give good agreement  could not  be used 
wi thout  a change in o ther  parameters .  The s implest  
reso lu t ion  of this p rob lem proved  to be a reduct ion  of 
the  area  of the  mercu ry  electrode. 

Experimental Results 
Exper imen t s  were  carr ied  out as previous ly  re -  

por ted  (3). However ,  in place of the  5 cm 2 mercu ry  
pool, a hanging  mercu ry  drop e lect rode of about  7 mm 2 
a rea  was used (Fig. 1) for which the size of the m e r -  
cury  drop could be contro l led  by  an Agla  mic romete r  
syr inge (Burroughs  Wel lcome and Company,  London)  
s imi lar  to tha t  r epor ted  by  Na rayan  (4). The area  of 
the drop could not  be absolute ly  calculated,  poss ibly  
because creepage of the  solution up the g]ass cap i l l a ry  
may  have caused some effective increase  of the  amount  
of me rcu ry  surface exposed to the  solution, and drop 
areas  had  to be ca lcu la ted  by  re l a t ive  methods.  For  the  
da ta  d i sp layed  in  Fig. 2, showing the var ia t ion  of ca-  
pac i ty  wi th  poten t ia l  for  a IN KC1 solution, the  area  

was ca lcula ted  by  comparison of the dif ferent ia l  ca-  
pac i ty  (per  uni t  area)  repor ted  by  Grahame  and 
Parsons (5) at  one potent ia l  wi th  the  to ta l  capaci ty  
de te rmined  by  the charging technique at that  poten-  

Fig. 1. Modified section of experlmentai cei l  used for measure- 
ment of double layer capacities by the square-wave charging 
technique. 
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tial. The solid curve in Fig. 2 is the data of Grahame 
and Parsons (5) ; the points were obtained for Rs -~ 77 
K "with" and "without  cathodic polarization." In 
the case of the curves obtained with cathodic polariza- 
tion the potential  was rapidly switched from --2.0v 
(SCE) to the potent ial  at which the capacity was to 
be measured immediate ly  before the determination.  

Figure 3 displays a comparison of directly deter-  
mined electrocapillary data (7) with doubly inte-  
grated capacity curves for various concentrat ions of 
fu r fu ry lamine  in 1N KC1. The calculated surface ten-  
sion data were obtained by numer ica l  integrat ion (6) 
on an IBM-7094 Computer  using integrat ion constants 
determined in  this laboratory (7). No cathodic po- 
larization was used when organic additives were pres-  
ent since it would have interfered with the a t ta inment  
of adsorption equil ibrium. 

Discussion 
For 1N KC1, the region of the hump at anodic ra -  

t ional potentials was distorted somewhat when  ca- 
thodic polarization was employed, but  good agreement  
was obtained over all  of the remainder  of the curve 
[cf. ref. (1) and (3) in which poor agreement  with the 
l i terature was reported over substant ia l  potential  
ranges for various inorganic electrolytes]. Without 
cathodic polarization there is excellent agreement  at 
all cathodic rat ional  potentials and only small  differ- 
ences at anodic ra t ional  potentials;  the shape of the 
hump was reproduced more satisfactorily. This appears 
to indicate that  the solution was sufficiently pure and 
that  no advantage is gained by cathodic prepolariza-  
tion. Upon additions of fu r fury lamine  a good com- 
parison with directly determined electrocapillary data 
(7) was observed (Fig. 3), and correspondingly good 
results were also obtained for other related organic 
systems. 
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Fig. 3. Comparison of electrocapillary data (points) and doubly 
integrated capacity data (solid curves) for 1N KCI and 1N KCI 
with various concentrations of added furfurylamine. IN KCI e; 
concentration of furfurylamine in 1N KCI; 0.003M I I ,  O.01M I~, 
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The improved agreement  would appear to support in 
part  the suggestions of Brodd and Hackerman (2) 
concerning the use of the technique in  de termining 
electrode areas. Areas might  be measured by com- 
parison of capacities between small  enough samples 
of the same meta l  provided that  the area of at least 
one sample is determined by an independent  method 
such as a gas adsorption technique. 

In  summary,  we conclude that  as expected the 
square-wave  method is less accurate and dependable 
than the impedance bridge technique for fundamenta l  
double layer studies. A preferable choice would be 
the automatic method (8, 91) of recording capacity- 
potential  curves by the use of a phase-sensi t ive de- 
vice supplementary  to a polarograph, which gives 
bet ter  agreement  with the results of Grahame and 
Parsons (5). Fur ther  evidence using the automatic 
recording method for mercury  Teflon capil lary and 
p la t inum electrodes will  be later  presented elsewhere 
(10). 
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1 N o t e  t y p o g r a p h i c a l  e r r a t a  i n  r e f .  ( 8 ) .  T h e r e  s h o u l d  h e  a c o n -  
n e c t i o n  between the junction of the 0.04 ~f and 200 ~f condensers 
and the junction of the 1.2 K resistor and the emitter of the 0C71 
transistor. In addition the mercury drop electrode area should read 
0 . 0 2  cm-% 
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Metal Membrane Electrodes 
E. B. Buchanan, Jr., and J. L. Seago 

Department of Chemistry, University o~ Iowa, Iowa City, Iowa 

The specificity and simplici ty of the measurement  of 
pH with  the glass electrode has induced many  chemists 
to search for other  ion-specific electrodes. A number  
of such electrodes have been suggested. In general,  
they involve  the measurement  of the potent ia l  de- 
veloped by a concentrat ion cell. The difference in con- 
centrat ion within the cell is mainta ined by an appro- 
pr iate  membrane.  Thus, the ion-specific electrode is 
not  a simple electrode but ra ther  one-ha l f  of a con- 
centrat ion cell. The impor tant  e lement  in a success- 
ful  electrode of this type is the membrane.  The m e m -  
brane should respond to a single ionic species. For 
this purpose electrodes have  been developed which 
utilize membranes  fabr icated f rom ion exchange 
resins (1-7), clays (8, 9), and ei ther collodion, or paraf-  
fin, or silicon rubber  which is imbedded with the crys- 
tals of a salt of the desired ion (10-15). 

There  are many theories and much divers i ty  of opin- 
ion on the mechanism by which these electrodes op- 
erate. Some explanat ions propound a t ransport  of 
ionic mater ia l  through the membrane  while  others in-  
volve  a Donnan potent ial  developed at the surface 
(11, 13-15). 

This study encompasses a series of membranes  which 
involve an oxidat ion-reduct ion react ion at the sur-  
face and electron t ransfer  through a bipolar membrane.  
For  this purpose cells of the form 

(Metal) 
SCE/Sample  S o l n . / / M e m b r a n e / / R e f .  Soln . /SCE 

were  constructed. The metals and their  respect ive ions 
selected for s tudy were  copper, cadmium, silver, and 
thallium. By main ta in ing  the concentrat ion of the 
solution on one side of the membrane  constant and 
vary ing  the concentrat ion of the opposing side, the con- 
centrat ion dependence of each cell was studied. 

Experimental 
Apparatus.--The electrode was constructed by seal- 

ing the meta l  foil or billet to the end of an 18 mm 
glass tube. The seal was made wi th  Hot Melt  Glue 
obtained f rom Montgomery Ward. Figure  1 shows the 
exper imenta l  apparatus. 

Potent ia l  measurements  were  made wi th  a Cary 
Model 31 v ibra t ing  reed e lec t rometer  equipped wi th  a 
Cary /Honeywel l  Mul t i - range  Recorder.  A recorder  re-  
sponse of 1 mv/ in ,  was used where  possible. Other -  
wise, a response of 3 my/ in ,  was employed. 

Procedure.--The concentrat ion dependence of the 
membrane  electrode was evaluated  by measur ing  the 
potential  that  was developed be tween  a p a i r  of 
matched reference electrodes when  the meta l  m e m -  
brane separated the two halves of a concentrat ion cell. 

r:des 

/ 

Indicator 
Electrode 

Reference 
Solution 

Test Solution 

Seal 

Metal 
Membrane 

Fig. 1. Metal membrane electrode cell assembly 

The solution on one side of the membrane ,  reference 
side, was mainta ined at a constant meta l  ion concen- 
trat ion of 0.01M. The solution on the other  side, sam- 
ple side, was var ied be tween  the limits specified below. 

The effects of atmospheric oxygen, acidity of the 
solutions, and amalgamat ion of the membrane  surfaces 
were  examined in an a t tempt  to achieve a theoret ical  
response from the cells. Atmospheric  oxygen was ex-  
cluded from the solutions by deaerat ing the solutions 
wi th  a rapid s tream of ni t rogen and storing the de- 
aerated solutions in a ni t rogen-f i l led glove bag. The 
bag is avai lable  f rom I2R, 108 Frankl in  Street,  Chel-  
tenham, Pennsylvania.  The effects of acidity on the 
measured potential  were  examined by prepar ing two 
sets of solutions, one set containing only the salt of 
the desired ion, the other  set containing, in addition 
to the salt, 1M sulfuric acid. The surface condition of 
the membrane  was considered as a factor which could 
also influence the potential  of the cell. Both the pol-  
ished free meta l  and l ight ly  amalgamated  meta l  sur-  
faces were  employed. The bil let  or foil was amal -  
gamated by rubbing the meta l  surface wi th  mercury  
whi le  the surface was submerged in 6M sulfuric acid. 
A l imited amount  of mercury  was used to ensure that  
the mercury  did not  dissolve the ent ire  membrane.  I t  
was necessary to amalgamate  the membrane  after  i t  
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was sealed to the glass tube since the amalgamated  
surface would not adhere to the glue. All  exper iments  
were  per formed at room tempera tu re  which was main-  
tained at 22~176 All  chemicals employed were  of 
analyt ical  grade. 

Silver membrane electrode.--A membrane  of si lver 
foil was used. Solutions of si lver ni trate  in the concen- 
t ra t ion range of 1 to 1 x 10-TM were  placed on the 
sample side of the membrane.  All  exper iments  were  
conducted in the presence of atmospheric oxygen. The 
reference electrodes were  

Ag/AgCl ,  KClsat./3 % Agar,  NaNOssat.//  

Copper membrane electrode.--Both a polished cop- 
per foil and a surface amalgamated  copper foil m e m -  
brane  were  employed. Acidified copper sulfate solu- 
tions in the concentrat ion range of 1 to 1 x 10-6M 
were  used on the sample side of the membrane.  The 
effect of oxygen was de termined  by working  in both 
the presence and absence of air. The reference elec-  
trodes were  

Ag/AgCI ,  KClsat./3% Agar, Na2SO4sat.// 

Cadmium membrane e lectrode.--Polished cadmium 
metal  billets and surface amalgamated  cadmium billets 
were  employed as membranes .  Cadmium sulfate solu- 
tions in the range of 1 to 1 x 10-6M were  used on the 
sample side of the membrane.  The effect of acidity was 
de te rmined  by prepar ing the solutions in the presence 
and absence of sulfuric acid. The effect of oxygen was 
studied by making measurements  in both the presence 
and absence of air. Matched Beckman SCE were  the 
reference electrodes employed. 

Thall ium membrane e~ectrode.--The membranes  
used in this cell were  made  of a polished thal l ium 
bil let  and a surface amalgamated  billet. The polished 
thal l ium billet  was stored in 0.1M thal l ium ni t ra te  
solution. The oxide coating is r emoved  by this storage 
since both tha l l ium oxide and hydroxide  are water  
soluble. Both acidified and neutra l  solutions of tha l -  
l ium ni t ra te  were  utilized. The exper iments  were  con- 
ducted in the presence and absence of air. The concen- 
t rat ion range of 0.1 to 1 x 10-6M thal l ium ni t ra te  was 
put  into use on the  sample side of the membrane.  The 
reference  electrodes used were  matched Beckman SCE 
with  an exter ior  fiber sleeve filled wi th  saturated so- 
dium nitrate.  

Results and Conclusions 
The si lver  membrane  electrode is character ized by a 

rapid response. In 1 min the  cell is wi thin  0.1 mv  of 
s teady-sta te  values. The theore t i ca l  concentrat ion de-  
pendence is obtained over  the concentrat ion range of 
1 to 3 x 10-6M. Figure  2 i l lustrates the Nernst  equa-  
tion type of dependence shown by this electrode. 

Cadmium metal  is more readi ly  oxidized than silver, 
and, therefore,  greater  care must be taken to secure 
reproducible  results f rom the membrane  surface. In 
the absence of air there is no significant difference be- 
tween the response of the amalgamated  and the pure  
cadmium meta l  membranes.  In a i r - sa tura ted  solu- 
tions the use of the amalgamated  electrode is essential 
if reproducible  data are to be obtained. The presence 
of sulfuric acid in the a i r - sa tura ted  solutions seems 
to improve  the response slightly. However ,  the main 
effect is a decrease in the t ime requi red  to reach 
s teady-sta te  values. The potential  was wi th in  1 mv of 
the s teady-sta te  potential  in 5 rain. Figure  3 shows the 
range of concentrat ion over  which this electrode is 
applicable. 

The requisi te  conditions for the theoret ical  response 
of the copper electrode are even more  stringent.  Only 
when the membrane  surfaces were  amalgamated,  oxy-  
gen careful ly  excluded, and 1M sulfuric acid was 
present in the solution did the cell become capable 
of providing a theoret ical  response. Even under  these 
conditions the response of the electrode was sluggish. 
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Fig. 2. Silver membrane electrode response 
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Fig. 3. Cadmium membrane electrode response: �9 cadmium 
metal membrane, nitrogen otmosphere; J~, amolgomoted r 
membrane, nitrogen otmosphere, e, amolgomoted cadmium mem- 
brone, oir, A,  omalgamoted codmium membrone, air, |M H2S04. 

Five  minutes  were  necessary for the cell to achieve a 
potent ial  that was wi th in  1 my  of a s teady-sta te  po- 
tential. Figure  4 indicates the concentrat ion range over  
which the cell is capable of producing a theoret ical  
response. 

Apparent ly  trace amounts of oxygen catalyze the 
production of the Cu( I )  th rough the format ion of the 
insoluble Cu20. The product ion of the red oxide is 
minimized by the conditions which  give a theoret ical  
response. This hypothesis is supported by the obser-  
vation that  the copper electrode under  no known con- 
ditions gives sat isfactory results in the presence of 
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Fig. 4. Copper membrane electrode: �9 copper metal membrane, 
nitrogen atmosphere, 1M H2$04; J-;, amalgamated copper mem- 
brane, nitrogen atmosphere 1M H2504. 

atmospheric  oxygen. Ear l ie r  a t tempts  at the use of the 
copper electrode have  involved a pre-equi l ibra t ion  of 
the Cu( I I )  solutions wi th  metal l ic  copper before im-  
mers ion of the copper electrode under  exper imenta l  
conditions which  assured the complete  exclusion of 
oxygen  (16). 

F igure  5 shows the response of the cell ut i l izing a 
thal l ium bil let  membrane.  The theoret ical  response is 
only obtained in an oxygen- f ree  atmosphere.  This is 
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Fig. 5. Thallium membrane electrode response: O, thallium metal 
membrane, nitrogen atmosphere, in the absence and the presence 
of 1M H2SO4; [] ,  amalgamated thallium membrane in a nitrogen 
atmosphere; A ,  amalgamated thallium membrane, 1M H~SO4 in 
air. 
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not surpris ing as the tha l l ium metal  reacts readily 
wi th  the oxygen of the air forming a yel low oxide 
coating. Once the coating is removed,  and its fur ther  
format ion is prevented,  the electrode displays the de- 
sired potential.  Potent ia l  values wi thin  l m v  of s teady- 
state values were  obtained in 5 rain. Amalgamat ion  of 
the surface or the presence of IM sulfuric acid had no 
effect on the final potent ial  of the cell. However ,  in the 
presence of ei ther  one or both of these conditions, the 
response t ime (-4-1 mv  f rom steady state) was r e -  
duced to 3 min. 

In air, using the surface amalgamated  tha l l ium billet  
and neutra l  tha l l ium ni t ra te  solutions, no response was 
obtained. If the thal l ium solutions were  made  1M 
in sulfuric acid, the amalgamated  tha l l ium bil let  dis- 
p layed a rapid l inear  response to a fhal l ium ion con- 
centrat ion of 1 x 10 -3. The slope of the curve  was 50 
mv/pT1. The authors bel ieve the presence of the sul- 
furic acid prevents  the air oxidat ion of the thallous 
ion to the thall ic ion. In an alkal ine solution the in-  
solubili ty of thall ic hydroxide  enhances the ease of 
this oxidation. 

The ent ire  cell may be considered as two cells in 
series, br idged by an appropriate  meta l  junction. While 
the membrane  is a decided convenience and ensures 
that  the meta l  has been subjected to the same stresses 
and distortions, a wire br idging the two cells would  
give essentially the same results. Each side of the 
membrane  can be thought  of as a single electrode 
which, in conjunct ion with  a reference electrode, pro-  
duces a potential  corresponding to the concentrat ion 
(act ivi ty)  of the metal  ion in solution. The value  of 
this potent ial  can be obtained f rom the Nerns t  equa-  
tion. 

R T  
E = E ~ +Eref + ~ I n C  

nF 

The potential obtained for the entire cell should be 
the difference in potential calculated for each side of 
the membrane. 

Ecell = Esamp - -  Eref 

Subst i tut ing the values obtained for each side f rom the 
Nernst  equat ion and simplifying gives 

RT Csamp 
~ceLl -~ - -  ]/2 

7t-F Cref 

which  is the equat ion for  a concentrat ion cell  wi thout  
transference.  

F rom a consideration of the cell, it is apparent  
that  one side of the membrane  is acting as an anode 
while  the other  acts as a cathode; hence, the t e rm 
bipolar  membrane  as used above. In spite of its bi-  
polar character,  there  can be no potent ia l  difference 
within  the membrane  itself since a meta l  cannot show 
an in ternal  potent ial  difference wi thout  a flow of cur-  
rent. 

Within  the cell there  are six sites at which  poten-  
tials can be considered to arise. Four  of these are phase 
boundaries and two are l iquid- l iquid  junctions. The 
two connections to the externa l  circuit  and the  two 
so lu t ion-membrane  interfaces consti tute the four  phase 
boundaries  while  the l iquid- l iquid  junctions are found 
between the reference  electrodes and the solution in 
e~ch side of the cell. The l iquid- l iquid  junct ion po-  
tentials are normal ly  small, and the difference be-  
tween  them results  in a still  smal ler  potential.  The 
connection to the externa l  circuit  is made through a 
reference  electrode and, therefore,  provides a con- 
stant potential .  The cancellat ion of the potent ial  due 
to the ex te rna l  connection and the absence of a poten-  
t ial  difference wi th in  the membrane  causes the mea-  
sured potent ial  to be a direct measure  of the poten-  
tial difference be tween the two solutions provided the 
l iquid- l iquid  junct ion potentials are neglected. The 
presence of these l iquid- l iquid  junct ion potentials even 
though they are small  precludes the use of the cell  
fbr the thermodynamic  measurement  of activities. 
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The metal  membranes  are unique  in that  they in-  
volve nei ther  an ionic t ranspor t  nor  the process of 
diffusion wi th in  the membrane.  The potent ial  at the 
metal  membrane  involves an oxidat ion-reduct ion re- 
action as contrasted to an adsorption or ionic t ransport  
mechanism found in  other types of ion-responsive 
membranes.  In  order to funct ion properly any metal  
membrane  requires reversibi l i ty  of the oxidat ion-re-  
duction process. This imposes a serious l imitat ion on 
the selection of metals as not  all wil l  exhibit  the de- 
gree of reversibi l i ty  required.  Our data indicate that  
under  proper exper imental  conditions steady-state po- 
tentials  are achieved very rapidly and are reproduc- 
ible. 

Manuscript  received Ju ly  25, 1966; revised ma nu-  
script received Feb. 14, 1967. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1967 
JOURNAL. 
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ABSTRACT 

The permeation of anodic zirconium oxide films by KNOs has been in-  
vestigated. Dependence of the permeat ion rate on film thickness, permeant  
concentration, film area, and temperature  was studied. Fi lm thicknesses ranged 
from approximately 700 to 7000A. Permeat ion rates on the order of 10-s moles 
cm -2 sec -1 were observed. Rates were found to be directly proport ional  to 
KNOB concentrat ion and film area and inversely proport ional  to film thick- 
ness. Apparen t  activation energies calculated from rate cons tant - tempera ture  
data varied with the film thickness. A simple model proposing permeat ion 
through a system of cylindrical  charged pores is consistent with the data 
for th in  films. The permeation of thicker films may be complicated by addi- 
t ional  factors. 

Since the advent  of the use of zirconium and its 
alloys in nuclear  reactors, the study of oxide films on 
zirconium has been of considerable interest. A n u m b e r  
of investigators have studied both anodic and corro- 
sion formed oxide films on zirconium obtaining in-  
formation on their  formation, structure, and electrical 
properties (1-8). Evidence has been found to suggest 
that so-called bar r ie r - type  anodic oxide films in  con- 
tact with electrolyte solutions are penetrated by them 
(9-12). However, the na ture  of the flaws allowing 
penetra t ion and the mechanism by which it might  be 
accomplished remain  largely speculative. In this paper, 
quant i ta t ive  studies of the penetrat ion of anodic zir-  
conium oxide films by electrolyte are described, and a 
possible model for the permeat ion  is proposed. 

Experimental 
The materials,  exper imental  techniques, and equip- 

ment  used in  this invest igat ion have been briefly de- 
scribed in an earlier publicat ion (12). Specimens of 
chemically polished foil about 50 cm 2 in area were 
anodized on one side at constant  voltage for 18 hr  in  a 
boric acid-sodium borate electrolyte buffered at pH 9. 
The anodization parameters  were kept  similar  to those 
of earl ier  investigations (12, 13) so that  the growth 
factor of 27 A / v  over comparable potential  ranges 
could be reasonably assumed. Leakage cur ren t  densi-  
ties ranged from 1 ~a cm -~ for the thinnest  films to 
4,5 # a c m  -~ for the thickest. After  anodization, the 
films were washed and stored in a moist atmosphere. 
Several  specimens were anodized at the appropriate 
voltages to insure  a range of oxide thickness for per -  
meat ion measurements.  

P re l iminary  exper iments  were made to determine 
that  electrolytes and other species in  solution did pene-  
trate the oxide film. In  preparat ion for these experi -  

ments, samples of about 1 cm2 were cut from the ano-  
dized specimens and clamped in a simple cell prepared 
from two Lucite blocks and glass tubing. The isolation 
of an approximately 3.0 mm 2 area of film was effected 
with a 0.5% HF solution. The cell was then clamped in 
a controlled temperature  bath, and solutions were 
carefully added to each side of the cell so that the 
exposed film area separated them. The cell was then 
left to stand for periods of from 20 to 72 hr. There 
was no stirring. Mechanical v ibrat ion in the cell sup- 
ports was relied on to agitate the solutions sufficiently. 

Quant i ta t ive  permeation measurements  were made 
in a Lucite permeat ion cell described in  Fig. I. Its 
dimensions are approximately  3.5 x 3.5 x 2 cm. The 
thickness of the oxide and foil was exaggerated for the 
sake of clarity. 

The anodized foil was clamped between the two 
blocks, and a small  area of oxide film was isolated 
with a 0.5% HF solution. The area was well washed. 
The cell was then clamped in  a constant  temperature  
bath, and conductance water  was slowly added to the 
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Table I. Results of preliminary experiments 

Time,  Perme- 
Chamber  1 Chamber  2 h r  a t ion 

KNO~ 0.5M NaC1 0.SM 72 Yes 
AgNO3 5% LiC1 5% 64 Yes 
KNOs 2.5M LiC1 5.0M 50 Yes 
LiC1 1.OM KNOa 2.5M 24 Yes 
LiC1 1.0M KSCN 1.0M 24 Yes 
NaCl I.OM KSCN 1.0M 71 Yes 
NaBr  1,0M KNO3 1.0M 72 Yes 
KSCN 1.0M NaNOa 1.0M 17 Yes 
NaNOs 1.0M KSCN 1.0M 65 Yes 
H~O KNOs 1.0M 20 Yes 
HeO Cu(NOa) 2 1.0M 20 Yes 
H20 Fe (N0a)3 0.5M 20 Yes 
NaNO8 1.0M H20 65 Yes 

Methyl  o range  24 No 
Sucrose 2g/100 cc 24 No 

Table II. Average permeation rates for 27 through 250v films 
at three temperatures using 1M KNO3 

Fi lm th ick-  Rate  (moles em-S sec -1 x 10 s) 
ness,  v T e m p  15~ 25~ 36~ 

27 x 2.0 3.7 5.4 
s 0.03 0.26 0.08 

50 x 0.91 2.0 4.5 
s 0.08 0.11 0.51 

100 x 0.40 1.1 3.1 
s_ 0.03 0.18 0.25 

150 x 0.10 0.64 2.3 
s 0.03 0.07 0.17 

200 x 0.15 0.45 1.2 
s 0.06 0.09 0.03 

250 x 0.14 0.30 0.51 
s 0.04 0.10 0.09 

chamber  containing the electrodes whi le  e lect rolyte  
was s imultaneously added to the other  chamber.  KNO~ 
was used in all  of the measurements .  St i r r ing was ac- 
complished on the low concentrat ion side wi th  a bent  
glass rod. Studies were  made on 27, 50, 100, 150, 200, 
and 250v films at tempera tures  of 15 ~ 25 ~ and 35~ 
The permeat ion was moni tored by measur ing  the in-  
crease in conductance of the water  in the conductance 
chamber  as ENOs permeated  the exposed film. 

Results 
The results of the pre l iminary  exper iments  are pre-  

sented in Table I. The presence of permeated  species on 
ei ther  side of the cell was detected by s tandard 
methods of qual i ta t ive  analysis or by spot tests (]4).  
F lame spectrophotometr ic  checks were  made for the 
presence of the alkali  meta l  ions. All  salts permeated  
the film in ei ther  direction. Organic molecules such as 
methy l  orange and sucrose apparent ly  did not pene-  
t rate the film at all. 

The data resul t ing f rom the quant i ta t ive  pe rmea-  
tions consisted of the measured conductance of the 
wate r  in the conductance cell at several  t ime in te r -  
vals. The conductances were  conver ted  to concentrat ion 
of KNOB and plotted against  the time. These curves, 
af ter  about the first 3 min, proved to be linear. Typical  
curves for each film thickness are presented in Fig. 2. 
The ra te  of permeat ion was given by the slope and is 
expressed in moles sec -1 cm -2. The permeat ion rates 
(average of three or more  determinat ions)  for all the 

films de termined  at three different tempera tures  are 
given in Table  II. The ra te  was found to be propor-  
t ional to the KNO~ concentration, to the reciprocal  
film thickness for thin films, and to the area of film 
exposed for permeat ion  (Fig. 3-5). 

It was previously repor ted  (12) that  the permeat ion 
rate could be expressed by the empir ical  equat ion 

r = c P  = cPa exp ( - - E / R T )  [I] 

where  r is the rate, c is the concentrat ion of pe rmea t -  
ing KNO3, and P, Po, and E are constants. With  the 
inclusion of the  film thickness and isolated area de- 

x Ave ra ge  rate.  
s S tandard  deviat ion.  

pendence, the rate for films up to 150v thick can be 
empir ical ly  expressed by 

r---- c P ' A / L  [2] 

where  A is the area, L is the film thickness, and the 
other  terms re ta in  their  identities. The constant  P'  
was calculated. It  can be seen, however ,  (Table III)  
that  P '  was not constant, apparent ly  vary ing  with  the 
film thickness. The fact that  P '  is some function of 
the thickness was fur ther  demonst ra ted  by the con- 
stancy of P'  when the film thickness remained  the 
same and the concentrat ion was var ied (Fig. 3). When 
the log of P'  for films of each thickness was plotted 
against the reciprocal  absolute temperature ,  straight 
lines were  obtained. 1 The slope gave the apparent  ac- 

At constant  e, A and  L, r = P " .  Plots of P "  r a the r  than  P '  v s .  
1/T have  been shown in Fig.  6 to al low be t te r  p resen ta t ion  of the 
data for all films on a s ingle graph.  
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Fig. 5. Variation of permeation rate with isolated film area at 
25~ for 27v films and 35~ for 50v films. 

t ivat ion energy, E, l isted in Table IV. Al though ex-  
pected, no osmotic phenomena were  observed. P e r m e -  
ation rates were  affected by the pH of permeat ing  
KNO3, increasing sl ightly as the pH was lowered.  

Discussion 
The ease of permeat ion at low tempera tures  is an in-  

dication that  the membrane  is broken at in tervals  by 
channels or holes. This is not  a new concept for many 
investigators have discussed the origins of flaws that  
can exist  in anodic films (15-17). The rect i fying action 
and the leakage currents  exhibi ted by anodic films 
have  also been var iously  a t t r ibuted to the existence 
of flaws, pores or weak spots (17, 18). Replica electron 
micrographs at magnifications of 12 to 15 x 103 X, 
however ,  showed film surfaces to be free of gross 
flaws. 

A simple idea of the size of the holes may be ob- 
tained f rom selectivity observations. For  instance 
(Table I) the sucrose molecule  apparent ly  did not 
penet ra te  the film. Therefore,  the holes must  be on the 
order of the dimensions of the sucrose molecule  or 
smaller. The min imum cross sections of the sucrose 
molecule  have been given as about 8 x 10A. 

Another  indication of the pore size is the type of 
process occurr ing through the hole. Very large pores 
would probably be filled with electrolyte,  and free 
diffusion of the salt  in the solvent would be a l ikely 
penetra t ing mechanism. The act ivat ion energy for free 
diffusion of KNO3 has not been reported. However ,  it 
should be near  the value repor ted  for the free diffusion 
of KC1 which is 4.4 kcal  mole -1 (19). The apparent  
act ivat ion energy for permeat ion of the thinnest  ZrO2 

Table III. Thickness dependency of the rate constant P' at 35~ 
for permeation of films by 1M KNO3 

P', c m  2 sec-I 
T h i c k n e s s ,  v • 10 lo 

2 7  3.9 
50  6 .1  

100 8 .2  
150 9.4 
2 0 0  6 .3  
2 5 0  3 .4  

Table IV. Apparent activation energies for permeation of films 
by 1M KNO~ 

T h i c k n e s s ,  v E ,  k c a l  mole -i 

27 1 
50 14 

100  1 8 "  
150 24 
200 19 
2 5 0  12 

* A c o r r e s p o n d i n g  v a l u e  o f  17 .1  w a s  f o u n d  e a r l i e r  f o r  1 0 0 v  f i l m s  
( 1 2 ) .  
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Fig. 6. Plots of log P" vs. 1/T for films of different thickness: 
�9 27v; �9 50v; �9 100v; 0 150v; [ ]  200v; A 250v. 

films (Table IV) is 9 kcal mole -1, or twice as great. 
Fur thermore ,  the apparent  act ivat ion energy for per -  
meat ion of porous chromic fe r ro-  and ferr icyanide 
membranes  by KNO3 was found to be only 5.3 kcal  
mole -1 (20). Thus, the passage of KNO3 through 
ZrO2 films is grea t ly  restricted,  and the holes must  
be re la t ive ly  small. 

The observed rates for permeat ion of ZrO2 films are 
similar  to the rates of diffusion of KNO3 across porous 
a luminum oxide films measured by Burwel l  and May 
(21). The rates for diffusion of KNO3 through two 
portions of a 42~ thick film were  4.1 and 0.49 x 10 -9 
moles cm -2 sec -1 per molar  concentrat ion drop across 
the membrane.  These a luminum oxide films had pores 
est imated to be l l 0 A  in diameter.  The invest igators  
fel t  that  the slow rates indicated a greater  resistance 
than could be exhibi ted by a simple pore system and 
suggested that  a less porous barr ie r  layer  about 0.02~ 
thick exists at the base of the pores. Considering that  
the ZrO2 films are 102 to 103 times th inner  than the 
a luminum oxide films, their  pores must  be smaller  and 
less numerous  to exhibi t  s imilar  rates. 

Ear ly  in this investigation, it was noted that the 
process under  study exhibi ted certain of the character -  
istics of s teady-sta te  permeat ion described by Barrer  
(22). (A) The Fick diffusion law appeared to be 
obeyed in the steady state. (B) Steady-s ta te  flow was 
established in a period of minutes.  (C) The rates were  
proport ional  to the concentrat ion and inverse ly  pro-  
port ional  to the film thickness. (D) The permeat ion 
was tempera ture  dependent.  However ,  the behavior  
of the rate  constant, which appears to be a function 
of film thickness, implies that  the permeat ion cannot 
be complete ly  described by a s teady-sta te  mechanism. 

Another  factor which may be considered to deter -  
mine the permeabi l i ty  of membranes  to ions when 
pores approach molecular  dimensions is charges on the 
membrane  pores due ei ther to adsorption or ionization 
which act as barr iers  to diffusing ions as postulated 
by Meyer  and Sievers  (23). In such a case, the po- 
tent ial  barr ier  may  be mainly  electrostatic in origin. 
The cri ter ia  for charged pores are the existence of a 
permselect iv i ty  of the membrane  and of a membrane  
potential,  the measurable  membrane  potential  being 
the ~ve r -a l l  resul tant  of the individual  pore poten-  
tials. In the absence of membrane  potent ial  measure-  
ments, then, the permselec t iv i ty  should give an indi-  
cation of the presence of charged pores. Depending on 
the membrane  potent ial  sign an excess of ei ther cat-  
ions or anions should be transported.  Such a si tuation 
would  be manifes ted in a pH change in solution on 
permeat ion  or in a discrepancy between concentra-  
tions of permeated  salt as de te rmined  by methods de-  
pending on measuremen t  of but  one ion or of both 
ions in solution. Based on the data in Table  V, there  
appears to be evidence for permselect ivi ty .  At low 
concentrat ions of permeant ,  the agreement  be tween 
methods is poor while  at high concentrat ions the 
agreement  be tween the two methods of de termining 
KNO3 is good. These data match the observat ion that  
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Table V. Agreement of methods for determining permeated KN03 

P e r m e a n t ,  
S a m p l e  moles  l i t e r  -1 

C o n c e n t r a t i o n  of KNO~ in  cel l  
By  f lame B y  c o n d u c t a n c e  

(moles  l i t e r  -z • 108) 

2 1,000 1.20 1.04 
3 1.000 1.00 0.98 
4 1.000 0.70 0.70 
5 0.i00 0.18 0.57 
6 0.i00 0,13 0.30 

the permselectivity of membranes  is greatest in very 
dilute solution diminishing and disappearing at higher 
concentrat ions (24,25). Indications are that  anion 
t ransport  is favored. Support ing evidence for the 
existence of permselect ivi ty is the absence of osmotic 
effects and the observed pH dependence of the per-  
meat ion rate. 

It is possible to formulate  a model for the permea-  
tion based on t ransfer  through charged pores with a 
length much greater  than  the radius. The membrane  
may be considered to be completely pierced by an 
ar ray  of cylindrical  pores of radii a normal  to the 
surface. The fixed charges, probably adsorbed protons, 
are confined to a surface layer of density on the inner  
surface of the pores. Compensat ing negative charges 
are assumed to be free. The potential  on the pore axis 
due to the field imposed by the fixed charges can be 
shown to be 

v = 2~a~f~-~dx/~/a 2 + ( x - - p ) 2  [3] 

where a is the surface charge density and the radius 
a of the cyl inder  is assumed to be much less than the 
cyl inder length L. P is the distance on the axis from 
the near  end of the cyl inder  to the point  at which the 
potential  is to be found. The cylinder is regarded as a 
series of hollow disks of thickness dx. Upon perform- 
ing the integration,  expressing P in  terms of L and 
simplifying the ensuing relat ion by a series expansion, 
we arr ive at the following expression for the maxi-  
mum potential  which from symmetry  arguments  is 
at the center of the pore. 

v = 4~aa In (L/a)  [4] 

The apparent  activation energy for permeat ion may 
not be as readi ly equated with an activation energy 
for the process as can the temperature  coefficient for 
diffusion. It  may include, in addition to the activation 
energy for diffusion, the tempera ture  dependence of 
the number  of ions available to enter a hole, heats of 
sorption or solution of the permeant  on or in  the mem-  
brane,  and heats of any phase changes occurring in 
or at the membrane  surface. The ra te -de te rmin ing  step 
is usual ly  considered to be diffusion through the mem-  
brane.  The observed thickness dependence of the rate 
constant  for the ZrO2 films may indicate, however, that  
interface reactions are also impor tant  (26). Assuming 
diffusion through the membrane  pores to be the ra te-  
de termining step in the case of these ZrO2 films, the 
apparent  activation energy may be related to the 
electrostatic potential  barr ier  which must  be sur-  
mounted  by a permeat ing ion. In  this sense, the ap- 
parent  activation energy may be considered as a t rue  
activation barrier .  

By Eq. [4], it is evident  that  the model requires 
the potential  to vary  directly as the log of the pore 
length. A plot of the apparent  activation energy for 
permeat ion vs. log of the film thickness shows (Fig. 7) 
that  for the th inner  films there is substant ia l  agree- 
ment  with the proposed model. Thicker films behave 
differently since the apparent  act ivation energy be-  
gins to decrease. This observation is in accord with the 

Z4 

f Z0 

o 

~e  

I t 41.~ 1,15 1.7 II.=J 2,1 2.~ 
LOG L 

Fig. 7. Plot showing relation between the apparent activation 
energy, E, and film thickness. 

premise that  thicker films are under  stress dur ing  for- 
mat ion and may be more susceptible to formation of 
microfissures in addition to an established pa t te rn  of 
flaws. 
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ABSTRACT 

An introduction is given to the principles underlying the anodization of 
pre-existing dielectric films. In the case of amorphous silicon nitride films 
On a silicon substrate it is shown that conversion of the nitride film to anodic 
SiO2 occurs by oxygen ions reacting with the nitrogen, the latter being 
evolved from the film as N2 or as a nitrogen oxygen compound. The process 
has been applied to the opening of windows in Si/SiO2/Si3N4 structures. Ni- 
tTide films up to 1000A thick can be rendered soluble by a single anodiza- 
tion step to 350v; thicker films require a repeated anodization. The electric 
field applied during anodization causes a shift in surface potential of the 
silicon substrate. The original surface potential can be restored by a bake in 
forming gas at 500~ High-resistivity silicon tends to passivate under anodic 
bias~ growth of an oxide film occurs only at very large current densities. 

Silicon dioxide films are commonly  used for the 
surface passivation of silicon. Diffusion or field drif t  
of sodium ions through the SiO2 coating of oxide 
passivated silicon devices can lead to fai lure of so- 
dium contaminated devices. Silicon ni tr ide is prac-  
t ically impermeable  to sodium ions. Consequently,  
considerable effort has been devoted to the adapta-  
tion of deposited silicon ni tr ide films for surface 
passivation of silicon devices. The art of depositing 
silicon ni tr ide films has reached a high level  (1). 

Once the ni tr ide film has been deposited, it is neces- 
sary to open windows in the film for diffusion or con- 
tact purposes. Since silicon ni tr ide is soluble in hot 
phosphoric acid, whereas  SiO2 is ve ry  l i t t le soluble in 
this solvent  (2), the opening of windows can be 
achieved by deposition of an SiO2 film, fol lowed by 
pat tern  generat ion in the SiO2 layer  by photoresist  
techniques and subsequent  e tching in hot phosphoric 
acid. 

The present  communicat ion describes an a l te rna t ive  
approach, in which the insoluble ni tr ide film is con- 
ver ted  to easily soluble anodic SiO2 by anodization in 
a suitable solvent e lectrolyte  combination. Pa t te rn  
generat ion is achieved by the use of an SiO2 pat tern  as 
a dielectric anodization mask; this SiO2 pat tern  can be 
located ei ther above or undernea th  the nitr ide film to 
be anodized. 

Principle o~ the Method 
When applying a sufficiently high anodic bias to the 

system: conduct ive subs t ra te /d ie lec t r ic  f i lm/e lec t ro-  
lyte, e i ther  electrons or ions, or both, may be injected 
into the dielectric film. The substrate forms the cation 
source and the electrolyte  the anion or electron source. 
Inject ion of ions can change the chemical  composi-  
t ion of a pre-exis t ing  dielectric film, and can thus 
render  it more soluble. 1 Inject ion of electrons is un-  
desirable since it lowers the current  efficiency and 
can damage the dielectric by avalanche formation. 
Electron inject ion can be minimized by the choice of 
a suitable electrolyte.  In this study a 7.5 v / o  solution 
of pyrophosphoric acid in t e t rahydrofur fu ry l  alcohol 
has been used. 

In the anodization of pre-exis t ing  dielectric films, 
the in teres t ing feature  arises that  a change in the 
chemical  composit ion of the film may  depend on 
whe ther  cations or anions are the mobile  species. Thus 
migra t ion  of silicon ions through a pre-exis t ing  ni-  
tr ide film would  not change its composition, but  migra -  
tion of oxygen ions would. The reverse  situation ap- 
plies, for  instance, to the anodization of a pre-exis t ing  

x A pre-existing dielectric film may also become more soluble as 
a function of change in structure or hydroxyl content. This effect 
was observed in the anodization of thermally grown SiOe films (3). 
The structural effect is very small or absent in the anodization of 
silicon nitride films. 

A1203 film, where  migra t ion  of silicon ions changes 
the chemical  composition of the film, whereas  migra-  
tion of oxygen ions does not. The nature  of the sub- 
strate may thus determine  whe ther  a pre-exis t ing  
dielectric film becomes soluble dur ing anodization. 

The degree of crystal l ini ty  of a pre-exis t ing  dielec- 
tric film appears to have a decisive effect on the mo-  
bil i ty of the ionic species. The existence of grain 
boundaries in polycrystal l ine silicon ni tr ide films 
favors the mobil i ty  of silicon ions and in polycrysta l -  
l ine alumina the mobil i ty of oxygen ions. Thus in the 
anodization of polycrystal l ine alpha or beta SisN4 films 
on silicon substrate, growth of new oxide occurred at 
the n i t r ide /e lec t ro ly te  interface, leaving the ni t r ide 
film unchanged in thickness or solubility. In the ano- 
dization of polycrystal l ine a lpha-a lumina  films on 
silicon substrate in aqueous borate  solution, growth 
of new oxide occurred at the oxide~silicon interface, 
increasing the total  film thickness but wi thout  chang- 
ing the solubili ty of the pre-exis t ing  outer layer  of 
a lpha-alumina.  

Amorphous  silicon nitr ide films anodize by migra-  
tion of  oxygen ions, are conver ted to SiO2, and become 
easily soluble in dilute HF. The degree to which oxy-  
gen ions migrate  in polycrystal l ine ni tr ide films can be 
enhanced to some extent  by increasing the current  
density, i.e., the applied field strength, but  it is ob- 
Vious that  for purposes of  anodization ful ly  amorphous 
ni t r ide films are preferable.  This fact does not consti- 
tute an addit ional  r equ i rement  in device processing 
because polycrystal l ine ni tr ide films are also unde-  
sirable for other  reasons; for instance, they are not 
effective barriers  to sodium migrat ion (4). 

Mechanism of Anodization of Amorphous 
Ns Films 

Figure  1 shows the changes that  occur in the inf ra-  
red transmission spectrum of a n i t r ide  film undergoing 
anodization. The spectrum of the original  ni t r ide film 
disappears if the film is anodized to completion, i.e., to 
the point where  all  of it becomes easily soluble in HF. 
At  incomplete  conversion, the spectra of both ni tr ide 
and of anodic oxide are present, but the oxide spectrum 
disappears if the soluble outer part  of the anodized film 
is etched in buffered HF. 2 This behavior  establishes 
that  oxygen ions penet ra te  into the ni t r ide film dur ing 
anodization and replace the nitrogen, but  does not rule  
out s imultaneous migrat ion of silicon ions. Absence of 
silicon ion migra t ion  was proven by conversion in the 
SiO2 window areas of a ni t r ide film deposited on top 
of a SiO2 pat tern on a silicon substrate. Af te r  anodiza- 
tion and str ipping of both ni tr ide and oxide films in 
concentrated HF, no indication of a step in the silicon 

The transition SiO~/Si~N~ is sharp; thus the method can be used 
for the controlled thinning down of SiaN~ films. 
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Fig. I. Shift in infrared spectrum during anodization of silicon 
nitride film on high resistivity p-type silicon substrate. 

surface at the position of the former  window areas 
could be detected by in ter ferometry ;  this proves that  
no silicon or only very  lit t le had been consumed dur-  
ing the anodization. 

This observation also clarifies the mechanism of the 
anodic conversion of the nitr ide film. Oxygen ions 
penetra te  into the nitr ide film, yet  the electric current  
through the rest of the ni tr ide film is ent i rely elec- 
tronic. Continui ty of charge t ransport  and over-a l l  
electr ical  neut ra l i ty  of the nitr ide film are possible 
only if the oxygen ion loses its electrons, which flow 
off through the ni tr ide film, and replaces the ni trogen 
which leaves as an e lect roneutra l  species, ei ther ele-  
menta l  ni t rogen or an oxygen-n i t rogen  compound. For 
the case of a Si3N4 film, the over-a l l  react ion can be 
wr i t ten  as 

602- + SigN4 -> 3SIO2 + 2N~ + 12 1 

The postulated evolution of a gas (nitrogen or an 
oxygen-nitrogen compound) during anodization also 
explains the observation that there is no fixed oxide 
to nitride thickness ratio for a given initial thickness 
of the nitride film; rather, the ratio appears to de- 
pend on the current density during anodization, i.e., 
the rate of gas evolution. The faster the rate, the more 
porous and therefore thicker the resulting oxide film. 

At a constant current density of 7 ma/cm 2 in the 
pyrophosphoric acid/tetrahydrofurfuryl alcohol solu- 
tion it takes about 350v (and about 10 min of anodiza- 
tion) to convert a 1000A nitride film completely. Com- 
plete conversion can also be achieved by anodization 
at a constant voltage of 215v for 18 hr, and the oxide 
film formed in this latter case is appreciably thinner 
than the constant current oxide. 

The over-all anodization behavior of nitride films 
on silicon is not too different from the anodization of 
a bare Si surface. The electrolytes are the same as can 
be used for the anodization of silicon, and the current 
efficiency is similarly low, i.e., a larger percentage of 
the current is due to oxygen discharge. Silicon nitride 
is, more easily damaged by avalanche formation than 
is SiO2, and this fact limits the anodization volt- 
age to about 350v. Nitride films thicker than 1000A 
can be rendered soluble by repeating the anodization 
as stripping the converted surface layer by etch- 
ing in HF. The etch rate of the conversion oxide is 
very high, about I00 A/sec in buffered HF (40g NH4F 
+ 15 cc conc. HF in 60 cc H20). 

The process has been applied to the opening of win- 
dows in the nitride film of Si/SiO2/Si3N4 device struc- 
tures. Windows are first opened in the oxide film by 
photoresist techniques, and the nitride film is then 
deposited over the whole front surface of the wafer, 

~ ' ~ / - ~  N ,~  - ~ ' / ' ~ - - ~ S i ~  (STEAM 
J ( ~ S i  GROWN ) 

"SisN4" DEPOSITION 

SILICON NITRIDE 

-ELECTROL*TE l c'~176 'cS'o" 

BHF ETCH 

Fig, 2. Sequence of steps used for opening of windows in nitride 
films. 

as shown in Fig. 2. During anodization the SiO2 pat tern 
underneath  the ni tr ide film serves as a dielectric ano- 
dization mask by reducing the field strength at the lo- 
cation of the SiO2; anodization thus is confined to the 
window areas of the pattern.  

While the ni tr ide film on top of the SiO2 is not 
rendered soluble, the applied Held strength at the 
position of the SiO2 is usual ly high enough to cause 
a shift in surface potential  of the silicon substrate, as 
is also observed in the S i /S iO2/meta l  system in the 
absence of alkali  ions (5). A bake in forming gas at 
500~ restores the original  surface potential  of the sili- 
con and the transistor gain (6). 

Anodization Behavior  of High-Res is t iv i ty  
p - T y p e  Silicon 

The spectroscopic work  repor ted  above was done on 
high resist ivi ty (25 ohm-cm)  p- type  silicon in order 
to minimize free carr ier  absorption in the substrate. 
Dur ing anodization of these wafers,  an unexpected dif-  
ficulty was encountered:  the bare back surface, in- 
stead of forming on oxide film, simply passivated i.e., 
passed large electronic currents  by discharge of oxy-  
gen. Strong i l luminat ion had no effect in prevent ing  
passivation. It  was possible to force oxide growth by 
going to unusual ly  high init ial  current  densities (50-80 
ma/cm2).  Once oxide growth had commenced,  it was 
possible to reduce the cur ren t  density, a l though it 
still remained appreciably larger  than on lower re-  
sistivity wafers for the same rate of oxide growth. 

It  was of interest  to de termine  whe ther  the elec- 
trons were  injected into the valence or the conduction 
band of the silicon. The first case would  consti tute 
major i ty  carr ier  extraction,  the second, minor i ty  car-  
r ier  injection. Since the electronic levels of anions in 
solution are located about 4-5 or more ev below vac-  
uum level, e i ther  si tuation could be realized for the 
par t icular  system: high resist ivi ty p- type  s i l icon/pyro-  
phosphoric acid in THF. 

A distinction be tween hole extract ion or electron 
inject ion was possible by means of a transistor  con- 
figuration, uti l izing a n+p  diode, the p-side of which 
was biased anodically, i.e., in the forward  direction vs. 
a p la t inum wire  in the p y r o / T H F  solution, while  a re-  
verse  bias was applied to the n+p  junction. The re-  
sistivity of the p-base was 50 ohm-cm, its thickness 5 
mils; the resist ivi ty of the epitaxial  n + layer  was 
about 1 ohm-cm. Only the p-base  made contact  to the 
electrolyte.  

It was found that  the forward  current  passed in the 
p-base /e lec t ro ly te  circuit  appeared almost  quant i ta -  
t ively  in the base/col lector  circuit  of the "l iquid 
emi t te r"  transistor, thus proving the occurrence of 
minor i ty  carr ier  injection. After  oxide growth had 
been forced to occur by passage of ve ry  large currents  
in the emi t t e r /base  circuit, the t ransfer  rat io was 
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found to have deteriorated, indicat ing that  now fewer 
electrons were able to enter  the conduction band of 
of the p-Si. 

Manuscript  received Nov. 29, 1966; revised ma nu-  
script received Jan. 26, 1967. 

Any  discussion of this paper will  appear in a Dis- 
cussion Section to be published in the December 1967 
JOURNAL. 
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Determination of the Thickness of Aluminum on 
Silicon by X-Ray Fluorescence 

J. E. Cline and S. Schwartz 
Electronics Research Center, National Aeronautics and Space Administration, Cambridge, Massachusetts 

ABSTRACT 

The thickness of deposited aluminum layers on silicon, in the range from 0 
to 4~, was shown to be determined easily by an x-ray spectrometric technique 
with much better sensitivity than by the usual optical interferometric mea- 
surements. Theoretical curves were calculated for two methods: (i) emission 
of characteristic aluminum fluorescence and (ii) absorption of characteristic 
silicon fluorescence. The first method gave the best results with ul t imate 
thickness sensit ivi ty in very thin layers of ___6A of a luminum.  

In  the fabricat ion of silicon planar  transistors, diodes 
and integrated circuits, vacuum-deposi ted th in  a lumi-  
n u m  films are general ly used for ohmic contacts to the 
active devices and for interconnections (1-3). The 
thickness of this a luminum layer, usual ly in the range 
1000-10,000A, must  be carefully controlled, since too 
th in  a layer will  not  have sufficient cur ren t -car ry ing  
capabil i ty and too thick a layer can lead to unrel iable  
contacts and excess intermetal l ic  formations. It is pos- 
sible that  fu ture  integrated circuit technology wil l  call 
for even thinner,  and more precisely controlled, de- 
posited a luminum as par t  of mul t imeta l  interconnec-  
tions. 

This work was under taken  as a phase of a general  
research program to improve techniques for failure 
analysis and process control of microcircuits. Reli- 
abil i ty of silicon monolithic circuits depends to a 
large extent  on the thickness of the thin film inter-  
connections and on their uniformity.  The strength 
of the Iead-bonding,  the rel iabi l i ty  for long- term 
operation, and the abil i ty to carry high currents  all 
depend on the control of the thickness of the a luminum 
used for the microcircuit  interconnections.  

The technique described in this paper for determin-  
ing a luminum thickness has the advantages of being 
nondestructive,  more sensitive, and more reproducible 
than the commonly used optical interferometric mea-  
surements,  and of furn ish ing  data in  a digital form 
readily adaptable to automation. The x - ray  fluores- 
cence technique is convenient ly  applied to the entire 
silicon microcircuit wafer  after the evaporation of a lu-  
m i n u m  and before the interconnect ion pat tern  is 
formed by the photoengraving process. 

Experimental 
The samples used in  this work were polished silicon 

wafers on which various thicknesses of a l u m i n u m  were 
deposited by vacuum evaporation, par t ly  masked to 
form steps for determinat ion of thickness by a Zeiss 

interference microscope. Thal l ium light was used to 
produce 0.27~ hal f -wave fringes. On each silicon slice 
the area of the a luminum film was greater  than that  
of a %-in.  circle for comparison of the thickness of 
the a luminum by the x - ray  fluorescence method. 

Two basic techniques were involved in the uti l iza- 
tion of x - ray  fluorescence for de terminat ion  of the 
thickness of the a l u m i n u m  films. In  one technique, 
emission of the characteristic a luminum K-a lpha  ra-  
diation by the a luminum film, increasing with its 
thickness, was measured. In  the other, measurements  
were made of the silicon K-a lpha  radiat ion emitted by 
the substrate, decreasing with a luminum thickness 
due to absorption. In  both cases the a l u m i n u m  and sil- 
icon fluorescence lines were activated by x- radia t ion  
from a tungs ten- targe t  tube in a Norelco vacuum x - r ay  
fluorescence spectrometer. Tube voltages from 15 to 
50 kv were used with currents  up to 50 ma. The wave-  
lengths of the x- rays  (8.320 and 7.111A for a luminum 
and silicon, respectively) were analyzed by a flat 
EDDT (ethylenediamine d- tar t ra te)  crystal  with a 
2d-spacing of 8.76A. A flow proport ional  detector was 
used with pulse ampli tude discrimination to improve 
the s ignal - to-background ratio. The spectrometer was 
operated at a vacuum of less than 0.02 Torr  pressure 
to el iminate absorption of the soft x - rays  by the air  
path. 

The four sample holders in  the spectrometer could 
be readi ly rotated into position in the x - r ay  beam 
without  breaking the vacuum. In  this way several 
samples or s tandards could be quickly compared. Each 
sample holder could accept a wafer  up to a diameter  
of ll/a in. As shown in  Fig. 1, a stainless steel mask 
with opening of 0.625-in. diameter  was used in each 
sample holder to define the area of the a luminum film 
under  examination.  Areas of smaller  size can be mea-  
sured with decrease in  sensitivity. 

In  Fig. 2, an enlarged cross section of the a luminum-  
coated silicon wafer is shown diagrammatical ly  with ~b 
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RADIATION 

Fig. 1. Position of silicon wafer and stainless-steel mask in speci- 
men holder. 

Table I. Computation of data from measurements of aluminum 
K-alpha fluorescence at tube voltage of 50 kv 

1 2 3 4 5 6 7 
S a m p l e  

A l - s t d -  S a m p l e  corr.  
b k g d  b k g d  B l a n k  for  b l a n k  I t  

c o u n t s /  c o u n t s /  c o u n t s /  c o u n t s /  - -  

t, # s e c  s c c  s e e  s e c  I ,  f (It)  

0.00 4375.0 34.0 34.0 0 0.0000 0.0000 
0.18 4314.5 325.0 33.5 291.5 0.0676 0.0304 
0.35 4347.0 475.0 33.8 441.2 0.1015 0.0465 
0.54 4374.0 849.5 34.0 815,5 0.1864 0.0896 
0.76 4392.0 1026.0 34,1 991.9 0.2258 0.1112 
1.31 4177.0 1474.0 32.5 1441.5 0.3451 0.1838 
2:70 4157.5 2570.5 32.3 2538.2 0.6105 0.4095 
3.58 4321.5 3126.0 33.6 3092.4 0.7156 0.5461 
4.18 4344.5 3352.5 33.8 3318.7 0.7639 0.6269 

SILICON 
WAFER 

J I ALUMINUM 

. . . .  

FLUORESCENCE 
Fig. 2. Angles of incidence of primary and fluorescence radiation, 

showing paths of x-rays in aluminum film and silicon substrate. 

represent ing the angle of incidence of the pr imary  
radiat ion with  the specimen surface and ~ the angle 
of emission of the fluorescence radiation. These angles 
are de termined  by the position of the specimen in re-  
lation to the target  of the x - r ay  tube and to the col-  
l imator  of the spectrometer.  

Results and Discussion 
A l u m i n u m  K-alpha fluorescence.--The dependence 

of the intensi ty of the characterist ic a luminum K-  
alpha radiation, It, on the thickness of a luminum can 
be expressed by 

- - =  I --e -At [i] 
Io 

where  Io is the intensi ty l imit  of fluorescence radia-  
tion f rom thick (over  40~) a luminum, t is the th ick-  
ness of a luminum in microns, and A is a constant. The 
constant A can be calculated (4, 5) f rom the equat ion 

104A = #____s _~ #s [2] 
sin r sin 

where  ~p and ~s are the l inear  absorption coefficients 
of a luminum for the p r imary  and fluorescence radia-  
tion, respectively.  The second te rm was calculated 
f rom the data of Cooke and Stewardson (6), using the 
values ~s ---- 1065 and ~ ---- 35 ~ . The first te rm in Eq. 
[2] cannot be calculated direct ly since ~p is uncer-  
tain, depending on the average  effective wave leng th  
of the p r imary  radiation. In our work  the constant A 
was determined f rom the exper imenta l  data. 

Using Eq. [1], a l inear  relat ionship be tween  a func-  
tion of the intensity,  f ( I t ) ,  and the thickness, t, can 
be obtained by 

f ( I t )  =--1og19 1 - - ~  = 2.3026 [3] 

The computat ion of values of It/Io and f(I t )  for  a 
series of a luminum-coa ted  silicon wafers  measured 
at an x - r a y  tube vol tage of 50 kv  and current  of 25 
ma is shown in Table  I. Similar  sets of data were  also 

obtained at 25 and 40 kv. At  least five separate counts 
of 10 sec each were  taken on the standard and five 
on the sample, a l ternat ing to minimize error  in the 
ratio due to ins t rument  drift.  Since the m a x i m u m  
count ra te  used was 6400 counts/sec,  it was not  con- 
sidered necessary to make  any correct ion in the in-  
tensity measurements  for the resolving t ime of the 
pulse counting circuit. 

In columns 2 and 3 of Table I, the re la t ive  in ten-  
sities of the a luminum standard and the sample, re -  
spectively, are indicated after  correct ing for the back- 
ground measured wi th  the spectrometer  sett ing near 
the a luminum K-a lpha  line. In column 4, the blank 
intensi ty of an uncoated silicon wafer  is shown cor- 
rected for variat ions in count rate  f rom the a luminum 
standard. Almost  all of this blank intensi ty was shown 
to be due to a luminum impuri t ies  in the stainless- 
steel mask in the sample holder. 

The l inear i ty  of f ( I t )  re la t ive  to t is demonstrated 
by Fig. 3, plotted for the data in Table I. The slope 
of the line, 0.151, was computed by the method of 
best least squares fit. F rom this slope the constant A 
in Eq. [3] is calculated to be 0.348. In Table IT a com- 
parison is shown between t h e  exper imenta l  values of 
f ( I t )  and the best fit values, 0.151 t. The values of 
tcatc (the thickness calculated f rom x - r ay  fluorescence 
data) are also compared in Table  II wi th  values of t 
(measured with  the in terference microscope).  It is 
bel ieved that  most of the difference be tween exper i -  
menta l  and best fit values can be accounted for by 
exper imenta l  error  in the in ter ference  measurements .  
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Fig. 3. Plot of f(It) vs. t using aluminum k-alpha at 50 kv. 
Slope of line = 0.151, calculated from least squares fit. 
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Table II. Comparison of aluminum thickness measurements by 
interferometry and x-ray fluorescence, AI K-alpha at 50 kv, and 

comparison of experimental flit) with best fit values 0.151 t 

.75 

l (It) /O,151 
t ,  # 0.151 t S(It) tcalc,/t, tonic - -  t ,  /~ 

0 . 0 0  0 , 0 0 0  O.OOOO O.00  0 . 0 0  
0.18 0 . 0 2 7  0 . 0 3 0 4  0 . 2 0  0 . 0 2  
0.35 0,083 0 . 0 4 6 5  0 . 3 1  --  0 . 0 4  
0 . 5 4  0 . 0 8 2  0 . 0 8 9 6  0 . 5 9  0 . 0 5  
0 . 7 6  0 . 1 1 5  0 . 1 1 1 2  0 . 7 4  - - 0 . 0 2  
1.31 0.198 0.1838 1.22 - - 0 .09  
2 . 7 0  0 . 4 0 8  0.4095 2,71 0.01 
3.58 0 . 5 4 1  0 . 5 4 6 1  3.62 0 . 0 4  
4 . 1 8  0.630 0.6269 4 . 1 5  --0.03 

There was no indication in this set of experiments ,  or 
in o ther  sets run  at different tube voltages, that  a 
curve  other  than a s t raight  Iine would give a bet-  
ter fit of the plot of f ( I t )  vs. t. 

In Fig. 4 a pair  of cal ibrat ion curves are shown 
for conversion of x - r a y  fluorescence data at 50 kv  to 
a luminum thickness. It  is es t imated that  the precision 
of thickness measurement  for ve ry  thin a luminum 
films is • 6A, l imited by the background noise in the 
x - r ay  spectrometer.  For  thicker  films the slope of the 
curve, It/Io vs. t, decreases and the precision of the 
x - r ay  measurement  becomes l imited by the stabili ty 
of the instruments.  At  50 kv the best reproducibi l i ty  
of counting rate of the x - r ay  fluorescence f rom the 
same sample was found exper imenta l ly  to be • 0.15%. 
Thus, it was determined from the calibration curves 
of It/Io in Fig. 4 that  the ul t imate  precision is • 0.003~ 
at t = 1~, and • 0.2~ at t ----- 10#. 

The effect of variat ions in x - r a y  tube voltage on 
the intensi ty ratio, It/Io, was found to be very  small. 
When the voltage was changed f rom 50 to 25 kv, the 
slope of the line, $(It) vs. t, was found to increase 
only by 3 %. 

In order  to reduce background noise in the x - r ay  
spectrometer,  pulse ampli tude discrimination was used 
with  peak sensi t ivi ty at the energy  of the a luminum 
K-a lpha  x - r a y  photons. With a re la t ive ly  na r row win-  
dow (energy range)  of 5.0v, it was found that  Id lo  
var ied  significantly when  the voltage of the level  (bot-  
tom of the energy  range) was changed. In Fig. 5 the 
effect of level  variat ions on It/Io measurements  taken 
on a single sample is shown. At  the opt imum sett ing 

I.O ~ 
t (MICRONS), CURVEA 

!. 2 4 6 8 I0 12 14 16 18 20 22 24 26 28 I l ~ l  I I [ I . . . . . .  

6f/ I t / I~  

.4 

.i 
o1[. , i , i i i i i I I I i i 

O 2 4 G 8 t 0 I 2 14 IG I~ 2D 22 2~ 2.6 
t (MICRONS), CURVE S 

Fig. 4. Calibration curves of It/Io vs. t (AI K-alpha at 50 kv). 
Top scale is for curve A, bottom scale for curve B. 
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Fig, 5. Effect of level variations on It/Io (AI K-alpha at 50 kv, 
window setting at 5.Or). 

of the level  at 4.0v (depending on detector vol tage) ,  a 
change of 0.1v in level  results in a 0.07% change in 
It/Io. For  best reproducibi l i ty  it is advisable to w a r m  
up the electronics for stabilization, occasionally check 
the level  for opt imum setting, and operate with as 
large a window that  is feasible for the amount  of 
background noise that  can be tolerated in order  to 
reduce the effect of level  fluctuations. 

Sil icon K - a l p h a  f luorescence . - - Ins tead of using the 
a luminum K-a lpha  fluorescence, the thickness of the 
a luminum layer  on silicon can also be de te rmined  by 
measurement  of x - r a y  fluorescence f rom the substrate. 
In this case the m a x i m u m  silicon K-a lpha  fluorescence 
intensi ty is obtained at zero thickness of the aluminum, 
and the intensi ty decreases exponent ia l ly  as the alu- 
minum thickness increases as shown by the relat ion-  
ship 

I't 
= e -Bt  [4] 

Fo 

where  I't and I~ are the intensit ies of silicon K-a lpha  
fluorescence at a luminum thickness of t (~) and 
zero, respectively.  The constant B can be expressed by 

,U/p ,u,' s 
10 4 B = - -  + - -  [5] 

sin ~ sin 

where  ~'o and /*'s are the l inear  absorption coefficients 
of a luminum for the p r imary  radiat ion and silicon 
K-a lpha  fluorescence, respectively.  

F rom Eq. [4] a l inear  relat ionship between a func-  
tion of the intensi ty F(I 'D and t can be obtained by 

I ' t  B t  
F (I't) -~ - -  log10 T o  = 2.3026 [6] 

The values  of I't/l 'o and F (I't) were  calculated f rom 
measurements  at 50 kv  for a series of silicon wafers  
coated with  a luminum ranging in thickness f rom zero 
to 4.18~. 

In Fig. 6, F(I ' t )  vs. t is plotted with the slope of 
the line, 0.769, computed by least squares fit. F rom 
this slope the constant B in Eq. [6] is calculated 
to be 1.771. B is greater  than A of Eq. [3] be-  
cause the l inear  absorption coefficient of a luminum 
for  silicon K -a lpha  radiat ion is much  greater  than 
for a luminum K-a lpha  (9033 and 1065). From ex-  
per imenta l ly  de termined  constants A and B and pub-  
lished values of absorption coefficients the  first te rms 
on the r ight  side of Eq. [3] and [5] are calcu- 
lated to be 1620 and 2060, respectively.  It  is possible 
that  this difference can be due to a var ia t ion of ab- 
sorption by a luminum of the p r imary  radiation, which 
has different effective wavelengths  for act ivat ing 
fluorescence in silicon and aluminum. 

In Fig. 7 a cal ibrat ion cone is shown for conver-  
sion of the silicon x - r a y  data to a luminum thickness. 
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Fig. 6. Plot of F(l't) vs. t using silicon K-alpha at 50 kv. Slope 
of line = 0.769, calculated from least squares fit. 
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Fig. 7. Calibration curve of I ' t ] l 'o vs. t (Si K-alpha at  50 kv) 

For very thin a luminum films a _ 0.3% precision in 
counting rate would give a precision of • 24A in 
a luminum thickness. At a thickness of 1 micron the 
ul t imate precision is _ 0.003~. Surface var iat ion and 
presence of variable silicon dioxide under  the evap- 
orated a luminum would decrease the obtainable pre-  
cision. 

C o n c l u s i o n s  
The measurement  of the thickness of a luminum on 

silicon by calculation from x- ray  fluorescence data 
is a convenient ,  nondestruct ive  technique. For very 
thin films the sensit ivi ty is • 6A, obtained with alu-  
m i n u m  K-a lpha  fluorescence. The silicon K-a lpha  
fluorescence can also be used, bu t  is not recommended 
for measur ing a luminum on integrated circuit  wafers 
due to absorption of x- rays  by the variable amount  
of silicon dioxide under  the a luminum.  
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Optical Spectra of Ytterbium in CdF  
Paul F. We l le r  

Department of Chemistry, State University College, Fredonia, New York 

ABSTRACT 

Optical absorption and fluorescence studies were conducted on Br idgman-  
grown CdF2 single crystals doped with YbFs and with YbF~ plus codopants such 
as CdS, NaF, EuF3, and CaF2. Generally,  the y t te rb ium absorption spectrum 
consisted of two lines, a weak l ine at 9620A and a strong line at 9760A. The 
peak height of the strong line was quite dependent  on temperature  and co- 
dopant. Yt terbium fluorescence lines usual ly occurred between 9620 and 9700A 
and between 9750 and 9800A and were very dependent  on codopant. A possible 
fit to the exper imenta l ly  observed absorption and fluorescence data is ob- 
tained if the cubic crystal field symmet ry  at the Yb +3 lattice site gives rise to 
a total spli t t ing of about 475 cm -1 for the 2F5/2 excited state and about 590 
cm -~ for the 2F7/2 ground state. 

Recent EPR studies (I-4)  on t r iva lent  rare earth 
dopants in CdF2 have indicated that the crystal field 
symmetry  at the rare  earth site is largely cubic. This 
is not the case in CaF2 where  charge compensating ions 
such as F -  interst i t ials  and subst i tut ional  divalent  
anions such as O-~ and S -2 and monovalent  cations 
such as Na + general ly  distort the local cubic symmetry  
around the RE +~ ion (5). 

Another  significant difference between RE doped | 
CaF2 and CdF2 is found for Yb +~ doping. The cubic 
crystal field spli t t ing in CaF2 appears to be about 630 
cm -1 for the 2F5/2 excited state and about 800 cm -1 
for the 2F7/2 ground state as obtained from EPR data 
(5). The EPR and optical spectra estimates for the 
Yb +3 ground state spli t t ing in  CdF2 range from 12 
cm -1 (6) to about 110 cm-1 (2). 

The following optical studies were made on Bridg- 
man -g rown  CdF2:Yb +3 single crystals in order to 
obtain more informat ion on the crystal field symmetry  
and crystal  field strength at the Yb +3 site in CdF2. 
Various codopants such as Na +, S -z, Eu +~, and Ca +2 Fig. 
were added, along with Yb +3, to the CdF2 and the crystal 
effects on the Yb +3 absorption and fluorescence spectra 
observed. 

Experimental 
All of the single crystals reported on in this study 

were grown via a Br idgman-Stockbarger  technique 
using graphite crucibles, as reported previously (7). 
The doping concentrat ions given (mole per cent) are 
those that  were added to the sample charge. In  the 
case of yb+3 and Eu +3 these concentrat ions are rea-  
sonably accurate (segregation coefficients near  un i ty) .  
However, for Ca +2, Na +, and S -u there is considerable 
segregation in CdF2. The concentrations listed, there-  
fore, are not  the true ones but  give the max i mum 
possible values a t ta inable  (segregation coefficients less 
than un i ty ) .  

CdF2:Yb+a Crystals.--Absorptio~.--The optical ab- 
sorption spectra for the "as grown" Yb +3 doped CdFe 
crystal shown in Fig. 1, as well  as all  of the other 
crystals reported on below, were run  on a Cary Model 
14 speetrophotometer at 300 ~ 77 ~ and 6~ Several  
features are of interest. There is only one strong ab-  
sorption line, 9760A, which splits into a tr iplet  at 6~ 
with splitt ings of 6A and 8A from the central  line. 
There are two other weak lines, at 9620 and 9200A, 
that are essentially temperature  independent .  All of 
these lines are superposed on a broad band absorption, 
about  9000 to 9700A. (The reason for this one strong 
absorption l ine is not clear. In  a cubic crystal  field, 
two absorption lines of approximately equal intensi ty  
would be expected. Crystal fields of lower symmetry  
would give rise to three absorption lines.) 

All  of the absorption lines detected at 77~ be-  
tween 0.4 and 2.5~ are listed in  Table I, for this 

I ' l [  �9 , , 

I 
LO, 

Ca F2:O.i% YbF 3 
GS 4~1 mm THICK 

(18 

0.7 

Ge 

0.5 

0.4 

0 . 2  

G I  

O 

7T 'K  

0.961e. 

x~ x~ 

6"K 

/ 0 9 7 U  . 

xt~ 
1. The optical absorption spectrum of a CdF2:O.1%YbF~ 
at 300 ~ 77 ~ and 60K. 

CdF2: Yb +3 sample as well as all others described be- 
low. The absorption spectrum of Yb +a in  CdF2 at low 
temperatures has also been reported by Weakliem 
(8) and by Banks and Wagner  (9). Weakliem found 
two lines around 9500A and one around 9200A. All  
three lines appeared to be of about equal in tensi ty  and 
were quite weak. The spectrum of Banks and Wagner  
is very similar  to that  reported in  this study. Konyuk-  
hov, Pash in in ,  and Prokhorov (1) report  two absorp- 
t ion lines at 0.961 and 0.972g for Yb +3 in CdF2 at room 
temperature.  

Fluorescence.--The fluorescence spectra in  the region 
of lg were recorded at 77 ~ and 2~ using high pres- 
sure mercury  lamp excitat ion with a copper sulfate 
filter, a Perk in  Elmer  Model 210 monoehromator  and 
a cooled photomult ipl ier  wi th  type S-1 response. Fig-  
ure 2 shows the emission spectrum at 77~ of the 
"as grown" CdF2: 0.1% YbF3 erystaI reported on above. 
Strong lines were observed at 9632 and 9760A with 
weaker  lines at 9617 and 9755A. On cooling to 2~ 
the stronger lines shifted to 9625 and 9767A and the 
weaker lines to 9613 and 9750A. The two lines occur- 
r ing at 9632 and 9755A at 77 ~ decreased significantly in 
intensity on cooling to 2~ Table II gives the fluores- 
cence lines for this sample as well as all others de- 
scribed below. I t  should be noted that the fluorescence 
lines are designated weak and strong in Table II, and 
throughout  the paper, without  correction for detector 
response. 

Weakliem (8) has found fluorescence lines for 
CdF2:Yb +3 samples at 77~ at 9600, 9640, 9705, 10,225, 
and 10,260A. 
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Table I. The observed optical absorption lines and transition 
assignments at 77~ for Yb +s and for Yb +s plus various 

codopants in CdF2 single crystals 

Assigned t r a n s i t i o n  
E n e r g y ,  I n t e n -  

S a m p l e  k (A) c m  -z s i t y  S t r o n g  W e a k  

0 .1% YbFs  9124 10.980 v v w  7 - 8 ' b  

0 ,1% Y b F s  + H F  

1 % Y b F s  + 1 % N a F  

1 % Y b F s  + 1 % C d S  

1% Y b F s  + 1% EuF3 

0 .1% YbF8 + 7% CaF2 

9185 10,887 v w  7 -8 '  cubic 
9618 10,397 w 7-7 '  c u b i c  7 - 8 ' b  
9623 10.392 v w  7-7 '  c u b i c  7 - 8 ' a  
9752 10,254 s 7 -7 '  7 -7 '  c u b i c  
9760 10.246 vs  7 -7 '  7 -7 '  

9137 10,945 v w  7 - 8 ' b  
9169 10,906 v w  7 - 8 ' b  
9200 10.870 v v w  7 -8 '  c u b i c  
9620 10.395 w 7 -7 '  c u b i c  7 - 8 ' b  
9683 10,327 m 7-7 '  7 - 8 ' a  
9755 10,251 s 7-7 '  c u b i c  
9764 10,242 vs  7-7 '  

9138 10,943 v v w  7-8'b 
9194 10,877 w 7-8 '  c u b i c  
9213 10,854 w 7 -8 '  c u b i c  
9260 10,799 v v w  
9330 10,718 v w  7 - 8 ' a  
9338 10,709 v w  7 - 8 ' a  
9438 10,595 v v w  
9617 10,398 m 7-7 '  c u b i c  7 - 8 ' b  
9623 10,392 s 7 -7 '  c u b i c  7 - 8 ' a  
9750 10,256 m 7-7" 7-7 '  c u b i c  
9759 10,247 m 7 -7 '  7-7 '  

9140 10,941 v v w  7 - 8 ' b  
9200 10,870 v w  7-8 '  c u b i c  
9360 10,684 v w  7-8"a 
9470 10,560 v v w  
9570 10,449 v w  
9617 10,398 w 7-7 '  c u b i c  7 - 8 ' b  
9630 10,384 w 7-7 '  c u b i c  7-8"a 
9754 10,252 s 7-7 '  7-7" c u b i c  
9760 10.246 vs  7-7 '  7 -7 '  

9200 10,670 v w  7-8 '  c u b i c  
9620 10.395 w 7-7" c u b i c  7 - 8 ' b  
9625 10,390 w 7-7 '  c u b i c  7 - 8 ' a  
9754 10,252 s 7 -7 '  7 -7 '  c u b i c  
9760 10,246 s 7 -7 '  7 -7 '  

9200 10,870 v v w  7-8 '  c u b i c  
9620 10,395 w 7 -7 '  c u b i c  7-8 '  
9760 10,246 v w  7-7 '  7-7" 

T h e  i n t e n s i t i e s  l i s t e d  as v e r y  w e a k  ( v w ) ,  w e a k  ( w ) ,  m e d i u m  ( m ) ,  
s t r o n g  (s) ,  s h o u l d e r  (sh) a n d  b r o a d  (br)  c a n n o t  be  c o m p a r e d  be -  
t w e e n  the  v a r i o u s  s a m p l e s .  A s s i g n e d  t r a n s i t i o n s  a r e  g i v e n  fo r  b o t h  
s t r o n g  a n d  w e a k  c r y s t a l  f i e ld  s p l i t t i n g s  a n d  a r e  d e s i g n a t e d  by  t h e  
P l e v e l  n u m b e r s  i n v o l v e d .  

Crystal treatment and codopants.--Treatment of 
CdF2:0.1% YbFs crystals in HF gas.--The effects on 
the absorption and fluorescence spectra were quite 
pronounced when  the "as grown" crystal  reported on 
above was submit ted to HF firing. A section of the 
crystal  about  1.2 mm thick, contained in  a p la t inum 
boat, was fired in  flowing HF gas at about  850~ for 
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Fig. 3. Optical absorption spectra at 77~ of crystals of 
CdF2:YbF3 + various codopants: (a) HF fired CdF2:0.1%YbF3, 
(b) CdF2:1%YbF3 + 1%NaF, (c) CdF2:1%YbF3 -f- 1%CdS, (d) 
CdF2:l%YbF3 + 1%EuF.~ and CdF2:O.1%YbF3 -t- 7%CaF2 (lower 
c u r v e ) .  

two days. The resul t ing absorption spectrum is shown 
in Fig. 3a and the fluorescence spectrum in  Fig. 2, 
both at 77~ The broad absorption, between 9000 and 
9700A, of the unt rea ted  crystal  was noticeably de- 
creased, and a new absorption peak at 9683A was 
present  in the HF fired crystal. The fluorescence also 
changed. The two strong lines at 9632 and 9770A in 
the unt rea ted  crystal  disappeared upon HF firing, and 
new lines appeared around 9671 and 9679A. 
CdF2:l% YbF3 + 1% codopant.-- The effects of Na +, 
added as NaF, on the absorption and  fluorescence 
spectrum of Yb +3 in CdF2 at 77~ are shown in  Fig. 
3b and 4. Of par t icular  note is the drastic reduct ion in 
in tensi ty  of the 9760A absorption line, and the loss of 
the broad, 9000 to 9700A, absorption. Banks and Wagner  
(9) discuss the effects of Na + on the Yb +s absorption 
spectrum in  more detail. 

The 77~ absorption spectrum of CdF2:Yb +3 co- 
doped with CdS shown in Fig. 3c was very similar to 
the spectrum with no S -2 added. The only difference 
was in  the spli t t ing of the 9620A line. The fluorescence 
spectrum in  Fig. 4 appeared to be similar to that of a 
composite of the "as grown" and HF fired CdF2:Yb +8 
spectra. On cooling from 77 ~ to 2~ the emission 
peaks shifted slightly in wavelength  and became 
sharper. The 9763A peak split into two lines of near ly  
equal in tensi ty  at 9771 and 9780A. 

The addition of Eu +3 as a codopant appeared to in-  
crease the in tensi ty  of the Yb +3 absorption peak at 
9754A in relat ion to the 9760A peak. The general  char-  
acter of the 77~ absorption spectrum, however,  did 
not change as is shown in  Fig. 3d. Figure 5 shows the 
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Fig. 2. The fluorescence spectrum at 77~ of the CdF2:0.1%YbF8 
crystal shown in Fig. 1 and of the same crystal after firing in an 
HF atmosphere. The slit width, S, is given in ram, 
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1%NaF and CdF2:1%YbF3 + 1% CdS. The slit width, S, is given 
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Table II. The observed optical fluorescence lines and transition assignments for Yb +3 and for Yb +3 plus various codopants in 
CdF2 single crystals 

611 

I n t e n s i t y  A s s i g n e d  t r a n s i t i o n  
S a m p l e  k (A) Ene rgy ,  cm -1 77~ 2~  S t r o n g  W e a k  

0.1% YbFs 9617 10,398 w v w  7'-7 cubic  8 'b-7  
9632 10,382 s w 8 'a-8a  8 '-7 cub ic  or  8 'a-7 
9649 10,364 v v w  v v w  
9679 10,331 v w  v v w  8'-8 cubic  8 'a -8a  or  8 'b -8a  
9695 10,315 v w  v v w  8 ' -8 cub ic  8'a-Ba or  8"b-Ba 
9755 10,251 m v w  8 'b -Sb  8 '-8 cubic 
9770 10,235 s s 7'-7 7'-7 
9887 10,114 m ( b r )  m ( b r )  p h o n o n  asstd.  7'-6, 8, 8a, 8b 

0.1% YbFa + H F  9621 10,394 w 7'-7 cub ic  8 'b-7  
9653 10,359 v w  8 ' a -8a  
9671 10,340 n~ 8 '-8 cub ic  8 'b -8a  
9679 10,331 s 7'-7 8 'a-7  
9691 10,319 w (sh) 8 ' b -8b  
9733 10,274 v w  8 ' -6 cub ic  8 ' -8  cubic  
9764 10,242 v w  7'-7 

1% YbFa + 1% N a F  9621 10,394 m 7'-7 8 'b-7  
9651 10,362 v w  8 'a-8a  
9673 10,338 s(sh)  8 '-8 cubic  8 'b-Sa 
9678 10,333 s 8 ' - 8  cub ic  8 ' a - S a  
9733 10 ,274  m 8 ' - 6  c u b i c  8 ' b - 8 b  
9744  10,263 m S ' b - 8 b  8" -8  c u b i c  
9762 10,244 w (sh) 7'-7 7'-7 

1% YbF~ + 1% CdS 9617 10,398 v w  v w  7'-7 cub ic  
9630 10,384 w w 
9649 10,364 m m 
9678 10,333 s s 
9763 10,243 s s 7'-7 7'-7 a n d  7'-7 cub ic  
9944 10,057 m ( b r )  m ( b r )  p h o n o n  ass td .  7 '-6,  8, 8a, 8b 

10,283 9,725 w w p h o n o n  ass td .  

1% YbF3 + 1% EuFa 9614 10,401 v w  7'-7 cub ic  8 ' b -7  
9748 10,259 s 7'-7 7'-7 cubic  
9753 10,248 s 7 '-7 7'-7 
9872 10,130 w ( b r )  p h o n o n  ass td .  7'~6, 8, 8a, 8b 

0.1% YbF3 + 7% CaF= 9609 10,407 m s 7 '-7 cubic  
9617 10,398 s s 7'-7 cubic  
9627 10,387 w w 7'-7 cub ic  
9639 10,374 w 8 ' a -8a  
9643 10,370 m w 8 'a -8a  
9650 10,363 s m 8 'a -Sa  

10,195 9,809 v w  v w  7'-6 cub ic  p h o n o n  ass td .  
10,233 9,772 v w  v w  7'-6, 8 p h o n o n  asstd. 
10,273 9,734 w w 7"-6, 8 p h o n o n  ass td .  

I n t e n s i t i e s  a t  77 ~ a n d  2~  l i s t ed  as  v e r y  w e a k  (vw) ,  w e a k  (w),  m e d i u m  (m),  s t r o n g  (s), s h o u l d e r  (sh) a n d  b road  (br) c a n n o t  be com-  
p a r e d  b e t w e e n  the  v a r i o u s  s a mp le s  a n d  are  unco r r e c t ed  fo r  de t ec to r  response .  A s s i g n e d  t r a n s i t i o n s  are  g i v e n  fo r  bo th  s t r o n g  a n d  w e a k  crys-  
t a l  f ield s p l i t t i n g s  a n d  are  d e s i g n a t e d  b y  t he  r l e v e l  n u m b e r s  i n v o l v e d .  

fluorescence spectrum at  77~ No emission was pres- 
ent  between 9200 and 9610A. 
CdF2:I% YbF~ -t- 7% CaF2.--The effects on the Yb +3 
absorption and emission spectra of adding CaF2 to 
CdF2:Yb +3 were large, unexpected,  and curious. As 
shown in  Fig. 3d the 77~ absorption changed mark -  
edly. The intense l ine at 9760A was almost gone. The 
reason for the drastic decrease in  in tensi ty  of this ab- 
sorption peak is not  obvious. It  is difficult to imagine 
a large change in  crystal  field s trength or symmetry  
upon subst i tut ing a Ca +2 ion for a Cd +2 ion at these 
concentrations. 

The fluorescence spectrum at 77~ shown in Fig. 5 
revealed intense emission lines, relat ive to the 
CdF2:Yb +3 crystals, between 9610 and 9660A. Other 
weak lines were observed around 10,220A but  no lines 

0.8 0,9617 I ~ I q i i i f - -  

0,9650 0.9758 

::oU 

;o4~ /~1[ I I 77"K 
o3/ |~11 I t s.•oz7 

B o.~72 

0.2 1 ' i.o233 ,o273 

01"~0,961 0.97(- 0.~1 0991 1.01 I.Oll 1.021 1031 ~1.04- 

Fig. 5. The fluorescence spectra at 77~ of CdF2:1%YbF3 -{- 
1%EuF3 and CdF2:O.l%YbF3 ~ 7%CaF2. The slit width, S, is 
given in ram. 

were found in the 9760A region. On cooling to 2~ 
only the relat ive intensit ies of the emission peaks were 
changed. The general  character of the spectrum was 
preserved. 

Another  interest ing observation was the existence of 
Yb +2 as indicated by u.v. absorption bands and yellow 
fluorescence (10, 11). Divalent  y t te rb ium and its u.v. 
absorption band might  be the reason for the enhanced 
Yb +3 fluorescence at 9610 to 9650A in  the CdF2-CaF~ 
mixed crystals. This would, of course, require energy 
t ransfer  between the Yb +2 and Yb +3 ions. 

Discussion 
Crystal field strength.--As noted above, EPR studies 

(5) on Yb +~ in CaF2 give a cubic crystal field split-  
t ing of about 630 cm -1 for the 2F5/2 excited state and 
approximately 800 cm -1 total spli t t ing for the 2F7/2 
ground state. Kiss (12) has studied the optical spec- 
t rum of Tm +2 (isoelectronic with Yb +3) in  CaF2. He 
finds a cubic crystal  field spli t t ing of 410 cm -1 for the 
excited state and 555.8 cm -1 between the r7 and rs 
levels of the ground state. Calculations (13) using 
crystal  field parameters  derived from these observed 
optical data yield a total ground state splitting, r7 to r6, 
of about 588 cm -1 (as yet unobserved exper imental ly) .  

To a first approximation the crystal  fields ex- 
perienced by  Yb +3 in CdF2 and CaF~ should not be 
too different. Consequently,  a total crystal  field split-  
t ing of several hundred  wave numbers  would be ex- 
pected for the energy levels of Yb +3 in  CdF~. How- 
ever, the estimates for the cubic field ground state 
splitting, derived from optical and EPR data, have 
been very much lower, ranging from 12 (6) to 110 
cm -1 (2). 

T w o  al ternat ives were selected, therefore, in  t ry ing  
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to fit the above absorption and fluorescence data for 
Yb +3 in CdF2 to specific t ransi t ions on an energy level  
diagram. In the first case (strong crystal  field) a total 
crystal  field spli t t ing of about 600 and 500 cm -~ was 
used for the ground and excited states, respectively.  
In the second case (weak crystal  field) smaller  crystal  
field splittings of about 150 and 140 cm -1 were  tried. 

Strong crystal field.--All of the absorption and fluo- 
rescent t ransi t ion assignments are g iven in Tables I 
and II and a summary  of the energy level  splittings in 
Fig. 6 (a). 

The 2F5/2 excited state cubic crystal  field split t ing 
( r ' 7 - - r ' s )  of 475 cm -1 was given by the weak ab- 
sorption lines near  9620 and 9200A (10,395 and 10,870 
cm -1, respect ively)  in all of the samples. In the 2F;/~ 
ground state, the cubic crystal  field splittings were  
found to be r T - - r s  = 560 cm -1 using the fluorescent 
transit ions near  9679A in the CdF2: YbFs, HF fired and 
NaT codoped samples and rs --  1~6 = 30-40 cm -1 using 
the emission lines near  9733A in the HF  fired and NaF 
codoped samples and near  10,195A in the CaF2 codoped 
sample. This gave a total  2F7/2 ground state split t ing 
of, r7 - -  rs = 600 c m - L  

The absorption data indicated at least two noncubic 
crystal  field splittings for the 2F5/2 exci ted state. In 
most of the samples the F'7 energy level  occurred near  
10,250 cm -1 and the r'SCb) level  be tween 10,940 and 
10,960 cm -1, giving a total  excited state splitting, 
1~'7 --  I~'8(b) = 700 cm -I .  The r's(a) level  was located 
be tween 10,680 and 10,718 cm -1 in the NaF and CdS 
codoped samples giving a r's(~> - -  r'S(b) spli t t ing of 
about 250 c m - L  In the HF fired sample, however ,  the 
r ' 7  level  and r's(b) levels were  placed at 10,327 and 
10,945 cm-1,  respectively,  g iving a r'7 - -  r'Sr split t ing 
of about 620 cm - t .  

The 2F7/~ ground state splittings resul t ing f rom 
crystal  fields of noncubic symmet ry  were  more  difficult 
to obtain. In most of the samples, the fluorescence 
data indicated that  the rs(a) level  (probably the first 
exci ted level  in the ~F~/~ ground state) occurred 
340-370 cm -z  above the rv ground state level. The 
re la t ive  order  of the l~8(a) and rs energy levels is not 
known;  the assignment in Fig. 6 was chosen arbi-  
trari ly.  The second excited ground state leve l  (rscb)?) 
seemed to tie be tween  625 and 709 cm -~ above the rv 
level  in the CdF2:YbF~, HF  fired and CdS codoped 
samples. No specific transit ions were  associated with  
the r6 level, assuming that  i t  lies more than 710 cm -z  
above the r~ ground state. 
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Fig. 6. Crystal field splittings for Yb +3 in CdF2 according to 
(a) strong crystal field and (b) weak crystal field. Splittings be- 
tween energy levels are given in cm -1 .  Absorption lines between 
the 1'7 and r'7 levels are given in crn -1 .  The ordering of the 
r8(a) FS(b) and Fo ground state levels was selected arbitrarily. 
In both (a) and (b) cubic crystal field splittings are given on the 
left and noncubic crystal field splittings on the right. 

There are several  difficulties with this strong crystal  
field scheme. To expla in  the absorption doublets oc- 
curr ing near  9620 and 9760A in most of the samples, 
recourse must  be made to a ve ry  slight distort ion of 
the crystal  fields present  at the u  +~ latt ice site. These 
might  be caused, for example,  by nex t -nea res t -ne igh-  
bor effects. 

The fluorescence lines occurr ing at 9887, 9944, 10,283, 
9872, 10,233, and 10,273A seem to requi re  a phonon 
assisted explanation.  The fluorescence lines at 9630, 
9649, and 9678A in the CdF2:YbF3 -t- CdS sample 
cannot be assigned because of their  t empera ture  de- 
pendence (see Table II) .  

Weak crystal field.--The assigned transi t ion are 
given in Tables I and II and a summary  of the energy 
level  splittings in Fig. 6 (b).  

The 2F5/2 excited state energy level  split t ing for 
Yb +m in a cubic crystal  field was est imated to be 
140 cm -1 for all of the samples. The absorption line 
near  9752A (10,251 cm -1) was used along with  a line 
est imated to be at 9620A (10,395 cm -1) but  obscured 
in the absorption data  by the doublet  arising f rom 
noncubic crystal  field symmet ry  (see below).  

The cubic crystal  field split t ing be tween the r7 and 
r8 levels of the 2F7/2 ground state was est imated to be 
130-140 cm -1 f rom the fluorescence data (the lines at 
9887 and 9755A in the CdF2:YbF3 sample, for ex-  
ample) .  The r8 --  r6 splitt ing was not obtained f rom 
the data. 

For  the case of Yb +3 in noncubic crystal  fields, the 
2F5/2 exci ted state splittings were  essential ly identical  
for all  of the samples except  the HF fired sample. The 
absorption lines at 9760, 9625, and 9620A positioned the 
r'~, r'sca), and r'S(b) levels near  10,246, 10,390, and 
10,395 cm -1, respectively,  giving the splittings r'~ 
r's(a) = 144 cm -1 and r's(a) - -  r'S(b) ---- 5 cm -1. For  the 
HF fired sample the F'S(a) level  was placed at 10,327 
cm -1 giving a F'8(a) - -  F'S(b) split t ing of 68 cm -1. 

The splittings of the eFv/2 ground state energy  levels, 
resul t ing from Yb +s at a site of noncubic crystal  field 
symmetry,  were  difficult to determine.  The fluores- 
cence data on most of the samples indicated that  the 
first excited level, probably the rs~a), was 50-80 cm-~  
above the F~ ground state. The positions of the Fs(b) 
and r~ energy levels  were  not obtained. 

Many difficulties were  encountered wi th  the weak  
crystal  field scheme. There  was no absorption detected 
f rom the F7 to the r 's level  or  f rom the Fs(a) level  
located only 50-80 cm -1 above the FT. No absorption 
lives wi th  energies greater  than 10,400 cm -1 could be 
assigned. In the case of the HF  fired sample, the 
r ' s ( a ) -  r'scb) spli t t ing f~om the r 's level  was quite  un-  
symmetrical .  

Severa l  of the fluorescence lines could not be as- 
signed with  the 9617, 9630, 9649, and 9678A lines in the 
CdS codoped sample and the 9639, 9643, and 9650A 
lines wi th  the CaF~ codopant being most troublesome. 

A comparison.--Neither the strong or the weak  
crystal  field spli t ing model  is complete ly  sat isfactory 
for Yb +~ in CdF2. However ,  when  the known data 
for Yb +~ in CaF2 (6) and Tm +2 in CaF2 (12) are con- 
sidered along with  the apparent  "bet ter  fit" of the 
above absorption and fluorescence data to the strong 
field scheme, it appears that  the strong crystal  field 
splitt ing is favored. With  e i ther  model  many  of the 
strong optical transit ions observed for Yb +s in CdF2 
arise f rom ions at sites of noncubic crystal  field sym- 
met ry  whereas  EPR data (1-4) have  indicated pre-  
dominant ly  cubic crystal  field symmet ry  for Yb +8 
in CdF~. 

Crystal field symmetry.--One reason for the addit ion 
of various codopants to the CdF2:YbF3 crystals was 
to identify specific optical transit ions of Yb +~ wi th  
certain types of local crystal  field symmetry.  As in- 
dicated in the previous section, this was not possible 
w~th the data obtained. There  were,  however ,  several  
characterist ic Yb +~ absorption or emission lines for 
samples containing various codopants (presumably  
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Table III. The prominent absorption and fluorescence lines at 
77~ for Yb +3 and for Yb +3 plus various codopants in CdF2 

single crystals 

A b s o r p t i o n  l i n e  
E n e r g y  C o d o p a n t  in CdF, . , :YbF3  C r y s t a l  

k (A) (om -~) None HF NaF CdS EuF3 CaFz 

10,946-1 v w  v v w  v v w  
10,906 v w  
1 0 , 8 7 7 - 7 0  v w  v v w  w v w  v w  v v w  
1 0 , 8 6 4  w 
1 0 , 3 9 8 - 6  w w m w w w 
1 0 , 3 9 2 - 8 4  v w  s w w 
1 0 , 3 2 7  m 
1 0 , 2 5 6 - 1  s s m s s 
1 0 , 2 4 7 - 2  v s  v s  m v s  s v w  

1 0 , 4 0 7  m 
1 0 , 3 9 8  w w m v w  v w  
1 0 , 3 8 7 - 2  s w w 
1 0 , 3 7 4  w 
1 0 , 3 7 0  m 
1 0 , 3 6 4 0 - 5 9  v v w  v w  v w  m s 
1 0 , 3 4 0  m s ( s h )  
10 ,331  v w  s s s 
1 0 , 2 7 4  v w  m 
1 0 , 2 6 3 - 5 9  m s 
1 0 , 2 5 1  m 
1 0 , 2 4 6  v w  w ( s h )  s s 
1 0 , 2 3 5  s 

9137-40 
9169 
9185-200 
9213 
9617-20 
9623-30 
9683 
9750-6 
9 7 5 9 - 6 4  
Fluorescence l i n e  
9600 
9 6 1 7  
9 6 2 7 - 3 2  
9 6 3 0  
9643 
9 6 4 9 - 5 3  
9 6 7 1  
9 6 7 9  
9 7 3 3  
9 7 4 4 - 4 8  
9 7 5 5  
9 7 6 0  
9 7 7 0  

The i n t e n s i t i e s  l i s t e d  a s  v e r y  w e a k  ( v w ) ,  w e a k  ( w ) ,  m e d i u m  ( m ) ,  
strong (s) and shoulder ( sh )  c a n n o t  b e  c o m p a r e d  b e t w e e n  t h e  v a r i -  
o u s  s a m p l e s  a n d  a r c  u n c o r r e c t e d  f o r  d e t e c t o r  r e s p o n s e .  

corresponding to at least slightly different crystal  field 
symmetries  at the Yb +8 lattice site). In  Table III  the 
relat ive intensities of the strongest absorption and 
emission lines are listed for all of the samples. It  can 
be seen from Table III  that  the following lines indi-  
cate the presence of part icular  codopants (or impur i -  
ties) in CdF2:YbFs crystals: (i) The emission lines at 
9632, 9655, and 9770A are indicative of "as grown" 
CdF2:YbF3. (ii) The absorption l ine at 9683A and the 
emission line at 9671A correspond to the symmetry  in 
the HF fired crystals (possibly a near  neighbor F -  
intersti t ial) .  (iii) The Na + codopant is indicated by a, 
relatively, strong absorption l ine at 9623A and fluores- 
cence at 9733A. (iv) The presence of S -2 is character-  
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ized by the position and relat ive intensit ies of the 9617- 
9630A absorption doublet  and the emission lines at 
9649 and 9679A along with their apparent  lack of 
temperature  dependence. (v) Two strong fluorescence 
lines at 9744 and 9760A indicate Eu +3. (vi) Relat ively 
strong emission at 9609, 9617, 9643, and 9650A is 
characteristic of CaF2 codoping. 
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Rare Earth Cathodoluminescence in InB03 and 
Related Orthoborates 
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ABSTRACT 

The cathodoluminescence from Eu 3+ and Tb 3+ in the orthoborates of In, 
Sc, Y, La, Gd, and Lu is examined. The host InBO8 is shown to be part icu-  
lar ly effective for both activators. Observed spectral details of the lumines-  
cence are related to effects of crystal symmetry  on electronic transitions.  

Reports of photoluminescence from rare  earth ac- 
t ivated orthoborates of the type MmBO3 have ap- 
peared in  the l i terature  (1-3); however, little infor-  
mat ion is available on the cathodoluminescence of 
those systems. Recently, Avella (4) compared the per-  
formance of Tb 3+ in  several  orthoborate matrices 
under  cathode-ray excitation and found InBO3 to be 
an effective host for that activator. In  this paper our 
purpose is (i) to report  highly efficient cathodolumi-  
nescence from Eu 3+ in  InBO3, and (ii) to examine the 
effects of crystal symmet ry  on the emission processes 
of Eu 3+ and Tb 3+ activated orthoborates of In  and the 
rare earths. 

The orthoborates of t r iva lent  In  and  the t r iva lent  
rare earths So, Y, La, Gd, and Lu consti tute a family 

of polymorphous compounds with crystal  s tructures at 
ambient  conditions which are related to three crystal-  
l ine forms of CaCO3: aragonite, vaterite, and calcite 
(5). The s t ructure  which MInBO3 assumes is governed 
by the size of the cation. Thus La 3+, the largest rare 
earth ion, forms an orthoborate with the orthorhombic 
aragonite s tructure having  space group Vh16-Pbnm 
(6), where  the La ion is si tuated in an asymmetric  
lattice site with point group Cs-m. The orthoborate 
structures of the smaller  y3 + and Gd 3 + ions are often 
equated with vateri te;  however, Bradley et al. (7) 
have shown that these are not  t rue vateri te  isomorphs 
and  have assigned them a probable space group of 
D3h2-P6c2. This pseudovateri te lattice has one cation 
with twelvefold oxygen coordination for every two 
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with sixfold coordination. The two sites differ in cat -  
ion to oxygen  distance, but  have  D3-32 point symmet ry  
in common. Sc +3 and In +3 are the smallest  ions con- 
sidered here. They occupy cent rosymmetr ic  C3i-3 lat-  
tice sites in orthoborates having  the rhombohedra l  
calcite s t ruc ture  wi th  space group D3dG-R3c (6). LuBO3 
is a special case having two re la t ive ly  stable allotropes 
which crystall ize ei ther wi th  the calcite or, if heated  
above 1310~ with  the pseudovater i te  structure.  As a 
group, these orthoborates offer cation envi ronments  
increasing in symmet ry  f rom aragonite  to pseudo- 
va ter i te  to calcite. 

The orthoborates under  consideration are  optically 
inert.  Act ivat ion occurs when  rare ear th  luminogens 
are substi tuted for  some of the host cations. Al though 
some emission is obtained f rom Sm and Dy, the most 
efficient visible emit ters  in MmBO3 are t r iva lent  Eu and 
Tb, both of which form orthoborates of the pseudo- 
va ter i te  type. Therefore,  act ivator  incorporat ion is 
t ru ly  isomorphous only when M m = Y, Gd, or Lu. 
Nevertheless ,  wi th  the low act ivator  concentrat ions 
considered here, nei ther  the aragoni~e nor the calcite 
s t ructured compounds give evidence of lattice distor-  
t ion after act ivat ion when  examined  by rout ine  x - r a y  
powder  diffraction methods. Consequently,  the or tho-  
borates offer an oppor tuni ty  to examine  host-act ivator  
in teract ion as a funct ion of cationic species and of 
lat t ice symmetry.  

Experimental 
The or thoborate  phosphors were  prepared in pow-  

der form f rom stoichiometric mix tures  of reagent  
grade boric acid wi th  the oxides of the host and ac- 
t ivator  cations having 99.9% puri ty  or better.  Opt imum 
Eu and Tb concentrat ions for max imum cathodolu-  
minescence yield were  found to be 0.02 to 0.03 gram 
a toms/mole  of phosphor. The mixtures  were  fired in 
air using pla t inum or fused silica crucibles at two or 
three in termedia te  temperatures ,  and the mater ia ls  
were  mor ta red  be tween  firings. The max imum  tem-  
peratures  opt imized for cathodoluminescence per form-  
ance were  1400~ for the In, Lu (pseudovater i te) ,  Y 
and Gd compounds, 1200~ for the Sc and La com- 
pounds, and 1000~ for the Lu calcite polymorph.  
Compound format ion was verified by x - r a y  powder  
diffraction analysis. 

For  measurement  of cathodoluminescence the phos- 
phors were  sett led on 1-in. 2 sheets of conduct ive glass. 
These sheets were  positioned in a demountable  ca th-  
ode- ray  tube and excited at 15 kv using a 7-in. raster. 
The luminous output  was measured with an RCA 
1P21 photomult ipl ier  fitted with a Kodak Wrat ten  
106 filter. The emission spectra were  recorded using a 
s/4-meter Czerny-Turne r  spect rometer  (1200 l i n e / m m  
grat ing and 50~ slit width)  and an ITT F4013 photo- 
mul t ip l ier  (S-20 response).  A correction function de- 
r ived f rom the output  of an NBS 1000W quar tz- iodine  
s tandard lamp served as as internal  reference  so that  
spectra were  recorded direct ly  in terms of re la t ive  
energy. The C.I.E. color coordinates and values of lu-  
men equivalent  were  calculated f rom these spectra. 

Results and Discussion 
Eu 3+ cathodoluminescence spectra.--Figures l a - g  

present  spectral  energy  distributions for ca thodolumi-  
nescence emission f rom Eu in the orthoborates.  No 
provision has been made in these figures for compari-  
son of intensities be tween phosphors; however ,  lumi-  
nosity data wi l l  be discussed in a la ter  section. F rom 
the spectra it can be seen that  the fine s t ructure  of the 
Eu 3+ emission differs considerably among the three 
polymorphs but is closely s imilar  among the isomorphs. 
In the three calcite s tructures of Fig. l a -c  the two  
dominant  emission lines near  590 and 596 nm can be 
assigned to magnet ic  dipole al lowed 5D0 -> 7F 1 transi-  
tions. The ~F1 level  is split  into two components  as 
predicted from group theoret ical  considerations (8). 
The energy difference be tween the two Stark  levels  

rr 

GO0 eSO 700 ebo 650 700 
WAVELENGTH (nonometers)  

Fig. |. Cathodoluminescence spectra from Eu activated ortho- 
borates: (o-c) calcite structure; (d-f) pseudovaterite structure; (g) 
oragonite structure. (Spectra recorded at different instrumental 
gains.) 

of approximate ly  190 cm -1 is l a rger  than that normal ly  
observed for this Eu 3+ mult iplet .  This spli t t ing de- 
creases slightly f rom In to Sc to Lu orthoborate.  With 
Eu in the cent rosymmetr ic  C3i site, electric dipole 
transitions are forbidden. Consequently,  transitions 
f rom 5D0 to the J = 2, 3, and 4 sublevels of 7F are 
weak as indicated by the emission groups near  610, 
660, and 710 nm, respect ively;  no emission is observed 
corresponding to the 5D0 ~ 7F0 transition. It is possible 
that  some of the weak emissions result  f rom transi-  
tions which originate in a h igher  exci ted level,  e.g., 
5D1, but  such assignments would requi re  detai led 
studies outside the scope of this paper. 

The spectra of Fig. l d - f  were  obtained f rom Eu 3+ 
in the pseudovater i te  structures. Again emission lines 
near  590 nm consti tute the dominant  feature  and can 
be assigned to 5D0 -> 7F1 transitions. For  the D3 site 
symmet ry  a twofold spli t t ing of ~F1 is predicted; how-  
ever,  two distinct types of D3 sites are involved which 
make possible a total of four Stark  levels and, there-  
fore, as many as four  5D0 -> 7F1 emission lines. Al-  
though not clearly defined in these figures, four  such 
emission lines are indeed observed for each of the 
three  pseudovateri tes.  In each case the width of the 7F1 
mult iple t  does not exceed I00 cm -1, but there  is var ia -  
tion in the energy  differences be tween the four  sub- 
levels as wel l  as in the probabili t ies of transit ions to 
them. As a result  of lower site symmet ry  there  is a 
re laxat ion of pari ty forbiddenness,  and electric dipole 
transit ions are also possible. At 581 nm a weak l ine 
appears that  may be a t t r ibutable  to the 5D0 --> 7F0 
transition. The emission groups be tween 609 and 618 
nm probably result  f rom ~D0 ~ 7F2 transitions. These 
are more intense for the pseudovater i te  than for the 
calcite polymorphs both in relat ion to other  transit ions 
and also on an absolute basis. Of the six lines possible, 
four  distinct ones are  observed, wi th  one sublevel  
(626-628 nm emission) being considerably broadened. 
Intensi ty  variat ions among the three  pseudovater i tes  
are also evident  for these transitions. In these com- 
pounds the 5D0 --> 7F3 transitions give rise to weak  
emission at about  650 nm vs. 660 nm for the calcites. 
The transitions are about equal  in intensi ty  for the 
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two polymorphs.  The 5D0 --> 7F4 emission lines near  710 
nm, however ,  are more intense for the pseudovateri tes.  

The spect rum from Eu in the C~ site of the LaBO~ 
aragonite  polymorph is presented in Fig. lg. It  differs 
f rom the spectra of Fig. l a - f  mainly  in that  the mag-  
netic dipole transit ions are subordinate to the electric 
dipole transitions. The dominant  group is 5D0 ~ 7F2 
with a broad emission band be tween  610 and 630 nm. 
Also of re la t ive ly  high intensi ty is the emission near  
700 nm arising f rom 5D0 --> 7F4. However ,  because the 
total  emit ted  flux f rom LaBO~:Eu is considerably 
smal ler  than  that  f rom the other  borates, these t ransi-  
tions are  ac tual ly  no more  intense than their  counter-  
parts in the pseudovateri tes.  The magnet ic  dipole 
a l lowed 5D0 ~ 7F1 group is re la t ive ly  weak here  and 
produces three  emission lines be tween  590 and 594 nm. 
The 5Do -~ 7F0 transi t ion is ve ry  weakly  indicated by 
the l ine at 597 nm. 

Considered as a group, the spectra f rom the or-  
thoborates demonstra te  that  a lower ing of site sym- 
met ry  increases the probabil i ty  ratio of electric di- 
pole to magnet ic  dipole transitions. This effect was 
recent ly  described by Blasse et al. (9) using host 
compounds of several  different  compositions. On the 
other  hand, the identical  site symmetr ies  and closely 
related lat t ice parameters  of the or thoborate  isomorphs 
combine to produce near ly  identical  details in the 
Eu 3+ radia t ive  transitions. 

Tb 3+ cathodoluminescence spectra.--Since in Tb 3+ 
all the radia t ive  transit ions f rom the lowest  excited 
state (SD4) to the J =- 3-5 sublevels of the 7F ground 
state are  a l lowed by magnet ic  dipole considerations, 
the MmBO3: Tb spectra wil l  not bear a simiIar analysis 
to that  made of the Eu spectra. Also, the mult ipl ic i ty  
of Stark  levels possible in the per t inent  ground and 
exci ted levels makes comparison of actual and calcu- 
la ted numbers  of components impractical ,  at least for 
room tempera tu re  spectra. However ,  some correlat ions 
can be made. 

Reference  to the emission spectra of the Tb act ivated 
calcite isomorphs in Fig. 2a-c shows five groups of 
emission lines which may be assigned to transitions 
te rminat ing  at the fol lowing ground levels: for 475-510 
nm emissions, 7F6; 535-565 nm, 7F5; 578-600 nm, 7F4; 
615-635 rim, 7F3; 650-665 nm, 7F2. Considering their  

n~ 
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Fig. 2. Cathodoluminescence spectra from Tb activated ortho- 
borates: (a-c) calcite structure; (d & e) pseudovaterite structure; 
(f) aragonite structure. (Spectra recorded at different instrumental 
gains.) 

complexity,  the spectra are s t r ikingly similar  for 
these three isomorphs, and only small  differences ap- 
pear  in the intensities and positions of the lines. The 
major  port ion of the emit ted energy  results f rom 
transit ions in the 5D4 --> ~F5 group wi th  the lines at 
about  542 and 550 nm the most intense. Such a total  
domination of the Tb 8+ spectrum by this group of 
transit ions is unusual  and has not been repor ted  for 
other  hosts. 

Emission spectra of Tb ~+ in the pseudovater i te  
s tructures are given in Fig. 2d and e. GdBOs:Tb has 
been excluded because of strong in te r fe rence  f rom 
Eu 3+ emission which results  f rom Eu impur i ty  in the 
Od203 s tar t ing material .  The two pseudovater i te  
spectra are s imilar  but  not  identical.  The most ob- 
vious var ia t ion f rom the calcite spectra occurs in the 
absence of a strong emission line at 550 nm in the 
5D4 --> 7F5 group. There is an intense emission at about  
542 rim, but this is split into two lines in YBO3 and into 
three lines in LuBO3. Some of the other  lines wi thin  
this group do have analogues in the calcite spectra. 
Another  var ia t ion f rom the calcites appears in the 
greater  in tensi ty  of emission at 478-510 nm (from 
5D4 --> ;F6 transit ions) re la t ive  to the dominant  emis-  
sion. 

The Tb 3+ spectrum from the aragonite  s t ructure  in 
Fig. 2f bears a strong resemblance to the pseudo- 
vater i te  spectra. The major  difference is the absence of 
spli t t ing in the dominant  542 nm emission line. Other 
small  variat ions in detail  are also seen. 

From the above observations it is evident  that, just  
as in the case of Eu 3+, the Tb s+ emission shows 
closely s imilar  spectral  detail  among the or thoborate  
isomorphs. Among the polymorphs there  are spectral  
differences, but  in comparison wi th  the Eu 3 + ion, it is 
clear that  the radiat ive transit ions in Tb 3+ are less 
sensitive to changes in the crystal  field. 

Cathodoluminescence per]orm~nce.--Performance 
data for the cathodoluminescence of Eu ~+ in the or-  
thoborate hosts a re  presented in Table I. Also in- 
cluded for comparison are data for Y203:Eu, YVO4: Eu 
and Zn0.21Cd0.79S:Ag, all three of which are efficient 
red-emi t t ing  ca thode-ray  phosphors. In terms of re la-  
t ive luminosity,  InBO3:Eu is superior to all the red-  
emit t ing phosphors listed. The C.I.E. color coordinates 
indicate that  the emission shifts f rom red to orange 
proceeding f rom the aragonite  to the pseudovater i te  
to the calcite structures. F rom the values of lumen 
equiva len t  it can be seen that  this color shift is in the 
direct ion of greater  eye sensitivity. In order  to de ter -  
mine the re la t ive  efficiencies wi th  which these phos- 
phors conver t  the exci tat ion energy into radiant  en-  
ergy, it is necessary to take the emission colors into 
consideration. Thus, values of re la t ive  conversion 
efficiency were  obtained f rom a rat io  of re la t ive  
luminosi ty to lumen equivalent ,  and a value  of 
1.00 was assigned arbi t rar i ly  to the sulfide phosphor. 
On this basis InBO3 is a more efficient host  for Eu ~+ 
than any of the o ther  borates and is comparable  in 
efficiency to YVO4. 

The per formance  of the Tb-ac t iva ted  orthoborates 
under  ca thode- ray  exci tat ion has been repor ted  else- 
where  (4). The  super ior i ty  of InBO3 over  the other  
orthoborates as a host is even more evident  when Tb is 
the activator,  since InBO3: Tb has approximate ly  
300% the conversion efficiency of YBOs:Tb,  the next  
most efficient MmBO3:Tb. In  terms of re la t ive  lu-  
minosi ty and conversion efficiency InBO~:Tb is com-  
parable  wi th  Zn2SiO4:Mn phosphor. 

Summary  
Orthoborates  of type MmBO~, where  M m ---- In, 

Sc, Y, La, Gd, and Lu, were  act ivated wi th  t r iva lent  
Eu and Tb, and their  response to ca thode- ray  exci ta-  
t ion was studied. InBO3 proved  to be the  most effec- 
t ive or thoborate  host for Eu 3+ as wel l  as for Tb 3+, 
and the conversion efficiency of InBO3:Eu was 
found to be comparable  wi th  that  of YVO4:Eu. De-  
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T~ble I. Cathodoluminescence dQta for Eu activated orthoborates 

L u m e n  Relat ive  
C r y s t a l  R e l a t i v e  C.I.E. co lor  coord ina te s  e q u i v a l e n t ,  convers ion 

P h o s p h o r  s t r u c t u r e  l u m i n o s i t y  x y l u m e n / r a d ,  w a t t  eff ic iency 

InBO~:Eu  Calc i te  190 0.59 0.41 470 0.34 
ScBOa:Eu  Ca lc i t e  45 0.60 0.40 460 0,08 
LuBO~:Eu  Ca lc i t e  50 0.59 0.41 480 0.09 

L u B O s : E u  P s e u d o v a t e r i t e  95 0.61 0.39 370 0.22 
YBOa:Eu P s e u d o v a t e r i t e  100 0.62 0.38 370 0.23 
GdBO3:Eu  P s e u d o v a t e r i t e  80 0.62 0.38 360 0.19 

L a B O a : E u  A r a g o n i t e  10 0.64 0.36 260 0.03 

YsO~:Eu - -  170 0.64 0.36 310 0.46 
Y V O , : E u  - -  100 0.67 0.33 250 0.34 
Zno.:nCdo.7~S:Ag - -  95 0.65 0.35 80 l.O0 

viation from a centrosymmetric  site was shown to 
increase the probabi l i ty  of electric dipole transi t ions 
in Eu 3+, and closely similar spectral details were ob- 
served among the borate isomorphs for each activator. 

Acknowledgments 
The authors are indebted to V. Qvistorff for assist- 

ance in sample preparat ion and evaluation, to S. Mosca 
for recording the spectra, and to A. K. Levine and 
F. C. Pal i l la  for helpful  discussions and suggestions. 

Manuscript  received Dec. 5, 1966; revised manuscr ipt  
received Feb. 8, 1967. 

Any discussion of this paper will  appear in a Dis- 
cussion Section to be published in the December 1967 
JOURNAL. 

REFERENCES 
1. H. J. Borchardt,  J. Chem. Phys., 42, 3743 (1965). 
2. A. Bril  and W. L. Wanmaker ,  This Journal, 111, 

1363 (1964). 
3. Netherlands Pat. 303,020 (1965). 
4. F. J. Avella, This Journal, 113, 1225 (1966). 
5. E. M. Levin, R. S. Roth, and J. B. Martin, Am. 

MineraIog., 46, 1030 (1961). 
6. R. W. G. Wyckoff, "Crystal Structures," 2nd ed., Vol. 

II, Chap. VIII A, Interscience Publishers,  New 
York (1964). 

7. W. F. Bradley, D. L. Graf, and R. S. Roth, Acta 
Cryst., 20, 283 (1966). 

8. J. L. Prather,  Atomic Energy Levels in  Crystals, 
NBS Monograph No. 19, Washington,  D. C. (1961). 

9. G. Blasse, A. Bril, and W. C. Nieuwpoort, J. Phys. 
Chem, Solids, 27, 1587 (1966). 

CdxHg,_ Te Films by Cathodic Sputtering 
Herbert Kraus, Sidney G. Parker, and James P. Smith 

Texas Instruments Incorporated, Dallas, Texas 

ABSTRACT 

Films of Cd~Hgl-~Te ranging from x = 0.05 to x = 0.15 were deposited by 
cathodic sput ter ing on single crystal  substrates of NaC1, Ge, and sapphire. The 
result ing films were amorphous, but  became crystal l ine on annealing.  Optical 
t ransmission and electron probe analysis showed a slightly lower Hg con- 
centrat ion in  the film than was present  in the source material.  Although CdTe 
can be sputtered to give a polycrystal l ine film, it was not possible to obtain 
a film by sput ter ing HgTe. 

Reports by several investigators indicate that HgTe 
and CdTe form solid solutions over the entire com- 
positional range of the alloy (1-4). The location of the 
absorption edge in  this system is determined by  the 
composition of the alloy and is at 0.8~ for pure CdTe 
and at some value greater  than 20~ for HgTe. Com- 
positions ranging from Hg0.s0Cd0.20Te to Hg0.95Cd0.05Te 
are of interest  since they exhibit  absorption edges be-  
yond 8~ in the electromagnetic spectrum and can pos- 
sibly be used for fabrication of intr insic photon de- 
tectors. 

The phase relat ionship in this alloy system suggests 
an equi l ibr ium segregation coefficient greater than 
three for Cd in  the compositional range of interest. 
This condit ion makes preparat ion of highly homogene- 
ous mater ial  by convent ional  mel t -growth  methods 
rather  difficult. Since the ul t imate  form of a detector 
made from this mater ial  is to be a layer of the alloy 
about 10 to 50~ thick attached to an insulat ing sub- 
strate and thin layers of this part icular  mater ial  are 
usual ly  prepared by cumbersome lapping, polishing, 
and etching procedures, cathodic sput ter ing was 
deemed to be a desirable approach. 

This paper describes some of the advantages and 
disadvantages of cathodically sputtered (HgCd)Te 
films. 

Experimental 
Amorphous (HgCd)Te films were prepared by ca- 

thodic sput ter ing from polycrystal l ine (HgCd)Te 
sources of several different compositions. Source mate-  
rials of the desired nominal  compositions were made 
from the purified elements. Appropriate quanti t ies of 
u l t rapure  Hg (Hg-9, E. H. Sargent  Comany) s ix-nines  
Cd (Cominco), and five-nines Te (ASARCO), which 
was fur ther  zone-refined unt i l  no impurit ies were de- 
tected by emission spectrography, were placed in  a 
clean quartz ampoule. The ampoule was then evacu- 
ated and sealed. The elements were carefully heated 
in a rocking furnace to 30~176 above the l iquidus of 
the alloy for 30-40 hr. Final ly,  the melt  was solidified 
by a i r -quenching  wi th in  40-50 sec. Electron probe 
analysis showed the ingots were homogeneous. Emis-  
sion spectrographic analyses revealed no impuri t ies  
in  samples taken from the compounded ingot. Mass 
spectrographic analyses were of no use, since the 
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Fig. I .  Sketch of spattering apparatus 
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Fig. 20. Photomicrograph of sputtered unannealed film of 
Hgo.s5Cdo.~sTe. Magnification 120X. 

Fig. 2b. Photomicrograph of sputtered annealed film of Hgo.s5 
Cdo.15Te. Magnification 400X. 

mult iple-charge ions of the major  components pro- 
duced mass interference, masking any possible im- 
purities. 

Sput ter ing was accomplished in a simple apparatus 
of conventional  design, as shown in Fig. 1. All metal  
surfaces inside the vacuum chamber  were cadmium 
plated to minimize contamination.  The anode was a 
l t/2-in, diameter  brass disk welded to a stainless 
steel tube to permit  cooling or heating of the sub-  
strate. The substrates and growth planes were {1,1,0} 
NaC1, {1,1,1} Ge, and randomly  oriented sapphire, all 
with a 1~ in. surface finish and a 25 mm 2 surface area. 

With the substrate and source mater ial  in place, the 
system was evacuated to approximately 10 -~ Torr  and 
hackfilled with dry, oxygen-free argon. This cycle was 
repeated several  times. The system was then evacu- 
ated to 1 x 10-5 Torr. The pressure of the system was 
then adjusted by increasing the argon pressure in  the 
bell j a r  by use of a micrometer  valve. Throughout  
this study dry, oxygen-free argon was used as the 
discharge gas to enhance the disintegration rate of 
the source mater ia l  and prevent  undesirable  reactions 
between the sputtered deposit and the residual gas (5). 

It is well known that in the sputter ing process the 
parameters  of voltage, cur rent  density, pressure, and 
anode-cathode distance are highly interdependent .  
Success in obtaining films and the result ing proper-  
ties of these films differed widely with sputter ing 
conditions. Films of the compositions of interest  rang-  
ing from Hg0.ssCd0.15Te to Hg0.9~Cd0.05Te being rela-  
t ively free of pinholes and visual defects, sputtered on 
NaC1, Ge, and sapphire were obtained using the fol- 
lowing conditions: voltage, 1500v; current ,  470 ~a; 
cathode cur ren t  density, 0.36 ma/cm2; anode-cathode 
distance, 1.0 cm; Ar  pressure, 45~; sput ter ing period, 
4.0 hr; substrate temperature,  25~ 

Resul ts  a n d  Discussion 
Film characteristics.--Typical film thicknesses were 

between 30 and 50~. The films consisted of an amor-  
phous layer  interspersed with crystallites. The amor-  
phous and crystal l ine character  of the unannea led  
films was determined by reflection electron diffraction. 
Heat ing the substrates while sputtering, to encourage 
crystal  growth, resulted in poor film adhesion and 
severe losses of Hg. Cooling the substrate below room 
tempera ture  dur ing sputter ing increased the amor-  
phous character of the deposit. Substrates cooled to 
near  0~ were invar iab ly  100% amorphous. Figure 2A 
shows a photomicrograph of the surface of a typical 
unannea led  film of HIg0.ssCd0.15Te sputtered on a r an -  
domly oriented sapphire substrate. 

Annealing.--Films were annealed under  part ial  I-Ig- 
vapor pressures of 3 and 150 Torr, respectively, to ob- 
ta in  crystal  growth and to a t tempt  to improve crystal-  
l ine perfection. The sample was heated to 300~ dur -  
ing annealing.  The best crystal  growth was obtained 

when films sputtered on sapphire substrates were an-  
nealed for 24 hr under  a partial  pressure of Hg vapor 
of 150 Torr with the sample heated to 300~ Figure  
2B shows a photomicrograph of a formerly  amorphous 
I-Ig0.ssCd0.tsTe film exhibi t ing [1,1,1] oriented crystal-  
lites after annealing.  Similar  results were also ob- 
ta ined with compositions of higher Hg content. Fi lms 
deposited on NaC1 and Ge substrates peeled off when  
they were annealed or on subsequent  handling.  

Although CdTe films were readily laid down by 
sputtering, no HgTe deposit was obtained by cathodic 
sput ter ing under  any of the conditions attempted. 
Fai lure  to obtain a HgTe film is probably  caused by 
decomposition of the HgTe by the high energy Ar ions 
as they bombard the surface and /or  by a low accom- 
modation coefficient of the substrates employed. I t  is 
apparent  that  addition of CdTe to HgTe modifies the 
sputter ing properties of HgTe. 

Optical measurements.--Transmission measurements  
were carried out at room tempera ture  with a Pe rk in -  
Elmer  337 dual -beam grating spectrometer on u n a n -  
nealed films sputtered on single crystal  NaC1. Attempts 
to measure annealed films were hampered by pinholes 
in  the film which were introduced dur ing  annealing.  
Figure 3 shows the curves of Log Io/I vs. wavelength  
in microns, where Io is the incident  energy and I the 
t ransmit ted  energy. The absorption curves were de- 
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Fig. 3. Change in absorption edge with increasing HgTe content 
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rived from randomly chosen films whose compositions 
were established by electron probe analysis. I t  can be 
seen that  the absorption edge shifts from 0.8~ for 
pure CdTe to longer wavelengths as the Hg content  
increases. The exact position of the ene rgy-band  edge 
becomes more difficult to determine from the absorp- 
tions curves as the Hg concentrat ion is increased be- 
cause of free carr ier  absorption beyond the band edge. 
However, reasonable estimates of the band  gaps can 
be made by extrapolation. 

As ment ioned previously, the best films obtained 
were sputtered on sapphire substrates. These films 
were less susceptible to peeling and pinhole formation 
dur ing annealing.  Such a film was sputtered from a 
Hg0.~sCd0.15Te source, annealed for 24 hr at 300~ 
under  a part ial  Hg vapor pressure of 150 Torr, then 
measured for photoconductive response at 77~ Elec- 
tr ical  contacts were made with thin-gauge gold wire 
soldered with pure ind ium to opposite sides of the film. 
The final assembly was placed in a Dewar- type  flask, 
cooled to 77~ and measured for relat ive spectral 
response. Figure 4 shows results of the measurements .  
The peak response was at 3.5~, which corresponds to an 
energy gap of about 0.35 ev. This value does not  com- 
pare favorably with optical t ransmission data for bu lk  
mater ial  of the same composition. Exper imenta l  mea-  
surements  on bulk (HgCd)Te by Blue (6) show the 
energy gap value for Hg0.s~Cd0.15Te to be about 0.14. 
Because electron probe analysis shows only a small  
loss of Hg dur ing  sputtering, the wider band gap must  
be a t t r ibuted to other factors. Chemical analysis data 
indicate variat ions in composition in the film, i.e., the 
value of x in Hgl-xCdzTe varies throughout  the film, 
despite the fact that  the over-a l l  e lemental  composi- 
t ion is very near that  of the source. Therefore, mate-  
rial  of wider  band  gap is most l ikely produced along 
wi th  materials  having a wide range of band  gaps. I t  is 
difficult to determine accurately the band gap in the 
films from optical data because of scattering (7) and 
adsorption in the amorphous film. Further ,  it has been 
suggested that the adsorption edge position becomes 
more difficult to determine wi th  increasing HgTe con- 
tent  because of the low values of the energy gap and 
of the effective electron mass (8). 

Chemical composition analysis.--Bulk composition 
and degree of microscopic homogeneity should be 
known  to correlate the chemical and optical properties 
of the alloy system. Bulk analysis of the start ing ma-  
terial was obtained for cadmium and  te l lur ium with 
the Ja r re l l -Ash  Model 82-546 Atomic Absorption 
Flame Spectrometer. The degree of microscopic homo- 
genei ty was studied with the Material  Analysis  Com- 
pany  Model 400 Electron Probe Microanalyzer 
equipped with three analyzing channels. 
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Fig. 4. Relative spectral response curve vs. wavelength of a 
sputtered film after annealing. 

It is not too meaningfu l  to relate analytical  results 
to molar  relationships of pseudobinary systems, bu t  
we can easily discuss the Hgl-xCdxTe compositions 
in terms of the x value. Of course, the x value as- 
sumes a stoichiometric composition, and the fit of the 
analysis to the stoichiometric composition must  be 
stated. When x is in  the range from 0.05 to 0.20, its 
value in Hgl-xCdxTe is very sensitive to the cadmium 
concentration. Cadmium varies from 1.74 to 7.27 w/o  
(weight per cent) in this range, whereas mercury  
varies from 58.86 to 51.61 and te l lu r ium from 39.4 t o  
41.12 w/o. It appears useful to calculate the x value 
using the cadmium analysis and to compare the mer-  
cury and te l lur ium concentrat ions to the theoretical  
concentrat ions of a stoichiometric compound. Thus, a 
cadmium concentrat ion of 1.74% would indicate that  x 
was 0.05. However, if the mercury  concentrat ion were 
only 55.2 w/o, render ing the compound more than  3% 
deficient in mercury,  the end result  would hinge again 
on the assumption that  no losses of t e l lu r ium occurred 
dur ing compounding. The electron-probe microanalyzer  
was used to analyze the three components  s imul tane-  
ously at random 10~ diameter  spots over the surface 
of the sample. 

A list of exper imental  constants is given in Table I. 
The average of the various electron counts was used 
for the analysis. The data were  computed wi th  the 
computer  program wr i t ten  by  Brown (9). This pro-  
gram normalized the three components  of the composi- 
t ion to a 100% sum. Before this normal iz ing step, 
errors in the sum ranged between --3% and +1% 
using HgTe and CdTe standards. The use of e lemental  
standards and HgS resulted in  errors as large as 10%; 
these errors were probably  the result  of absorption un-  
certainties, atomic n u m b e r  effects, and the creation of 
Cd L ~ fluorescence by Te L ~ radiation. These effects, 
which are not corrected in the computer  program, are 
minimized by using HgTe and CdTe standards. The 
cadmium concentrat ions in the (HgCd)Te compounds 
under  investigation were quite low, and the s ignal- to-  
noise ratio was high; therefore, long counting times 
were required for cadmium. To fur ther  el iminate 
errors, cadmium background counts were taken on the 
HgTe standard. Table II shows the comparison be- 
tween tt~eoretical values, given in parentheses, and 
exper imental  values found by microprobe analysis. 

A significant change in  the composition homogeneity 
was detected by the microprobe analysis. About  100 
counts were taken randomly  on the start ing materials  

Table I. Accelerating voltage 20 kv 

Target current 0.0500 /za 

Element X-ray line Standards 

Hg M ~i 
Cd L ul 
Te L ~i 

I-IgTe, HgS 
CdTe, Cd 
HgTe, Te 

Table II. Analytical results Hgl -xCdxTe 
Electron probe microanalyzer 

w / o  Composit ion 

X Cd Hg Te 

Sta r t ing  ma te r i a l  

Sput te red  film 

0.05 1.78 57.1 41.1 
(1.74) (58.8) (39.4) 

0.I0 3.10 55.2 41.8 
(3.51) (56.5) (30.0~ 

0.17 6.49 52.2 41.4 
(6.10) (53.1) (40.7) 

0.05 1.75 57.5 40.8 
(1.75) (58.8) (39.4) 

0.10 3.55 55.0 41.7 
(3.51) (56.5) (39.9) 

0.17 5.96 51.7 42.7 
(5.10) (53.1) (40.7) 



Vol.  114, No. 6 C d ~ H g l - x T e  F I L M S  BY C A T H O D I C  S P U T T E R I N G  619 

Fig. 5. Per cent of the relative x-ray intensity measurements 
which were within one standard deviation. 

and on the sputtered film. The average count  for each 
element  was calculated, and the count deviat ion (A/n) 
was determined. Since experience has indicated that  
the s tandard deviation of the x - r ay  readout of the 
electron probe microanalyzer  is about twice the sta- 
tistical count deviation, the average count  was nor-  
malized to 100, and each individual  count  and the 
s tandard deviation were adjusted to fit this new value. 
The difference between each count and the average 
was obtained. If the materials  analyzed were perfectly 
homogeneous, 68.3% of the differences would be less 
than one s tandard deviation. This statistical analysis 
is tabulated in Fig. 5 for the three elements in the 
s tar t ing mater ia l  and for the sputtered films. I t  is seen 
that  the sputtered films are more homogeneous than  
the s tar t ing material .  In  the star t ing mater ia l  the cad- 
mium and mercury  sum 1 places more points in  the 
s tandard  deviation. This indicates that  the inhomo- 
geneity consists main ly  of Hgl-xCd~Te phases ra ther  
than elemental  phases. 

1 The standard deviation of a sum of two numbers Ni and N~ 
having deviations Di  and D~ is ~ /D~ + i>z ~. 

Conclusion 
Nearly homogermous films of (HgCd)Te can be ob- 

tained by sput ter ing from less homogeneous sources. 
The slight residual  inhomogeneity of the film results 
main ly  from (HgCd)Te phases ra ther  than elemental  
phases. 

The films were predominant ly  amorphous, but  crystal 
growth was obtained by anneal ing  the films under  
part ial  pressures of Hg vapor. 

Determining the band edge in the films from optical 
data becomes progressively more difficult with in -  
creasing HgTe content  because of the low value of 
the energy gap and the effective electron mass. 

Simultaneous analysis of all  the components in  this 
alloy system is essential to avoid errors in in terpre t ing  
the analytical  results. For this purpose, the electron 
microprobe and computerized computat ion for com- 
positional analysis of this t e rnary  have been found 
most  useful. 
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Fused Glass Penetration into Thermally 
Grown Silicon Dioxide Films 

W. A. Pliskin 
IBM Components Division, East Fishki~l Facility, Hopewel l  Junction, N e w  Y o r k  

ABSTRACT 

In the manufacture  of fused glass protected planar  silicon devices having 
an under ly ing  barr ier  layer  of silicon dioxide, it is desirable to know the 
degree of penetrat ion of the glass into the under ly ing layer  as a results of fus- 
ing the sedimented glass powder. Penet ra t ion  depths were  determined f rom 
etch rate  plots using P etch which etches most glasses much more rapidly 
than silicon dioxide. The penetra t ion of low tempera ture  firing lead boro- 
silicate glasses (~600~ for 5 min) can be l imited to less than 100A. For  high 
firing t empera tu re  silicate glasses ( ~ l l 0 0 ~  for 5 min) ,  a penetrat ion of a few 
hundred  angstroms is more common. Glasses fired at tempera tures  signifi- 
cantly h igher  than their  softening points (or min imum firing tempera tures)  
show much greater  penetrations.  The results are explained on a model  based 
on the fact that  the softening point of silicate glasses increases sharply wi th  
silica composition. As the glass softens, the lower layer  of glass fuses wi th  
the upper  SiO2 surface to form a thin boundary glass layer  wi th  greater  
silica composition. As the penetra t ion increases, the silica content  of this 
in termedia te  layer increases sharply and consequent ly the effective softening 
point for the region becomes so high that  fur ther  penetrat ion is severely  
limited. 

In the manufac ture  of fused glass protected planar  
silicon devices which have an under ly ing  silicon di-  
oxide layer, it is desirable to know the amount  of 
penetra t ion of the glass into the SiO2. This is especially 
t rue since in many cases the glass may contain com- 
ponents which should not come in contact  wi th  the 
silicon. 

By means of etch rate  plots, in which the oxide 
plus glass film thickness is plotted against the total  
etch time, glass penetra t ion depths can be determined.  
For  high accuracy wi th  this technique, it is necessary 
to have  (i) an etch which will  attack the glass much 
more rapidly than the silicon dioxide, and (ii) very  
accurate techniques for measur ing the film thickness. 
The etch selected for these purposes is "P etch" which 
consists of 15 parts HF, 10 parts concentrated HNO3, 
and 300 parts wa te r  (1). This etch is ve ry  selective 
in that  its etch rate  for the rmal ly  grown SiO2 is only 
2 A/sec,  whereas,  for Py rex  (Corning 7740) it is 8 
A/sec,  and for some lead borosilicate glasses, it can 
run  as high as 500 A/sec.  F i lm thicknesses were  deter -  
mined  very  accurately wi th  VAMFO (2), which is a 
special in ter ferometr ic  microscope, wi th  which thick-  
nesses can be determined to a precision bet ter  than 
0.1% (3). This microscope is equipped with a mono-  
chromatic  filter and a stage capable of rotat ing on an 
axis normal  to the optical axis of the microscope so 
as to observe the reflected l ight at various angles. It  
should be noted that  the technique does not requi re  
optically fiat substrates. The film thicknesses can be 
de termined  by equations [7] given in ref. (2) or (3) 
or by 

N~. /Zo cos ro 
d T :  do + do [ 1 ] 

2~g cos rg #g cos rg 

where  N is the fr inge order  for an observed in ter fer -  
ence min imum at incident angle i; ~, the wave leng th  
of filtered light;  ~g, the glass refract ive  index at wave -  
length k; ~o, the SiO2 refract ive  index at wave length  
)~; rg, the angle of refract ion for incident  angle i and re-  
f ract ive index ~g; to, the angle of refract ion for inci-  
dent angle i and refract ive  index ~o; and do, the ther -  
mal  oxide thickness prior  to glassing. 

In some cases the thicknesses can be determined 
most  convenient ly  by (3) 

N~j 
dT [2] 

2~j cos r 

where  ~j is the average refract ive  index at ~j for the 

composite film of glass and oxide. If the thickness is 
sufficient for the observat ion of more than one mini-  
mum, then both the average refract ive  index and dT 
can be de termined  by finding the refract ive  index for 
which dT is the same from sets of tabulated values. 
If the glass refract ive  index is not  known beforehand,  
it can be determined by use of the relat ion 

/zj dT --/Zodo 
~g : [3] 

dT-- '  do 

With thinner  films, different filters are used and the 
sets of tables used in making the interpolat ion are 
based on a dispersion system corresponding to the type 
of dispersion expected for the mixed  glass-oxide sys- 
tem (3). If the total  film consists of two fa i r ly  dis- 
t inct components of significantly different refract ive  
indices and comparable  film thicknesses (and do is 
known) then Eq. [1] is more accurate than Eq. [2]. For  
example,  if the two components  had ref rac t ive  in-  
dices of 1.5 and 1.7 and were  of comparable  thick-  
nesses, then it  can be shown that  the thickness deter-  
mined by Eq. [2] is 0.27% greater  than that  de termined 
by the more accurate Eq. [1]. If  the two components  
are significantly different in thickness or if the i r  re -  
f ract ive indices are not significantly different then the 
thicknesses determined by the two equations are not 
significantly different. In those cases where  significant 
in terpenetra t ion be tween the oxide and a high ref rac-  
t ive index glass has occurred, thickness measurements  
in the vicinity of the boundary  are  more accurately 
determined by Eq. [2], a l though Eq. [1] is still  suffi- 
cient ly accurate for all practical  purposes. 

Experimental 
In practice the thicknesses of thermal ly  oxidized 

wafers were  measured prior  to glassing. The wafers  
were  then glassed wi th  various glasses by sedimenta-  
tion techniques (4, 5). The thicknesses were  measured 
after  glassing and after  var ious periods of etching. 
F rom the etch rate  plots, the depth of penetra t ion of 
the glass was determined.  

Results and Discussion 
With glasses having  a fast  etch rate  and fired at 

t empera tures  close to their  softening points, the de- 
marcat ion is quite sharp. If the glass is fired at a tem-  
pera ture  much above its softening point, the demarca-  
tion becomes less sharp due to penetrat ion of the glass 
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Fig. 1. Etch rate plot of 190B glass fired at 585~ for 5 min 
in 02 on Si02 film. 

into the SiO2 and consequent  formation of an SiO2 
enriched glass layer  above and below the ini t ial  oxide 
boundary.  If the glass film is formed by firing at the 
min imum temperature  necessary to produce a good 
glaze, the penetra t ion can be l imited to a depth of less 
than 100A for glasses whose firing temperatures  are 
less than 600~ For high tempera ture  glasses (mini-  
mum glazing tempera ture  > l l 0 0 ~  a penetrat ion of 
a few hundred  angstroms is more common. In  some 
cases where glasses are fired a few hundred  degrees 
above the m i n i m u m  glazing temperature,  the over- 
all penetra t ion can be greater than  2000A in addition 
to microscopically visible areas where the penetra t ion 
is much greater. We define the min imum glazing tem- 
perature as the m i n i m u m  furnace temperature  neces- 
sary for forming a good glazed film of the sedimented 
powder by 5 min exposure in the furnace. It is usual ly  
close to the softening point  of the glass. 

To show the importance of firing temperature  on the 
degree of glass penetra t ion into the silicon dioxide, re- 
sults will  be given for glasses represent ing three 
softening point categories, low (<600~ intermediate  
(,-~800~ and high ( > l l 0 0 ~  Because of the im-  
portance of phosphosilicate glass for device passivation 
some results are given on the penetra t ion of fused 
glass into the protective phosphosilicate layer  covering 
the silicon dioxide. 

Lead borosilicate glass 190B (low softening point).-- 
In  Fig. 1, we have shown an etch rate plot of glass 
190B which is a lead borosilicate glass having a soften- 
ing point of 588~ The compositions of various glasses 
is given in Table I. This is a very fast etching glass. 
The steep slope represent ing the glass etching was de- 
termined by an addit ional  point not shown on the am- 
plified graph of Fig. 1. Because of the very fast etch 
rate of this glass, the etch times between film thick- 
ness measurements  must  be kept  small. The last two 
points in  the figure correspond to silicon dioxide since 
the P etch rate established by the two points is the 
same (2.0 A/sec) as that of thermal ly  grown SiO~. 

If we assume both the glass and oxide continue etch- 
ing at their  respective rates, then the intersection at 
0.5487# would correspond to the glass-oxide boundary,  
and we could conclude that  the glass penetrated to a 
depth of about  50A (47) into the oxide. Actual ly if we 
have interpenetrat ion,  then  the etch rate nea r  the 

Table I. Approximate glass compositions of principle 
components (in weight per cent) 

Glass SiO2 PbO B:~O~ A1203 

621 

190B 29 51 9 3 
C o r n i n g  X760LZ 51 29 13 7 
General  Electric GSC-1  83 0 12 5 

boundary  should be in termediate  between that  of the 
silicon dioxide and the glass and consequently the 
actual boundary  should be less than 0.5487~. On the 
other hand, the point  at 0.5459~ is in the SiO2 since the 
etch rate here corresponds to that  of SiO2 and there-  
fore the lower l imit  is greater  than 0.5459. It is there-  
fore concluded that  the glass penetrated 60 __ 15A of 
the SiO~. The penetra t ion determined from these plots 
is the amount  of over-al l  bulk  penetra t ion of the glass 
and does not show the possible penetra t ion of a small  
amount  of fast diffusing species into the oxide. 

An etch rate plot of this same glass when  fired at 
the same temperature  (585~ but  for 20 instead of 
5 min, showed a bulk  penetrat ion of 150 _+15A. The 
reason for the small  penetrat ion can be explained in 
terms of the variat ion of softening point  with SiO2 
composition. With most silicate glasses, the softening 
point increases sharply with silica composition. As the 
glass softens, the lower layer of glass fuses with the 
upper  SiOa surface to form a thin boundary  glass 
layer  with greater silica composition. As the penet ra-  
tion increases, the silica content  of this intermediate  
layer  increases sharply and consequently the effective 
softening point  for the region becomes so high that  
fur ther  penetra t ion is severely limited. 

Lead alumina bovo~ilicate glass Coming X760LZ 
(intermediate softening point) . --With higher tempera-  
ture glasses, the degree of penetra t ion is increased. 
This can also be explained in terms of the silica com- 
position. Because of higher silica composition, the 
softening point is greater and consequently such a 
glass must  be fired at a higher tempera ture  to obtain 
a good glazed film. Fur thermore,  since the silica com- 
position is significantly more than that for low tem- 
perature glasses, a greater depth of silicon dioxide 
must  be penetrated to make a significant relat ive 
difference in the silica composition of the boundary  
layer  and  consequently in the difference between the 
effective softening point of the boundary  layer region 
and the actual firing temperature.  

For  representat ion of glasses with an intermediate  
softening point, we have chosen Corning X760LZ. Al-  
though the softening point  of this glass is about 785~ 
its m i n i m u m  glazing tempera ture  is approximately 
760~176 depending on the particle size of the sedi- 
merited glass powder (5). In  this series of exper iments  
after  each etch period, photomicrographs at 400X were 
taken using monochromatic i l luminat ion  in addition to 
measur ing the over-al l  film thicknesses with VAMFO. 
This process was repeated several times unt i l  the oxide 
etch rate  corresponded to that  for t h e r m a l l y  grown 
SiO2. Plots of the film thickness as a funct ion of the 
etch t ime show the amount  of over-al l  bulk penet ra-  
tion of the glass into the oxide. Two examples are 
shown in  Fig. 2 and 3 which are for firing tempera-  
tures of 770~ for 5 min  (Fig. 2) and 760~ for 5 rain 
followed by 1 min  at l l00~ (Fig. 3). 

Using the same procedure with Fig. 2 as in Fig. 1, 
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Fig. 2. Etch rate plot of X760LZ glass fired at 770~ for 5 
rain on SlOe film. 
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Fig. 3. Penetration of X760LZ glass into Si02 (F.T. 760~ 
min, l lO0~ min) penetration: 1960A (bulk), 5200A (isolated 
points). 

it is concluded that  the penetra t ion is 150 • 
Fur thermore,  high-power microscopic examinat ion  
showed the etching to be uni form across the wafer. 

From Fig. 3, it is obvious that there has been an 
over-al l  bulk penetra t ion into the oxide of about 
2000A. This large penetra t ion also manifests itself in 
the etch rate reduction for the glass film above the 
ini t ial  SiO2 film thickness at 0.921~. In  addit ion to this 
over-al l  bulk penetration,  as shown by Fig. 3, the 
monochromatic photographs at high magnification 
show additional deep penetra t ion into the oxide at 
isolated spots on the surface. It was observed that  the 
glass over these spots etched much more rapidly than  
the surrounding glass. The points of deeper penetrat ion 
into the oxide, observed after the removal  of the 
glass, was not just  due to the earlier arr ival  of the etch 
solution to the oxide layer  at these fast etch points. 
This can be seen from an examinat ion  of Fig. 3 in 
which the thickness of the under ly ing  film under  one 
of these "pipes" is plotted against  the etch time. From 
the dotted line, it is obvious that for "earlier arr ival"  
to be the explanation,  the addit ional  penetra t ion into 
the oxide must  be only a few hundred  angstroms 
rather  than the 3 6 0 0 A  observed. 

The results of this invest igat ion together with the 
results obtained from other experiments  involving 
X760LZ glass are summarized in Table II. The main  
point of these results is that  the penetra t ion of the 
glass into the oxide is minimal  when  the glass is 
fired at its m in imum glazing temperature,  but  the 

Table II. Penetration of X760LZ into SiO2 

F i r i n g  O v e r - a l l  b u l k  I so l a t ed  spot  p e n e t r a t i o n  
Wafe r  c o n d i t i o n s  p e n e t r a t i o n  be low o v e r - a l l  l aye r  

A 770~  ra in  ~ 1 5 0 A  ~ 3 0 0 A  (due  to p e n e t r a -  
t ion  t h r o u g h  b u b b l e s  in  
glass) 

B 760~ ra in  2000A S e v e r a l  2500-4000A pen-  
l l 0 0 ~  ra in  e t r a t i o n s  and  m a n y  more  

1000-2500A p e n e t r a t i o n s  

C 1100~ 2000A S a m e  as above .  See  
T a b l e  I I I  for  de ta i l s .  

D 950~  ra in  2400A A b o u t  s ame  as for  B. 
l l 0 0 ~  ra in  

Table III. Isolated penetration points in SiO2 for 
X760LZ fired at 1100~ 

]Penet ra t ion  d e p t h  A p p r o x .  
be low g e n e r a l  No. i n  p o p u l a t i o n  A p p r o x i m a t e  

p e n e t r a t i o n  p h o t o  (No. pe r  em ~) w i d t h , / ~  

3700A 2 ~ 5  • 10 ~ ~ 6  
2300-3100A 10 ~ 2 5  x 10~ ~ 5  
1500-2300A ~ 9 0  ~ 2 0 0  • 10 ~ ~ 2 - 4  
500-1500A ~500 ~1200 X 103 ~V=-2 
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penetra t ion becomes significant at higher tempera-  
tures and longer firing times. 

The extent  of the isolated point  penetrat ions can be 
obtained from Table III  in which the number  of "pipes" 
and depth of penetra t ion into the oxide is listed for 
Wafer C ( l l00~ fired for 1 min) .  I t  is thus concluded 
that a 1 min  firing of X760LZ at I100~ would re-  
quire  a silicon dioxide film thickness of several thou- 
sand angstroms to protect the surface from visible 
type penetrations,  let alone addit ional  penetra t ion due 
to small  amounts  of possible fast diffusing deleterious 
ionic species not detectable microscopically. 

High temperature silicate glass (GSC-1).-- On high 
softening point  silicate glasses, the penetra t ion into 
the silicon dioxide can be as high as a few hundred  
angstroms even when fired at the mi n i mum glazing 
temperature.  With  these higher tempera ture  glasses, 
the glass-oxide boundary  is more difficult to determine 
because the etch rate differential between the glass 
and oxide is not as great as with the lower tempera-  
ture  glasses. Although in one part icular  sample (Gen-  
eral Electric GSC-1 glass) the firing cycle consisted 
of 5 rain in a furnace main ta ined  at 1190~ the sam- 
ple was wi thin  a few degrees of temperature  for only 
3 min. The etch rate plot for this sample showed a 
penetra t ion of 320 • If the firing cycle were 
altered such as to main ta in  the same glaze quality, the 
penetrat ion would be comparable. The glaze qual i ty 
is determined by the degree of smoothness of the film 
under  microscopic observation. In  another case where 
the wafer was fired for 15 rain at 1150~ to obtain the 
same glaze quality,  the penetra t ion was ,--400A. In  a 
third case where the glass was fired for 3 min  in  a 
furnace main ta ined  at 1215~ the penetra t ion was also 
only 400A. In  this last firing, the wafer was at 1215~ 
for less than 1 min. It  should be noted that  thermal  
oxides which have been heated at temperatures  near  
1200~ have slightly faster P etch rates. 

The penetrat ion of a high temperature  borosilicate 
through silicon dioxide can also be determined from 
the doping of a silicon wafer by the boron from the 
glass penetra t ing through the oxide. The simplest 
technique is to oxidize a high resist ivity N type wafer, 
step etch the oxide on the wafer  so as to have a range 
of oxide thicknesses, fire the glass, remove the glass and 
oxide, and then determine the silicon conductivi ty type 
with a thermal  probe. By such techniques, we found 
that  4~ of GSC-1 glass fired at 1205~ for 13/~ hr  did 
not penetrate  2500A of SiO2, bu t  did penetrate  2400A 
of SiO2. This type exper iment  can only be used when 
the glass contains a component  which wil l  dope the 
semiconductor at the firing temperature.  The results 
show only the extent  of penetra t ion of the doping 
material.  

Reaction of fused GSC-1 glass with phosphosilicate. 
- - W e  have also examined the reaction between GSC-1 
glass and a phosphosilicate layer on the SiO2. Figure 
4 shows the  etch rate plot obtained for a sample in 
which 1.8~ of GSC-1 glass was fired at 1199~ for 5 
min. Pr ior  to the glass deposition, a port ion of the 
wafer  was examined with P etch to determine the 
thickness of the phosphosilicate layer. The over-al l  
film thickness was 0.870~ with 0.175~ of phosphosilicate. 
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Fig. 4. Etch rate plot of GSC-1 glass fired at 1199~ for 5 rain 
(in 02) on a phosphosilicate containing SiO2 film. (The removal af 
the top 1.5/~ of GSC-1 is not shown). 
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The P etch rate of the phosphosilicate was 33 A/sec. In 
a pure phosphosilicate the P etch rate is indicative of 
the phosphorus concentration. 

The P etch rate plot of the sample containing the 
fired glass showed an  unusua l ly  fast etch rate (~--44 
A/sec) corresponding to the top region of the phos- 
phosilicate layer and the bottom region of the GSC-1 
glass. This etch rate is significantly faster than that  
of GSC-1 or of the original phosphosilicate. It  can be 
explained as being due to components from the glass 
combining with the phosphosilicate to form a fast etch- 
ing glass at the glass-phosphosilicate boundary.  This 
fast etching region is not an experimental  artifact. On 
firing a similar  sample at 1219~ for 10 min, as shown 
in Fig. 5, an even faster (~65 A/sec) in termediate  
etch rate  region was obtained. 

While the glass is being fired the phosphorus pene-  
trates deeper into the under ly ing  SiO2 but  due to the 
presence of the GSC-1 glass, the penetra t ion is deeper 
on a glassed sample than on a nonglassed sample. A 
nonglassed piece of the same wafer which has been 
glassed with GSC-1 at 1219~ as shown in Fig. 5 was 
heated in  oxygen for 10 rain at 1219~ P etch rate 
plots of this portion of the wafer before and after 
heat ing are shown in  Fig. 6. From the decrease of the 
max imum etch rate f rom 33 to 15 A/sec, it is concluded 
that  the phosphorus concentrat ion has decreased. On 
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Fig. 5. Etch rote plot of GSC-1 gloss fired at 1219~ for 10 
rain (in 02) on a phosphosilicate containing Si(~2, film. (The re- 
moval of the top 1.6/~ of GSC-1 is not shown). 
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Fig. 6. A ( ~ )  Phosphosilicate on Si02 as o result of post 
oxidation of o P205 diffused silicon dioxide layer. B ( - -L .~ - - - - )  
Same wafer after oxygen exposure at 1219~ for 10 rain. 

the other hand, where GSC-1 glass was applied, glass 
components combined with the phosphosilicate to give 
a much faster etch rate region (Fig. 4 and 5). From the 
"tail" at the lower end of the phosphosilicate region 
(Fig. 6), it is concluded that the phosphorus has pene-  
trated 359A of SiO2 to the 6600A level. In  Fig. 5, 
with GSC-1 present, the SiO2 boundary  was down to 
6300A. The decreased etch rate at the top few hundred  
angstroms for the unglassed case is indicative of phos- 
phorus outdiffusion (1). With GSC-1 glass present, the 
phosphorus tending to outdiffuse would combine with 
the lower portions of the GSC-1 to help form the very 
fast etch layer. 

We had previously used the etch rate technique for the 
determinat ion of the presence of phosphosilicate glass 
beneath other glasses in the failure analysis of devices 
(6). With faster etch rate glasses, as is the usual  case 
with glasses of lower softening point, no significant 
reaction or penetra t ion into the phosphosilicate layer 
was observed. 

Conclusions 
1. Glass fused from sedimented powder penetrates 

into an under ly ing  SiO2 layer to form an intermediate  
glass which seals the fused outer glass to the under ly-  
ing SiO2. 

2. The depth of penetra t ion is dependent  on the 
softening point of the glass and the temperature  differ- 
ential  between the m i n i m u m  glazing tempera ture  (ap- 
proximated by the softening point)  and the actual fir- 
ing temperature.  For  silicate glasses with softening 
points near  600~ the m i n i m u m  penetrat ion from a 
good glazed film is approximately 50A and for 1200~ 
softening point  silicate glasses, it is about 400A. 

3. High temperature  fused glasses penetrate  more 
deeply into phosphosilicate than into silicon dioxide. 
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Cationic Migration in Silicon Dioxide Films on Silicon 
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ABSTRACT 

Ear l ie r  calculations of the electrostatic potential  and cationic concentrat ion 
profiles in meta l -oxide  semiconductor  structures on the basis of the Poisson- 
Bol tzmann equat ion are extended to the case where  a m a x i m u m  in potent ial  
exists in the oxide film. The presence of immobile  anions te rminat ing  the 
cationic charges does not  significantly affect the behavior  of the cations if the 
anions are located in a thin region at the ox ide-meta l  interface. According to 
this model  the currents  due to cationic drif t  in t empera tu re -b ias  exper iments  
are symmetr ica l  about the contact potential  difference be tween the meta l  and 
the semiconductor  corrected for the space charge of the immobile  anions. For  
a model  involving cationic drift  only, the flat band potential  of the semicon- 
ductor f rom tempera ture  bias measurements  does not display this symmet ry  
about the contact potent ial  difference. Trans ient  nonequi l ibr ium distributions 
of the cations at low values of the applied potent ial  which may occur be-  
cause of the existence of the potent ial  m ax im um  in the film are discussed. 

The var ia t ion of the fiat band potent ial  of oxidized 
silicon surfaces in meta l -ox ide-semiconductor  (MOS) 
devices fol lowing tempera ture -b ias  t rea tments  have 
been in terpre ted  in terms of a drif t  of mobile cations 
(1-2). This in terpre ta t ion  is supported by the fact  
that  the charge storage calculated f rom the ionic 
cu r ren t - t ime  integrals  in the tempera ture-b ias  exper i -  
ments is in general  agreement  wi th  the observed shifts 
of the flat band potent ial  as de termined by C-V mea-  
surements  at room tempera tu re  of t empera tu re  biased 
samples (3). 

In an ear l ier  paper (2), the electrostatic potential  
and cationic concentrat ion profiles in a silicon dioxide 
film under  specified values of applied bias at e levated 
temperatures  were  developed in terms of a Poisson- 
Bol tzmann distr ibution of a cationic species. The pre-  
vious calculations (2) were  confined to the case of 
large values of the applied potent ial  re la t ive  to the 
potential  difference arising f rom the space charge of 
the cations. The a l ternat ive  case is t reated in the pres-  
ent paper. The solution exhibits a potent ial  max im um  
at low values of the applied potential  compared to the 
space charge potential .  

One of the interest ing and we l l -known  character -  
istics of the silicon dioxide-si l icon MOS devices is 
that  while  a posit ive potent ial  applied to the meta l  
electrode in a t empera ture -b ias  t rea tment  produces 
large negat ive  shifts of the silicon surface potential,  
the applicat ion of negat ive  potentials to the metal  elec-  
t rode does not produce a negat ive shift. This has been 
shown to be consistent wi th  the presence of mobile 
cations only (1, 2). In the previous paper  the location 
of the anionic charges te rminat ing  those of the mobile  
cations was not specified. In the present  paper, the 
behavior  of a model  in which the cations are elec- 
t r ical ly compensated by immobi le  anions near  the 
oxide meta l  interface is investigated. Where  the thick-  
ness of the sheet  of anions is a small  fract ion of the 
thickness of the oxide film, it is found that  the poten-  
tial difference arising f rom the presence of the anions 
has l i t t le effect on the drif t  of the cations under  ap- 
pl ied bias. 

The currents  ar is ing f rom the drif t  of the cations 
under  ex terna l ly  applied bias at e levated tempera ture  
should be ant i symmetr ica l  around zero bias, according 
to the model. However  Tarui  (4) has pointed out that  
the contact potent ial  difference be tween silicon and the 
given electrode meta l  must  be added to the applied 
potent ial  in order  to obtain the potent ia l  difference 
across the oxide film. The contr ibut ion of the space 
charge due to the immobi le  anions must  also be in-  
cluded to compute the effective potent ia l  difference 
across the film. 

Polarization of the Film by Cationic Migration 
It will  simplify the presentat ion to present first the 

behavior  of the model  in which no account is taken 
of the presence of anions. The effect of immobi le  an- 
ions in the region at the ox ide-meta l  interface is 
later  considered. Only a re la t ive ly  crude t rea tment  of 
the effect of the anions is justified in any event  be-  
cause of the lack of any detailed informat ion concern-  
ing their  distribution. To this degree of approximation,  
the effect of the presence of anions is addi t ive only 
and its contr ibution to the behavior  of the cations 
ra ther  simply handled at a later point. 

As in the ear l ier  paper  (2), the present  calculations 
are confined to the case of thermodynamic  equil ibrium. 
The concentrat ions c (x)  of cations in the oxide film 
is then given by 

c (x)  = C o e x p [ - q V ( x ) / k T ]  0 ~  x~---X ' [1] 

where  the silicon-silicon dioxide interface has been 
selected as the origin of the coordinate x, Co = c(0) ,  
V(x)  is the potent ial  (with V(0) = 0) and the other 
symbols have their  usual  significance. For  simplici ty 
alt cations in the system are taken to be univalent .  
The anions te rminat ing  the charges of the cations are 
assumed to be pe rmanen t ly  located in the surface 
region X - -  X'  of the oxide where  x = X at the meta l -  
oxide interface. As the anions are immobile,  their  
distr ibution will  not be governed by the Bol tzmann 
law. 

We shall  assume tha t  the concentrat ions of electrons 
and holes in the oxide are small  compared to the con- 
centrat ions of the ions and may  consequent ly  be ne-  
glected. Poisson's equation is then given by 

d2V q 
- -  - -  - c ( x )  0 - - ~ x - - ~ X  ' [ 2 ]  
dx 2 e 

which leads to the usual expression for the Poisson- 
Bol tzmann equat ion 

d2V q 
. . . .  co exp [ -  qV ( x ) / k T ]  [3] 
dx 2 

The usual device of mul t ip ly ing  both sides of Eq. 
[3] by 2(dV/dx) enables it to be in tegrated as fol-  
lows 

( d V ~  2 2cokT 
--~-x/ = 802 --, (1 - e -qv/kT) 0 < x < X'  [4] 

where  the boundary condition (dV/dx)o = - -  6o has 
been used. The solution to Eq. [4] which was p rev i -  
ously obtained for the case that  no m ax im um  exists in 
the potent ia l  V(x )  wi th in  the oxide film is 

624 
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V 2 a 1/2 + (a + b e - m y )  2/2 
x = ai)~ + m a  1/~ in a 1/2 + (a + b) 2/2 [5] 

where  
2 k T  

{~ ~ -  ~ o  2 - -  C o  

e 

2 k T  
b = Co [6] 

e 

and 
m =  q / k T  [7] 

the parameters  a and b may be evaluated f rom the 
boundary conditions as described in the previous pa- 
per. For  mathemat ica l  simplicity, we shall assume that  
the cations are confined to the region 0 --~ x --~ X'. 
Then the total cationic surface density in the oxide 
film is g iven by 

fox '  f o  x' dX d v  [8] a =  c (x )  d x =  c(V) dV 

Subst i tut ing Eq. [1] and [4] into the above yields 

' ( -mVx') ~/2 ~ 
t r = - - ( a + b )  1 / 2 -  a + b e  = ~ (~x, = ~o) 

q q 
[9] 

where  the definitions [6] and [7] have been used 

-,~v V/2 
Vx, = V(X ' )  and the relat ion a + be  x,) = 

Gx, has been used. 
For practical  purposes, the parameters  a and b are 

best evaluated in terms of the potential  Vx, and the 
boundary field Go. The lat ter  is found from the flat 
band potent ial  of the semiconductor  which is exper i -  
menta l ly  de te rmined  f rom the bias dependence of the 
capacitance of the MOS structures. The method is de- 
scribed in Appendix  (A) of ref. (2) and typical values 
of a and Co = be /2kT  are given in Table I of that  
paper. 

The average distance of the cations f rom the silicon 
interface is of some interest.  It is given by 

<X> ---- 

So x x Co e - ' ~ "  dx  

fX" Co e - -mV dx 
o 

Vx, + 81, x' 

~X' ~ gO 
[9'] 

It  wil l  be seen f rom the previous paper  (2) that  
--~x,  ~ a 1/2 to an excel lent  approximation.  A few nu-  
merical  vaiues  of the average  distance < x >  are g iven 
in Table I corresponding to some typical  values of the 
observable variables.  It  wil l  be seen that  the distance 
< x >  is only of the order  of one latt ice distance. 

The solution to the Poisson-Bol tzmann equat ion for 
the case that  a m a x i m u m  in V(x )  exists wil l  now be 
derived. Let  Xm be the point at which the potential  
m ax imum V(Xm) = V m  exists. The potent ial  gradient  
of Eq. [5] is then given by 

Table I. 

V x ' , v  - ~ o  • i0-% v /e ra  - - ~ x '  • 10-e, v / c m  < x > , A  

10 1.00 0.3314 8.67 
2.00 0.3299 6.17 
S.00 0.3277 3.62 

20 1.0O 0.6661 5.01 
2.00 0.6648 4.14 
5.00 0.6627 2.75 

30 2.00 0.9989 3.28 
3.00 0.9981 2.B5 
5.00 0.9970 2.25 

d V  
- - =  (a + b e  -mv )  l/z 0 ~ x ~ x m  [10] 

d x  

= 0 x - -  Xm [11 ]  

= - - ( a + b e - r ~ v )  1/z Xm < x ' ~ X  ' [12] 

The existence of the  m a x i m u m  Vra with  

(a + b e-mYra) 1/z = 0 [11'] 

requires  that  a < 0 because b --~ 0 under  all  conditions 
as may  be seen by reference to Eq. [6]. Under  this re -  
quirement ,  the integrals  of Eq. [10] to [12] take the 
forms [5] 

2 
X m (--a) 1/2 

{ s i n - 1  [ ( ~ - ~  y / 2  e m V ( x ) / 2 ] - - s i n - X ( ' ~ b ) l / 2  } 

O ~ x < x m  [13] 

x - -  xm = m ( _ a ) l / z  sin -1 ~ e mv(x)/s --:~/2 

Xm < x - - X '  [14] 

The position of the potential  m ax im um  may be found 
f rom Eq. [13] and is 

xm m ( - - a )  l/Z ~ - - s i n - X  [15] 

The total  cationic density is again obtained by the use 
of Eq. [8], but  is now given by 

e [ ( _mV "~ 112] 
= - -  ( a + 5 ) 2 / 2 +  a + b e  x ' )  ] [16] 

q 

instead of by Eq. [9]. 
Figures 1 and 2 are plots of the potent ia l  profiles 

V(x)  and of the cationic concentrat ion c (x )  for two 
different values of the rat io  ( - - a / b )  1/2 for the par -  
t icular  case that  Vx, = 0. The methods for evaluat ing 
the parameters  a and b f rom exper iment  for this case 
is given in a later section of this paper. 

Para l le l ing Eq. [9'], we may define an average dis- 
tance f rom the interface for those cations which are 
on the left  hand side of the potent ia l  m a x i m u m  Xm as 

< x >  _ 

xnl 
fo  X Co e - m y  dx  

f :m Co e -my  dx  

0.8 

0.6 

v 
Vm 

0 . 4  

0 .2  

I I I I 
0 0 0 .2  0 .4  0 .6  0 .8  1.0 

x_ 
X 

Fig. 1. Normalized potential vs. fractional distance for the 
symmetrical case of Vx, ~ 0 with a film thickness of 5000A. Two 
typical values of (--a/b) 112 are plotted: Curve a, ( - -a/b) 112 
10-8;  Curve b, ( - -a/b)  1/2 = 10 -~ .  
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X 

Fig. 2. Normalized cationic concentration vs. fractional distance 
for the two cases depicted in Fig. 1. 

= - -  Vral~o [ 16'] 

Some numer ica l  values of this average distance are 
given in Table II, 

Effect of the Presence of Anions 
For the purposes of the present  possibly oversimpli-  

fied analysis, we shall assume that  the cations are ex-  
cluded from the region X'  --~ X --~ X and that the 
anionic concentrat ion is given by 

C = constant. X'--~ x ~-- X [17] 

Poisson's equation 

d2V =- -q  C [18] 
dx  2 , 

may now be easily integrated and yields 

qC 
Vx--Vx, =-~, (X--X')2--~x , (X--X') 

where ~x, is the field at the point X'. 
It is of interest to note that if a constant total den- 

sity �9 a of anions 
~a= C(X" X') [19] 

is introduced and the distance X -- X' is allowed to 
approach zero, the potential difference Vx -- Vx, will 
approach zero at the same rate. Hofstein (6) has inter- 
preted one aspect of the time dependence of his cat- 
ionic drift measurements in silicon-silicon dioxide 
MOS devices in terms of an initial trapping of the 
cations in a region of 7.5 to 8.0A thickness at the metal 
oxide interface. If the trapping in the Holstein ex- 
periments is actually caused by a layer of immobile 
anions as in the above model, the potential differ- 
ence Vx -- Vx, must be very small at typically ob- 
served values of the total ionic density a in accordance 
with Eq. [18] and [19]. A thickness of the order of 8A 
would be consistent with the possible condition that 
the immobile anions are oxide ions terminating the 
amorphous silicon dioxide structure. 

Table II. Some values of the average distance of the cations 
on the left hand side of the potential maximum from the 

silicon-silicon dioxide interface, in the symmetrical case where 
Vx, = 0. The film has been taken to be 5000A in thickness 

and has been assumed to be equilibrated at a temperature of 250~ 

- 8 0  x lO-6, -(~o x IO-~, 
V~ V v/crn <x>, A Vom, v v/crn <x>, A 

0.600 0.105 570 0.400 0105  380 
0,21 285 0.21 190 
1.OS 57,0 1.05 38.0 
2.1 28.5 2.1 19.0 

0.480 0.105 458 0.280 0.105 267 
0,21 229 0.21 133 
1,05 45.8 1,05 26.7 
2.1 22,9 2,1 13.3 

The effective potent ial  unde r  which the cations dis- 
t r ibute  themselves is 

Vx, = Va + • -- (Vx-- Vx,) [20] 

where Va is the potential externally applied to the 
metal electrode and h~b is the contact potential or the 
difference between the work functions of the metal 
and the semiconductor. 

Currents Arising from Cat ionic Migra t ion  
I t  is implicit  in the foregoing analysis that  the shift 

in the flat band potential  of the semiconductor under  
temperature  bias t rea tment  is related to the apparent  
charge storage. Fur ther ,  the cationic currents  wil l  be 
ant i symmetr ica l  about the point  Vx, = 0. The deter-  
minat ion  of the applied potent ial  corresponding to the 
point  of symmetry  Vx, = 0 affords a method for ob- 
ta in ing  the quantity A~ -- (Vx- Vx,). Thus a theo- 
retical treatment of the cationic current is of interest. 

Calculation of the time-dependent currents arising 
from cationic migra t ion in the film following changes 
in the applied bias is extremely difficult and will  not 
be at tempted here. Instead we shall compute the time 
integrals of the cur ren t  corresponding to the t ransi t ion 
of the system from one state of equi l ibr ium to another  
following a discontinuous change of the applied bias. 
This requires only the calculations of the mobile elec- 
tronic charges in the silicon required to terminate  the 
equi l ibr ium dis t r ibut ion of charges in the oxide film. 
Changes in the electronic charge in the silicon corre- 
spond to t ime integrals  of cur ren t  in the external  cir-  
cuit. We shall assume that  the doping is sufficiently 
high so that  the silicon is effectively degenerate  at 
the temperature  under  which the cationic migrat ion 
occurs. As the potent ial  increment  h~b - -  (Vx - -  Vx,) 
in Eq. [20] is effectively a constant,  the analysis of the 
current  integrals will  be given in terms of Vx, for the 
sake of simplicity. 

The surface charge Qo in  the silicon required to 
terminate  the ionic charges in the oxide film is given 
by 

~o x' X ' - -  x Qo = q c (x) X---------7--- dx [21] 

The form of the in tegrat ion of Eq. [21] depends on 
whether  a potential  max imum Vm exists in the region 
of the integration.  Where the potential  ma x i mum is 
absent, Eq. [21] takes the form 

Qo --  qco e -my (a + b e -my) -i /2 dV 
X'  

[22] 

In  the presence of the potent ial  ma x i mum Eq. [21] 
assumes the form 

fo Vm e-my i X ' - -  x (V)  ] (a + b e-,,~v)-l/~ dV 
Qo = q Co X'  

__ q COYv:X" [ X ' - - x ( V )  e-mVL x ,  ] (a + b e -mV)- l /2  dV 

[23] 

The last two equations may be integrated by parts and 
yield respectively in  the cases of the absence and the 
presence of a potent ial  m a x i m u m  

Vx, 
Qo = ~o - -  ~ ( m a x i m u m  absent)  [24] 

X' 

2Vm-- Vx, 
Qo = 6o --  \ ~ -  ) (max imum present)  [25] 

The integral  of the cur ren t  I ( t )  following a discon- 
t inuous change of the applied potential  Va is given by 
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fo |  dt  = A[Qo(V'x,) --  Qo(V~ ,) ] [26] 

where A is the area of the MOS device and V~ and 
V'x, are the potentials before and after the discontinu-  
ous change. 

Eva luat ion  of System Parameters  
The foregoing equation's enable ~he principal  var i -  

ables of the Poisson-Bol tzmann dis t r ibut ion model 
of the cation drift  to be quant i ta t ive ly  determined by  
the separate measurements  of the flat band  potent ial  
and of the current  integral.  If self consistent, these 
independent  data would lend support  to the hypothesis 
of the Poisson-Bol tzmann dis tr ibut ion and to the other 
assumptions introduced into the model. 

The model predicts that the current  integrals should 
be ant isymmetr ical  about the point  Vx, ~ O corre- 
sponding to an applied potent ial  

V% --  ~ -  (Vx- -  Vx,) [27] 

Thus we should have 

Qo(Vx,) Qo(O) - - -  [Qo( -Vx, )  - Q o ( O ) ]  [28] 

Pre l iminary  measurements  indicate that a point  of 
approximate an t i symmet ry  with respect to the cur-  
rent  integrals does indeed exist. The applied poten- 
tial V,  corresponding to the point  of an t i symmetry  is 
found to be of the order of 1 V. 

Where Vx, ~ >  m -~, Eq. [9] simplifies to that  which 
is customari ly used for the exper imental  de termina-  
tion of the cationic density 

---- e s o  (Vx, > >  m -1) [29] 
q 

At low values  of the potential,  however,  Eq. [29] is no 
longer valid. In  particular,  at the point  Vx, = 0, Eq. 
[16] reduces to 

2 ~  , 

= -- ~o (Vx, = o) [30] 
q 

If the density ~ is constant  we may conclude that 

~o(Vx. ~ 0) ----- ~z~o (Yx, > >  m -1) [31] 

Eq. [27] and [3I] provide independent  methods for 
de termining  V%. 

The t ransi t ion between the logarithmic and inverse 
sine solutions to the Poisson-Bol tzmann equation cor- 
responding to the absence and the presence of a po- 
tential  max imum occurs a~ the point  at which the 
parameter  a passes through zero. In  the Appendix  
the range of values Vx, corresponding to the param-  
eter a = 0 for various typical values of the density 
and the other variables is evaluated and shown in 
Fig. 3. It  appears tha t  the t ransi t ion value of Vx, is 
less than 1 V in  all cases. 

Equa t ion  [24] and [25] may  be used to determine 

5O 

4O 

3.C 

2.0 

t ,o  ~ ~,~ 03 0.4 0.6 0.81.0 2,0 3.0 4.0 6.0 $.0 i0,0 

= x tO'12 ( cm'2 ) 

Fig, 3. Normalized transition potential vs. total cationic charge 
density for three film thicknesses: Curve a, 10,000~; Curve b, 
5000.~; Curve c, 2000~. 
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values of the potential  ma x i mum Vm. This is done by  
measur ing the current  t ime integral  following a change 
of the potential  Vx, from a value above the t ransi t ion 
to a value below this transition. The potential  max-  
imum V~ which exists when  Vx, ~ 0 is of part icular  
interest. It  is given by 

vain = -~ -  + -~  j Z d t - -  [ ~o ( Vx , )  - -  ~ o ( 0 ) ]  

2 ~ Iris -4- 2~o (0) [32] 

where here Vx, > >  1 V. The ratio (--a/b) may now be 
immediately determined by means of Eq. [11']. From 
symmetry  considerations, the potential  max imum V~ 
is located at the point Xm -- X'/2. The parameter  a 
can now be obtained by the use of Eq. [15], which 
after the substi tut ion of Eq. [ i i ' ] ,  takes the form 

( - -a ) ' /5  = _ _  - -  s in-1 e - 'nv~ [33] 
r 2- 

The parameter  b is then determined by Eq. [6]. 
The de terminat ion  of the parameters  a and b and 

the point  xm of m a x i m u m  potential  Vm for values of 
the potent ial  Vx, other than Vx, ---- 0 in the domain of 
a < 0 requires rather  extended numerica l  analysis. 
For  the purpose of i l lus t ra t ing the quant i ta t ive re la-  
tionships among the parameters  for the case where a 
potential  max imum exists, a short tabula t ion  of their 
numerica l  values corresponding to typical  values of 
the external  variables are presented in Table III. In  
the calculations, values of the applied potential  Va 
have been used just  balancing the work funct ion dif- 
ference h~ so that  the effective potential  at X is zero. 
As elsewhere in  this paper, the tempera ture  is taken 
as 250~ 

T r a n s i e n t  N o n e q u i l i b r i u m  C a t i o n i c  D is t r ibut ions  
When the applied potential  on the MOS structure is 

abrupt ly  changed the cationic distr ibution is slow to 
readjust  itself. Immediate ly  after the potential  change, 
the distr ibution is in a nonequi l ib r ium state with re* 
spect to the new applied potential  on the MOS struc~ 
ture. I t  is the drif t  of the cations toward  the  thermo- 
dynamic equi l ibr ium dis t r ibut ion which produces a 
current  in the external  circuit. If a potential  max imum 
exists in the oxide film, it may impede the drift  of 
the cations toward equil ibrium. 

. t0  

. 0 8  

. 0 6  
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. 0 2  
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- . 0 6  

- . 0 8  
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Fig. 4. Potential profile for a transient, nonequilibrium cationic 
distribution. Curve a represents an equilibrium potential profile 
corresponding to an applied potential of ~ 5 V at t < to. Curve 
b represents the instantaneous, nonequilibrium, potential profile, 
after a potential of - -  5 V has been applied at t ~ to. Hate 
the potential maximum at a fractional distance of about 0.035. 
Curve c represents the equilibrium potential profile for an applied 
potential o f -  5 V. 
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Table III. Numeral values of system parameters corresponding to typical values of the observable variables for the case that a 
potential maximum exists in the film. The applied potential Va is set opposite and numerically equal to the work function difference 

~ .  The temperature is constant at T = 250~ 

r x 10 -~ ,  - - ~ , ,  X 10 .4 , (--a)l/2 x 10-4, b1/2 X 10 -6 , 
X ,  A crn-~ v / c r n  V ( X ' ) ,  v v / e r a  v / e m  Vm, v x . , h ,  ( X  -- X ' ) )  A ~ x .  X 1 0 J  

2000 5.00 1.00 - -  0.0083 1.350 1.00 0.374 0.500 8.0 0.947 
5.00 2.00 0.259 1.300 2.00 0.437 0.522 8.0 4.41 
5.00 2.00 0.259 1,300 2 .00 0.437 0.522 10.0 3 .64  

1 0 . 0 0  1 .00  - -  0 . 1 0 1  1 . 3 5 9  1 .00  0 . 3 7 3  0 . 5 0 4  8.0  0 . 8 4  
10.00 2.00 -- 0.0083 1.359 2.00 0.434 0.500 8.0 2 .00 
10.00 4.00 -- 0.259 1.332 4 .00 0.494 0.511 8.0 5.46 

5000 5.00 1.00 -- 0.0083 0.543 1.00 0.453 0.500 8.0 0.947 
5.00 2 .00 0.259 0.536 2 .00 0.511 0.508 8.0 4.41 

10.00 1.00 -- 0.101 0.544 1.00 0.453 0.499 8.0 0.84 
10.00 2 .00 -- 0.0033 0 .544 2.00 0.513 0.500 8.0 2.00 
10.00 4.00 0.259 0.533 4.00 0.573 0 ,504 8,0 5,40 

Figure 4 shows the equi l ibr ium potential  d is t r ibu-  
t ion V(x)  corresponding to an applied potential  of 
-~ 5V at t = to- and the potential  profile at t ~ to+ 
when the applied potential  has been changed to --5V 
at t ~- to. The cationic dis t r ibut ion remains  unchanged 
between to- and to+. The potential  profile V(x)  cor- 
responding to the final equi l ibr ium distr ibution of the 
cations at t = ~ is also shown. 

It  is apparent  that the cations ini t ia l ly  to the left of 
the potential  m a x i m u m  must  pass over the max i mum 
in order to establish the equi l ibr ium distribution. This, 
however, is a self accelerating process. The cations 
near  the potential  max imum and having energies 
within kT of it will  drift  over the maximum. In  so 
doing, the t ranspor t  of the space charge of these ca- 
tions wil l  lower the potential  maximum. Addit ional  
cations are now wi th in  kT of the lowered potential  
m a x i m u m  and will  drift  over it. The process becomes 
catastrophic when the potential  max imum decreases to 
wi thin  kT of zero. 

The net result  of the above is that the observed cur-  
rent  may not  decay monotonical ly in  t ime but  may 
show a max imum after an ini t ia l  induct ion period. 
The phenomenon of a cur ren t  max imum has occasion- 
ally been observed in  this laboratory at high total 
cationic densities q. I t  is not  as firm as might  be wished 
for, but  the observation is not  an artifact. 

Manuscript  received Aug. 25, 1966; revised m a n u -  
script received Feb. 8, 1967. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1967 
J O U R N A L .  

APPENDIX 

Calculation of Transition Potentials for the Case 
where a = 0 

The transi t ion between the logarithmic and inverse 
sine solutions to the Poisson-Bol tzmann equation oc- 
curs at point  a = 0. For this case, it can be shown that  

2 
: b 1 /2  = ~ [e'~Vt(x') - -  1] [34] 

reX' 
and 

q , m X "  [ mVt(X' )  ] 
- -  = sinh u [35] 

8r 4 

where Vt(X')  is the t ransi t ion potent ial  between the 
two regions. 

Figure 3 presents a plot of Eq. [35] for selected 
values of the exper imental  variables. It may be con- 
cluded from the figure that the t ransi t ion potential  
Vt(X')  lies between 0.05 and 0.30v over the commonly 
encountered range of exper imental  variables where 
the film is equil ibrated at 250~ 
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Anodic Oxidation of Silicon in 
KNO -N-Methylacetamide Solution: 

Interface Properties 
Akos G. Revesz 
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ABSTRACT 

Silicon was oxidized anodically using constant current  and /o r  constant 
voltage methods. The Si-SiO~ interface was invest igated with the MOS ca- 
pacitance method. Constant current  anodizat ion results in  a high densi ty  of 
surface states. Constant  voltage anodization leads to surface state densities that 
roughly  decrease wi th  the final oxidation rate. Short  t ime anneal ing in He 
at e levated tempera tures  removes  the states f rom the Si forbidden band 
and reduces the density at zero Si surface potent ial  to 2 x 1021 cm -2. Posi t ive 
and negat ive  bias tests at 300~ showed a small posi t ive ion migrat ion effect 
but  no interface instability. 

Thermal  oxidat ion of silicon is the most commonly  
used technique for the passivation of semiconductor  
devices and for the fabricat ion of the insulat ing film 
in MOS (Meta l -Oxide-Semiconductor )  devices. Con~ 
sequently,  there  are many  publications deal ing with 
the propert ies  of the Si-SiO2 interface obtained by 
that  method. Anodic oxidat ion of silicon, on the other  
hand, has been much less explored f rom this point of 
view. Only the fol lowing has been reported. Dubrow-  
skii et al. (1) ment ioned in a cursory manner  that  
oxide films produced by anodization in ve ry  pure  
wate r  protected the silicon surface f rom ambient  ef-  
fects. Boroffka (2) repor ted  recent ly  that  anodic oxida-  
tion results in a high density of surface states (~1013 
cm -2) that  can be reduced to ~ 3 x 1011 cm -2 by post-  
oxidation heat  t rea tment  in hydrogen. J ahn  (3) re-  
por ted that  the reverse  bias characterist ics of silicon 
p-n  junctions passivated by thermal  oxidation could 
be improved  to a great  extent  by anodization at con- 
stant vol tage in a KNOa-glycol  electrolyte. 

The p r imary  purpose of this invest igat ion was to 
compare anodic oxidation with the thermal  one on the 
basis of MOS interface  behavior.  It  is shown here  that 
constant vol tage oxidat ion under  clean conditions in 
a nonaqueous electrolyte  fol lowed by a short t ime 
anneal ing in hel ium at high t empera tu re  results in an 
interface that  is comparable  wi th  that obtained by 
thermal  oxidation. Especial ly no tewor thy  is the fact 
that  no interface instabil i ty effects were  observed at 
300~ and that  ion migra t ion  under  bias at e levated 
tempera ture  is small  and of the vo l tage-symmetr ic  
type. 

Experimental 
Processing technique.--Chemically polished 10 ohm- 

cm p- type  silicon of (111) and (100) orientations was 
used (except  where  otherwise noted).  The silicon wa-  
fers were  cut to a 1 by 1 cm square with a 1 cm long 
stem that  was to be at tached to a holder  in the anodiz- 
ing apparatus. The specimens were  careful ly  cleaned, 
and jus t  before anodization they were  submerged in 
hydrofluoric acid and r insed with  distilled water.  

Fol lowing the work  of Schmidt  and Michel (4) the 
electrolyte  chosen was 0.04M solution of KNOa in N- 
methylace tamide  (NMA).  Since it is known that  this 
e lectrolyte  is hygroscopic and the oxidation process 
is influenced by its wa te r  content  (4, 5), fresh elec-  
t rolyte  was used for each oxidation. No a t tempt  was 
made, however ,  to avoid water  absorption dur ing ox-  
idation. It  is not l ikely that  this absorption could cause 
any  serious problem since the observed values of ano- 
dization efficiency were  below 1.4%. This value  is the 
s a m e  as the min imum in the efficiency vs. elect rolyte  

water  content  graph of Duffek et al. (5), and accord- 
ing to their  observation the most perfect  oxides were  
produced at this water  content. Since the electrolyte  
has a strong tendency for creeping, the upper  part  of 
the stem of the silicon specimen together  wi th  the 
holder  was masked. The t empera tu re  dur ing anodiza- 
tion was about 50~ unless otherwise noted. The 
cathode was a p la t inum sheet. The anodization was 
per formed by constant current  or constant voltage 
method, or by a combinat ion of these, that  is, constant 
cur ren t  oxidat ion up to a given vol tage fol lowed by 
the constant voltage mode. The constant current  den-  
sity was var ied  f rom 5 to 10 m a / c m  2, the highest vol t -  
age was 300v, and the lowest current  density obtained 
dur ing the constant vol tage mode was 0.04 m a / c m  2 
in about 300 rain. The range of oxide thickness ex-  
tended f rom 160 to 1400A. 

Af ter  oxidation the specimens were  rinsed in water.  
Some specimens were  then t reated in hydrogen at 
500~ for 15 rain, or in he l ium at 800~176 The 
hydrogen t rea tment  was done in a convent ional  v i t re -  
ous silica tube furnace, whereas  the hel ium anneal ing 
was performed in an air  cooled silica tube with r a -  
dio f requency  (rf) heating. For  MOS capacitance mea-  
surements  wi th  a mercury  probe the specimens were  
provided wi th  nickel  back contacts. For  stabil i ty tests 
a luminum electrodes were  used on the oxide. 

Measurement methods.--The interface propert ies  
were  evalua ted  on the basis of the MOS capacitance 
method (6). This gives the density of charges in the 
states at the Si-SiO2 interface and wi th in  the oxide 
( lumped together  as surface states) as a function of 
energy in the Si forbidden band. The differential  ca- 
pacitance of the MOS diode as function of bias was 
measured at 1 MHz with  an automatic measur ing ap- 
paratus, and the data were  evaluated with  a computer  
method (7). The results are given as density of sur-  
face states at  flat band condition, No cm -2, and as 
density of states wi th in  the  Si forbidden band, dN/dE 
cm -2 (ev) -1 (E being the  energy, say, above the 
valence band).  Since the distr ibution of states (en-  
ergy-wise)  was found to be approximate ly  uniform, 
the value  of dN/dE is independent  of E. In selected 
cases the equiva len t  paral le l  a-c conductance as a 
function of bias was also measured  (8). 

Results 
Inl~uence of oxidation and post-oxidativn ~reat~nen~ts. 

--Oxidation.--The influence of oxidation conditions 
and post-oxidat ion t reatments  on the surface state 
density is summarized in Table I. It is clear  f rom 
this table tha t  constant  cur ren t  anodization resul ted 
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Table I. Density of surface states at zero Si surface potential, 
No, 1011 cm - 2  and in the Si forbidden band, 

dN/dE, 1011 cm - 2  (ev) - 1  

As g r o w n  He- 
T y p e  H e - t r e a t m e n t  a n n e a l i n g  

A n o d i z a t i o n  of  Si  No dN/dE  No dN/dE  N~ dN/dE  

Const .  c u r r e n t  p 26-71 3-70 
Const .  c u r r e n t  f 2-60 2-55 

a n d  const ,  p J~ N, ot  m e a s u r e d  
v o l t a g e  Not  m e a s u r e d  

n - -17- - -25  27-35 

9-23 3-14 Not  p e r f o r m e d  
Not  p e r f o r m e d  Not  p e r f o r m e d  

2-25 0-6 Not  p e r f o r m e d  
Not  p e r f o r m e d  2-4 O 

6-9 5-7 Not  p e r f o r m e d  

* The  da t a  r e p r e s e n t s  t he  e x t r e m e  v a l u e s  e n c o u n t e r e d  in  a g r o u p  
of 4-7 spec imens ,  excep t  for  n - t y p e  s i l icon;  in  t he  l a t t e r  case 2 
s p e c i m e n s  we re  m e a s u r e d .  A b o u t  5 spots  we re  m e a s u r e d  on  each 
spec imen .  The  n e g a t i v e  s i gn  i nd i ca t e s  the  p resence  of accep tor  
r a t h e r  t h a n  donor  s ta tes  (i.e. n e g a h v e  cha rge  is assoc ia ted  w i t h  
the i n t e r f ace  a n d / o r  ox ide) .  

in higher value  for both No and dN/dE than the com- 
bination of constant cur ren t  and constant voltage 
modes. In the lat ter  case the lowest  values were  usu- 
al ly obtained wi th  re la t ive ly  long anodization, corre-  
sponding to low final current  densities and low final 
oxidat ion rates. If  the contaminat ion level  was min-  
imized then both No and dN/dE showed a definite 
t rend to decrease wi th  decreasing final oxidation rate,  
i.e., with the t ime of constant vol tage anodization. A 
similar  effect of the final oxidat ion rate  for thermal  
oxidation was previously  reported (9, 10); it was at-  
t r ibuted to a higher  degree of perfect ion in the in-  
terface region of the oxide grown with  a lower final 
oxidat ion rate. J ahn  has also observed that  the re-  
verse  current  of a passivated p-n  junct ion decreased 
wi th  the t ime of constant vol tage anodization. He 
has a t t r i b u t e d  this effect to the remova l  of posit ive 
space charges f rom the vicini ty  of the Si-SiO2 inter-  
face in the oxide. 

If contaminat ion occurred during anodization, e.g., 
due to accidental  dissolution of the copper holder,  then 
even long t ime anodization wi th  constant voltage gave 
rise to high value  of No and dN/dE,  even though the 
field across the oxide and electrolyte  opposed the ent ry  
of posit ive ions into the oxide. 

The behavior  of the two n - type  specimens was un-  
usual. In the  as grown condit ion negat ive  ra ther  than 
positive charges were  associated wi th  the interface, 
i.e., acceptor states were  present. This situation was 
unstable, af ter  H2- t rea tment  the usual posit ive charges, 
characterist ic of donor states, appeared. This phe-  
nomenon should be invest igated in grea ter  detail. 

Post-oxidation treatments . - - In  order to decrease the 
surface state density characteris t ic  of the as grown 
condit ion two processes are general ly  used: H2-treat-  
ment  at around 500~ (11) and anneal ing in hel ium 
at 1000~176 (9. 10). Both post-oxidat ion t rea t -  
ments  have  been investigated. As we can see f rom 
Table I, the anneal ing  in hel ium is superior to the 
H2-treatment  f rom the standpoint of decreasing both 
No and dN/dE.  It  is in teres t ing to note that  J a h n  has 
found an opposite effect of heat  t r ea tment  (in un-  
specified ambient,  probably air) af ter  constant vol t -  
age anodization of the rmal ly  oxidized silicon: the 
pre-anodizat ion  value  of the reverse  current  of the 
p -n  junct ion was restored. If the magni tude  of the 
reverse  cur ren t  is re la ted to the ex ten t  of an inver -  
sion layer  on the surface of p - type  silicon then ap-  
parent ly  the na ture  of the Si-SiO2 in ter face  in Jahn ' s  
case  is different  f rom that  in the present  work. 

The effects of I-I2-treatment (11) and He-annea l ing  
(10) were  a t t r ibuted to a saturat ion of dangl ing bonds 
a t . the  silicon surface and to a decrease of disorder in 
the oxide at the interface,  respectively.  Since dur ing 
anodic oxidation various t rapping phenomena can oc- 
cur, and electrons (holes) can be released f rom these 
traps by heat  t reatment ,  it is possible that  electron 
(hole) t ransfer  be tween  silicon and traps in the oxide 
takes place dur ing t ie -anneal ing .  A mechanism con- 

sistent with our observat ion could be, for instance, re -  
lease of holes f rom the traps in the oxide and t ransfer  
to silicon. This would reduce the nega t ive  space charge 
there. However ,  the current  decay during constant 
voltage anodization is usual ly accompanied by a de- 
crease instead of an increase of the surface s ta te  den-  
sity as would be expected if hole t rapping were  the 
predominant  process during anodization. If  one as- 
sumes, on the other  hand, that  e lectron t rapping oc- 
curs dur ing anodization then charge t ransfer  across the 
interface during anneal ing (i.e., neutral izat ion of sep- 
arated charges) would  result  in more  negat ive charges 
in the silicon after  anneal ing than before. Jus t  the op- 
posite happens in our case. Evident ly ,  the correlat ion 
be tween  current  decay during anodization, densi ty of 
states in the "as grown" conditions, and anneal ing be-  
havior  is not quite  clear yet. 

The influence of crystal lographic orientat ion of sil- 
icon in these exper iments  was by far  not as marked  
as for thermal  oxidat ion (10). Nevertheless,  the lowest  
values of No and dN/dE after  He-annea l ing  were  ob- 
tained with  (100) orientation. 

Stability studies.--One of the impor tant  aspects of 
MOS structures is the i r  behavior  at e levated t emper -  
ature under  the application of posit ive and negat ive  
bias to the meta l  electrode (the so-called gate).  Only 
He-annea led  specimens were  tested for stability. These 
investigations were  per formed by S. R. Hofstein. The 
posit ive bias was usual ly 10v, the negat ive bias var ied  
up to 30v. The tests were  carr ied out in he l ium ambient  
at 300~ 

Constant voltage anodization.--A typical result  for a 
specimen oxidized with  a constant voltage mode is 
shown in Fig. 1. Note that  the outer surface of the 
oxide film was not etched before  the electrode depo- 
sition. It can be seen f rom this figure that  the C-V 
curves after  the bias-heat  t rea tment  (2 and 3) are 
roughly  paral le l  wi th  the original  one (curve 1) and 
that  the extent  of this shift is comparable  wi th  that  
observed for the rmal ly  oxidized and annealed speci- 
mens that  were  prepared by an in situ process (12). 
There the vo l tage-symmetr ic  na ture  of the instabil i ty 
was a t t r ibuted to the migrat ion of sodium or similar  
ionic impuri t ies  in the oxide that  are bound to the ox- 
ide in a manner  that  resembles  sodium in glass. The 
sodium was incorporated into the oxide during the rmal  
oxidation in a more or less t ight ly  bound form ra ther  
than in the loosely bound one characterist ic of sodium 
associated with the surface region of the oxide (13). 
It is quite possible that  some potassium f rom the 
electrolyte  was incorporated into the anodbc oxide in 
a s imilar  manner.  Indeed, Schmidt  et al. observed 
that  such an incorporat ion occurs and that  this potas- 
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Fig. 1. Stability test of a specimen oxidized with constant 
voltage mode. Oxide thickness is 1000.~,. Curve I was taken after 
tile deposition of the aluminum electrode (gate). Curve 2 indicates 
saturation after applying +10v  for 1 hr. Curve 3 was taken after 
the application of --30v for 3 min corresponding to saturation. 
(The higher field in the negative direction speeds up the process 
but does not change the saturation value.) 
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sium is ra ther  immobile, in contrast  to that adsorbed 
at the surface (14). Since in our studies etching the 
oxide prior to electrode deposition did not affect the 
ins tabi l i ty  behavior, this adsorbed potassium was ap-  
parent ly  completely removed by post-oxidation clean- 
ing. Fur thermore,  it is known  that  sodium or similar 
impuri t ies  that  are associated with the oxide surface 
lead to a vol tage-asymmetr ic  instabi l i ty  behavior (15, 
16) that we have not observed. The lack of interface 
instabi l i ty  (i.e., the C-V curve did not shift to the 
left under  negat ive bias) in  these specimens is an in-  
dication of the relat ively high perfection of the in-  
terface region�9 As with thermal ly  grown oxides this 
is due to the el iminat ion of traps in the vicini ty of 
the SirSiO2 interface by He-anneal ing.  Otherwise 
these traps could interact  electronically with silicon 
and so cause the so-called interface instabi l i ty  effect 
(17). 

Constant current anodization.--Specimens that  were 
anodized with the constant  current  mode only showed 
a different behavior. This is demonstrated in Fig. 2. 
The shift caused by positive bias is about the same as 
in  Fig. 1 (note, however, that  whereas in case of Fig. 
1 the t ime of the test was 1 hr, here it was only 1,2 
min)  but  the shape of the C-V curve and the min-  
imum capacitance differ considerably from the orig- 
inal  ones. Evidently,  interface states were introduced 
dur ing the bias t rea tment  and some of these states 
could even follow the a-c signal. A similar behavior, 
but in varying  degree, was observed with specimens 
that were anodized with constant  voltage, but  became 
contaminated.  Accidental anodic dissolution of the 
copper holder resulted in very large shifts and dis- 
tortion of the C-V curves, even though one would 
think that  the high field across the oxide could have 
prevented the incorporat ion of Cu-ions into the oxide�9 

Other properties.--Electronic conduction.--Impe- 
dance measurement  on MOS capacitors occasionally 
showed large and asymmetric  electronic conduction�9 
Due to the very na tu re  of the growth process anodic 
oxide films contain less pinholes than thermal ly  grown 
ones. This has also been demonstrated exper imental ly  
(I8). Thus, it is not very l ikely that  the observed con- 
duction is caused by  simple metal  to silicon contacts 
through pinholes in the oxide. Similar  conduction 
phenomena were also observed with thermal ly  grown 
SiO2 films, especially with those processed by an 
in situ method (12). Both the extent  of this conduct-  
ance and the probabi l i ty  of its occurrence was found 
to be less for thermal ly  grown oxides than for anodic 
ones even though the opposite behavior  is expected�9 
There are indications that both oxides have less con- 
duct ing spots if some contaminat ion occurred dur ing 
the processing. The problem of electronic conduction 
in these films requires more study�9 
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Fig. 2. Stability test of a specimen oxidized with constant cur- 
rent mode. Oxide thickness is IO00A. Curve 1 was taken after 
electrode deposition, curve 2 after the application of-}- lOv 
for ~ min. 
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Electron bombardment--Preliminary experiments,  as 
performed by K. H. Zaininger,  indicated that bombard-  
ment  by 1 Mev electrons of MOS structures made from 
anodic oxide films resul ted in  a paral lel  shift of the 
C-V curves. This shift is equivalent  to the induct ion 
of (0.8 to 4.5) x 1011 positive electronic charges/cm 2. 
This is probably due to ionization of the oxide and 
predominant  hole t rapping in the oxide (19). This 
value is one of the lowest ones obtained in the course 
of electron bombardment  studies. 

Interface doping.--Since it was found by Schmidt and 
Michel (4) that the presence of fluoride ions in  the 
electrolyte drastically modifies the anodization be- 
havior, an exper iment  was done with NMA-KNO3 
electrolyte saturated with NaF. The properties of the 
Si-SiOe interface were quite different from those ob- 
ta ined without fluoride. The value of No was very high 
(of the order of 1013 cm -2) and, contrary  to the usu-  
ally observed behavior, it remained very  high even 
after He-anneal ing.  Moreover, the value of dN/dE was 
very high, too, and remained unaffected by the an-  
nealing. Although this part icular  doping is obviously 
not useful  from a practical point  of view the experi-  
ment  nevertheless shows the feasibility of changing 
the interface properties by doping the anodization 
electrolyte. 

Summary 
The density of surface states is determined by  the 

anodization conditions. High values were obtained by 
constant  c u r r e n t  anodization. In the case of constant  
voltage anodization the surface state density general ly 
decreases with the anodization time, i.e., with the 
final oxidation rate. This is a t t r ibuted to greater order 
at the interface, but  t rapping phenomena can be in -  
volved, too. Constant  voltage anodization to low final 
cur ren t  densities followed by anneal ing in  he l ium at 
elevated temperature  can result  in 2 x 1011 cm -2 sur-  
face state density with no states wi th in  the Si forbid- 
den band. The relat ively high perfection of this in-  
terface is shown by the lack of interface instabi l i ty  ef- 
fects at 300~ under  high field. Under  these conditions 
the shift of the C-V curves is qui te  small  and voltage- 
symmetric. This may be due to potassium ions in -  
corporated from the electrolyte into the oxide in  a 
relat ively strongly bound form. Ions that  migrate dur -  
ing positive bias t rea tment  can interact  with the Si- 
SiO2 interface, leading to the appearance of interface 
states (i.e., dN/dE~O). If, however, the interface is 
relat ively perfect then this interact ion does not  take 
place�9 This is in  agreement  with the concept that  
cooperative processes play an impor tant  role in in ter -  
face phenomena (1O). 
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Technical[ Notes @ 
,A. Chemical Polish That Reveals Compositional 

Variations in PbSe l_  Te  

Marriner K. Norr, John V. Gilfrich, and Bland Houston 

U. S. Naval Ordnance Laboratory, White Oak, Silver Sp~ing, Maryland 

PbSe(1-~)Tex is single phase with the NaC1 struc-  
ture over the range 0 ~ x ~ 1 (1). The chemical pol-  
ish described in  this note was used on a single sample 
in which x was approximately  Yz. It produced a fair ly 
flat surface except for a network of valleys which 
covered the surface ra ther  uniformly.  Successive ap- 
plications of the polish resulted in  only minor  dis- 
placements of the valleys, even when the surface was 
ground between polishings. A dislocation etch, which 
is also described in  this note, revealed that  the dislo- 
cation density was higher in the valleys than  on the 
plateaus. Electron probe microanalysis  revealed a sig- 
nificant drop in the Se concentrat ion in the valleys. 

The sample was ground flat on No. 600 grit SiC pa- 
per lubricated with water.  Next it was finely ground 
with Carborundum No. 50 Optical Finishing Powder  
and then polished with Linde A. Both of the lat ter  
operations were carried out on a paraffin lap lubr i -  
cated with an aqueous soap solution. 

The chemical polishing solution was prepared by 
dissolving 0.5g disodium ethylenediamine tetraacetate 
in 25 ml  disti l led H20 and then adding 50 ml  30% 
H202 and 25 ml  glacial acetic acid. The sample was 
stuck to a potycarbonate jig with paraffin. It was pol- 
ished for 5 min  with a figure "8" motion on a piece 
of twil l  j ean  cloth s which was stretched over a smooth 
Teflon plate and saturated with the solution. It  was 
then rinsed with distil led water  and dried on lens 
paper. The surface was shiny and free of any films or 
stains. An  "orange peel" s tructure on the surface 
which was visible to the naked eye is shown in  the 
slightly defocused photomacrograph (Fig. 1). The 
chemical polishing procedure was continued for an 
addit ional  5 rain and the pa t te rn  was unchanged.  The 
valleys were removed by repeating the fine gr inding 
operation. When the chemical polishing was repeated, 

1 K. S. 2423 twil l  j ean  cloth, Exe te r  M a n u f a c t u r i n g  Company,  
Inc., Exeter ,  N e w  Hampsh i r e .  

Fig. I. Photomacrograph of a chemically polished surface of 
the PbSe(1-x)Tex sample. 

the valleys reappeared in essentially the same posi- 
tions as were observed after the ini t ial  chemical polish. 

Detailed informat ion about  the topography of the 
chemically polished surface was obtained from photo- 
macrographs of the interference fringes formed be- 
tween the surface and an optical flat (2). The flat was 
coated with a th in  layer of meta l  so tha t  its reflectiv- 
ity was about 75%. The 4360A Hg line was used for 
i l luminat ion.  White light i l luminat ion  was used to 
follow the order of the fringes. The valleys were about 
Yz ~m deep and from 25 to 75 ~m across. Most of the 
plateaus were between 100 and 700 ~m across. The tops 
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Fig. 2. Photomicrograph of the etched surface of the sample 
shown in Fig. 1. The distribution of the pits in one of the valleys 
is shown. The valley runs almost vertically across the photomicro- 
graph. The partially developed pits are due to those dislocations 
introduced in the mechanical part of the preparation which were 
not entirely removed by the chemical polish. 

of the plateaus were slightly rounded. The changes in 
height from the high points near  the centers of the 
plateaus to the edges of the valleys were less than 
1 ~m. 

The dislocation dis tr ibut ion in the sample was de- 
termined by etching. The etch was prepared by adding 
3 ml  glycerol to 13 ml 50% KOH, cooling to 25~ and 
then adding 1.0 ml  30% H202. The etching was car- 
ried out by immers ing the freshly polished sample in 
the solution for 3 rain at 25~ The etching showed the 
sample to be polycrystalline. Dislocation etch pits 
formed only on certain grains. Since the pits looked 
like pyramids with square bases, the grains on which 
they appeared probably  had {100} planes near ly  
parallel  to the surface of the specimen. The pit den-  
sity in the valleys was high compared to the pit den-  
sity on the plateaus. Frequent ly  rows of pits ran  across 
the valleys (Fig. 2). 

There are several reasons to believe that these re- 
sults can be explained by a spatial var iat ion in x. The 
location of the valleys appears to be associated with 
variations in the properties of the sample. The pat- 
tern formed by the valleys is typical of the cellular  
s t ructure associated with segregation due to consti tu- 
t ional supercooling (3). The a r rangement  of the dis- 
locations would reduce the s t ra in energy due to the 
lattice parameter  mismatch which would be associated 
with variat ions in x (1). If const i tut ional  supercooling 
is involved, one would expect the valleys to be rich 
in the component  which lowers the melt ing point, Te. 

Electron probe microanalysis  was used to find out 
whether  or not  variat ions in x could be associated with 
the valleys. First, the sample was chemically polished 
and mounted  in Quickmount  together with a piece of 
PbSe which was used as a selenium standard. The 
conditions for the electron probe microanalysis were 
as follows: acceleration potential, 30 kv; specimen 
current ,  3 x 10 - s  amp; and x - r a y  wavelength,  1.106~ 
(Se Ka).  A 60 sec point  count ing technique was used 
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Fig. 3. The Se concentration across one of the valleys in the 
PbSe(1-x)Tex sample shown in Fig. I from electron probe micro- 
analysis (Se K=). 

in  steps of 6-12 ~m across two of the valleys. T h e  
relat ive x - r ay  in tens i ty  data were converted into 
weight per cent (w/o)  Se with corrections only for 
absorption by the method of Birks (4). 

Figure 3 is a plot of Se concentrat ion across one of 
the valleys. The other val ley traversed showed the 
same variat ion in Se concentrat ion but  the lower Se 
concentrat ion extended over about 50 ~m. The analyses 
indicate that  the composition on the plateaus is con- 
s tant  (3r ---- 0.5 w/o) ,  but  that  there is a decrease of 
about 1.5 w/o  in the valleys. On the plateaus the aver-  
age Se concentrat ion is about 14.0 w/o  with a 3a value 
of 0.5 w/o, while in the valleys it decreases to a min i -  
m u m  of 12.4 w/o. There is the possibility of some sys- 
tematic error in these absolute values because of the 
uncertaint ies  in the conversion from relat ive x - ray  
intensit ies to concentrations, but  the relat ive con- 
centrat ions are significant, and the lower Se concen- 
trat ion in the valleys is undoubtedly  real. The surface 
topography studies indicate that  the steepest slopes on 
the sides of the valleys are about 2 ~ A slope of this 
magni tude  would not introduce an appreciable error 
due to the change in the x - r ay  "take-off"  angle which 
is nominal ly  371/2 ~ . 

The spatial var iat ion in x is consistent with the 
model for segregation by consti tut ional  supercooling. 
The preferent ial  attack by the chemical polish could 
result  from the var iat ion in composition or from the 
strain or the higher dislocation densities associated 
with the rapid change in lattice parameter  associated 
with a:variat ion in x. Careful metallographic examina-  
tion revealed no evidence of a second phase. The etch 
and polish described could probably be adapted to 
work successfully on samples with x different from 
~/2. Also there is reason to believe that  the polish 
would produce flat, work-free  surfaces in homogeneous 
samples. 

Manuscript  received Oct. 3, 1966; revised m a n u -  
script received Feb. 23, 1967. 

Any discussion of this paper wi]l appear in a Dis- 
cussion Section to be published in the December 1967 
JOURNAL. 
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Extraction of III-V Intermetallic Compounds 
from Metallic Matrices 

Sylvan Z.  Beer 
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Crystals of I I I -V and other  in termetal l ic  compounds 
are often grown from metal l ic  solutions. The extract ion 
of the desired product  f rom the metal l ic  mat r ix  may 
prove quite troublesome. While the meta l  can f re-  
quent ly  be dissolved away f rom the product  wi th  
aqueous solutions of acids or bases, this is not always 
possible because of the react ivi ty  of the nonmetal l ic  
substance with  water.  Frequent ly ,  the react ivi ty  of the 
nonmetall ics depends, to some extent,  on their  pur i ty  
and grain size. This is known to occur in the case of 
a luminum ni t r ide (1, 2) which, on synthesis, is readi ly  
at tacked by acids, but  which becomes less labile on 
prolonged heat ing at high tempera ture  to the extent  
that  it can be extracted with aqueous solutions. This 
communicat ion describes a nonaqueous method for ex-  
t ract ing many water -sens i t ive  compounds from me-  
tallic matrices. 

Experience with Established Techniques 
In the course of a luminum phosphide synthesis in 

this laboratory,  the product  was obtained as fine crys-  
tals embedded in an a luminum matrix,  a highly re-  
act ive form which rapidly produces a-a lumina  and 
phosphine on contact wi th  moisture in the air. Ex t rac -  
t ion with  inorganic acids or other  acids in aqueous 
solutions was, therefore,  impractical.  A reagent  rec-  
ommended (3) for this extract ion is 1,2-dibromo- 
ethane. The a luminum reacts wi th  the reagent  to form 
a brownish tar l ike mass f rom which the phosphide 
must  be extracted.  While  the procedure is re la t ive ly  
safe, the difficulties in handl ing and t reat ing the re-  
sultant  viscous mix ture  was cause for seeking a sim- 
pler  process. 

Few of the established procedures (4) used for 
str ipping surface films and in the study of nonmeta l -  
lic inclusions (5) were  direct ly useful or were  adapt-  
able for use in nonaqueuos media. For  instance, the 
electrochemical  oxidation of the mat r ix  (6), which is 
used with great  success in aqueous solutions, is diffi- 
cult  to adapt to nonaqueous media. Other f requent ly  
used extract ion procedures are the reactions wi th  halo-  
gens in solution or in the gaseous state (2,4). Chlo- 
r ine at about 60O~ has been used, but  it presents prob-  
lems because of its excessive react iv i ty  which could 
lead to the destruction of the desired product. Bro-  
mine in ethanol or methanol  was tried, but  was found 
to react  v iolent ly  wi th  both the a luminum and the 
phosphide. Similar  solutions of iodine also reacted 
with  the phosphide al though more slowly. Therefore,  
these solutions could not be considered suitable ex-  
t ract ing agents. Dissolution of the a luminum as an 
amalgam wi th  mercury  as done to extract  I I I -V com- 
pounds f rom indium (7) is impract ical  here  because of 
the high l iquidus temperatures .  

Solutions of mercuric  salts in N,N-dimethyl  form-  
amide (DMF) were  found to be excel lent  extract ion 
reagents. The reaction is the displacement of mercury  
by the a luminum to form mercury  and the corre-  
sponding a luminum salt. Mercuric chloride, bromide, 
iodide, and cyanide were  found to be about equal ly  
effective. A luminum bromide, iodide, and cyanide are 
soluble in hot  DMF and are retained in solution, leav-  
ing the nonmetal l ic  as the only solid phase, while  the 
less soluble a luminum chloride precipitates out wi th  
the nonmetal l ic  phase as a fine powder.  Of the mer -  
curic salts listed, the chloride is the least expensive 

and most easily obtained in pure  form; it was used in 
most of the work  repor ted  here. 

Recommended Extraction Method 
The reagent  is prepared  by dissolving 85-100g 

of the mercuric  salts in 100 ml of dry DMF at 
80~176 The conglomerate  mass containing the 
I I I -V compound and the meta l  to be dissolved is then 
added to the hot solution, or, when  using mercur ic  
chloride, can be suspended in a p la t inum fine-mesh 
screen which retains the a luminum phosphide and the 
mercury  globules but  permits  the escape of the a lumi-  
num chloride) .  The product  of this react ion is then 
filtered through a Mill ipore (8) noncellulosic filter 
(cellulosic filters dissolve in hot DMF) and washed 
with  additional hot DMF fol lowed by a dry solvent 
such as carbon tetrachloride.  Tapping the filter funnel  
gent ly makes the mercury  coalesce, which simplifies 
the mechanical  separat ion of the mercury  f rom the  
desired product. The mercury  can also be removed  
by disti l lation under  reduced pressure. Finally,  the 
solid is vacuum dried. 

Discussion 
Solvents  other than DMF can be employed in the 

preparat ion of this reagent.  However ,  DMF has the 
advantage of a high boiling point (153~ By vir tue  
of this property,  the solvent can be adequate ly  dried 
for use in the reagent  by heat ing it at close to 140~ 
for a short period of time. (Alternately,  the solvent 
can be dried over  calcium hydride.)  In addition, the 
reaction can be run  at a re la t ive ly  high t empera tu re  
if desired, which  also permits  the preparat ion of a 
more concentrated reagent  solution. 

The re la t ive  react iv i ty  of the reagent  toward other  
metals  or alloys as a dissolving reagent  or etchant  can 
be est imated by their  standard aqueous electrode po- 
tentials (9). The dielectric constant  of DMF is high 
(36.7), and to some extent  one can assume that  the 
re la t ive  potentials are independent  of the medium. 
This proper ty  also contributes to the high solubili ty 
of the mercuric  salts as seen in Table I. The nature  of 
the DMF solutions is not ful ly  understood (10), but  
the ra ther  high solubilities, in the order  of decreasing 
ionic bond, which are closer in value  to each other  
than in the case for the aqueous solutions, indicates 
that  DMF is a highly coordinat ing solvent, and that  
anionic solvation plays a smaller  role in the dissolution 
process in DMF than it does in water.  

The thermodynamic  a rgument  on the react iv i ty  does 
not always apply as other  factors often interfere.  For  
instance, it is found that  whi le  the init ial  react ion of 
HgC12 in DMF on a luminum is fair ly slow, the re-  

Table I. Solubility of mercuric salts in DMF and water 

S o l u b i l i t y  (g/10 g so lven t )  
Sa l t  DMF* Water*  

HgCle 17.4, 83~ 4.8, 100~ 0.69, 20~ 
HgBr2 18.1, 83~ 0.4, 100~ 0.061, 25~ 
HgI2 20.2, 83~ - -  0.001, 25~ 

* So lub i l i t i e s  we re  d e t e r m i n e d  in  th i s  l a b o r a t o r y  to w i t h i n  3% 
at 83.0 ~ ~- 0.5~ 

** Data  t a k e n  f r o m  H a n d b o o k  of  C h e m i s t r y  a n d  Phys ics ,  45 th  
ed., C h e m i c a l  R u b b e r  Co., C l e v e l a n d ,  Ohio  (1964-1965). 
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action with gal l ium and ind ium is extremely rapid. 
Yet, the s tandard potentials for the reactions are --1.66, 
--0.56, and --0.53v, respectively. The slow reaction of 
a luminum is no doubt  due to the protective oxide 
coating. In  the case of copper, the ini t ia l  rapid reaction 
quickly ceases because of the formation of an amal-  
gam coating. Removing the metal  from the solution 
and heat ing l ightly under  vacuum removes the mer-  
cury  film and exposes a vigorously active surface. 

A different si tuation occurs in the reaction with sili- 
con. Although the calculated potential  for the reaction 
is high, the reaction does not take place due, very 
likely, to a SiO2 protective film. The reaction can be 
made to proceed at a reasonable rate, however, by the 
addition of ammonium fluoride which drives the re- 
action forward through the formation of a stable fluo- 
ride. Mercuric cyanide is the most suitable of the salts 
for this purpose as it does not form the insoluble 
mercuric fluoride as readi ly as the others. Selenium 
too is attacked in this solution while it does not react 
with the ordinary  reagent. 

In  general, however, the potential  will  be a good 
indicator of the probable reactivity as shown by the 
listing in Table II of the react ivi ty of the reagent  to- 
ward various metals and nonmetals .  Thus, mercuric 
salt solutions in DMF appear to be effective and safe 
reagents for the extraction of labile nonmetall ics from 
m a n y  metallic fluxes, solutions, and parent  metals. 
The highly concentrated form of the reagent  which can 
be prepared in DMF as compared with water and the 
higher tempera ture  at which the reaction can be run,  
makes this reagent  at tractive even in situations (5) 
where the presence of water  is not deleterious. 
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Table II. Reactivity of selected metals and nonmetals 
toward DMF-mercurlc salt reagent 
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Attacked:  

Ind ium,  gallium, a luminum,  iron, nickel, tin, lead, bismuth,  an-  
t imony,  copper, silicon,* selenium* 

Not at tacked:  

German ium,  tel lurium, a luminum phosphide, gal l ium arsenide, 
gal l ium phosphide. 

DMF solution of mercur ic  cyanide and a m m o n i u m  fluoride. 

Manuscript  received Oct. 12, 1965; revised manu-  
script received Dec. 7, 1966. 

Any  discussion of this paper will appear in  a Dis- 
cussion Section to be published in the December 1967 
JOURNAL. 

REFERENCES 
1. G. Long and L. M. Foster, Am. Ceram. Soc., 42, 53 

(1959). 
2. A. Rabenau,  "Compound Semiconductors," Vol. 1, 

R. K. Willardson and Goofing, Editors, p. 174 
(1962). 

3. A. Rabenau,  ibid., p. 181. 
4. L. Young, "Anodic Oxide Films," Academic Press, 

New York (1961). 
5. McKaveney e t a l . ,  Determinat ion of Non-Metall ic 

Compounds in  Steel, ASTM STP 393, p. 47-74 
(1966). 

6. P. Kl inger  and W. Koch, Stahl und Eisen, 68, 321 
(1948). 

7. R. N. Hall, This Journal, 11@, 385 (1963). 
8. Millipore Fi l ter  Corp., Bedford, Mass. 
9. "Encyclopedia of Electrochemistry," p. 414, C. A. 

Hampel, Editor, Reinhold Publ ishing Co., New 
York (1964). 

10. A. J. Parker,  Quart. Revs., 16, 163 (1962); R. S. 
Drago and K. F. Purcell ,  Prog. Inorg. Chem., 6, 
271 (1964). 

The Metallic Etching of Indium Antimonide and Germanium 
H. D. Barber 

Research and Development Laboratories, Canadian Westinghouse Co~npany Limited, Hamilton, Ontario, Canada 

and E. L. Heasell 

Electrical Engineering Department, University ol Waterloo, Waterloos Ontario, Canad~ 

When the tempera ture  of a semiconductor in  con- 
tact with a mol ten metal  is raised in  such a way that  
the solid and liquid phases are at all times approxi-  
mately  in equil ibrium, the shape of the solid-l iquid 
interface is determined by  the ease with which atoms 
can be removed from the solid. Thus, a concave solid- 
l iquid interface tends to become defined by the most 
slowly dissolving crystallographic planes dur ing me- 
tallic (1) or chemical (2) etching. These planes are 
also the slowest growing planes (1) and thus define 
the shape of the growth face when the solid-liquid 
interface is convex. In the semiconductors silicon and 
germanium, the {111) planes have long been known 
(3-7) to be boundary  pianos or facets in such circum- 
stances. 

In  the I I I -V compounds, {111} surfaces display simi- 
lar  behavior  (8). However, the lower symmetry  of the 
lattice in I I I -V compounds leads to two types of 
{111} surface (9): the A { l l l }  surface te rmina t ing  in 
tr iply bonded group III  atoms and the B{ l l l }  surface 
terminat ing  in tr iply bonded group V atoms. In  gen- 

oral the rate of crystal  growth on A{111} surfaces is 
greater  than that  on B{ l l l }  surfaces (10). A polar 
effect also exists in the reverse case of dissolution or 
metallic etching (8, 1!). 

Experiments  in both crystal  growth (12-15) and 
metallic etching (16) have given evidence of facet 
formation on {1OO} surfaces in I I I -V compounds. A 
similar faceting effect does not appear to have been 
observed in either of the e lemental  semiconductors, 
silicon, or germanium. If this is the case, it suggests 
that  the mechanism resul t ing in polari ty dependent  
effects in I I I -V compounds in ~111~  directions has an 
observable influence in the nonpolar  ~10O~ directions. 

It  is the purpose of this publication to present  the 
results of micro-al loying experiments  which demon-  
strate clearly the development  of facet-forming planes 
in  polar indium ant imonide and nonpolar  germanium 
under  similar conditions of metallic etching; and to 
consider reasons for the difference in facet develop- 
ment  on A{ l l l }  and B{ l l l }  surfaces, and for the exist- 
ence of {100} facets in  polar compounds. 
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Experimental  Techniques 
Crystals of indium ant imonide and germanium were 

cut and polished to give die approximately 2 x 2 x 0.5 
mm having their surfaces oriented to wi thin  one de- 
gree of the {100}, {110}, or {111}. A radiat ion wet t ing 
technique (17) was used to uni formly wet pellets of 
i n d i u m - l %  cadmium to these wafers. The pellets were 
spherical with diameters ranging from 0.2 to 0.5 mm. 
Following the wet t ing procedure the wafer and pellet 
were placed on an  enclosed heat sink, to ensure tem-  
pera ture  uni formi ty  and stability, and  the entire as- 
sembly was placed in a temperature  programmed fur-  
nace. For ind ium antimonide,  the alloying was car- 
ried out in an air atmosphere with temperature  rates 
of rise and fall dur ing the cycle kept to about 5~ 
min. Previous experiments  (8) had shown that tem- 
perature rates of change less than 50~ were low 
enough to ensure that  the dissolution process was con- 
trolled by crystallographic effects and not by diffusion 
into the solvent. The max imum tempera ture  used was 
in the region of 400~ For germanium, alloying was 
carried out in purified hydrogen and the rate of tem- 
perature rise above 500~ was controlled at about 2~ 
min. The max imum temperature  was 700~ 

After alloying, the shape of the alloyed region in the 
wafer surface was examined and photographed. The 
wafers were then encapsulated, sectioned, and etched 
to determine the shape of the alloyed region in planes 
perpendicular  to the wafer surface. From these obser- 
vations it was possible to determine the shape of the 
dissolved volume. 

The advantages of the technique described above 
arise from the l imited amount  of solvent used (nor-  
mal ly  less than  400 ~g) and the method of examina-  
tion. When the mass of solvent is small, the mass of 
solute required to re-establ ish equi l ibr ium after an 
incrementa l  change in temperature  is also small. 
Hence, for a given rate of temperature  change the dis- 
solution or growth rate in such a "micro-system" is 
always much less than that in the corresponding 
large system. (Typical growth rates of 10 -4 c m / m i n  
were involved compared to 10 -1 c m / m i n  in a typical 
crystal puller.) As a result, there is no need when 
microalloying to resort to lengthy temperature  cycles 
to ensure low dissolution or growth rates. Since 
chemical methods are employed to delineate the dis- 
solution interface, this technique is not effected by the 
regrowth or residual solvent accumulations which 
often obscure the results of decanting or rapid quench-  
ing experiments.  The usefulness of the micro-al loying 
technique in metal lurgical  observations has already 
been demonstrated in studies of polar effects (8) and 
in l iquidus measurements  (18). 

Observations 
{111} Surfaces.--The shape of the alloyed regions 

observed on A and B{ l l l }  surfaces of ind ium ant i -  
monide were with few exceptions almost perfectly 
hexagonal  as shown in  Fig. 1 (a).  Sections taken per-  
pendicular  to the surface and to two opposite faces of 
the hexagon indicated, as shown in Fig. 1 (b), a flat {111} 
bottom, a {111} plane at one side making an angle of 
~--70.5 ~ with the surface, and a {100} plane at the other 
side making an angle of ~55 ~ with the surface. It  was 
concluded that the dissolved volume was completely 
defined by {111} and  {100} planes result ing in  the 
shape i l lustrated in Fig. 1 (c). 

In  the case of germanium, the observations con- 
firmed the reports of other workers (3,4, 7, 19). The 
shape of the alloyed region in the {ilL} surface tended 
to be hexagonal  with three sides rounded and three 
sides well defined. The rounded sides appeared in the 
place of the {100} planes in Fig. l (c)  and also ap- 
peared rounded in the cross-sections which were in  
every other respect similar to Fig. 1 (b).  

{100} Surfaces.--The shape of the alloyed region in 
{100} surfaces of ind ium ant imonide was invar iab ly  

Fig. 1. Metallic etching on the {111} surface of InSb: (a) the 
shape of the alloyed region in the (111} surface; (b) the shape 
of the alloyed region in a section perpendicular to the (111} 
surface and to two sides of the hexagon in (a); (c) the deduced 
shape of the dissolved volume, 

rectangular  as shown in Fig. 2(a) .  Sections perpen-  
dicular to the surface and to two sides of the rec- 
tangle, such as that  shown in Fig. 2 (b),  have indicated 
the presence of a crystal lographically flat {100} bot-  
tom and of sides formed by {111} planes. From evi- 
dence presented earlier (8) it was concluded that the 
long sides of the rectangle were formed by the slower 
dissolving B{ l l l }  planes and thus that  the dissolved 
volume assumed the shape i l lustrated in Fig. 2 (c). It  is 
of interest  to note that as early as 1956 Millea and 
Tomizuka (20) reported the same rectangular  mor-  
phology appearing in the {100} surfaces of indium 
ant imonide dur ing  slow melt ing experiments,  and 
tentat ively a t t r ibuted this to thermal  gradients. 

In  view of a recent paper (1L) giving evidence for 
greater dissolution rates on B{ l l l }  surfaces than on 
A ( l l l }  surfaces of gal l ium arsenide, a fur ther  experi-  
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Fig. 2. Metallic etching on the { I00}  surface of inSb: (a) the 
shape of the alloyed region in the {100} surface; (b) the shape of 
the alloyed region in a section perpendicular to the {100} surface 
and to two sides of the rectangle in (a); (c) the deduced shape of 
the dissolved volume. 

ment  was under taken.  Die of {100} oriented ind ium 
ant imonide were cut to permit  identification of the 
A{ l l l }  directions by the presence of etch pits (21) 
after etching in 5:5:3, CH~COOH:HNO3:HF. Pellets 
were alloyed on both top and bottom {100} surfaces. 
It  was observed that  the long dimension of the rec- 
tangle was always rotated through 90 ~ on one side in  
comparison to the other, thereby establ ishing that  the 
difference could not  arise from tempera ture  gradients. 
It  was fur ther  observed that  in  ten samples the sides 
formed by B{ l l l }  surfaces were on average 14% 
longer than those formed by A { l l l }  surfaces and were 
never  less than 5% longer. This would  indicate that  
in ind ium ant imonide the A { l l l }  surface dissolves 

Fig. 3. The shape of an alloyed region in a section perpendicular 
to the (100} surface in germanium. The sides are formed by 
crystallographically flat {111} planes but such planarity is not 
present an the {100} bottom. 

more rapidly  than does the B(111} and that  the con- 
figuration i l lustrated in Fig. 2 (c) is accurate. 

Alloyed regions on ge rmanium {100} surfaces tended 
to assume a square shape on the surface and sections 
such as that in Fig. 3 showed the development  of the 
{111} side planes. Although the al loying cycle was 
designed so that the dissolution rate was actual ly 
smaller  than that  for ind ium antimonide,  the bottoms 
of the alloyed regions were in no case crystal lographi-  
cally flat. This observation is supported by those of 
Eer Nisse and Thompson (22) on both germanium 
and silicon. 

The square, t runcated pyramidal  shape of the dis- 
solved volume on (100} surfaces was clearly i l lustrated 
in an exper iment  in which ind ium was sputtered onto 
a hot ge rman ium surface and the small ind ium pellets 
were subsequent ly  removed by chemical etching. Some 
of the resul t ing etch pits are shown in Fig. 4. 

{110} Surfaces.--For the sake of completeness, al loy- 
ing on {110} surfaces was also examined. In  the case of 
indium ant imonide the shape of the alloyed region on 
the {110} surface general ly tended to assume the form 
of an i r regular  octagon as shown in Fig. 4(a) .  Sections 
such as that  in Fig. 5(b) gave no evidence for facet- 
ing on {110} planes. However, the sections did indi -  
cate the tendency for the dissolved volume to become 
bounded by (100} and {111} planes in the configuration 
i l lustrated in Fig. 5(c).  

In  the case of germanium the alloyed regions tended 
to assume an elongated hexagonal  shape with the {100} 
sides of Fig. 5(a) and (c) absent. This has also been 
observed by Eer Nisse (19) in  silicon and by Faust  
et al. (16) in both silicon and germanium. Sections 
across the sloping {111} sides were almost identical to 
that  in  Fig. 5(b) indicat ing no tendency for {110} 
faceting. Other sections confirmed the absence of {100} 
facets. 

Fig. 4. Etch pits formed by sputtering indium onto a hot ger- 
manium surface indicate clearly the truncated pyramidal form of 
the dissolved volume on {100} surfaces. 
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Fig. 5. Metallic etching on the {110} surface of InSb: (a) the 
shape of the alloyed region in the {110} surface; (b) the shape 
of the alloyed region perpendicular to the {110} surface and to 
the well developed sides in (a); (c) the deduced shape of the 
dissolved volume. 

The above describes the results most general ly ob- 
served. However, it should be added that  in the ger- 
man ium samples examined there were two cases in 
which the shape of the alloyed region on the surface 
indicated the possible presence of {100} boundaries:  
once on a {111} surface, and once on a {100} surface. 
No detectible {10O} faceting was observed in any of the 
cross-sections. 

Discussion 
The above observations complement  those of Faust  

et al. (16) and indicate that  in metallic etching where 
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diffusion effects are negligible the {100} and {111} are 
dissolut ion-l imit ing planes in  I I I -V compounds while 
the {111} appears as the only dissolut ion-l imit ing 
plane in  elemental  semiconductors. The experiments  
also indicate that  the A { l l l }  surface dissolves at a 
greater rate than the B{l l l} .  Since these observations 
cannot be explained by macroscopic considerations it 
is necessary to examine the statistics and energy states 
involved in atomic addit ion to or subtract ion from 
any atomic configuration on these surfaces before 
some unders tanding  of the possible forces and mech- 
anisms in  these phenomena can be achieved. For this 
purpose the following highly idealized models for the 
ini t ial  configuration of {111} and {100} surfaces were 
chosen and it is shown that  qual i tat ive agreement  
with exper iment  can be obtained. 

{111} SurIaces.--In an earlier publicat ion (10) the 
na ture  of {111} surfaces in polar I I I -V compounds was 
considered and it was concluded that  a model for 
{111} surfaces, s imilar  to tha t  proposed by  Gatos and 
Lavine  (21), could be used to explain the differences 
in  growth rates observed between A and B surfaces. 
This model assumes that  A atoms at tempt to bond into 
the A{ l l l }  surface in an sp 2 configuration. The A sur-  
face becomes more highly strained, therefore, than the 
B surface where  the pS bonding tendency is closer to 
the equi l ibr ium sp 8 configuration. Such a strain differ- 
ence has been demonstra ted exper imenta l ly  by the 
spontaneous bending  of th in  slabs (23). The s t rain en-  
ergy in  a surface can be shown (1O) to assist nuclea-  
tion and growth and therefore, under  identical c i rcum- 
stances, growth on an A surface would be expected to 
proceed more rapidly than  that  on a B surface. If dis- 
solution is considered the reverse process to growth it 
must  also proceed more rapidly on the strained A-sur -  
face. This conclusion is supported by alloying experi-  
ments  (4) which have shown that  the strain in heavily 
dislocated materials  enhances the etching rate. 

Although these conclusions would appear to contra-  
dict the observations of Millea and Wilcox (11), it  
can be shown that  there is essential agreement  be- 
tween the experiments.  Broadly speaking, crystallo- 
graphic dissolution is a two-stage process. A difficult 
stage of atomic removal,  analogous to nucleat ion dur-  
ing growth, is followed by rapid removal  of an entire 
surface layer. I t  is not  difficult to show that  the re-  
moval  of an atom in the first stage may require  more 
than 1.5 times the energy needed for removal  of an 
atom in the second stage. In  our experiments  the 
effects of surface strain energy on the first stage are 
observed. In  the exper iments  of Millea and Wilcox the 
edge of the crystal  provides the star t ing point  for layer 
removal. Differences in dissolution observed in such 
experiments  reflect differences in  propagating a nega-  
tive step and not in  its nucleation. Since propagation 
on a B-face is typical ly by an A-faced step (10), layer  
removal  on a B-face could be expected to proceed 
more rapidly than  that on an  A-face where  B-faced 
steps develop. 

{100} Surfaces.--It would seem reasonable on the 
basis of the electronic configuration of A atoms to as- 
sume that  they tend to form sp ~ bonds on any surface 
in  a I I I -V compound. As a result  A atoms could bond 
stably into the {100} surface in  the manne r  i l lustrated 
in Fig. 6. This A{I00} surface resembles the {111} sur-  
face where the first atoms bonding to the surface can 
form only one bond. This should be compared to the 
B{1O0} surface or the {100} surface of nonpolar  semi- 
conductors where all atoms bonding to the surface can 
form two bonds and no nucleat ion difficulties would 
be expected. 

If it is assumed the A atoms bond into the {100} 
surface as shown in  Fig. 6, nucleat ion on such a sur-  
face requires that  at least two atoms singly bond as 
close neighbors before growth involving double bonds 
can occur. Since single bonding is energetical ly un -  
favorable and the probabil i ty  of two atoms single 
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Fig. 6. The bonding configuration of a {100} surface composed 
of A atoms forming sp 2 bonds with the lower B layer. Only one 
dangling bond is associated with each A surface atom. 

bonding on related sites is low, the formation of a 
nucleus is difficult. This difficulty in  nucleat ing new 
layers on {100} surfaces in I I I -V compounds results in 
{10O} faceting dur ing  crystal growth and indicates 
that a difficult step also exists in dissolution which re-  
sults again in {100} faceting. The absence of nuclea-  
tion difficulty on the {100} surfaces in nonpolar  semi- 
conductors does not necessarily imply rapid dissolution 
or growth but  it does suggest that  crystallographic 
faceting would be improbable.  These conclusions are 
in agreement  with the exper imental  observations re-  
ported here. 

A more detailed discussion of possible processes for 
nucleat ion and growth on {111}, {100}, and {110} sur-  
faces has been given elsewhere (24), 
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A Source of Elemental Iodine for Vapor Transport Studies 
Samuel E. Blum 

IBM Watson Research Center, York town Heights, New York  

The use of e lemental  iodine in vapor t ranspor t  of 
semiconductors and other materials is well  known. I t  
is, however,  difficult to obtain a desired amount  of dry 
iodine in an evacuated sealed system, especially if the 
system requires a lengthy pumping  and outgassing 
procedure. Genera l ly  an elaborate encapsulat ion tech- 
nique incorporat ing break seals is necessary. In  his 
book, Schaefer (1) refers briefly to the production of 
iodine by heat ing silver iodide and vanad ium pent-  
oxide. Unfor tunately ,  no exper imental  details are given 
and the reaction itself could not be found in the 
l i terature.  The feasibil i ty of using this reaction was 
investigated. 

Experimental 
Fisher  reagent grade AgI and V205 were dried at 

130~ and used without  purification. Mixtures of 
various mole fractions of the two reagents were pre-  
pared and each was in t imate ly  mixed. A weighed 
quant i ty  of each mix ture  was placed into a tared 
quartz container  and sealed in-vacuo into a quartz 
tube. The tube was of sufficient length to permit  iso- 
lat ion of the l iberated iodine from the reactants. The 
boat end of the tube was heated to about 510~ and 
held for 1 hr; the other end of the tube was kept in 

liquid nitrogen to facilitate the condensation of the 
liberated iodine. After completion of the reaction, the 
tube end containing the iodine was sealed off from the 
rest of the system. This iodine ampoule was immersed 
in aqueous KI and broken. The iodine content of the 
resulting solution was determined by titration with 
standardized sodium thiosulfate solution. 

Results and Discussion 
The yield of l iberated iodine was calculated as a 

percentage of the total iodine in  the reaction mixture.  
A plot of this yield as a funct ion of the V205/AgI 
mole ratio is shown in Fig. 1. This curve shows that  
most of the iodide is oxidized and l iberated as free 
iodine when  the mole ratio V~Os/AgI is four. At ratios 
less than  four the l iberat ion of I2 is incomplete. 

This would indicate tha t  the following reaction 
occurs 

A 1 
AgI + 4V205 -> -~ I2 + Residue 

An identification of the residue was at tempted by con- 
vent ional  Debye-Scherrer  x - r ay  analysis. However, 
no known compounds of silver and /or  vanad ium or 
their oxides could be identified. 



640 J. Electrochem. Sot.: S O L I D  S T A T E  S C I E N C E  June 1967 

I00 

8 O  

60 -! 
,~. 4 0  

20 

I 
I 

O ~ I I I I 
o I 2 5 4 

MOLE RATIO, V205/AgI  

Fig. 1. Iodine yield as a function of V2Os/Agl male ratio 

In actual use a stock mix tu re  of V205 and AgI is 
prepared and the required al iquot sealed into the 
vapor  t ransport  system. Af ter  l iberat ion of the iodine 
the residue is isolated f rom the system by a second 
seal and removed  by cutting. Assays of the reacted 
stock mix ture  showed that  be tween 95 and 99% of the 
iodide is l iberated as iodine; the major  loss of iodine 
is a t t r ibuted to some slight volat i l izat ion of AgI  f rom 
the stock during reaction. 
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Thermal Expansion Coefficients and Lattice Parameters 
between 10 ~ and 65~ in the System GaP-GaAs 

M. E. Stroumonis and J.-P. Krumme 

Graduate Center for Materials Research at the U~iversity of Missouri at Rolla, Missouri 

and M.  P, ubenstein 

Research Laboratories, Westinghouse ELectric Corporation, Pittsburgh, Pennsylvania 

The preparat ion of ve ry  homogeneous GaP-GaAs  
solid solutions was recent ly  described and latt ice pa- 
r ame te r  measurements  were  made (1). These solid 
solutions seemed to be very  appropriate  for the deter-  
minat ion of their  thermal  expansion coefficients and 
the var ia t ion of the coefficient wi th  composition of the 
solutions. Since the de terminat ion  of the coefficients, 
especial ly wi thin  a small t empera tu re  range (be tween 
10 ~ and 65~ requires  a high precision in lattice con- 
stant determinat ion (2), the measurements  were  re-  
peated with  an x - rad ia t ion  that  produced sharp in te r -  
ference lines at high Bragg angles. 

Such an advantageous radiat ion was produced by a 
Cr target  of the x - r a y  tube: Cr K~, having a wave -  
length of 2.08059 kX (converted into angstroms by 
mult ipl icat ion with  factor 1.00202) was used. Lat t ice 
constants were  calculated f rom one single back reflec- 
tion line 511~ which appeared at Bragg angles f rom 
83.6 ~ to 75 ~ depending on the GaAs content. Since this 
l ine was not ve ry  strong, (exact readings were  diffi- 
cult) (2, 3), more pat terns  were  taken at each tem-  
perature.  The Bragg angles were  computed f rom the 
obtained asymmetr ic  powder  pat terns (2-4), af ter  
measur ing the positions of the lines on them wi th  a 
comparator  by a method described ear l ier  in detail  
(5,6).  The pat terns were  made at cer ta in  constant 
tempera tures  (•176 in about  10 ~ to 25 ~ increments  
in a precision camera  64 m m  in diameter  (2,4).  The 
powder  mounts  had a thickness of 0.2 m m  so that  the 
absorption correct ion could be disregarded. The re-  
fract ion correct ion was added to the final results (2, 
7-9). 

The l inear  thermal  expansion coefficients ~ of the 
cubic substances were  calculated f rom the a constants 
obtained at the ment ioned tempera tures  using the re-  
lat ion 

= Aa/a25At in ~ -1 [1] 

where  Aa is the difference in a constants at a t empera -  
ture difference At; a25 is the constant at 25~ The ex-  
pansivi ty  aa25 was obtained f rom Eq. [1] 

~a25 = Aa/At in A ~ [2] 

The samples were  crushed to a fine powder,  sieved 
through 400 mesh screen and, wi thout  annealing,  were  
stuck to a Lindemann glass fiber, using vasel ine as an 
adhesive. The fiber was fastened to the adjustable 
sample holder of the camera.  

F igure  1 shows the expansivi ty  of pure GaP. From 
the inclination of the straight  line, using Eq. [1], the 
thermal  expansion coefficient of GaAs was calculated 
to a = (4.70 _ 0.01) x 10 -6 ~ -1. With this coefficient 
all the lattice constants measured  at various t empera -  
tures of the sample were  reduced to a constant at 25~ 
(see Table I).  The value of the uncorrected constant is 

Table I. Reduction of GaP lattice constants to 25~ Final 
value of the constant at 25~ 

t a t  ~25 

11.05 
11.07 
26.08 
25.95 
33.25 
42.39 
42.98 
51.49 
51.62 
60.02 
60.07 

5.45043 5.45081 
041 079 

5.45085 082 
081 079 

5 .45105 084 
5.45117 073 

i 1 8  072 
5.45148 080 

147 079 
5.45167 078 

165 O76 

A v e r a g e :  5 .45078 
R e f r .  c o r r . :  0.00013 

am = 5 .45091A 
___0.00003* 

* Standard  deviat ion at 50% confidence l i m i t s  3 (2) .  
6o% 
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Fig. 1. Lattice parameter in ~ of GaP vs. temperature. The 
standard deviation of +0.00003.~ is represented by the radius of 
the circles. 
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in  excellent agreement  with the previous de termina-  
tion of 5.4508A (1). If it is desired to have the error  
(as given in the tables) with confidence limits of 95%, 
the error S50% has to be mult ipl ied by 3, or more cor- 
rectly 

S95% : 2.96 S5o% [3] 

The lattice parameters  of all other samples were 
measured in the same way and are listed together with 
the respective thermal  expansion coefficients and re-  
fraction corrections added to the constants in Table II. 
The agreement  with previous measurements  (1) is 
good. 

In  order to see how the measured lattice parameters  
agree with the Vegard's rule, the constants are plotted 
against the composition in Fig. 2, which shows that  the 
agreement  is perfect wi th in  the limits of error. There 
might  be a slight deviat ion close to the pure compo- 
nents, also observed in some other cases (11). The 
lattice parameters  wi th in  the solid solutions ass in the 
range from about x = 0.1 to 0.9 mole fractions of As 
can be calculated from 

ass = 5.4479 + 0.2023x A [4] 

with an average precision of _+0.0004A, while the outer, 
pure compounds, fit with a precision of only 0.003A. 

The obtained thermal  expansion coefficients are 
plotted against  the mole fraction of As in Fig. 3. There 
is a slight scatter and the t rue thermal  expansion co- 
efficients can be read from the solid curve of Fig. 3. 
Taking these coefficients and the constants from Fig. 
2, the expansivity of the solid solutions of any composi- 
tion can be calculated from Eq. [2]. The products ob- 
tained are all on a smooth curve similar to that  of 
Fig. 3. 

There is no relat ionship between the energy band 
gap of the solid solutions (1), and their thermal  ex-  
pansivity.  

Table II. Lattice parameters (with the refraction correction added) 
and expansion coefficients of GaP-GaAs solid solutions. 

Compo-  + Refr .  •  , A a ,  No, of 
s i t i o n  corr. ,  A a~5, A eo% ~ x 10 ~ f i lms  

G a P  0.00013 5.4509~ 0.00003 4.70 11 
QaPo.sAso,~ 0.00015 5,4889o 0.00030 4.92 4 
GaPo.~so,~ 0,00016 5 . 5 2 8 6 ~  0.00008 4.70 16 
GaPo.sAso,.~ 0.00017 5.54783 O,O00iO 4.975 23 
GaPo.4Aso,e 0.00018 5.5689~ 0.00010 5.24 8 
GaPo.sAso.8 0.00019 5.6100~ 0.00018 5,35 16 
G a A s  (I0) 0 . 0 0 0 2 1  5 , 6 5 3 2 1  0.00003 6.4 12 

GaP 0.2 o.4 o.6 o.B ~As 
MOLE FRACTIOf*I OF" AS 

Fig. 2. Lattice constants in the system GoP-GoAs vs. com- 
position. The radius of the circles covers even the Largest standard 
deviation of •  (see Table II) completely. 
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Fig. 3. Therma| expansion coefficients within the system GaP-GaAs 
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Closed Tube Apparatus for the Deposition of Silicon Oxide 
G. W. Heunisch 

Electronic Components Laboratory, U. S. Army  Electronic Command, Fort Monmouth, New Jersey 

A simple, closed tube  method for the deposition of 
thin, silicon oxide films is presented. The apparatus is 
pr imar i ly  designed to deposit silicon oxide by thermal  
decomposition of tetraethoxysilane.  Tetraethoxysi lane 
has received special interest  because of its high oxygen 
content, making  possible clear, thick films (1-3) and 
the low tempera ture  needed for decomposition (4). 
Carrier  gases have been eliminated, bu lky  furnace ap- 
paratus has been reduced, and the uni t  is safe and 
inexpensive. 

Uses of the method are restricted to those not  in-  
volving highly accurate film thickness requirements .  
F i lm thickness control is wi th in  _200A. 

Apparatus 
A top view diagram of the closed tube apparatus is 

shown in Fig. 1. Pyrex  b rand  glass is used throughout.  
The pedestal heater, Heater B, consists of a stainless 
steel core wrapped with nichrome heat ing wire and 
insulated from outside ambients.  A 1/16 in. hole was 
drilled through the length of the steel core in order to 
apply a vacuum for mount ing  substrates when  the 
heater is inverted. A p la t inum wire secures the sub-  
strate to the heater face when the vacuum is released. 
Heater A is an oil bath controlled to _2~ 

To el iminate  undesi rable  convection and "frosting" 
different heater  positions were evaluated. The opt imum 
angle was found when  the pedestal heater  face and 
substrate  were vertical. This angle is critical for un i -  
formity and is used in all  subsequent  experiments.  

Discussion 
The deposition rate of silicon oxide on silicon 

is l inear  with time. Figure  2 is a plot of film thick- 
ness vs. time. The pedestal heater is main ta ined  at 
400~ while the l iquid te traethoxysi lane is held con- 
stant  at 105~ A tempera ture  var ia t ion of 3~ exists 
across the pedestal heater. It should be noted that  a 
pedestal tempera ture  of 350~ results in a waxy film. 
The length of the tube is approximately 4 in. Longer 
tubes result  in poor reproducibi l i ty  and nonl inear i ty  
because of condensation and reaction wi thin  the tube. 

At very long deposition times (~8  hr) a decrease 
in rate occurs, and decomposition at the l iquid source 
becomes important.  Increasing the pedestal heater  
tempera ture  to 500~ does not  increase the rate of de- 
composition appreciably as shown in Fig. 2. 

Fi lm thickness measurements  are made by lapping a 
two degree angle across the substrate and oxide coat- 
ing. The fringes produced by the application of mono-  
chromatic light are counted. The refractive index is 
estimated at 1.4. The low value of refractive index is 
chosen because of the fast solution rate of the de- 
posited oxide in 4% buffered HF solution. At 25~ the 
solution rate of thermal ly  grown oxide is 682A/min 
while that of the deposited oxide is 1440 A/ra in  indi -  
cating a less dense film. 

Films up to 20,000A have been prepared and show 
no indication of cracking or other severe stress. P in -  
holes, however, have been found by h igh- tempera ture  
(1150~ HC1 vapor etch. These n u m b e r  2 to 3 times 
those found in thermal ly  grown oxides t reated in  the 
same manner .  
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Manuscript  received Dec. 30, 1966; revised manu-  
script received March 13, 1967. 

Any discussion of this paper wil l  appear in a Dis- 
cussion Section to be published in the December 1967 
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Electrograph Method for Locating Pinholes in Thin 
Silicon Dioxide Films 

J. P. McCIoskey 
Autonetics Division, North American Aviation, Inc., Anaheim, Calilorn~a 

The electrochemical procedure (1) described in  this 
paper enables simple nondestruct ive determinat ions of 
the precise location of pinholes or other oxide anom-  
alies in th in  dielectric material  that  has been super-  
imposed on and is in contact with a conductive sub- 
strate base. The basic principles of the method were 
first disclosed in a presentat ion by Besser and Mein-  
hard (2). The par t icular  application present ly de- 
scribed relates specifically to a technique used for lo- 
cating oxide anomalies in thermal ly  grown silicon 
dioxide passivation layers formed on both phosphorus 
and boron doped silicon wafers. A need exists in the 
indus t ry  for locating the surface defects at an early 
stage in  production, since electrical failures subse- 
quent ly  occur when  vacuum deposited interconnects  
placed over the holes are short circuited to the con- 
ductive substrate beneath.  If the faul ty  areas could be 
located in the early processing stages, great cost sav- 
ings and improved rel iabi l i ty  would be realized. 

An apparatus and technique for carrying out the 
electrograph method is given in detail in  Scott (3). 
This apparatus could very  well be used to advantage 
for the present  application if a sensitive pressure 
gauge were included to permit  accurate control of con- 
tact pressure and thereby prevent  possible damage to 
the wafers. The objective of the method, as described 
in (3), is to obtain qual i tat ive identification of surface 
components by anodic dissolution in order to chemi-  
cally t ransfer  small  amounts  of the surface elements to 
a suitable medium, usual ly  paper. Distinctive color re- 
actions then occur at specific areas reflecting the com- 
positional differences in the surface. The present  elec- 
t rograph method, however, utilizes a different pr inci-  
ple in that  a colorless organic reagent,  namely  benzi-  
dine, is anodical ly oxidized to a colored product  only 
at conductive sites, and does not  form a colored com- 
pound with any reacting species dissolved from the 
surface. Since conductive sites represent  areas of ex- 
posed substrate, the method is convenient ly  applied to 
the location of holes in  passivation layers. 

Experimental 
Apparatus.--The apparatus used (see Fig. 1) consists 

of an electrochemical cell using an aqueous acidified 
solution of benzidine hydrochloride as an electrolyte. 
The cell is provided with a support ing stainless steel 
cathode, 1.5 in. in  diameter  by 1.5 in. high or slightly 
wider than the 1.25 in. silicon wafers electrographed, 

I' l,JJ 
f 

STAINLESS STEEL WEIGHT --.... 
(9 

(ELECTROLYTE SATURATED) SILICON WAFER 
(FACE DOWN) 

(ELECTROLYTE 

[ HOLE Ii~ OXIDE 
(OXIDATION Hf~) 

Fig. I. Electrograph assembly diagram 

and an anode of the same material,  1.0 in. in diameter  
by 6 in. in length, or slightly smaller  in diameter  than 
the wafers. As a support  pad, a soft cloth such as felt, 
velvet, certain broadcloths and the like, proved satis- 
factory. P la in  white "Millipore" membrane  filter pa- 
pers were used for recording the electrographs. The 
47 mm diameter  papers with a 0.45~ pore size furnished 
excellent results for the 1.25 in. silicon wafers. 

Procedure.--Cover the top of the cathode base of the 
electrograph assembly with a soft cloth pad. Add the 
benzidine-hydrochloride electrolyte dropwise to the 
pad unt i l  it is completely saturated with the reagent. 
Immediate ly  place a suitable size membrane  filter 
paper saturated wi th  the electrolyte on top of the pad. 
The membrane  paper may be convenient ly  saturated 
by immers ing  it in  a small  petri  dish containing the 
electrolyte. Add a few drops of electrolyte to the paper 
after placing it on the pad to ensure complete satura-  
tion. Immediate ly  place the silicon wafer, oxide sur-  
face down, on top of the membrane  paper. The oxide 
layer of the wafer should have previously been de- 
gassed by immersing,  oxide surface up, in a petri dish 
containing sufficient electrolyte to cover the wafer, 
and evacuat ing for 5 rain or longer under  a vacuum of 
at least 20 mm of mercury.  The evacuation step re-  
moves ent rapped air f rom pinholes in  the oxide and 
fills them with electrolyte. Place the anode rod on top 
of the conductive side of the wafer. Remove all ex- 
cess electrolyte from around the anode base using an 
absorbent  paper, such as a "Millipore" pad. If the ex- 
cess electrolyte is not removed, it will  tend to cause 
external  short circuits around the wafer. Apply suffi- 
cient potential  to produce a current  of about 1 ma 
(usual ly about 5 to 10v) at the start, and main ta in  at 
this voltage for 5 to 10 rain. Tu rn  off the power sup- 
ply, disassemble the apparatus,  then remove the mem-  
brane  paper for microscopic examination.  Open areas 
in the oxide will  be replicated on the paper with 
black markings  or pat terns corresponding exactly in 
size and shape to a mirror  image of the conductive 
areas present  in the wafer. 

If repeti t ive electrographs are to be made of the 
same wafer, place the previously electrographed wafer  
in a large plastic beaker cover, preferably Teflon. 
Cover the wafer with a few ml of 6N tIC1 and allow 2 
to 3 rain for reaction. Rinse well  wi th  pure water  to 
remove most of the benzidine hydrochloride. Repeat 
this operation once more. Cover the wafer with a few 
ml of 0.5% HF etchant and allow to react for exactly 
1 min. This t rea tment  removes about 25A of silicon 
dioxide in  this t ime period and should be sufficient to 
remove all of the oxide formed dur ing the electro- 
graphing process. Rinse well  with pure water  to re-  
move the etchant  and reaction products. The wafer  is 
now ready for producing another  electrograph. If, 
however, the wafer is now to be re tu rned  to the pro- 
duction line, the final pure  water  r inse must  be of 18 
megohm or bet ter  quality. 

Preparation of Reagents 
Benzidine-hydrochloride electrolyte.--To a smaII 

beaker  add 50 ml  of pure water,  10 ml  of concentrated 
hydrochloric acid, and 10g of ACS grade benzidine. 
Warm on a hot plate unt i l  completely dissolved. In 
another  beaker  prepare a 5% solution by adding 5g of 
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Fig. 3. One of individual integrated circuits of the ehctrograph 
of Fig. 2 showing pinhole location. 

Fig. 4. Replica electron micrograph of oxide anomaly located by 
means of the electrograph method. 

gelatin to 100 ml  of boil ing water. Boil for 3-5 min. 
Combine and mix the contents of the two beakers. 
Fi l ter  through a Wha tman  No. 40 filter paper into a 
one li ter dark glass bottle. Dilute the filtrate to ap- 
proximately one liter. Stopper bottle then inver t  to 
mix well. The reagent  may be used for long periods of 
t ime if filtered each t ime before use. 

Hydrofluoric acid etchant.--Prepare an approxi-  
mately  0.5% hydrofluoric acid etchant solution by di-  
lu t ing 10 ml  of 48% hydrofluoric acid to about one li ter 
with pure water  in a plastic bottle. 

Discussion 
Benzidine in acid solution can be oxidized electro- 

chemically to a b lue  oxidation product (4), in accord- 
ance with the following chemical reaction 

The above sensitive react ion is the basis of the elec- 
trochemical me thod  described in this paper. 

The simplified drawing of Fig. 1 i l lustrates the p r in -  
ciple of the technique as applied to the determinat ion 
of the location of conductive areas or holes through 
the silicon dioxide dielectric of silicon wafers. When a 
suitable anodic potential  is applied to the silicon wafer, 
oxidation of the colorless benzidine occurs only at con- 
duct ing areas such as at unwan ted  pinholes, etched 
microcircuitry and the like. The dark blue to black 
oxidation product formed at the conductive sites pro- 
duces markings  or pat terns on the paper having the 
same size, shape, and location as a mir ror  image of the 
conductive areas of the wafer electrographed. 

Figure 2 is a photograph of an electrograph pre-  
pared on a "Millipore" type membrane  paper. The 
silicon wafer electrographed contained 280 complete 
integrated circuits etched into the silicon dioxide passi- 
vat ion layer. It will  be noted that  the uni formi ty  of the 
pat tern  is broken in two areas, one to the r ight  of 
center  and the other in  the upper  left hand area. Suc- 
cessive electrographs duplicated the same incomplete 
pa t te rn  in  the ident ical  areas. The broken pa t te rn  
areas represent  faul ty  etching of the microcircuitry 
pat terns in the oxide produced dur ing  processing of 
the wafer. A faul ty  circuitry pattern,  pinhole or other 
oxide anomaly recorded on an electrographed mere- 
brane  is not considered as such unt i l  it has been dupli-  
cated at least once. 

Figure 3 is a photomicrograph (50X) of one of the 
individual  integrated circuits selected from the elec- 
t rograph shown in Fig. 2. The pinhole designated by 
an arrow illustrates the appearance of an oxide anom-  
aly of this type when  observed by microscopic exami-  
na t ion  of an electrograph. 

Figure 4 is an electron micrograph replica of an 
oxide anomaly on an actual  wafer magnified 5000 
diameters. The anomaly on the wafer was located by 
means of the electrograph shown in Fig. 3. 

Dur ing  the course of the development  of the electro- 
lyte for the process, the benzidine was first dissolved 
in a slight excess of acetic acid. I t  was later  discovered 
that  when  hydrochloric acid was substi tuted for the 
dissolution of the benzidine, a dark blue to black pat-  
t e rn  was achieved instead of the light blue color re-  
sult ing with the former acid. To fur ther  improve on 
the qual i ty of the electrograph produced, a protective 
colloid such as gelat in was incorporated into the elec- 
trolyte to inhibi t  crystall ization of the benzidine and 
thereby enhance the definition obtained. 
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Successive Electrographs 
When a silicon wafer is electrographed, it is made 

the anode of an electrochemical cell and therefore 
some anodic oxidation of the exposed silicon occurs. If 
a second electrograph of the same wafer  is attempted, 
no dark areas wil l  form on the membrane  paper since 
the formerly  conductive sites are now covered with a 
th in  oxide film. Chemical tests indicate that  this de- 
veloped oxide has an approximate thickness of about 
25A. In  order that successive electrographs may be 
processed on the same wafer, a mild etchant was de- 
veloped which would remove this u l t r a - th in  oxide 
without  serious attack of the main  passivation layer. 
The etchant found suitable was an aqueous 0.5% hy-  
drofluoric acid solution. Figure 5 shows the relat ion-  
ship between the thickness of silicon dioxide removed 
by the acid per un i t  contact time. It  wil l  be noted that  
the etching rate was l inear  in the time in terval  studied. 
The data for prepar ing the graph were obtained by 
t reat ing a wafer having a silicon dioxide passivation 
layer of approximately 8500A thickness, with sufficient 
etchant to just  cover the oxide layer side for succes- 
sive 1 rain intervals.  The amount  of dissolved silicon in 
the etchant  was then determined by a spectrophoto- 
metric chemical procedure developed for this purpose. 
The thickness of the oxide removed was then calcu- 
lated from the micrograms of silicon dissolved in the 
etchant, the measured surface area in square centi-  
meters and an assumed density of 2.15 for the silicon 
dioxide. 

Summary 
A simple nondestruct ive electrograph procedure has 

been developed for locating pinholes or other oxide 
anomalies in  silicon dioxide passivation layers of 
silicon wafers. The method is most suitable for the 
determinat ion of oxide anomalies in  silicon wafers that 
contain etched patterns,  such as for microcircuitry,  
which serve as reference guide lines in  establishing the 

precise coordinates of the defects in  the passivation 
layer. It  is estimated that pinholes as small  as 1000A 
in diameter can be located by the method. 

The electrograph procedure described should find 
applicabili ty in the determinat ion of surface defects 
in any thin dielectric mater ia l  that  is superimposed on 
and is in  contact with a conductive substrate base. For 
example, it should be possible to determine surface 
defects in silicon ni t r ide dielectric over silicon, ger- 
man ium oxide over germanium,  a luminum oxide over 
a luminum,  and m a n y  others. 
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Electrical and Structural Properties of Langmuir Films 

Robert M. Handy and Luciano C. Scala (pp. 109-116, 
Vol. 113, No. 2) 

J. A. Spinkl: The inabil i ty of the authors to t ransfer  
continuous Langmui r -Blodge t t  monolayers  of calcium 
and bar ium stearates to gold surfaces raises some im-  
portant  issues regarding the use of the so-called noble 
metals  as substrates for such films. Using el l ipsometry 
to determine film thickness, other workers  have also 
reported difficulties wi th  the t ransfer  of fa t ty  acid and 
soap monolayers  to gold surfaces. Mertens and P lumb 2 
found i rregular i t ies  in the t ransfer  of 30 dynes /cm 
monolayers  to gold films condensed on glass but not to 
copper and a luminum films. In a more detailed study, 
Hall  3 observed i rregular i t ies  due to breakdown and 
folding of the monolayers  at pressures around 40 
dynes /cm and incomplete  t ransfer  only when the 
surface pressure was reduced to about 10 dynes/cm.  

Already in his ear ly  studies in this field, Langmui r  
recognized the importance of the chemical  na ture  of 
the solid substrate wi th  regard  to the ease wi th  which 
fat ty acid monolayers  could be t ransfer red  and to the 
subsequent s t rength of at tachment.  In later work, 
however ,  Bikerman 4 emphasized the role played by 
the contact angle that  the water  made with  the solid 
during the passage of the la t te r  through the a i r -wa te r  
interface and concluded: "it  is clear  that  a mono-  
layer  on a wa te r  surface can only touch and at tach 
itself to the solid surface if the direction of the move-  
ment  of the slide and that  of the wa te r  surface near  
the slide form an obtuse angle so that  the monolayer  
on the water  and the . . . metal  can approach one 
another." Subsequent  work, discussed below, indicates 
that  both of these factors are impor tant  since the 
chemical  na ture  and even the detailed atomic s t ruc-  
ture  of the solid surface can influence the contact angle 
in question. Thus, the t ransfer  ratios of uni ty  obtained 
by Bikerman  for chromium and brass surfaces can be 
explained in terms of the react iv i ty  as well  as the 
wet tabi l i ty  of the solids. The concept that  under  a 
wide var ie ty  of conditions fa t ty  acid and soap mono-  
layers are t ransferred as a carpet  to the solid (i.e., 
the t ransfer  ratio, p, is uni ty)  was mainta ined for some 
t ime unti l  Gaines 5 work ing  with stearic acid, found 
that  at low pressures (,-~10 dynes /cm)p  (compared 
with  an assumed p = 1 at 30 dynes /cm pressure) never  
reached uni ty  even for react ive  metals  such as copper 
and aluminum. On the other  hand, for films t rans-  
ferred at a pressure of 17.5 dynes /cm p was found to 
be uni ty  for glass, mica, Pt, Cr, Cu, and A1. 

A more detai led study 6 has shown that  wi th  stearic 
acid p depends on a number  of factors and for ve ry  
smooth si lver does not  reach unity even at a pressure 
of 30 dynes/cm.  At this point it is necessary to make  
a distinction be tween  solids for which p ---- 1 and 
solids for which subsequent  a t tachment  of the t rans-  

1 C o m m o n w e a l t h  Sc ien t i f i c  a n d  I n d u s t r i a l  R e s e a r c h  O r g a n i z a t i o n ,  
D i v i s i o n  of  T r i b o p h y s i c s ,  U n i v e r s i t y  of  M e l b o u r n e ,  V i c t o r i a ,  A u s -  
t r a l i a .  

2 F .  P .  M e r t e n s  a n d  R.  C. P l u m b ,  J .  Phys. Chem., 67, 908 (1963).  

a A.  C. Hal l ,  J. Phys.  Chem., 69, 1654 (1965). 

J .  J .  B i k e r m a n ,  Proc. Roy.  Soc., 170A, 130 (1939). 

5 G.  L.  G a i n e s ,  J r . ,  J. Colloid Sci., 15, 321 (1950).  

~ J .  A.  S p i n k ,  J .  Col /o id  and Interface Sci., 23, 9 (1967). 

fer red  monolayer  is strong. For  example,  it has been 
shown 6 that  p = 1 for mica, glass, and silica al though 
the t ransferred films are re la t ive ly  unstable and de- 
sorb readily. On the other  hand, p ~ 1 for s i lver  films 
condensed on mica, but the monolayer  so t ransfer red  
is more  stable and desorbs less readily. This apparent  
contradict ion would  appear to arise f rom several  fac- 
tors. First,  the wet tabi l i ty  of cer ta in  solids during 
t ransfer  seems to influence the drainage of the water  
film undernea th  the t ransfer red  monolayer  in such a 
way that  some of the molecules are re tu rned  to the 
Langmuir  trough. This must occur at the a i r -wa te r -  
solid line interface and has been discussed in some de- 
tail for  smooth si lver surfaces. 6 The wet tabi l i ty  (or 
contact  angle) can, of course, be influenced by the ra te  
of wi thdrawal  of the solid through the monolayer -  
covered water  surface 4 so that  for the si lver surfaces 
mentioned above, p depends also on the rate  of t rans-  
fer. Second, the stabil i ty of the t ransfe r red  monolayer  
must  depend not only on the maintenance of the strong 
lateral  Van der Waals interactions be tween the long 
hydrocarbon chains but  also on the s t rength of the 
bonds formed be tween  the polar  head groups and the 
surface of the solid. The lat ter  bonds will, in turn, 
depend on the outcome of the competi t ion for the 
solid surface be tween  the polar  groups and the film 
of water  t ransferred together  wi th  the monolayer .  

Recent  unpublished work by this author  has shown 
that  gold films (~1000A thick) condensed on glass 
behave s imilar ly to silver films in that  p = 0.85 at 30 
dynes /cm and only 0.65 at 10 dynes/cm. On the other  
hand, the t ransfer  ratio for tin films condensed on 
glass was found to be equal  to uni ty  at both 30 and 
10 dynes/cm,  which is in agreement  with the findings 
of Handy and Scala. This difference in behavior  be-  
tween metals such as si lver and gold on the one hand, 
and copper, tin, and iron on the other  6 may be ex-  
plained in terms of the chemical  na ture  of the ex-  
posed surfaces. Thus, the principal  difference must  re-  
side in the fact that, in contact with air, bulk oxide 
films are readi ly  fo rmed  on the lat ter  metals  but  not 
on the former.  The re la t ive  weakness  of d ipole-meta l  
image forces proposed by Fowkes 7 supports the re-  
cent exper imenta l  findings s,9 that  ox ide- f ree  meta l  
surfaces are not wet ted  by water .  This restr ic ted wet -  
tabi l i ty could then affect the efficiency (at least f rom 
the pure ly  geometr ical  point of v iew advanced by 
Bikerman)  with which monolayers  can be t ransfer red  
to solid surfaces of the noble metals. 

In their  discussion Handy  and Scala draw no firm 
conclusions on the true nature  of the discontinuities 
(voids) in their  monolayers  on gold, i.e., they do not 
decide whe ther  such discontinuities a l ready exist  in 
the monolayer  at the t ime of t ransfer  or whe the r  they 
form after  t ransfer  because of the low stabil i ty of 
the monolayer  on gold substrates. 10 Results obtained 
by the present  author  and discussed above suggest 
s t rongly that  the films t ransferred to gold surfaces 
are less closely packed than they were  on the wate r  
surface and are therefore  ini t ia l ly  incomplete.  

F rom these considerations it remains to be said that  
results obtained in various physicochemical  studies 
of Langmui r -Blodge t t  films t ransfer red  to solid sur-  
faces must  be t reated with  ex t reme caution. I t  is es- 
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sential that such films are ini t ia l ly  complete and con- 
t inuous and remain  stable under  a variety of condi-  
tions. To see whether  this has been accomplished we 
have employed techniques using radiolabelled mole- 
cules and electron microscopy. The lat ter  technique is 
useful not  only  for checking the uni formi ty  and sta- 
bi l i ty  of the deposited monolayers bu t  also for reveal-  
ing the atomic flatness of the metal  surfaces. 

It. M. Handy and L. C. Scala: The authors are in com- 
plete agreement  with Dr. Spink's comments, which add 
to the unders tanding  of the results presented in the 
paper, and wish to thank  him for this contribution.  

Red-Emitting AI20~ Based Phosphors 

V. D. Mochel (pp. 398-399, Vol. 113, No. 4) 

Shannon  Jonesn :  The two a lumina  phosphors, de- 
scribed as new by Mochel, appear to be rediscoveries 
of phosphors previously described in the l i terature.  

The l i th ia- i ron oxide-a lumina  phosphor was de- 
scribed by me in 1949.12 Mochel's blue band in this 
phosphor is almost surely reflected radiat ion from the 
exciting source, and the color coordinates obtained by 
McAllister allow for no blue emission. 

Mochel's calcium a lumina t e :Mn  appears to be of 
the species described by KrSger in "Some Aspects of 
the Luminescence of Solids," p. 92 el. seq. KrSger 
studied the ratio 1CaO:6AI203, which is wi thin  the 
range covered by Mochel. While Mochel used MnC12 
and KrSger used Mn(NO3)2, this probably makes 
little difference after firing at 1450~ in air. The ex- 
citation and emission characteristics described by 
Moehel and KrSger are similar. 

V. D. Mocheh I agree wi th  Mr. Jones that the li thia- 
a lumina- i ron  oxide phosphor I reported is undoubtedly  
the same as he described. 13 The major  contr ibut ion of 
my  paper to the description of this phosphor is that 
I was able to identify the crystal l ine phase giving rise 
to the luminescence as l i th ium zeta a lumina  (Li20 �9 
5A1203) with iron oxide as the activator. This was not  
done by Mr. Jones. 

I am quite sure the blue band at 390 m~ is not due 
to reflected radiat ion from the excit ing source as Mr. 
Jones asserts. As explained in my  paper  the emission 
spectra were obtained with the Aminco-Bowman 
Spectrophotofluorometer. With the source grat ing and 
the slit systems used, I don' t  see how a blue band  
peaking at 390 m~ could arise f rom the source which 
is set at 254 m~. Fi rs t -order  scattering from the grat-  
ing would center  a peak at about 508 m~, but  this is 
not  observed. In  addition, b lank  samples of AI~O3 and 
other types of phosphors did not  yield this band. It 
should be remembered  that  since there was no cali- 
brat ion be tween the two photomult ipl ier  tubes used, 
the intensit ies of the blue band and the red band in 
Fig. 1 cannot  be compared directly. The curves are 
normalized. Qualitatively,  the blue band  was much 
less intense than the red. 

In  regard to the calcium aluminate :  Mn, C1 phos- 
phors, I did observe luminescence in phosphors with 
the crystal l ine phase CaO.6A1203 as KrSger reported, 
bu t  in  the phosphors I described CaO.2A1203 was 
identified as the phase which exhibited the lumines-  
cence. I would not  rule  out the possibility of more than 
one phase contr ibut ing to the luminescence, however. 
I tr ied Mn(NO3)~ and MnO~ as activators, but  ne i ther  
compound approached the enhancement  of lumines-  
cence as produced by MnC12. Apparen t ly  the chlorine 
does make a difference, at least in the in tensi ty  of the 
emission. 

n Genera l  Electric Co., L a m p  Metal  and  Components  Department ,  
1099 Ivanhoe  Road, Cleveland, Ohio. 

~ S h a n n o n  Jones,  J. (and Trans.) Eleetroehem. Soc., 95, 295, 
(1949). 

~ S h a n a o n  Jones ,  J. (and Trans.) Electrochem. Sot. ,  95, 295 
(1949). 
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Equilibrium Pressures of Oxygen 
over Oxides of Lead at Various Temperatures 

Earl M. Otto (pp. 525-527, Vol. 113, No. 6) 

Wil l iam B. White14: Dr. Otto, when searching for pre-  
vious l i terature on the system lead-oxygen, apparent ly 
overlooked the recent  (1964) paper by White and 
Roy 15 on the high oxygen pressure portion of the 
system. The oversight was unfor tunate  in  that a com- 
parison of the two sets of results provides some addi-  
t ional insight into the thermodynamics  of the system 
and its phase diagram. 

The two exper imental  techniques are quite different. 
Otto measured the oxygen pressure over a single phase 
lead oxide solid under  s teady-state  conditions and 
obtained his un iva r ian t  curves directly. White and 
Roy reacted quite small (50-100 rag) samples of oxide 
in equi l ibr ium with an external ly  imposed high oxygen 
pressure in an open system then determined end prod- 
uct solid phase. Equi l ibr ium un ivar ian t  curves were 
obtained by interpolat ion between the data points 
which mapped out the b ivar ian t  fields. 

A comparison of the two sets of data is shown in 
Fig. 1. Together these compile the most complete 
phase diagram of the Pb-O system yet presented. 
Since the vapor phase at these pressures and temper-  
atures is essentially pure oxygen, Fig. 1 is a valid 
P - T  projection for the Pb-O system. Not shown on 
the diagram are the melt ing relations, at which tem- 
peratures the PbO pressure becomes sufficiently high 
that  oxygen isobars no longer coincide with the un i -  
var ian t  curves and the polymorphic relations between 
the low and the high pressure form of PbO216 which 
lie above 10,000 atmospheres. 

White and Roy, unfor tunate ly ,  presented their  data 
as l inear  plots of pressure vs. temperature.  The points 
on the log pressure- inverse  temperature  plot do not  
fit a straight l ine as well  as they should. The two 
curves for the 2Pb304 ~ 6PbO + 02 reaction agree 
fair ly well  and have near ly  the same slope. The in ter -  
mediate curve is most interesting. White and Roy 
could find no evidence for the lower Pb12017 oxide 
although the x - r ay  data of BystrSm lr and Anderson 
and Sterns is leave little doubt that it exists. Otto finds 
both phases at low pressures. Otto's Pb120n -~ Pb~04 
+ oxygen curve agrees fair ly  well with the extrapola-  
t ion of the high pressure curve but  the low pressure 
Pb12019 --> Pb12017 + oxygen curve lies at dist inctly 
lower temperatures  than the extrapolated curve. This 
si tuation can be resolved by assuming an invar ian t  
point of 416~ and 6 atmospheres as indicated in Fig. 
1. The exact location of the invar i an t  point  is n o t  
well-defined but  mus t  lie somewhere in  this region. 
A similar si tuation exists at high pressures where  an 
invar ian t  point at 60O~ and 1156 atmospheres marks 
the lowest P and T at which Pb203 is a stable phase 
in the system. Greatest disagreement occurs in the 
curves describing the decomposition of PbO2. Each 
set of data gives good straight lines bu t  the lines have 
quite different slopes. The calculated heats of reaction 
are drastically different: 26.8 kcal /mole  O2 from high 
pressure curve compared with 66.4 kcal /mole  O2 from 
the low pressure curve. No at tempt is made here to 
prove the correctness of one or the other of these 
curves. The temperatures  are low, reaction kinetics 
sluggish, and some criticism could be made of either 
technique. It  is necessary to point  out, however,  that  
thermodynamic  calculations based on this reaction 
should be suspect. 

14 Mater ia ls  Research  Labora tory ,  Pennsy lvan ia  Sta te  Univers i ty ,  
Un ive r s i t y  P a r k ,  Pe nnsy lva n i a  16802. 

W. B. White and R. Roy, J. Am.  Ceram. Soe., 47, 242 (1964). 

le W. B. White,  F. Daehille,  and  R. Roy, J. Am.  Ceram. Soe., 44, 
170 (1961). 

17 A. Byst rSm,  Ark iv .  Kemi ,  Mineral, Geol., A 20, No. 11 (1945). 

lS j .  S. Anderson and M. Sterns ,  J. Inorg. NueL Chem.,  11, 272 
(1959). 
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Fig. 1. Combined P-T phase diagram for the system Pb-O. Open 
circles are data of White and Roy15; solid circles are data of Otto. 

E. M. Otto: My l i terature  search was made in 1963, 
the exper imental  work was completed in the summer  
of 1964 and the manuscr ip t  was wr i t ten  shortly after 
I presented the paper at the October 1965 Meeting 
of the Society. Unfor tunate ly ,  no fol low-up l i tera-  
ture  search was made just  before submit t ing  the m a n -  
Uscript for publication. 

In  the second paragraph of Dr. White 's  comments it 
is stated that  I measured the oxygen pressure over a 
single phase lead oxide solid. In  dissociation experi-  
ments, I invar iab ly  produced at least part  of the 
oxygen by par t ia l  decomposition of a lead oxide and 
was careful to satisfy myself  that  some of the oxide 
being dissociated remained even after equi l ibr ium had 
been established; therefore, I always had a two com- 
ponent  lead oxide system at  equil ibrium. 

Some Aspects of the Mechanism of Hydrogen Evolution 
at a Mild Steel Electrode 

J. S. LI. Leach and S. R. J. Saunders (pp. 681-687, Vol. 113, No. 7) 

T. C. Franklin19: In  the article by Matsuda and Frank-  
l in 2~ the data were treated from the viewpoint  that  
absorption of electrolytically generated hydrogen by 
i ron from sodium hydroxide solutions involved only 
one mechanism, the migrat ion of adsorbed hydrogen 
atoms into the interior.  This is in  apparent  contra-  
diction to the conclusions reached in  this article. I t  
should, however, be pointed out that several experi-  
ments  led us to the conclusion, in  agreement  with 
Leach and Saunders, that  there are two mechanisms 
of absorption. The most obvious piece of data indi -  
cating this in our previous article 20 is shown in  plots 
of rate of absorption vs.  the amount  of adsorbed hy-  
drogen. If hydrogen is absorbed only by  the migrat ion 
of adsorbed hydrogen into the in ter ior ,  the rate law 
should be 

Rate of Absorption = k (Adsorbed Hydrogen)  

The exper imenta l ly  observed rate law for any r u n  was 

19 C h e m i s t r y  D e p a r t m e n t .  B a y l o r  U n i v e r s i t y ,  W a c o ,  T e x a s .  

F .  Matsuda and T .  C .  F r a n k l i n ,  This Journal, 1 1 2 ,  7 67  ( 1 9 6 5 ) .  

Rate of Absorpt ion = k(Adsorbed  Hydrogen)  
+ constant  

This added constant  shows that  there is another  
method of producing absorbed hydrogen. 

It was felt that  the second mechanism involved the 
direct electrolytic generation, from water, of hydrogen 
into the skin of the metal  to produce the so called 
"dermasorbed" hydrogen. 21 It  is still felt that  this 
mechanism would expla in  the data as well  as the 
mechanism proposed by Leach and Saunders.  At  the 
t ime our work was done, it  was not felt  that  enough 
data were available to reach any definite conclusion 
as to the process involved in this second mechanism 
and, since the intercept  was relat ively small, i t  was 
concluded that the pr imary  mode of absorption was 
through adsorbed hydrogen. 

The major  point  of contradic{ion between the two 
articles is our conclusion that  the pr imary  source of 
absorbed hydrogen is adsorbed hydrogen while  this 
piece of work indicates that  the p r imary  source of 
hydrogen comes from a second mechanism. We have 
concluded that  this contradict ion arises because of the 
low current  densities (0.83 m a / c m  2) used in  our ex- 
per iments  compared with the cur ren t  densities re-  
ported in this article. In  recent  work sponsored by the 
Welch Foundation,  a s tudy was made of the absorption 
of hydrogen by nickel  in  2N sodium hydroxide solu- 
tions. These data can be in terpre ted also in terms of 
two mechanisms for producing absorbed hydrogen, one 
of which is potential  dependent  and one potential  in-  
dependent,  in agreement  with the present  article. The 
potential  independent  term would correspond to the 
absorption of hydrogen from adsorbed hydrogen atoms 
while the potential  dependent  term could correspond 
to the mechanism proposed in  this article or to the 
direct generation of hydrogen into the skin. Using this 
interpretat ion,  it was de termined that  the relat ive 
contr ibut ion of the two mechanisms at the current  
densities studied was very  sensitive to the cur ren t  
density. 

Charge-Discharge Mechanisms in Electrolytic 
Capacitors 

W. J. Bernard (pp. 749-751. Vol. 113, No. 7) 

A. Dekker,  M. G. J. Heijenbrok,  and A. Middeihoek~2: 
In his paper Bernard gives a new in terpre ta t ion  of the 
mechanism of oxide formation on the cathode of an 
electrolytic capacitor dur ing  its discharge. 

However, it seems somewhat unl ike ly  tha t  p r e v e n -  
tiofi of oxidation of the cathode only takes place in a 
certain limited range of concentrat ion of hydrogen ad- 
sorbed at the metal. We believe that  the results of 
Bernard 's  experiments  can be better  explained in  
terms of anodization of the a luminum cathode by  a 
charge larger than  its product  CcVc, where Cc is the 
cathode capacity and  Vc the ma x i mum voltage that  
can be bui l t  up across the na tu ra l  oxide layer  on the 
cathode just  before forming starts. Moreover, Bernard 's  
in terpre ta t ion  disagrees with our exper imental  results. 

Three exper imental  a r rangements  are d rawn sche- 
matical ly in Fig. 1. Figures la  and lb  show the same 
circuits as given in Bernard 's  Fig. 1 and 2. In  Fig. l b  
oxidation of the cathode occurs, whereas in  Fig. l a  it  
does not. When the capacitor in Fig. la  is discharged, 
the cathode acquires part  of the charge located on the 
anode and when the cathode capacity is large enough, 
the cathode potential  reached is too low to change the 
cathode capacity by fur ther  anodization of the na tu ra l  
oxide layer. When the capacitor is charged again, all  
the positive charge on the cathode is t ransported to the 
anode by  means of the ba t te ry  emf, and the cathode is 
discharged completely at the same time. The electric 

m T. B. Warner and S. Sehuldiner, This Journal, 112, 853 (196S). 

22 N. V. Fhilips' Gloeilampenfahrieken Zwolle, The Netherlands. 
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Fig. 1. Three experimental circuit~ for the charging and dis- 
charging of electrolytic capacitors: Fig. la top; lb center; lc 
bottom. 
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Fig. 2. Charge curve of the cathode Cc vs. number of capacitor 
discharges. Qc from circuit Fig. la;  ~ Qc from 
circuit Fig. lb. 

charge on the cathode vs. the n u m b e r  of charge-dis-  
charge cycles is shown on Fig. 2, dotted line. 

It  can be seen from Fig. 2, that  when  the dimensions 
of the cathode in  circuit  in  Fig. l a  are sufficiently large, 
i.e., 

C~'Ce 
CCVC ~ " V b a t t e r y  

c a + c o  
no oxidation takes place at  all. I n  Fig. l b  however,  
the cathode capacity c a n n o t  discharge dur ing  the 

charging cycle of the anode (assuming that  the leakage 
cur ren t  is small) .  Subsequent  discharges of the anode 
will  increase the cathodic potential, and formation of 
A1203 occurs, unt i l  the ba t te ry  voltage is reached. 
This format ion starts when  the cathode charge has at-  
tained the value CcVc (Fig. 2, curve b) .  In  this case, 
a large a l u m i n u m  cathode will  anodize, whatever  its 
dimensions are. 

In  order to discriminate between this in terpre ta t ion 
and the hydrogen adsorption theory of Bernard,  we 
performed a third experiment,  the principle of which 
is given in Fig. lc. This circuit  is near ly  the same as 
Fig. lb, but  it has the possibility of discharging the 
cathode before it is reconnected with the anode for 
recharging. For the same reason as in  Fig. l b  there 
will  be no hydrogen development  or adsorption at the 
a luminum cathode. The counter  electrode was not  
p la t inum in  this case, but  an etched Al-foil, having an 
effective surface area of about 1200 cm 2, in  order to 
avoid the influence of the polarization capacity on the 
discharge of the cathode. The switching cycle is as 
follows: Sa and $4 go s imultaneously to position a 
for 2 sec, so that the anode is charged via  the counter  
electrode; then $3 goes to position b (discharge of the 
anode via cathode),  after 2 sec. $4 goes to b (discharge 
of the cathode via the  counter  electrode) and 2 sec 
afterwards both $3 and $4 go to a, etc. The experi-  
ments  were performed with smooth 99.99 w/o  a lumi-  
n u m  foil, cleaned by immers ion in successively 2% 
NaOH solution (20~ min) ,  48% H2SO4 (90~ 
rain) ,  and in  a mix ture  of 2.5% CrO3 and 5% HsPO4 in 
water  (85~ min) .  Both the anode and the cathode 
surface areas were 40 cm 2. The bat tery  emf was 10v. 
The anode was anodized to 15v. 

The formation of oxide on the cathode was deter-  
mined from the voltage achieved when the cathode is 
charged with a small  constant  cur ren t  of 1.25 ga/cm2; 
this "control voltage" is plotted vs. the number  of 
charge-discharge cycles in Fig. 3. From Fig. 3 one may 
conclude that  the increase of the control voltage wi th  
the number  of cycles, due to oxide formation on the 
cathode, occurs only when  the charge brought  on the 
cathode is not allowed to leak away. 

In  our case, where  anode and cathode have exactly 
the same dimensions, there is l i t t le difference in cath- 
odic behavior  between circuit of Fig. la  and lc, 
whereas adsorption of evolved hydrogen occurs only 
in la. No evidence has been shown that  hydrogen evo- 
lut ion has any influence on the oxide formation on 
the cathode dur ing  discharge of the electrolytic capaci- 
tor. In  fact, in  both la  and lc the control voltage of 
the cathode is not zero, but  about  2v, independent  of 
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Fig. 3. Cathodic control-voltage vs. number of charge-discharge 
cycles. �9 result from circuit lo; �9 result from circuit lb; A 
result from circuit Ic. 
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the bat tery  emf. This effect can be accounted for quan-  
t i ta t ively  by the polarization capacity, which reduces 
the cathode capacity much more than the anode ca- 
pacity, so that  CaVa is not  equal  to CoVe. 

The Performance of Flooded Porous Fuel Cell 
Electrodes 

R. Brown and J. A. Rockett (pp. 865-870, Voh 113, No. 9) 

H. H. Horowitz23: Brown and Rockett  have mathe-  
mat ical ly  analyzed flooded porous fuel  cell  electrodes 
assuming model  cyl indrical  pores and including act iva-  
tion, ohmic, fuel  concentration, and electrolyte  concen- 
t ra t ion polarization. Their  calculations fit data obtained 
on sintered biporous nickel  electrodes very  well  wi th  
one exception: the diffusion constants requi red  "were  
104-105 greater  than the measured values indicat ing 
that  a means of diffusive t ransport  other  than diffusion 
through the l iquid is a necessary assumption." In con- 
nection with  the lat ter  point, we wish to offer our ex-  
perience with  another  type of porous fuel  cell  electrode 
system. We were  forced to conclude that  the cyl indr i -  
cal pore model  needs to be modified somewhat  and 
that  the "other  means of diffusive t ranspor t"  was sim- 
ply gas phase diffusion. 

The porous electrodes we  were  using consisted of 
p la t inum black or carbon impregnated  wi th  platinum, 
which was mixed  with  15 w / o  Teflon in the form of 
an emulsion and compressed in a 50 mesh screen of 
pla t inum or tantalum. Butane was the fuel  and 3.7M 
sulfuric acid was the electrolyte  at 95~ The degree of 
flooding of the electrodes was controlled, not by the 
differential  pressure, but  by the quant i ty  of Teflon 
used and by the compression step. Under  the conditions 
used, it was found by weighing the electrodes before 
and after they had been contacted with  electrolyte  
that  their  pores were  over  80% flooded. Decreasing the 
degree of flooding decreased the electrode act ivi ty 
roughly  proport ionately.  There was l i t t le doubt that  a 
high degree of flooding was necessary for act ivi ty and 
that  most of the electrode surface was under  liquid. 

Nevertheless,  exper imenta l  evidence indicated that  
most of the surface area was avai lable for react ion and 
tha t  a solubil i ty-diffusion mode of fuel  t ransport  ob- 
tained: It was possible to reach the same l imit ing 
current  per mi l l igram of p la t inum used by saturat ing 
the electrolyte  wi th  butane and passing it through a 
layer  of p la t inum black mounted  on a porous tanta lum 
frit. These data have been published. 24 

Using reasonable est imates of the solubil i ty and dif-  
fusion constant of butane and the ideal current  dens-  
ities taken f rom the above exper iment ,  in an equat ion 
s imilar  to the present  authors '  Eq [17] it was calcu-  
lated that  the act ive area extended only 5 x 10 -4 cm 
f rom the gas l iquid surface. Since the electrodes used 
were  0.2 m m  thick, an apparent  enigma arose s imilar  
to that  presented in the present  paper. 

This enigma could be resolved by including la teral  
pores in the model, perpendicular  to the "main"  pores, 
and by assuming fingers of gas extending into the 
depths of the electrode perpendicular  to its surface. If 
these gas filled fingers are small  enough and numerous  
enough they can feed the entire electrode with  fuel  
whi le  occupying less than 20% of its volume. For  ex-  
ample, cyl indrical  holes 2~ in radius in a square ar ray  
spaced at 8~ on centers, occupy 20% of the total vol -  
ume. Yet the ent ire  vo lume of l iquid within  the re-  
maining pores is wi thin  5~ of one or more  gas filled 
pockets. Thus, the surfaces of granules not  direct ly ex-  
posed to gas receive fuel  by diffusion through l iquid 
filled pores more or less paral le l  to the electrode sur-  
face, whereas  the current  lines continue to flow more  
or less perpendicular  to the surface. 

We bel ieve the new model  offers a greater  degree of 
sophistication than a simple paral le l  cyl indrical  pore 
model, because it  makes use of the la tera l  pores known 
to be present  in the sinter  and permits  the use of con- 
vent ional  diffusion constants and gas solubilities. A 
quest ion remains as to the source of the gas filled 
pores. In Teflon bonded structures it is easy to ra-  
tionalize pores in the statistical distribution, whose 
surfaces are so hydrophobic and whose radii  are so 
small  that  they would  not fill wi th  l iquid even under  a 
part ial  vacuum equal  to the electrolyte  vapor  pres-  
sure. 25 As to the source of gas filled pores in sintered 
nickel  electrodes, perhaps the authors of the present  
paper could also rat ionalize their  existence on the basis 
of inequali t ies of pore radii  in manufac ture  and in-  
equali t ies in surface wet t ing  propert ies  due to hydr ide  
or other  film formation. 

The Permeation of Electrolytic Hydrogen through 
Platinum 

E. Gileadi, M. A. Fullenwider, and J. O'M. Bockris 
(pp. 926-930, Voh 113, No. 9) 

G. Dubpernel126: Previous  criticisms of the method 
seem to be largely ignored. The t i t le  seems incomplete  
and not proper ly  indicative, and could include a phrase 
such as " . . .  in Sulfuric Acid Solution Poisoned With 
Arsenic Additions." Apparen t ly  no permeat ion  was ob- 
served in pure 0.1N H2SO4 with  p la t inum membranes  
as thin as 2 x 10 -3 cm (0.0008 in.) unless As203 was 
added to the solution. Some explanat ion should be 
given for the impermeabi l i ty ,  and it would be bet ter  to 
call the effect of arsenic additions an "act ivat ion" 
ra ther  than a poisoning. In previous work  membranes  
which refused to diffuse any hydrogen  have general ly  
been called poisoned or passive, and have  been dis- 
carded ra ther  than accepting them as the norm. 

It  is good to note that  cracks in membranes  were  
easily detected by the immedia te  effect on the anodic 
side as soon as the cathodic current  was turned on. 
However ,  it is not clear  that  all  such membranes  were  
rejected. In Fig. 1, does not the ver t ical  increase in the 
permeat ion rate when the cur ren t  density is increased, 
indicate such a cracked membrane ,  and should not 
this membrane  have been re jec ted  instead of using the 
first t ransient  as acceptable to calculate a diffusion co- 
efficient? Is not this the same membrane  wi th  which 
hydrogen charging is said on page 927 to have caused 
fur ther  cracking? 

While the wr i te r  believes that  all  diffusion observed 
is due to mechanical  defects in the meta l  or pores of 
one kind or another,  the assumption of hydrogen  em- 
br i t t l ement  in p la t inum at tempera tures  of 50~176 
based on Richardson's  observat ions in the gas phase 
at 700~176 does not  seem proper. The assumption 
of a cr i t ical  low cur ren t  densi ty be tween 70 ~ and 80~ 
on page 928 seems even less in order. It does not seem 
logical to assume that  the permeat ion  process is dif- 
fusion controlled at ex t remely  low current  densities, 
and then at a cri t ical  current  density that  " . . .  a 
critical change in the in terna l  s t ructure  of the meta l  
takes place." 

Aside f rom taking only first transients at ex t remely  
low current  densities for the calculations, apparent ly  
irregardless of whe ther  or not  the membrane  was 
cracked, the authors state tha t  "only transients  which 
have the theoret ical ly  expected shape were  accepted 
for the calculat ion of D." How many  transients  were  
re jec ted  for each one accepted? 

It  would  seem that  the diffusion of electrolytic hy-  
drogen through careful ly  handled thin p la t inum m e m -  
branes has not been demonstrated,  and that  the as- 

~ E s s o  R e s e a r c h  a n d  Engineer ing  Co., Central  Basic Research 
Labora tory ,  P.O. Box 45, Linden,  New Jersey  07036. 

J .  A. Shropshixe and  H. H, Horowitz,  This Jou~n~l, IlZo 490 
(1960). 

J .  A. Shropshire,  E. H. Okrent,  and H. H. Horowitz,  "Hydro-  
carbon Fuel  Cell Technology,"  p. 539, B. S. Baker,  Editor,  Aca-  
demic Press, New York (1965). 

'~ M&T Chemicals,  Inc., l~erndale, Michigan 48220. 
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sumption that  such a diffusion can occur should be 
subjected to fur ther  scrutiny. 

E. Gileadi, M.  Ful lenwider,  and J. O'M. Bockris:  Dr. 
Dubpernel l  has consistently opposed the notion of 
hydrogen diffusion through some metals  (Fe, Pd, Pt)  
at or near  room temperature,  despite clear and un-  
ambiguous evidence accumulated at the Electrochem- 
istry Laboratory of the Univers i ty  of Pennsy lvan ia  and 
several other places. 

The major  point  is that  the permeation rate Jt is 
found to follow the equat ion 

JdJ| = exp (--1/4~) [1] 

where 
T = D t / L  2 

derived for a diffusion-controlled process with the spe- 
cified boundary  conditions. More conveniently,  this 
gives rise to a half  rise t ime tl/2 which is proport ional  
to L 2 (L is the membrane  thickness) and a steady 
state permeat ion rate J| proport ional  to l / L ;  both of 
which have been verified experimental ly.  

One has yet to devise a pore and crack model that 
would fortui tously give rise to the same type of 
t ransient ;  give reproducible results for m a n y  mem-  
branes of the same metal, but  widely different diffu- 
sion coefficients for membranes  of different metals;  
and, in the case of Pt, yield an apparent  energy of ac- 
t ivat ion for diffusion of 9.6 kcal/mole.  

One of the advantages of the present  method of 
measurement  of hydrogen diffusion is that  any pinhole 
or crack in the metallic membrane  is easily detected 
by an immediate  change of current  on the anodic side 
following any change of polarization on the cathodic 
side. All membranes  showing such behavior  were dis- 
carded. Figure 1 in our paper shows clearly that there 
was no crack or pinhole in the membrane  original ly 
a n d  the diffusion coefficient was accordingly deter-  
mined from the first transients.  A close look will  show 
that  subsequent  t ransients  in this figure do not rise 
vertically. 

Hydrogen embr i t t l ement  of Pt  was suggested tenta-  
t ively and by no means considered proven. The basis 
for this suggestion is the s imilari ty of permeat ion 
t ransients  at high cur ren t  density to those observed for 
i ron under  conditions where  embr i t t l ement  was shown 
to occur, combined with the evidence from high tem- 
perature  work, that hydrogen embr i t t l ement  of Pt  can 
indeed occur under  certain conditions. 

The cathodic cur ren t  density determines the con- 
centrat ion of adsorbed hydrogen on the surface and 
hence the concentrat ion Co of absorbed hydrogen just  
under  the surface, in equi l ibr ium with it. It  was 
pointed out in  the paper that  when i increases beyond 
a part icular  value, Co exceeds the solubili ty of hydro-  
gen in  the metal. Molecular hydrogen can then be 
formed in crevices or voids inside the metal  and the 
diffusion of atomic hydrogen through the membrane  is 
disturbed. That  the critical value of i depends on 
temperature  is hard ly  surprising. In  the case of Pt, it 
decreases with increasing temperature,  indicat ing that  
the solubil i ty of hydrogen in Pt  decreases with in-  
creasing temperature.  

Optical Studies of Electrolyte Films on Gas Electrodes 

Rolf H. Muller (pp. 943-947, Vol. 113, No. 9) 

J. J. Bikerman~7: The optical measurements  of the 
thickness d of l iquid films dra in ing down a vert ical  
electrode, as described in the paper, are in a reason- 
able agreement  with the earlier results 2s, ~9 obtained 
by weighing the film and with the author 's  Eq. [5] 

~7 Horizons, Inc.,  Cleveland, Ohio 44104. 

~ J .  J. B ikerman ,  J. Colloid Sci., 11, 299 (1956). 

B. J. Bornong, Trans. Am.  Soc. Lubricat.  Engs., 7, 383 (1964). 
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which is of an older vintage 2s than believed by the 
author. 

The main  difference between the older and the new 
t rea tment  is that  the author pays no a t tent ion to sur-  
face roughness. The thickness d as a funct ion of ~/{, t 
being the durat ion of drainage, deviated from the 
straight l ine relat ion (Fig. 5 of the original) when the 
apparent  d was 0.31~ or less presumably  because the 
hills on the electrode surface were approximately 
0.31;~ tall. It  is shown in the earlier papers that a 
s tagnant  l iquid layer exists next  to the solid-liquid 
interface and that its thickness is near ly  equal to the 
average height of surface hills, as measured by an  
independent  method. 

R. H. Muller:  I wish to thank  Dr. Bikerman for d raw-  
ing my  at tent ion to his in teres t ing work on the effect 
of surface roughness on gravi tat ional  drainage of oil 
films. 

Although it is realized that  the quant i ta t ive  char-  
acterization of the smoothness of optically polished 
surfaces is difficult, indications are that the rugosity 
of the surfaces employed was considerably lower than 
the thickness (0.3-0.6~) of the electrolyte films ob- 
served. Examinat ion  of the electrode surfaces by 
double beam and mult iple  beam interference micros- 
copy showed the largest polishing marks  present  to be 
0.05~ dep and about 0.02~ wide. They were oriented at 
random and spaced at a mean  distance of 20~ with the 
in tervening  area filled with progressively finer and 
more closely spaced grooves. Measurements  with a 
stylus surface tester were found to be below the reso- 
lut ion limit of the ins t rument  of 0.05~ rms. 

The regression analysis conducted by Bornong ~~ for 
the dependence of the s tagnant  oil layer  thickness on 
surface roughness extrapolates to 0.78;~ and 0.28;~ for 
zero roughness and, respectively, si lver-copper and 
stainless steel alloys. These figures are surpris ingly 
close to those given in the present  work for KOH solu- 
t ion on silver and nickel. 

It  is felt, therefore, that  in the experiments  reported, 
the electrode surface roughness has not been the con- 
troll ing factor for the formation of stable electrolyte 
films, al though this parameter  may be impor tant  in an 
analysis of technical gas electrodes. 

The Pressure Coefficients of the Hydrogen 
Electrode Reaction 

G. J. Hills and D. R. Kinnibrugh (pp. 1111-1120, Vol. 113, No. 11) 

T. Pyle  and C. Robertsa:  Recent measurements  of the 
pressure coefficient for hydrogen evolut ion at a mer-  
cury surface by Hills and Kinn ib rugh  have shown 
that  the process has a negative volume of activation. 
This evidence led them to suggest that the ra te -de ter -  
min ing  step in the reaction is the formation of sol- 
vated electrons in the solution adjacent  to the metal  
surface. This proposal has been criticized by Matthews 3~ 
on the grounds that  it would lead to negligible rates of 
hydrogen evolution because of the high heat of activa- 
tion, AH, for the formation of the hydrated electron. 
Matthews suggested that  nH would be given by the 
difference be tween the work funct ion of the metal  r 
and the solvation energy of the electron, We; for mer-  
cury  r -~ 4.5 ev and in aqueous solutions We ~ 1.7 ev 
this gives an apparent  act ivation energy >60 kcal /  
mole which is much greater than that  found experi-  
mental ly,  reported values range from 9 to 24 kcal /  
mole. If ~H were given by r - -  We, this would present  
a powerful  a rgument  against the proposed mechanism. 
However ~ is the energy required to remove an elec- 
t ron from the metal  to infinity; consequently if 

80 B. J.  Bornong, Trans. Am.  8oe. Lubricat.  Engs., 7, 383 (1964). 

a D e p a r t m e n t  of Chemis t ry  and Metallurgy,  Lanches te r  College 
of Technology, Pr iory  St., Coventry,  England. 

82 n .  B. Matthews,  Discuss ion of  paper b y  Hill and Kinnibrugh,  
This Journal, 113, 1111 (1956). 
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Table I. Heats of activation (kcal/mole) 

Metal Cu Hg Ni P t  Co 
Hydrogen  evolut ion 10 9-24 5-16 5 3-5 
Solvated  electron 7.2 8.3 8.5 27 2.5 

r  We  has any meaning at all, it is the act ivat ion 
energy to form solvated electrons at an infinite dis- 
tance f rom the metal.  Electrons can be solvated ra ther  
closer to the meta l  than this; the act ivation energy 
can be expected,  therefore,  to be ra ther  smaller  than  
that  suggested by Matthews. 

We bel ieve that  the closest point to the meta l  at 
which an electron may  be considered to be solvated 
lies in the plane through the center  of the first layer  
of wa te r  molecules which  are in contact wi th  the 
meta l  surface. In this position the electron will  lie 
approximate ly  in the inner  Helmhol tz  plane and the 
work  requi red  to separate an electron f rom a metal  by 
a distance a, the radius of a wa te r  molecule, may be 
est imated on the basis of a model  for the work  func-  
tion of a meta l  discussed by Loeb. 33 The work  requi red  
to remove  an electron is considered in two parts. (a) 
at points closer to the metal  than a crit ical  distance Xo 
the electron moves in a constant field e/4xo 2. The work  
done in taking an electron f rom the metal  to Xo is 
e2/4Xo; (b) at distances larger  than xo the electron 
moves against a mir ror  image force. The work  requi red  
to take an electron f rom Xo to ~ is e2/4xo. The work  
function is the sum of these two parts and equals 
e2/2xo. For metals,  wi th  ~# ~ 5 ev, Xo > a and the work  
requi red  to separate  the electron f rom the meta l  by a 
distance a becomes ae2/4Xo 9. The act ivat ion energy for 
the solvation of an electron in this position becomes 
ae2/4Xo 2 - -  We. Metals wi th  r > 5 ev have  xo < a and 
the act ivat ion energy is given by r --e2/4a - -  We. 

Exper imenta l  values of the heats of act ivation for 
the deposition of hydrogen at copper, ~4 mercury,  s4 
nickel, 34 plat inum, 34 and cobalt 35 surfaces in aqueous 
electrolytes are compared,  in Table I, wi th  values 
of • calculated on the basis of the model  we sug- 
gest above. 

The agreement  be tween the exper imenta l  heats of 
act ivation for hydrogen evolut ion and the calculated 
heats for the  format ion of solvated electrons is en- 
couraging. Exper imen ta l  verification of the role played 
by the solvated electron in the evolut ion of hydrogen 
is only avai lable for mercury,  however  the calculated 
values of AH do suggest that  it may also play a domi- 
nant  role in the evolut ion of hydrogen at copper, 
nickel, and cobalt surfaces. P la t inum has a large work  
function and the act ivat ion energy for the format ion of 
solvated electrons at the p la t inum-e lec t ro ly te  interface 
is therefore  large. Consequent ly it appears improbable  
that  hydrogen evolut ion via  the format ion of solvated 
electrons will  be significant at a p la t inum surface. 
However ,  in general  AH for the format ion of a sol- 
r a t ed  electron at the inner  Helmholtz  plane is not 
large and the format ion of a solvated electron as a 
step in the evolut ion of hydrogen should not be dis- 
counted on the grounds that  it wil l  lead to negligible 
rates of hydrogen evolution. 

The Cathodoluminescence of Terbium-Activated 
Indium Orthoborate 

F. J. Avella (pp. 1225-1226, Vol. 113, No. 11) 

W. L. Wanmaker and A. Bri136: In the  paper  under  
discussion it was stated that  in one of our papers we 
described the photoluminescence of Tb 3+ in alkal ine 

33L. B. Loeb,  "Stat ic  Electr i f icat ion,"  Spr inge r  Verlag,  Berl in  
(1958). 

a~R. Parsons,  "Handbook  of Elec t rochemical  Constants ,"  But-  
te rwor ths ,  London (1959). 

~5 R. Piontell i ,  L. P. Bieelli,  M. Graziano,  and  A. L. Veechia,  
Atti .  Aecad. Nazl Lincei. Rend. Classe, Sci. Fis. Mat. Nat., 32, 445 
(1962); Chem. Abstract ,  58, No. 5263fg (1963). 

~ N .  V. Phi l ips '  Gloe i lampenfabr ieken ,  E indhoven:  The  Nether -  
Lands. 

ear th  borates 37 but did not repor t  on the ca thodolumi-  
nescence. We should like to point out  that  in section 5 
of the paper cited by the authors we did in fact give 
ca thode-ray efficiencies (p. 491), namely  a radiant  effi- 
ciency (energy conversion efficiency) of about 2%. 
Moreover  in another pape r  ~s we gave a radiant  effi- 
ciency of 2.2% for 2CaO �9 Na20_ �9 B203-0.15 Tb. This 
means that  these phosphors have an efficiency of about 
25-30% of that  of wi l lemite  (Zn2SiO4-Mn). a9 They 
are, therefore,  comparable  wi th  those described in the 
paper under  consideration. 

In a third paper 40 we have given data on more effi- 
cient Tb-act iva ted  phosphors under  ca thode- ray  ex-  
citation, namely  on LnPO4-Tb (where  Ln = Y, La, 
Gd).  For  GdPO4-Tb we found an efficiency of 5%, i.e., 
about 65% of that  of wil lemite.  

F. 3. Avel la :  The author  is grateful  to Dr. Wanmaker  
and Dr. Bri l  for  supplying the informat ion on the 
cathodoluminescence efficiency of their  borate as well  
as their  phosphate phosphors. References to the for-  
m e t  37,3s were  inadver ten t ly  omitted, whi le  the lat ter  
reference 40 was not avai lable during preparat ion of 
the paper  under  discussion. 

It should be noted, however ,  that  their  s ta tement  of 
comparable  per formance  applies only to the  Tb-ac t i -  
vated borates containing the alkal ine earths. The data 
given in Table I of the paper  under  discussion show 
that  InBO~: Tb is near ly  equal  to wi l lemi te  in cathodo- 
luminescence conversion efficiency and is, therefore,  
significantly more  efficient than the alkal ine earth 
borates as wel l  as GdPO4: Tb. 

The Repeatability of the Anode Effect in 
Cryolite-Alumina Melts 

B. J. Welch and R. J. Snow (pp. 1338-1340, Vol. 113, No. 12) 

R. Piontelli ,  B. Mazza, and P. Pedeferri41: The recent  
systematic research work carr ied  out in this Labora-  
tory 42 has th rown much more  l ight  on both the over -  
voltage phenomena and the anode effect conditions at 
the c ryol i te -a lumina  melts. 

The influence of the shape, orientation, and size of 
the anodes has been confirmed for both by invest igat-  
ing the behavior  of the anodes represented in Fig. 1. 

The apparent  overvol tage  on these, also before the 
in tervent ion of the anode effect, includes a large ohmic 
contribution due to the presence of the gaseous phase 
in the anodic layer  and on the anode surface. This 
contr ibution depends (besides on the a lumina content  
of the baths) on the circumstances control l ing the gas 
evacuation and thus on the shape of the anodes (being 
obviously greater  on the anodes of the types: B, C, F, 
on which the permanence  of the gases is favored) .  
This s ta tement  is confirmed by the influence of me-  
chanical vibrat ions impressed on the anode assembly 
which, by enhancing the gas evolution, reduces the 
ohmic contr ibution to the apparent  overvoltage.  The 
ohmic character  of this contr ibut ion is also confirmed 
by the oscillographic recordings of the electrode vol t -  
age at the current  inlet  and outlet. Thus the amount  
and configuration of the gaseous phase in the anodic 

~TW. L. W a n m a k e r  and A. Bril,  P/t/ l ips Res. Repro., 19, 479 
(1964). 

as W. L. W a n m a k e r ,  A. Bril, and J ,  W. ter  Vrugt ,  This Journal, 
112, 1149 (1965). 

a9 A. Bri l  and H. A. Klasens,  PhiliDs Res. Repts., 7, 401 (1952); 
A. Bril, in KaI lmann-Spruch ,  "Lumine sc e nc e  of Organic  and  Inor -  
gan ic  Mater ia ls ,"  p. 479, John  Wiley & Sons, Inc., N e w  York  
(1962). 

4oA. Bril,  W. L. W a n m a k e r ,  and  R. E. Schufl,  in  "Rieh l -Ka l l -  
mann-Voge l , "  In te rna t iona l  S y m p o s i u m  on Luminescence ,  VerLag 
Kar l  Thiemig,  K. G., Munich,  G e r m a n y ,  p. 314 (1965). 

41 Ins t i tu te  of Elec t rochemis t ry ,  Physical Chemistry and Metal-  
lurgy,  Milan Polytechnic ,  Milan, I ta ly .  

~ H .  Piontelli ,  B. Mazza, and P.  Pede fe r rL  R. C~ AccacL Lincei., 
36, 759 (1964); ibid., 37, 3 (1964); Metailurgia ItaL, 57, 51 (1965); 
Eleetrochimica Acta,  1O, 1117 (1965); Allurninio, 34, 623 (1965); R. 
Piontell i ,  Electroch~mica Metatlorum, 1, 191 (1966). 
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Fig. 1. Types of anodes investigated (sectional views) 

region appear  to be decisive also for  the appearance 
of the anode effect occurr ing when  the gaseous phase 
prevents  any efficient wet t ing  of the electrode surface. 

Since this condit ion is obtained by the coalescence of 
the bubbles evolved at the electrode surface, a close 
analogy subsists with the phenomena encountered in 
the boil ing of liquids in contact wi th  a heated solid 
surface. 

Fi lms (up to 5000 f rames/sec)  on the anode effect 
phenomena,  on carbon anodes in chloride melts, give 
direct evidence of this point. 43 By  increasing the cur-  
rent  densi ty one can dist inguish three typical  regimes 
in the gas development.  In the lowest  current  density 
range the gas deve lopment  takes place in a nucleate  
form (Fig. 2a). Then coalescence of bubbles occurs 
(Fig. 2b) and after  a transi t ion period, in which the 
anode surface is covered by i r regular  gas blankets  in 
violent  mot ion (Fig. 2c), a condition is reached in 
which the anode is pract ical ly insulated f rom the bath 
by a pe rmanent  continuous gaseous film (Fig. 2d). 

As far  as the carbon-cryol i te  a lumina melts are con- 
cerned, the quoted exper iments  (see footnote 42) prove 
that  it is more  appropr ia te  to define a critical cur ren t  
intensi ty of appearance of the anode effect (Gc) ra ther  
than a cri t ical  cur ren t  density, in so far  as the size 
factor influence does not fol low any simple propor-  
t ionali ty law. The relationships established (in the 
laboratory  exper iments)  may be summarized by the 
formula  

Gc -^- ~" (a + bT) �9 A n �9 {c + [A1203] m} [1] 

where  T is the bath temperature ,  A the apparent  anode 
area, [AlcOa] the alumina content  of the bath, ~ a 
factor which depends only on the shape of the anode, 
and a, b, c, n, m are constants (n K 1; m ~ 0.5). 

For  T in ~ A in cm 2, [A12Os] in w / o  ( refer red  to 
cryol i te) ,  and Gc in amperes,  the fol lowing expression 
is obtained in the [A1203] range 1-10 w / o  and in the 
t empera tu re  range 1000~176 

Gc = ~ x{5.5 + 1.8 �9 10 -3 ( T - -  1050)} 
xA0.9x{--0.4 + [A12Os] ~ [2] 

R. P ion te l l i .  A.  B e r b e n n i ,  B. Mazza ,  a n d  P .  P e d e f e r r i ,  Elec- 
trochim~ca Metal~orurnj 1, 279 (1966).  

Fig. 2. Chlorine development on carbon anodes from chloride 
melts. Type G anode, A ~ 0.5 cm 2. Bath composition: NaCI + 
KCI (50 w/o). T = 850~ Gc ~ 4.5 amps. (a) nucleate bubbles 
(G ~ 0.6 amps); (b) coalescence of bubbles (G ~ 1.85 amps); 
(c) transition period; (d) anode effect. Maximum framing rate: 
4800 frames/sec. 

being equal  to: 1 for type B, 1.4 for type A, about 
1.3 for type D, G, E, H, and about 0.5 for type C 
anodes. 

Mechanical  vibrat ions impressed on the anode as- 
sembly increase the cri t ical  cur ren t  intensi ty to a 
grea ter  extent  for type B and C anodes. 

Always with  reference  to the c ryol i te -a lumina  melts, 
the importance in view of the appearance of the anode 
effect of the change in chemical  configuration of the 
bath in the anodic region, due to current  circulation, 
must be recalled. 

As a consequence of the t ransference processes and 
of the electrode reaction, the re la t ive  content  of the 
a luminum fluoride, as a component  of the anodic bath 
layer, tends to increase. 

This phenomenon occurs, magnified, in cells having 
a soluble anode of metal l ic  aluminum. 

In spite of the obvious differences in respect  to the 
usual condit ion considered above, the study with  the 
soluble anode cells is easier and ins t ruct ive  in showing 
(magnified again) the possible effects of the accumu- 
lation of a luminum fluoride in the anodic region. 44 

With soluble anode one may  encounter  anomalous 
vol tage increments  corresponding to a passivi ty condi- 
tion which appears to be chargeable  to a separat ion of 
a luminum fluoride as a solid phase. Also in this case, as 
in the one of the anode effect wi th  insoluble anodes, 
the addition of a lumina or also t empera tu re  incre-  
ments 45 displaces the onset of the anomalous anode 
conditions toward a higher  range of cur ren t  intensity. 

The increment  of the a luminum fluoride re la t ive  
content  involves  strong change in the chemical  physi-  
cal propert ies  of the bath, by lower ing  conduct ivi ty  
and increasing vapor  pressure. 

4~ R.  P ion te l l i ,  B. Mazza, a n d  P. Pedeferri ,  Electrochimica M e t -  
allorur~, 1, 217 (1966). 

~ I t  is  r e m a r k a b l e  t h a t ,  i n  c h l o r i d e  m e l t s ,  the temperature i n -  
f l uence  is  e x a c t l y  opposite. 
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In  the case of the insoluble anode electrolysis 46, this 
last effect aggravates the consequences (especially the 
increase of power dissipation) of the presence of the 
gaseous products of the electrolysis. 

B. J. W e l c h  a n d  R. J. Snow: In  the work presented in 
our paper, we were not  concerned with the phenomena 
associated with the anode effect, but  our work was di- 
rected toward elucidation of the most reproducible 
parameter  for applications such as in situ a lumina  
analysis. We ful ly acknowledge the great contr ibut ion 
made by Professor Piontel l i  and his co-workers in 
shedding light on the phenomena causing the anode 
effect. 

t6 I n  w h i c h  also o v e r v o l t a g e  p h e n o m e n a  before  the  onse t  of the  
a n o d e  effect  a p p e a r  to be  i n f l u e n c e d  by  i n h i b i t i o n  p h e n o m e n a  a t  
t h e  e l ec t rode  su r face  cha rgeab le  to  f luor ine  or to some f luor ine  
su r face  c o m p o u n d s .  

It  is interest ing to note that  they have substant i -  
ated 47 our observed lack of reproducibi l i ty  of the crit i-  
cal current  density (or in tensi ty) .  In  an extension of 
our work 4s we have also confirmed the tempera ture  
dependence presented above and elsewhere. ~9, 

In  our more detailed study we observed that  the 
point of anode effect, as defined by either cell voltage 
or critical cur rent  density (or in tensi ty) ,  is also de- 
pendent  on the carbon type used as the anode. Marked 
differences are observed for carbons that  only have 
small differences in graphitic structure. 

~ R. P ion te l l i ,  B. Mazza, and  P. P e d e f e r r i ,  Metallurgia Ital., 57, 
51 (1965). 

4sR. J .  S n o w  a n d  B. J .  Welch ,  Proc. Aus.  I.M.&M., No. 221, 
43 (1967). 

49 R. P i o n t e l l i ,  B. Mazza, a n d  P.  P e d e f e r r i ,  E~ectrochimica Aeta ,  
~0, 1117 (1965). 

6o R. P i o n t e l l i ,  Electrochimica Metallorum, 1, 191 (1966). 



E L E C T R O C H E M I C A L  

S C I E N C E  

Low-Temperature Battery System Study 
Using a Mixture of HF and 

R. Keller and S. E~ans 

Research Division, Rocketdyne, A Division of North American Aviation, Inc., Canoga Park, California 

ABSTR/~CT 

A battery system using a mixture of anhydrous hydrogen fluoride and di- 
nitrogen tetroxide was evaluated. Dinitrogen tetroxide was the cathodic re- 
actant; the anodes studied were cadmium, manganese, molybdenum, and zir- 
conium. Cadmium exhibited the best anode behavior of the candidates that 
were evaluated. Typical open-circuit cell voltages were: 1.14v at --40~ and 
1.66v at 60~ Cell polarization a t - - 4 0 ~  was moderate and at 60~ was very 
low. It is predicted that cell voltages of 0.9v at a discharge rate of 100 ma/ in .  2 
a t - -40~  are attainable.  

Analysis  of basic electrochemical data  obtained dur -  
ing a synthesis-or iented program (1) resulted in the 
proposal for a bat tery system with a hydrogen fluoride- 
dini trogen tetroxide electrolyte. Such electrolyte solu- 
tions had shown high conductivities at low tempera-  
tures; the electrochemical reduction of N204 occurred 
readily. 

The objective of this study was to determine the 
feasibili ty of a metal  anode/HF,  N204/inert  cathode 
system for possible low-temperature ,  primagy bat tery  
application. 

The discharge of this bat tery system is based on the 
anode reaction 

M-> M ~+ + he-  [1] 
o r  

M + nHF--> MFn + n H  + + he-  

and the cathodic reaction 

4H + + N204 + 4e -  ~ 2NO + 2H20 [2] 

The over-al l  cell reaction for a cell with cadmium 
anode as example is 

2Cd 4- N~O4-5 4H + -> 2Cd 2+ + 2NO + 2H20 [3] 
o r  

2Cd -5 N204 -5 4HF-> 2CdF2 -5 2NO -5 2H20 

The anode in contact with the HF-N204 electrolyte is 
thermodynamical ly  unstable.  A suitable anode should 
have a low direct corrosion rate, but  should undergo 
reasonable electrochemical dissolution. Tanta lum,  nio-  
bium, and t in  react immedia te ly  with the solution; 
zinc, iron, nickel, chromium, cobalt, silver, and copper 
are stable in HF-N204, but  are passivated by the ap- 
plication of anodic currents.  However, zirconium, m a n -  
ganese, cadmium, and molybdenum have been found 
to be relat ively insoluble in HF-N204, bu t  dissolve 
electrochemically when  anodic currents  are applied. 
These metals were evaluated. 

Plat inized p la t inum was selected as the cathode ma-  
terial, since N204 was reduced with very li t t le over- 
potential. Nickel was used as the cathode in  several 
experiments.  

A special feature of this system is that  no cell 
divider (separator) is necessary, thus al lowing for 
simplified design of a reserve- type  cell. 

Experimental 
The test cell fabricated from Teflon is shown in  

Fig. 1. The compar tment  measures 1 by 1 in. with wall  
thicknesses of 1/4 in. Grooves held 1-in. 2 electrodes in 
place at opposite walls. The electrolyte covered the 
electrodes completely, bu t  left a vapor space (ap- 
proximately 1 in. s) above the liquid. The si lver-si lver  
fluoride reference electrode (2) was contained in  a 
sealed Ke l -F  tube which had an opening approxi-  
mately  1/2 in. above the cell bottom. The Teflon cell 
cover was pressed against the cell body by steel bolts, 
and the seal was accomplished with a Teflon O-ring. 
The leads to the electrodes were introduced between 
the cell body and the O-ring. A perfect seal was not 
established, bu t  the sealing was found  adequate even 
for h igh- tempera ture  experiments.  Two NIonel fittings 
on stainless-steel tub ing  allowed for filling and ven t -  
ing of the cell. 

The Ag/AgF  electrodes were prepared by anodizing 
silver wire in  solutions of 0.5M NaF in  anhydrous  HF 
at current  densities of approximately 12 ma / c m 2 for 
5 min. Electrodes prepared by such a procedure were 
found (2) to have potentials wi thin  5 mv of each other 
and to re tu rn  to their original open-circui t  potentials 
after momenta ry  cathodic or anodic polarization at 
0.1 m a / c m  2. 

The lower par t  of the cell was immersed in a con- 
s tan t - tempera ture  bath. A fluorocarbon slush bath  was 

Fig. 1. Test cell schematic 
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used to main ta in  ~40~ F r e o n - l l 3  wi th  a mel t ing  
point  of ~35~  was mixed with F r e o n - l l  to achieve a 
mel t ing point of --40~ The temperature  was normal ly  
main ta ined  with an accuracy of •176 A Ke l - F  oil 
bath was used for temperatures  of 60 ~ • I~ The oil 
was contained in  a 3-l i ter  beaker.  An immersion heater  
was controlled by  a relay in  conjunct ion with a con- 
tact thermometer .  

Liquid anhydrous  hydrogen fluoride (3) was quant i -  
tat ively t ransferred through Monel tubing  and Teflon 
valves into a Ke l -F  finger. The hydrogen fluoride was 
frozen by means of l iquid ni trogen,  and N204 was 
added from a burette.  The mixture  was allowed to 
thaw and was then t ransferred to the cell. Dur ing  all 
these procedures, closed systems were used, except 
for some vent ing  tubes. 

Galvanostatic polarization curves were determined 
by applying a constant  cur ren t  and measur ing  the re-  
sul t ing potential. The current  was usual ly  raised in  the 
sequence 1, 2.2, 5, 10, 22, 50 ma, etc., and each value 
was main ta ined  for i rain. 

In  galvanic studies, constant  ohmic loads were ap- 
plied to the cell, and the potential  was recorded as a 
funct ion of time. The cell currents  can be readily 
determined from the cell voltages. 

Vapor pressures were determined by placing a sam- 
ple of the electrolyte in  a stainless-steel bomb and 
measuring the pressure with a Matheson Monel gauge. 
The apparatus was kept in  a thermostated oven. 

Results 
Low-temperature flalvanostatic anode studies.-- 

Anodic polarization curves of cadmium, manganese,  
molybdenum,  and zirconium, determined at --40~ are 
shown in Fig. 2. A cathodic curve for the reduction 
of N~O4 at plat inized p la t inum is also indicated 
(dashed curve) .  

Cadmium displayed the most suitable behavior  of 
the anodes tested. The open-circui t  potent ial  was 
--0.48v vs. Ag/AgF.  The anode polarization was mod-  
erate, and the corrosion rate was negligible. 

Zirconium exhibited very  negative open-circui t  po- 
tentials;  --1.12v in one case, --0.72v in  another  case. 
The polarization characteristics were favorable. How- 
ever, z irconium reacted with the electrolyte and cor- 
roded (pr imar i ly  near  the electrolyte surface) at a 
rate which was fast to moderate. Nevertheless, it may 
be feasible to use it for shor t -dura t ion discharge. 
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Table I. Specific electrolyte conductance at - -40  ~ and 60~ 

Zr (SAMPLE A) 

, ii Mo 

�9 - - , . " " " " ~ z  r ( SC, MPLE BI 

ELECTROLYTE; HF, NtO 4 I0:1} 

20 30 

CURRENT, MILLIAMPERES 

IO 40 5O 

Fig. 2. Polarization curves for various anodes at - -40~ 

Cel l  Spec i f i c  
T e m p e r -  r e s i s t a n c e ,  c o n d u c t a n c e ,  

E l e c t r o l y t e  a t u r e ,  ~ o h m s  ohm-Z c m  ~1 

0 .1N KC1 25 24 0.013 
H F ,  N~O~ -- 40 7.6 0.041 
H F ,  N.~O4 60 1.06 0.18 

Table II. Vapor pressure of electrolyte 

T e m p e r a t u r e  V a p o r  p r e s s u r e  

~ ~  Dsia  a t m  

41 106 <15 <I  
50 122 20 1.4 
60 140 27 1.8 
71 160 37 2.5 

Manganese polarized fair ly severely. The open-ci r -  
cuit potential  was somewhat  more negat ive  than  the 
value obtained with cadmium. 

Molybdenum showed good polarization character-  
istics bu t  unfavorable  potentials. 

Cathode studies.--Based on previous experience, 
nickel had been suggested as electrode mater ia l  for 
the reduction of N204. It  was soon noticed, however,  
that  the polarization at smooth nickel  was too great 
for a ba t te ry  electrode. Al though the discharge char-  
acteristics were fair ly  flat, an  ini t ia l  voltage drop of 
approximately 0.5v was observed at low currents .  P la t -  
inized p la t inum electrodes were found to behave very 
well as cathodes (Fig. 2). 

Electrolyte characteristics.--A mixture  of HF and 
N204 in  the mole ratio of 10:1 was used as the elec- 
trolyte. Approximate electrolyte conductivities (Table 
I) were calculated from the measured values of the 
a-c cell resistance determined in  the process of the 
regular  experiments  together with a measurement  of 
the a-c resistance of the cell filled with an aqueous 
0.1N KC1 solution. 

The results of the vapor pressure measurements  are 
presented in  Table II. 

Galvanostatic cell discharge.--Galvanostatic polar-  
ization curves for the Cd/HF,  N204/Pt and the Cd/  
HF, N204/Ni systems at --40 ~ and 60~ are presented 
in Fig. 3. The potential  values were not corrected for 
iR drops; this correction would total  300-400 m y  at the 
low tempera ture  for 50 ma, and approximately  50 m v  
at 60~ for the same current .  
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I Cd/HF, N204/Pt at -40 C 
2 Cd/HF, Nr o! -40 C 
S Cd/HF, N2Ctl/Pt o! 60 C 
4. Cd/HF, N204/Ni Ot 60 C 
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CELL CURRENT, M~LLIAMPERES 

Fig. 3. Galvenostatic polarization curves for complete cells 
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The po ten t ia l / cur ren t  relationship of the cell with 
a platinized p la t inum cathode at --40~ (curve 1) 
was approximately l inear;  the bulk  of the polarization 
originated at the cadmium anode. With a nickel  cath- 
ode (curve 2), the contr ibut ion from cathode polariza- 
t ion was more substantial .  

At 60~ the polarization characteristics of the Cd/  
HF, N204/Pt cell were very flat (curve 3). The cor- 
rection for iR loss in  curve 3 would result  in prac- 
t ically no polarization up to 1000 ma. If an ini t ia l  over- 
potential  appearing at low currents  is disregarded, the 
polarization curve for the cell wi th  a nickel cathode 
at 60~ is flat up to 500 ma (curve 4). 

A marked difference of open-ci rcui t  potentials was 
shown at the two different temperatures:  1.66v at 60~ 
and 1.12v at --40~ (for cells with platinized plat inu m 
cathodes). 

Galvanic cell discharge curves.--Galvanic discharge 
curves of t h e  Cd/HF,  N204/Pt cell de termined with 
various ohmic loads are presented in Fig. 4; the tem-  
peratures w e r e - - 4 0 ~  (solid lines) and 60~ (dashed 
lines).  Normally,  the cell was filled with electrolyte 
and left on open circuit for 5 to 10 min  before dis- 
charge was started. For two curves, i.e., for 60 and 10 
ohms, the procedure deviated slightly; the load was 
connected before introduct ion of the electrolyte or 
shortly thereafter.  I rregulari t ies  in such cases occurred 
because of an ad jus tment  in  electrolyte temperature  
and because of a different behavior  of a cell which is 
only part ial ly filled (the filling procedure covered ap- 
proximately  1 min) .  The experiments  were not de- 
signed to study activation characteristics. 

During the course of the experiments,  the following 
two effects can give rise to i r regular  fluctuations: (i) 
electrode corrosion dur ing  the discharge, which in-  
creases the surface area and (ii) temperature  fluctua- 
tions of the tempera ture  bath. The main  contr ibut ion 
of the cell polarization (disregarding iR drop) resulted 
from anode polarization. This is evident  from galvano- 
static data (Fig. 2). The anode and cathode potentials 
were periodically determined in addition to the con- 
t inuously recorded cell potential. 

At the conclusion of the discharge experiments,  
grayish, voluminous deposits were observed on the 
cadmium anodes. These layers, possibly CdF2, were 
readily washed away with water.  

Direct corrosion of the electrode materials  was neg- 
ligible at low temperature,  and the galvanic discharges 
were all extended over periods of at least 31/2 hr. 
Tests at 60~ were l imited to periods of 1 hr because 
of a uniform attack of the cadmium (0.02-in.-thick 
sheet) by the electrolyte. 

Discussion 
The Cd/HF,  N204/Pt system has been established 

as feasible for a reserve- type p r imary  battery.  Ex-  
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20 [ t 1 l I ] . . . .  
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- ~ ~  ~ 

A ' ' ~ 1 7 6  
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0.5 1.5 2 2.5 

DISCHARGE TIME, HOURS 

Fig. 4. Galvanic discharge curves for Cd/HF, N204/Pt cells 
with ] in. 2 electrodes. 

per imental  discharge rates were moderate at low tem- 
peratures (--40~ and fast at high temperatures  
(60~ The use of porous anodes promises substant ial  
improvement  of cell characteristics at low temper-  
ature because the l imitat ions originated main ly  in the 
anode process. An increase in the active anode surface 
area by a factor of at least 100 should be readily at- 
tainable. Polarizat ion of such an electrode is expected 
to be less than  100 my for current  densities exceeding 
20 ma /cm 2. A reasonable estimate of the performance 
which can be achieved with the Cd/HF, N204/Pt sys- 
tem is summarized in Table III. The observed data 
(example) have been obtained in the present  cell with 
1-in. 2 electrodes. The predicted values are for an im-  
proved cell with reduced spacing of the same sized 
electrodes and with a porous cadmium anode. 

The list of possible anode metals has not been ex- 
hausted dur ing  the present  investigation. A more de- 
tailed study of anodic characteristics of metals could 
reveal  even better  anodes than cadmium. It should be 
possible to substi tute a cheaper electrode mater ial  for 
platinized plat inum. Porous nickel, silver, or other 
metals;  carbon, or carbon impregnated with catalysts 
may allow for a fast electrochemical reaction of the 
N~O4. 

The conductivity of the electrolyte at low temper- 
ature is sufficient. It should be even higher upon op- 
timization of the HF-N204 mixture ratio; according to 
Seel (4) colorless mixtures containing a maximum of 
25% N204 can be prepared. Also, the addition of a 
salt such as NaF may be beneficial. 

No prohibitive corrosion phenomena were observed. 
Even at high temperatures (60~ the anode material, 
which was 0.02-in.-thick cadmium sheet, stood up for 
at least 1 hr. The vapor pressure of the electrolyte 
was modest in comparison to some other electrolytes 
considered for use in low-temperature batteries. 
Nevertheless, improvements resulting from variation 
of the electrolyte composition are anticipated (4). 

Somewhat less ideal is the temperature  dependence 
of the open-circui t  potential;  representat ive measured 
values for the Cd/HF,  N204/Pt system are 1.14v at 
--40~ and 1.66v at 60~ Reversible open-circui t  po- 
tentials were not measured in all cases, cer tainly not 
at nickel cathodes. If the temperature  dependence of 
the cell voltage should prove crucial for certain appli-  
cations, an improvement  should be sought by invest i -  
gating other anode materials.  
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Table III. Observed and estimated improved cell performance 
for the Cd/HF, N204/Pt system at --40~ 

Observed  a t  40 m a  (example)  

m v  

Cell vol tage 290 
Anode  polarizat ion 400 
Cathode polar izat ion 90 
iR loss 360 

Open-c i rcui t  cell vol tage  1140 

Opt imized  Cell a t  100 m a  

(es t imated  by  ext rapola t ion  of observed  data)  
Cell vol tage  920 
Anode polar izat ion (porous anode) 80 
Cathode polar izat ion 120 
iR loss ( reduced spacing) 20 

Open-c i rcui t  cell vol tage 1140 
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Any discussion of this paper  will  appear in a Discus- 
sion Section to be published in the June  1968 JOURNAL. 
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Structural Studies of Porous Electrodes 
E. Y. Weissman 

Research and Development Laboratory, Direct Energy Conversion Operation, 
General Electric Campany, Lynn, Massachusetts 

ABSTRACT 

Nondestruct ive  techniques are described for the measurement  of total elec-  
t rode surface area, microporosi ty and pore size distribution, total porosity, and 
fraction of total  porosity consisting of open pores. These measurements  have 
been applied to a class of composite porous electrode s t ructures  based on pla t i -  
num black, Teflon, and a metal  screen cur ren t  collector. They have been 
shown to correlate  wi th  electrochemical  per formance  on the basis of expo-  
nent ia l  relat ionships of the type 

i -~ a e x p  ( b S o r  bZV) 

where  i is the current  or l imit ing current  density based on the geometr ic  
electrode area, S is the total  (BET) surface area, ZV is the cumula t ive  micro-  
pore volume, and a and b are constants depending on the type of electrode 
and exper imenta l  conditions. The electrochemical  performance of the elec-  
trodes was shown to increase wi th  an increase in the percentage of total  open 
(i.e., accessible) porosity consisting of micropores. It  is not clear, at present,  

whe the r  the re la t ive  importance of the micro-  and macro-pore  s tructures is 
actually conducive to m a x i m u m  or asymptote- type  of opt imum structure,  
since no macropore size distr ibution data are now available. Within the micro-  
pore range of 25-350A pore radius it was shown that  the range 25-200 is 
per formance-de te rmin ing  for the class of composite electrode that  was 
studied. 

Porous electrode processes, in general,  and many 
aspects of fuel  cell investigations, in particular,  de- 
pend heavi ly  on continued progress in the area of 
electrode s t ructure  optimization. The gradual  coming 
of age of the fuel  cell technology has been accom- 
partied by a great  var ie ty  of theoret ical  studies at-  
tempt ing  to model  and to explain quant i ta t ive ly  the 
operat ion of porous, catalytic,  electrodes. 

Since, at least for the t ime being, porous electrodes 
are the main workhorse  for a var ie ty  of fuel  cell de- 
signs, such studies are  en t i re ly  justified. Therefore,  
fu r the r  clarification as to wha t  constitutes such a 
s t ructure  in any given system becomes of paramount  
interest;  any quant i ta t ive  geometry  measurements  
could then eventua l ly  be applied to exist ing mechan-  
istic models or to newly  der ived  ones in order to de- 
fine the electrochemical  processes occurr ing at a typ-  
ical fuel  ceil  electrode. Design improvements ,  scale-up 
data, and adequate  qual i ty control  would be a natura l  
outcome of such results. 

The  l i te ra ture  of exper imenta l  studies of the geom- 
e t ry  of various porous materials,  including catalysts, is 
ve ry  extensive. This ceases to be the case, however ,  
when  t reat ing the problem of whole, porous, elec-  
trodes. Salkind et al. (1) repor ted  on a nondestruct ive  
method [based on BET (14) gas adsorption measure-  
ments] for the determinat ion  of surface areas and 
pore size distributions of porous electrodes; a s imilar  
approach was used to study the prepara t ion of plat-  
in ized-p la t inum electrodes (2) and to check electrode 
surface area data  obtained also by an electrochemical  
method (3). Others t r ied  radiographic  (4-6), e lectron 
microscopic (7), and polarized l ight microscopy (8) 
techniques for determinat ion of porous electrode struc- 
ture and operat ional  parameters .  

The importance of the "act ive porosity spect rum" for 
the preparat ion and statistical description of sintered 
plaque electrodes was described by Feui l lade and co- 
workers  (9-10), a l though the measurements  were  
based on a destructive,  mercury  intrusion method. 

Finally,  Paxton et aL (11) repor ted  a dependency 
of the concentrat ion polarizat ion on the micropore  
s t ructure  (again, de termined dest ruct ively  by mercury  
intrusion porosimetry) ,  while  Schwabe (12) indicated 
the range of pore radii  of 100-300A as de termining the 
cur ren t -ca r ry ing  capabi l i ty  of a certain type of ac- 
t ivated carbon electrodes. 

In the present  paper the technique is described and 
results are given for a series of nondestruct ive mea-  
surements  of surface area, porosity, and micropore  size 
distribution. These tests were  conducted on porous 
plat inum black-Tef lon-metal  screen electrodes of a 
type previously  descr ibed (13), and then re la ted  to 
their  e lectrochemical  performance.  

Experimental 
Electrodes _were prepared f rom Teflon and various 

types of p la t inum black. The composite s t ructure  
achieved also included a current  collector made  of 45 
mesh tantalum screen. All  electrodes contained 90 
w / o  (weight  per cent) Pt  (approx. 34.5 mg/cm2),  
were  8.90 x 11.40 x 0.025 cm in over -a l l  size and had 
an active geometric area of 46 cm 2. 

St ructura l  geometry  measurements  were  per formed 
on the finished electrodes at various stages in their  
preparat ion (before and af ter  a wetproofing t rea t -  
ment)  and evaluat ion (before and after  e lect rochem- 
ical per formance  testing as anodes).  Measurements  of 
the " raw mater ia ls"  at their  var ious  stages of prepara-  
tion were  also made. 
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Surface areas.--These data were  obtained by the 
BET method (14), using ni t rogen adsorption. 

The method is based on a general izat ion of Lang-  
muir ' s  monomolecular  adsorption theory, to al low for 
more  than one layer  of adsorbed molecules on the sur-  
face to be measured.  An  expression is obtained l ink-  
ing the volume of gas, V, adsorbed at pressure, p, wi th  
the saturat ion pressure of the gas, Ps, the vo lume of 
adsorbed gas corresponding to a monomolecular  layer, 
Vm, and a constant, C, which is an exponent ia l  func-  
tion of the heat  of adsorption of the first adsorbed 
layer, Ea, and the heat  of l iquefaction of the adsorbing 
gas, E~, at a g iven tempera tu re  T. This expression can 
be l inearized in the form 

V ( 1 - -  P/Ps) = Vm-----~ "~ ~ / \ ~ s  / [1] 

where :  

C = e x p  ( Ea -EL  ) 
RT 

C - - 1  1 
The slope, V - - ~ '  and intercept,  V - - - ~ '  are obtained 

P/Ps 
f rom a l inear regression of as a funct ion 

V ( 1 ~ P/Ps) 

of the re la t ive  pressure of the adsorbate, P/Ps, and 
the surface area follows f rom their  values plus a 
knowledge of the molecular  area of the adsorbate. 
For  nitrogen, the molecular  area, M.A., was calcu-  
lated as a function of the measured t empera tu re  of 
adsorption (liquid ni t rogen t empera tu re ) ,  T~0 f rom 
exist ing data (15) 

M.A. = 3.749 Ts -- 273.850, Ts < 77.38~ 
[2] 

M.A. ----- 0.0629 Ts + 11.4020, Ts ~ 77.38~ 

In general, the molecular area of nitrogen ap- 
proached the value of 16.2A 2. 

The equipment used for the BET measurements was 
a slight modification of the commercially available 
NUMINCO-ORR Surface Area-Pore Volume Analyzer, 
Model No. MIC-101. 

Figure 1 is a schematic representation of the ex- 
perimental set-up for gas adsorption measurements. 
Briefly, the method consists of equilibrating various 
amounts of adsorbate with the previously cleaned 
sample (by degassing under heat), at liquid nitrogen 
temperatures. The necessary material balance data 
are derived from pressure measurements and from a 
knowledge of volumes that are either available from 
calibration values, or from helium displacement mea- 
surements. The adsorbate was nitrogen, prepurified 
grade, fiItered through a molecular sieve trap. The 
helium was filtered through a molecular sieve trap in 
series with a liquid nitrogen-cooled activated charcoal 
trap. The saturat ion pressure of the adsorbate was de-  
termined directly, and used also for the calculat ion of 
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the corresponding tempera tu re  of adsorption, according 
to the relat ionship (16) 

6.6 (logl0Ps --  6.49594-- 255.821 
T~ = [3] 

logz0Ps-  6.49594 

The electrodes were  contained in specially bui l t  
stainless steel sample holders. Construct ional  details 
for these holders  have been given e lsewhere  (17). 

By a judicious choice of the range of re la t ive  pres-  
sures of the adsorbate, excel lent  correlatabi l i ty  of the 
exper imenta l  data  wi th  the BET equat ion was ob- 
tained. The correlat ion coefficients for the regression 
were  of the order  of 100% and the average  deviat ion 
(absolute value)  less than 1%. Based on standard cal-  
ibrat ion samples the results were  accurate to _+ 3% or 
better,  and precise to +_ 1.5%. 

Pore size distributions.--These data were  obtained 
by a ni t rogen capi l lary condensation method, using 
the surface area equipment  (Fig. 1). The method is 
based on the assumption of cylindrical,  noninteract ing,  
pores and Wheeler 's  (18) der ivat ion of the pore size 
distr ibution expression 

i o V p -  Va = ~ (rw -- t) ~ L drw [4] 
Re 

where:  Vv is the total pore volume, Va the vo lume ad- 
sorbed, rw the pore radius, t thickness of the adsorbed 
layer, function of the re la t ive  pressure of the ad- 
sorbate, P/Ps, L the pore size distr ibution function, de-  
fined as the total  length of all pores of radius rw per  
unit  weight  of adsorbent, and Rc is the critical pore 
radius, below which all pores are completely  filled by 
adsorbed or condensed gas, function of the re la t ive  
pressure of the adsorbate P/Ps 

The adsorption and desorption isotherms supplying 
the needed data for this method exhibi t  a hysteresis. 
The desorption points are  considered to be closer to 
the true, thermodynamic,  equi l ibr ium;  they were  the 
only ones taken into account in the present  measure-  
ments (see Fig. 2 for an example  of such a desorption 
isotherm).  Pierce 's  method (19) has been chosen for 
the numerica l  in tegra t ion of Eq. [4]. 

By a careful  choice of technique, pore radii  could 
be measured  cover ing the range  20-600A. This covers 
the entire micropore region 1 and the t ransi t ion micro-  
pore-macropore.  A suitable nondestruct ive  method for 

1 D e f i n e d  as t h e  r e g i o n  w h e r e  t h e  p o r e  d i a m e t e r s  a r e  e q u a l  to  o r  
smaller than the mean free path of the gas molecule of interest; 
this is the situation where Knudsen diffusion prevails. 
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Fig. 1. Diagram of gas adsorption set-up used for surface area 
and pore size distribution measurements. 
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Fig. 2. Nitrogen desorption isotherm for a porous platinum- 
Teflon electrode. 
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the balance of the pores of interest,  in  the macropore 
region, has yet to be developed. 

The processed data were then plotted as cumulat ive  
pore volumes vs. pore radius, and as pore size dis- 
t r ibut ion curves (derivatives of volume in terms of 
radius vs. the average radius, e.g., Fig. 3) of character-  
istic mul t i -modal  shape. This afforded a "f ingerprint-  
ing" of the electrodes or catalytic raw materials  of 
interest. 

Porosities.--The total porosity was calculated from 
measured weights of the various solid ingredients  (of 
known  densities) const i tut ing an electrode, and elec- 
trode dimensions. 

The microporosity, ~R, for any given range of pore 
sizes, followed from a knowledge of the cumulat ive  
pore volume (as obtained from the pore size dis t r ibu-  
tion measurements)  for given weights and dimensions 
of the catalytic structure. 

The fraction of total porosity consisting of open- 
ended pores, accessible to a fluid phase, was deter-  
mined  by a buoyancy method based on weight  data 
for the electrode in air and in water  (after careful and 
repeated vacuum- impregna t ion  with water) .  

Calculations.RAil the surface area, pore size dis- 
tr ibution,  and porosity calculations were processed by 
means of an IBM 7044 digital computer  based on 
FORTRAN IV programs. A CALCOMP subrout ine 
yielded the automatical ly  plotted cumula t ive  pore 
volume and pore size distr ibution graphs. 

Electrochemical measurements.--Polarization curves 
were obtained for the oxidation of propane at 150~ 
with 90% phosphoric acid as an electrolyte. The 
counter  electrodes were s t ructura l ly  similar to the 
anodes and operated on pure oxygen. 

The anode potentials were determined IR-included 
and IR-free [by means of a Kordesch-Marko bridge 
(20)] and referred to a reversible hydrogen electrode 
in the same solution. 

Results and Discussion 
Two aspects of interest  will  be covered in this sec- 

tion: (a) the s t ructural  geometry measurements  per se 
and their  significance, and (b) the relat ionship be- 
tween s tructural  geometry and electrochemical data. 

While the results have been obtained from a study 
of specific electrode structures it is felt  that  the find- 
ings and conclusions derived therefrom are sufficiently 
general  to apply, at least quali tat ively,  to the ent i re  

Fig. 3. Direct computer output of pore size distribution curve 
derived from cumulative nitrogen deserption data (Fig. 2). 

family of porous gas diffusion electrodes based on 
composite Teflon-metal screen-metal black structures. 

Structural geometry measurements.--Figure 2 is a 
typical representat ion of a n i t rogen desorption iso- 
therm obtained with the type of porous p la t inum-Tef -  
lon composite electrodes under  discussion. I t  clearly 
exhibits a type 3 shape, characteristic of mul t i -molecu-  
lar  adsorption. The corresponding pore size dis t r ibu-  
tion is exhibited in Fig. 3. 

The first peak, always observed at radii  of 20-50A, 
is present  also in the "raw material"  (p la t inum black) 
from which the electrode is made; as such, i t  should 
mostly be representat ive of the in t ra-par t ic le  geom- 
etry characteristic of the material .  

The peaks at higher pore radius values, such as 250 
and 575A in this case, are general ly  different to a de- 
gree from those exhibited by the powdered p la t inum 
black; consequently, they are mostly a result  of the 
interpart icle  configuration obtained as a funct ion of 
the electrode preparat ion technique and the ingre-  
dients used. The presence of characteristic peaks close 
to the threshold value of 600A (radius) ,  beyond which 
the capil lary condensation method breaks down, makes 
the development of a nondestruct ive  technique for 
macropore measurements  of considerable interest. The 
need for such addit ional  informat ion is also suggested 
by the available data on the extent  of t o t a l  open, 
porosity consisting of macropores (see Fig. 5). 

Pore size dis t r ibut ion calculations are based on the 
assumption that the pores are cylindrical  in  shape. 
This is obviously not the case, and a surface area cal- 
culated on this basis (where: surface area ----- 2 x vol- 
ume of pores/average pore radius)  would be ex- 
pected to be too low because of irregulari t ies on the 
walls of the pores, and too high because of pore in ter -  
actions. In  many  instances these two separate effects 
offset each other with a resul t ing agreement  between 
the BET-calculated area and the area obtained from 
pore size dis tr ibut ion data. 

Such happens to be the case wi th  the p la t inum and 
plat inum-Teflon samples; however, complete electrodes 
exhibit  a disagreement by a factor of roughly 2, with 
the BET results being the lower ones. This is repre-  
sented in Fig. 4 and has also been reported in  the 
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Table I. Effect of electrode manufacturing .steps on the measured 
BET surface areas and cumulative micropore volume for the 

pore radius range 25-350,t~ 
Data in % of the original platinum black value; in brackets: 

the cumulative micropore volume 

Meas-  Da ta  (%) fo r :  
P l a t i -  u r e d  E lec t rode  No. o f  
n u m  su r f ace  p r e s s i n g  P l a t i n u m  P o w d e r e d  e l ec t rodes  

b l a c k  area,  t e m p e r -  b l a c k  P t - T F E  F i n i s h e d  u s e d  i n  
type* m a / g  a tu re ,  ~ p o w d e r  m i x  e l ec t rode  s t u d y  

A 29.11 550 100 (100) 80 (46) 60 (46) 4 
606 52 (40) 2 
650 48 (38) 2 

B~ 27.97 550 100 (100) 42 (69) 33 (72) 2 
]32 42.30 550 100 (100) 46 (74) 24 (60) 2 

* Type  A = E n g e l h a r d  2 5  ( i .e . ,  M a n u f a c t u r e r :  E n g e l h a r d  Co.; 
N o m i n a l  specific su r face  area,  as r e p o r t e d  b y  m a n u f a c t u r e r :  25 m2/  
g ) ;  t ype  B1 = B i s h o p  24 (same g e n e r a l  m e a n i n g ) ;  t y p e  B~ = 
B i s h o p  35 (same gene ra l  m e a n i n g ) .  

l i terature,  for instance for s i l ica-a lumina catalyst  pel-  
lets (21). Thus, the significant geometry changes, in -  
terpart icle geometry, in  this case, coming into play 
once the electrode is prepared from certain raw ma-  
terials become evident. In  the discussion that  follows, 
the results will  be in terpre ted in terms of the more 
correct, BET, surface area data. 

Another  aspect of this geometry change, when  pass- 
ing from a powdered or g ranular  mater ial  to a finished 
electrode structure, follows from an examinat ion  of 
the data in Table I. The sinter ing process, as evidenced 
by reductions in the surface area and cumulat ive mi-  
cropore volume, is shown to depend on a var ie ty  of 
factors: (a) the electrode pressing temperatures,  with 
more pronounced s inter ing at higher pressing temper-  
atures; (b) the catalyst  type or manufac turer ;  and (c) 
the original p la t inum black area; the higher the area 
the more extensive the extent  of sintering, everything 
else being equal. 

Fur ther  evidence regarding the dependence of elec- 
trode s tructure on the three above-ment ioned factors 
as well  as on a fourth one: the history of the electrode 
(new or used, i.e., before or after electrochemical eval-  
uat ion) ,  is offered by the graphical representat ion in 
Fig. 5. 

One immediate ly  notes that  all the electrodes, in -  
dependent  of their  history, possess appreciable poros- 
ity fractions consisting of macropores; this is indicated 
by values of the ratio ~,(2~-~50)/~o that  are significantly 
lower than unity.  Here, ~(25-~50) represents the micro- 
porosity based on cumulat ive  micropore volumes for 
the pore radius range:  25-350A, and ~o is the total 
porosity of the electrode consisting of open pores. 

In  new electrode structures, this contr ibut ion of the 
macroporosity appears to be not  only a funct ion of 
the type of catalyst used but  also of the manufac tu r -  
ing conditions. Thus, it increases with an increase in 
the hot-pressing temperature,  indicat ing that  the prob-  
ably higher Teflon flow and catalyst pore masking re-  
sul t ing from higher pressing temperatures  affect 
smaller  pores to a larger extent. 

Another  finding that  can be derived from Fig. 5 
pertains to the fraction open porosity: ~o/~ (where �9 
is the total porosity).  This appears to become sig- 
nificantly larger for electrodes that  have been put  
on load even for only a few hours. Fur thermore,  this 
added open porosity is ma in ly  due to macropores. 

The fraction open porosity also appears to change as 
a function of the type of catalyst  used, and it  increases 
when the hot-pressing tempera ture  used in the m a n u -  
facture of the electrode is decreased. This lat ter  effect 
can be explained by the correspondingly smaller  ex- 
tent  of s inter ing and of pore masking due to Teflon 
flow. 

Figure 4 indicated a relat ively constant  correspond- 
ence between B E T - - a n d  capi l lary condensa t ion- -de-  
rived values of surface area. On that  basis, a correlat-  
abil i ty between cumulat ive  micropore volume and 
BET areas would be expected to follow directly. This 
is exhibited in Fig. 6 for a great var ie ty  of p la t inum 
black-Teflon electrodes; the "stray points" are pre-  
dictably accounted for by the powdered raw mater ia l  
samples which, as was also shown in  Fig. 4, obey a 
different type of relat ionship between the two kinds 
of surface area values ment ioned above. ~ 

The possibility of expressing cumulat ive  micropore 

e I n  th i s  and  the  f o l l o w i n g  f igures  some of  the  e x p e r i m e n t a l  
p o i n t s  h a v e  v a l u e s  c e r t a i n  o n l y  w i t h i n  a r ange  of  s eve ra l  pe r  cent ;  
th i s  is  i n d i c a t e d  by  a r r o w s  p o i n t i n g  in  the  d i r e c t i o n  c o r r e s p o n d i n g  
to the  r a n g e  of poss ib le  da t a  v a r i a t i o n .  
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volumes in terms of BET surface areas, or  v ice-versa ,  
wil l  have a ve ry  per t inent  significance in the discus- 
sion of per formance  vs. gtructure results that  follows 
below. 

Relationship be tween structural geometry and e l e c -  
t r o c h e m i c a l  per formance . - -A  complete  picture of the 
performance dependence on s tructure for an operat ing 
porous electrode has to await  per t inent  data on the 
true, e lectrochemical ly  act ive area, in addit ion to the 
total  area described here, as wel l  as some quant i ta t ive  
informat ion on the macropore  structure. This would 
be essential in in terpre t ing  exist ing theoret ical  models 
or in der iving modified or new versions. On the other  
hand, f rom measurements  cur rent ly  in progress (22) 
it would appear  that total BET areas for porous elec- 
trodes of the type considered here  are quite  repre-  
sentat ive of t rue areas as well.  The results discussed 
in this section, while  not direct ly  applicable to a r igor -  
ous considerat ion of operat ing electrode models, are 
nevertheless  adequate  to represent  characteris t ic  
trends in the dependence of electrochemical  pe r fo rm-  
ance on porous structure.  

An examinat ion  of how the cur ren t  densi ty  at a 
chosen anode overvol tage  var ies  as a function of the 
measured  BET surface area suggests ei ther  a l inear  or 
an exponent ia l  type relationship. At this stage, the 
justification for such relat ionships is pure ly  empir ical ;  
a l inear regression analysis of these data, and others 
to be discussed in what  follows, indicates somewhat  
bet ter  correlat ion coefficients (by about 5%) in the 
case of the exponent ia l  relationship. Accordingly,  Fig. 
7 is a representat ion of the logar i thm of current  den-  
sity for propane oxidation, measured at an IR-f ree  
anode potential  of 600 mv  vs. H2/H +, vs. the BET sur-  
face area of the new electrodes prior  to per formance  
evaluation.  This corresponds to a relat ionship of the 
type 

i = a e x p  (bS) [5] 

where  i is the current  density based on the geometric 
electrode area, S is the surface area, and a and b are 
constants depending on the type of electrode and ex-  
per imental  conditions. 

If one considers a ra te  l imitat ion in terms of both 
act ivation and concentrat ion polarizations, ~o~, wi th  
the value  of the act ivation polarization: I~al > >  ( R T /  
nF) ,  which happens to be our case, one obtains 

~lac ---- A -1- B I n  i -'t- ~ In  ~ [61 
t L  

where  the various symbols have  the usual significance; 
one notes that  for an anodic process 

R T  
A = In /o  

( i - -  co) ~ [7] 

RT 
B-- 

( 1 - -  ~ )  n F  

One also notes that, for any given current  densi ty i 
re fer red  to the geometric area of the electrode, the 
over -a l l  polarization mac is a function of the total  
avai lable area consisting of act ive sites and approx-  
imated in this case by the BET surface area 

~ = I (S) [8] 
While Eq. [6] is not necessari ly val id  in each e a s e ,  
part icular ly  for porous electrodes, one observes that  
by combining [6], [7], and [8] and rear ranging  on an 
ant i logar i thm basis the fol lowing relat ionship is ob- 
tained. 

i = io exp [ i ( S ) / B ]  [9] 

It is interest ing to note that  this implici t  expression 
of i in terms of S is also suggested, admit tedly  wi th  a 
certain degree of scatter, b y  the simple form of em-  
pirical Eq. [5]. 

A similar  form is obtained when  considering only 
the l imit ing current  densi ty (again, wi th  respect  to the 
geometric area of the electrode) vs. the BET surface 
area; this is represented in Fig. 8. 

Since cumulat ive  micropore volumes were  avai lable 
for all the electrodes invest igated over  the pore radius 
range 25-350A, their  values were  also considered as 
an independent  var iable  instead of the surface area. 
Figures 9 and 10 again demonstrate  an exponent ia l  
dependence of geometric cur ren t  density and l imit ing 
current  density, respectively,  on the cumulat ive  micro-  
pore volume;  this is also another  way  of represent ing  
the correspondence be tween BET surface area and 
micropore volume (Fig. 6). 

Up to this point the t r ea tment  and representat ion 
of the exper imenta l  data would  seem to suggest that  
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macropore structure effects may not  be of great con- 
sequence to the electrochemical performance of porous 
composite electrodes of the type examined here. In -  
deed, we observe a fair  correspondence between the 
measured mieropore volume and the BET surface area, 
indicat ing that  most of the area is due to the micro-  
pores. This in  tu rn  is expressed as per formance-deter -  
mining,  on an exponent ial  basis. 

On the other hand,  the bear ing  that  the macropore 
s tructure would have in  this type of "mixed-pore elec- 
trode" on the dynamic capil lary equi l ibr ia  between the 
electrolyte phase and the reactant  phases cannot  be 
ignored. Certainly, on a long- te rm susta ined-operat ion 
basis, the degree of ut i l izat ion of active sites and, as a 
result,  the electrochemical performance and  rate  of 

6 6 3  

performance decay must  be dependent  on this macro- 
pore-micropore interrelat ionship.  A number  of theo- 
retical models derived for porous electrodes are based 
on a var ie ty  of hypotheses on precisely these kinds of 
pore structure considerations. 

On a shor t - te rm operation basis, as used in  this 
work for electrochemical measurements ,  the impor-  
tance of macroporosity may  indeed be unjust i f iably 
subtle. In  order to gain some unders tanding  on this 
point, one can at tempt  to utilize the only types of 
per t inent  informat ion available at present, namely,  
nondestruct ive porosity measurements.  

Another  aspect of interest,  regarding the influence 
that micropore s tructure has on electrode performance 
(11, 12, 23) can be considered in  a special sense. This 
is the question of what  port ion of the actually mea-  
sured micropore s tructure appears to be of greater 
consequence to performance. 

Both of these aspects wil l  now be examined in  some 
detail. 

Figure  11 i l lustrates what  happens when  cur ren t  
density is referred to specific portions of the micro- 
pore structure. In  this case, it appears that  mostly the 
pore radius range 25-200A is per formance-de termin-  
ing, out of the total  range unde r  consideration, 25- 
350A. This examinat ion  could conceivably be refined 
still further,  if war ran ted  by addit ional  data, by con- 
sidering smaller  increments  of cumula t ive  pore vol-  
ume. The findings are qual i tat ively corroborated by 
similar studies reported for activated carbon elec- 
trodes (12). 

Figure 12 suggests this dependence on pore radius, 
in the micropore size range, by examining  graphically 
the relat ionship between cur ren t  densi ty or l imit ing 
current  density and the fract ion of t h e  total pore vol- 
ume (range 25-350A) consisting of pores in  the range 
25-200A. The t rend is more obvious for the case 
where the current  density is the dependent  variable 
but, in  any case, the data scatter is such as to just i fy 
only quali tat ive conclusions at this point. 

The relat ive importance of micro- and macro-pore 
s tructure is graphically represented in  Fig. 13 and 14, 
in terms of measured porosities. A log-log dependence 
is exhibited between current  and  l imit ing current ,  re-  
spectively, and the fraction of the total open porosity 
consisting of micropores in  the range 25-350A. One 
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tion of the fraction of the total meo,sured micropore volume com- 
posed of pores in the radius range: 25-200~, (ZV(25-200)/ 

observes the ra ther  interest ing fact that, as this poros- 
i ty ratio increases in favor of more micropores, the 
performance improves. It  is not  clear at present  
whether  this relat ive importance of the micro- and 
macro-pore structures is actually conducive to a maxi -  
m u m  or asymptote type of opt imum structure. This 
type of informat ion would depend on the development  
of adequate nondestruct ive  methods for the measure-  
men t  of pore size dis t r ibut ions over a wider range 
than is present ly possible. It  is interest ing to speculate, 
however, that in the case of apparent  micropore struc- 
ture  control as suggested here the film mechanism used 
in a var ie ty  of electrode models is not necessarily 
dominat ing;  instead, bu lk  diffusion into the smaller, 
flooded, pores may be controlling. Another  possibility 
might  be a capi l lary- type control of the diffusional 
process in the pores, in terms of f i lm-activated macro- 
pores "fed" with fresh l iquid surfaces from flooded 
micropores (23). 

Thus, the existing data do seem to demonstrate  the 
importance of extending our present  knowledge of 
performance-s t ruc ture  dependence, while, at the same 
time, suggesting the possibility of u l t imately  tai loring 
opt imum configurations from the informat ion at hand. 
For the t ime being, any theoretical model describing 
the operation of the class of porous electrodes covered 
in  the present  work wil l  have to take into account the 
apparent  role of the micropore structure,  in general,  
and of certain portions of this micropore structure, in 
particular.  Whether  this role will be strictly one of es- 
tabl ishing the r ight  e lectrolyte-reactant  phase equi-  
l ib r ium or not, remains  to be seen. 

Conclusions 
1. Nondestructive measurements  of s t ructural  pa- 

rameters  for porous electrodes of any size are possible, 
and they offer the advantage of direct correlatabi l i ty  
with electrochemical performance. Surface area and 
porosity can be determined for the whole electrode, 
the former with a great degree of precision and ac- 
curacy. The nondestruct ive pore size dis tr ibut ion mea-  
surements  are present ly  l imited to pores 600A or less 
in  radius, i.e., to that  portion of the electrode s t ructure  
that  is mostly in the micropore range where gas 
molecules would be t ransported by Knudsen  ra ther  
than  bulk  diffusion. 
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2. Variables such as catalyst  type and manufacturer ,  
original  catalyst area, electrode manufac tu r ing  condi- 
tions such as the hot-pressing temperature,  and  elec- 
trode history, all  determine to a significant degree the 
values that  the  various s tructure parameters  wil l  have. 

3. There is a good correspondence between BET-de-  
r ived electrode surface areas and cumulat ive  micro- 
pore volumes. Conversely, the use of electrode surface 
areas derived from pore size distr ibution data can lead 
to values that are higher than the BET results by a 
factor of roughly 2; these higher figures are believed 
to be in  error due to the assumptions inheren t  in  the 
integrat ion of the pore size dis tr ibut ion equations. 

4. All electrodes possess appreciable fractions of 
macroporosity; this fraction also appears to be  the 
ma in  contr ibutor  to the increase in  open porosity char-  
acteristic of electrodes that have been put  on load. 

5. Electrochemical anode performance appears to 
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increase exponent ia l ly  or l inear ly  (with slightly more 
exper imental  data scatter) wi th  electrode surface 
a r e a  or micropore volume. The micropores themselves 
play a rather  impor tant  role when  their  contr ibut ion 
is compared to that of the entire electrode (in terms 
of porosities). Furthermore,  wi th in  the micropore 
spectrum there are ranges of pore sizes that appear 
to have more bear ing on the electrochemical perform- 
ance than  others. For  a porous composite s tructure of 
the p la t inum black-Teflon-metal  screen type the more 
active portion of micropores, consisting of radii  in the 
range 25-350A, is l imited to the range 25-200A. 

Considerably more work is necessary, in terms of 
more data of total as well  as t rue (electrochemically 
active) surface areas, and nondestruct ive  pore size 
measurements  encompassing the macropore as well as 
the micropore spectrum. This should eventual ly  lead 
to a finalization and generalization of these conclusions 
and addit ional ones, as well  as to working theoretical 
models and ta i lor-made opt imum porous electrode 
geometries. 
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Electrochemical Studies on Lead 
in Organic Electrolytes 

M. L. Bhaskara Rao 
Laboratory far Physica~ Science, P. R. Mallory & CoMpany, Inc., Burlington, Massachusetts 

ABSTRACT 

Galvanostatic anodic charge and cathodic discharge curves have been ob- 
tained for lead and lead alloys in  two organic electrolytes: propylene car-  
bonate, 1M in LiA1C14, and ~/-butyrolactone, 0.5M in LiC1. Charging curves 
exhibited periodic (oscillatory) voltage phenomena followed by passivation. 
Discharge curves of pre-anodized electrodes showed a single plateau corre- 
sponding to the reduction of PbC12 to Pb. Util ization efficiencies obtained from 
charge and discharge coulombs ranged from 10 to 100% depending on the 
current  density, alloy composition, and electrolyte. Differences in  observed 
behavior have been explained, and the sui tabi l i ty  of Pb/PbC12 electrodes for 
rechargeable organic electrolyte cells is discussed. 

Dur ing  the past few years there has been an in-  
creased interest  in electrochemical investigations in  
organic electrolyte media. Most of these efforts have 
been directed toward the development  of high energy 
density batteries. Analysis  of the state of the art  
reveals that  for a success in this endeavor it is neces- 
sary to unders tand  more about the chemical and elec- 
trochemical behavior  of the cathode salts. In  the 
course of developmental  work in  this field we have 
earl ier  reported some observations on the formation 
and discharge of copper chloride (1). The present  

paper deals with electrochemical studies on lead lead- 
ing to the possibility of operation of lead chloride 
electrodes in an organic electrolyte. 

Experimental 
The cell.--Electrochemical experiments  were car-  

ried out in a Pyrex glass H-cell  of 5O-ml capacity 
with a sintered glass fri t  separat ing the two compart-  
ments. The cell had a suitable polytetrafluoroethylene 
lid with provision for mount ing  the electrodes and for 
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admit t ing dry argon to main ta in  a moisture-free inert  
atmosphere over the electrolyte. 

Electrolytes.--The electrolytes were 1M LiA1C14 in 
propylene carbonate and 0.SM LiC1 in ~-butyrolac-  
tone. These were prepared by dissolving calculated 
amounts  of the salts in  known  volumes of pre-purif ied 
solvents. The procedures for the purification of the 
solvents have been described earlier (1). 

Electrodes.--Solid lead foil electrodes, amalgamated 
lead, lead silver (5-15 w/o  Ag) and lead- t in  (33 w/o  
t in)  were employed in the studies. 

The lead foil samples were Fisher test grade, 5-15 
mils thick. The foils were degreased in tr ichloroethyl-  
ene and t reated with 600A polishing paper or chemi- 
cally cleaned by immersing the degreased samples in 
5N aqueous HNOs for 2 rain at room temperature.  The 
samples were then r insed with water  followed by 
acetone, and dried. The chemically cleaned electrodes 
had been etched in the process. Working electrodes of 
2-5 cm 2 superficial area were cut from the t reated ~ 
samples. 

Lead alloys of silver were prepared in the labora-  
tory. The t in  alloy of lead was commercial  p lumber ' s  
solder. 

Pasted plate lead chloride electrodes were of the 
weight composition 9:1: 0.5: : PbC12: graphite:  ethycel-  
lulose. These were made by spreading the 'mixture of 
the components as a paste in xylene over graphite 
cloth and drying  the samples in air. The coulombic 
capacity of the electrodes was between 2.5 and 10 
ma-hr/cm~. 

Measuring setup.--The electrochemical measure-  
ments  were galvanostatic. The constant  current  was 
provided from an electronically controlled power 
supply of Electronic Measurement  Inc., Model 620. The 
counter  electrode was a strip of l i th ium placed in the 
counter  electrode compar tment  of the H-cell. The po- 
tent ial  of the working electrode was measured against  
a silver reference electrode situated in  the same solu- 
t ion at 2 mm from the former. An E-H Labs Electrom- 
eter, Model 23{), was used for potential  measurement .  
The output  from the electrometer was fed ~o a Mosley 
Autograph 680 recorder to register the data. 

Anodic and cathodic measurements  were made at 
currents  between 2.5 and 10 m a c m  -2 based on super-  
ficial area of the electrodes. 

The solubil i ty of the lead salt formed dur ing  ano- 
dization of the lead metal  in  the organic electrolytes 
was measured by polarography. Aqueous 1M HC1 solu- 
tions containing 1-2 v/o  (volume per cent) aliquots 
of the working solution were employed for the pur -  
pose. A Metrohm Polarecord Model E-261 uni t  was 
used to obtain the polarograms. 

A Phill ips type 422730 x - r ay  diffraction uni t  was 
employed to ident ify the electroformed salt. The mea-  
surements  employed copper radiat ion with a nickel 
filter. 

Results  
Anodic behavior of chemically treated lead in 1M 

LiA1C14-P.C.--The galvanostatic anodic behavior  of 
chemically cleaned lead in  1M LiA1C14-P.C. is shown 
in  Fig. 1. The data in curves 1 to 4 are for apparent  
current  densities of 2.5 to 10 m a c m  -~, respectively. It  
is seen that on anodization the lead electrodes exhibit  
periodic oscillation in voltage, followed by passivation. 
In  the passive region the electrode potential  increased 
l inear ly  with t ime and indicated erratic fluctuations 
above 40v. Analysis revealed that  the rate of change 
of potential  with time was directly proport ional  to the 
current  density in the l inear  region as is shown in 
Fig. 2. Current  in te r rup t ion  at all stages of anodization 
resulted in  an open-circui t  voltage of approximately 
--0.25v vs. Ag. If anodization were cont inued to passi- 
rat ion,  the electrodes exhibited a memory  effect in 
that, following current  interrupt ion,  the potential  after  
the resumption of anodizat ion rose to the value ob-  
served at the point  of current  interrupt ion.  This 
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Fig. 1. Anodic charging of chemically etched lead in 1M LiAICI4- 
P.C. Curves 1, 2, 3, and 4 ore for 2.5, .5, 7.5, and ]0 ma cm -2 ,  
respectively. 
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memory effect persisted even when the electrodes 
were left on open circuit  in st irred solution as long as 
5 rain. 

Cathodic discharge curves of electrodes pre-anodized 
to 40v vs. Ag are shown in Fig. 3. In  these experi-  
ments  the cathodic current  densities were the same as 
used for anodization. I t  is seen from curves 1 to 3 that  
the electrodes exhibited overshoots in  the ini t ia l  stages 
of cathodization. However,  the overshoot was far less 
than the potential  of 40v reached at the end of the 
preceding anodization, and the uti l ization efficiencies 
were less than 100% at  all  cu r ren t  densities. 

Anodic behavior of polished lead electrodes in 1M 
LiA1C14-P.C.--Figure 4 shows the successive anodic 
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Fig. 3. Cathodic discharge curves of pre-anodlzed lead electrodes 
in 1M LiAICI4-P.C. Curves 1, 2, and 3 are for 2.5, 5, and 10 ma 
cm - ~  with time scale 7.5 rain, 2 rain, and 1 rain per division, 
respectively. 
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Fig. 4. Anodic charge and cathodic discharge behavior of lead 
in 1M LiAICI4-P.C. at current density 2.5 ma cm-2.  Curves la and 
le are charge discharge curves for 0.5 ma-hr cm - 2  on 1st cycle; 
curves 2a and 2c are charge discharge curves for 1 ma-hr crn 2 
an 2rid cycle; curves 3a and 3c are charge discharge curves for 
2.5 rna-hr cm - 2  on 3rd cycle. 

and cathodic behavior  of a polished lead electrode in  
1M LiA1C14-P.C. at 2.5 ma cm -2. Successive cycling of 
the same electrode increased the anodic charge before 
passivation from 0.5 to 2.5 ma -h r  cm -2. Although po- 
tential  oscillation occurred dur ing  the anodization, the 
faradaic efficiency of subsequent  cathodization was 
100%. 

Cathodic discharge of pasted plate lead chloride 
electrodes in 1M LiA1C14-P.C.--The discharges of 
typical pasted plate lead chloride electrodes of capacity 
7.5 ma -h r  cm -2 were similar to curves lc to 3c in Fig. 
4 in that the open-circui t  voltage of the system was 
close to --0.25v vs. Ag. The cathodic discharge effi- 
ciency based on the known weight of PbC12 was 
greater than 90% at 5 m a c m  -2. 

X- ray  diffraction of the deposit formed on lead elec- 
trodes anodized in  1M LiA1C14-P.C. indicated mostly 
PbCI~. In  case of heavi ly  anodized (>30v) electrodes 
some PbO2 was observed in the PbC12 deposits. 

Behavior  of  lead alloy electrodes.- - In  the anodiza- 
t ion of lead-si lver  alloys (5-15 w/o  Ag) in 1M 
LiA1C14-P.C. the oscillatory voltage behavior  still per-  
sisted very  near ly  the same as on pure lead. The open- 
circuit voltages of anodized electrodes were more posi- 
tive than that  of the Pb/PbCI2/C1-  system and were 
unsteady. The lead- t in  alloy (33 w/o  t in) was capable 
of support ing 5 m a - h r  cm -2 anodic charge density 
(at 5 m a c m  -2) before oscillatory voltage behavior  
ensued. It  is interest ing to note that  under  the condi-  
tions of exper imenta t ion  passivation occurred on lead 
even below 0.5 ma-h r  cm -2 of anodic charge density. 
However, f rom the cathodization experiments,  the cal- 
culated uti l ization efficiencies were found to be lower 
than 80%. 

Anodizat ion of the amalgamated electrodes in  1NI 
LiA1C14-P.C. exhibited nei ther  oscillatory phenomena 
nor passivation even up to 20 ma-h r  cm -2 of anodic 
capacity. X- ray  diffraction did not indicate any mer-  
cury  halide inclusions in  the PbC12 films of the ano- 
dized samples. The uti l ization efficiencies of these elec- 
trodes were greater than  90%. 

Behavior  of lead electrodes in 0.SM LiC1 in 7 -bu ty r -  
o lac tone . - -Exper iments  carried out to study the elec- 
trochemical behavior of lead electrodes in  0.5M LiC1 
in  7-butyrolactone showed nei ther  passivation on 
anodic polarization nor  the prepassivation oscillatory 
voltage behavior in the current  density range of 2.5-10 
ma cm -2. The faradaic efficiency obtained on sub-  
sequent cathodization was less than  10% for 2.5 m a - h r  
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cm -2 anodic charge. The working solution was ex- 
amined to estimate the concentrat ion of dissolved 
Pb + + ions. The analysis indicated a mater ia l  balance 
equivalent  to 100% anodie efficiency and suggested the 
dissolution of the electroformed Pb  + + as the cause of 
low cathodic efficiency. 

Lead chlo~de so lubi l i ty . - -The  solubil i ty of PbC12 
in propylene carbonate, 1M LiA1CI4-P.C. and 7 -bu ty r -  
olactone was low (<0.0005 m/I)  at 25~ However, 
PbC12 was soluble in 0.5M LiC1 in  7-butyrolactone.  

To examine this solubili ty behavior of PbC12 in t~e 
LiC1 in 7-butyrolactone,  0.1 mole equivalent  of 
PbCI~ was added to 100 ml of 7-butyrolactone solutions 
containing different molarit ies of LiC1, and the solu- 
tions were equil ibrated at room tempera ture  by st i r-  
r ing  the mixture  over a period of a day. A complete 
dissolution of the lead salt was observed in solutions 
containing 0.2M LiC1. This indicated the formation of 
a soluble PbC14 = complex. 

Discussion 
A comparison of the anodic behavior  of chemically 

treated (etched), mechanical ly  polished, and cycled 
electrodes shown in Fig. 1 and 4 suggests that the dif-  
ferences in the oscillatory voltage behavior for mea-  
surements  performed at equal  apparent  cur ren t  densi-  
ties may be ascribed to the differences in  the t rue 
surface area of the three types of electrodes. 

Oscillatory phenomena a t tending electrocrystalliza- 
tion in  aqueous media have been described (2-12) 
earlier. Various mechanisms involving mechanical  
breakdown and reheal ing of anodic films or dissolu- 
tion and reformat ion of films due to valence changes 
of the anodic species have been proposed to account 
for the oscillatory behavior. By x - r ay  diffraction we 
find that  PbC12 is the major  product of anodization in  
the experiments  shown in Fig. 1 and 4. Therefore it  is 
presumed that the oscillatory behavior  observed in  
these experiments  reflects the part icular  mechanism 
by which PbC12 is anodically formed from the lead 
metal. 

Analysis of the passive region of the heavi ly  ano-  
dized (>30v) lead electrodes is shown in Fig. 2. The 
variat ion of electrode potential  with t ime follows 
Eq. [1] 

(dE) 
- -  = k i~  [ 1 ]  

(dr) 

where E is the electrode potential  vs. Ag at t ime t 
dur ing  anodization under  the influence of a current  
density of in; k is a proport ionali ty constant. The 
formulat ion in Eq. [1], al though approximate,  is 
widely discussed (13) in the anodic growth of ioni- 
cally conducting films. Based on the behavior  in Fig. 
2, the variat ion of the electrode potential  with time is 
ascribed to an increase in resistance of the PbCle film 
with increasing thickness. The presence of some PbO2 
in the heavily anodized electrodes is probably con- 
nected with parasitic reactions involving the solvent 
or impurit ies such as water  in the electrolyte. 

The cathodic discharge curves of the pre-anodized 
electrodes as in Fig. 3, curves 1, 2, and 3, do not  
reflect the IR drop in the electrode observed dur ing 
anodization except for the overshoot in  the ini t ial  
part  of the discharge curves. This is probably  due to 
the generation of a porous conducting mat r ix  of lead 
from the reduct ion of lead chloride and  the associated 
large change in the density of the film. The production 
of large surface area electrodes observed during the 
cycling experiments  substantiates this hypothesis. It  
is interest ing to note from the curves in Fig. 4, 1, 2, 
and 3, that, provided the electrodes are not heavily 
pre-anodized, the uti l ization efficiency of PbC12 elec- 
trodes is near ly  100%. The discharge efficiency of 
pasted plate lead chloride electrodes was similarly 
high. 

The absence of periodic phenomena and poor uti l iza- 
t ion efficiencies in the electrochemical behavior  ob- 
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served for lead in  0.5M LiC1 in  7-butyrolactone is 
explained by postulating a soluble lead species for- 
mat ion dur ing  anodization as in Eq. [2] and [3] 

Pb = Pb  + + + 2e (electrochemical) [2] 

followed by 

Pb  + + + 4C1- ~- PbC12 = (chemical) [3] 

The formation of the soluble te t rachloroplumbate 
complex dur ing  anodization and its diffusion away 
from the electrode accounts for the lack of periodic 
phenomena,  passivation, and low uti l ization efficiency. 
The explanat ion is based on the facts that (a) the 
anodic efficiency is 100% and (b) PbC12, the anodic 
salt which is inherent ly  spar ingly soluble in -~-butyro- 
lactone (0.0005 m / l ) ,  dissolves in  l i th ium chloride 
solutions in PbC12:2LiC1 mole ratio. 

It  is clear from the above results that  of the two 
organic electrolytes tested, 1M LiA1C14-P.C. is bet ter  
suited for the operation of lead chloride cathodes. 
Pasted plate lead chloride electrodes have shown 90% 
util ization efficiency in this electrolyte, and hence the 
suitabil i ty of the active mater ial  for pr imary  cells has 
been attested. 

The oscillatory voltage behavior and the subsequent  
passivation reactions of lead dur ing  anodization in  1M 
LiA1C14-P.C. are rather  undesirable  characteristics for 
the application of the Pb/PbCI2/C1-  half-cell  for re-  
chargeable cells. Hence at tempts were made to el imi-  
nate or minimize these effects. In  one such invest iga-  
tion the electrochemical behavior of lead-silver,  lead- 
tin, and amalgamated lead were studied. Of the lead- 
silver and lead- t in  alloys tested none proved superior 
to pure lead, but  on the other hand, anodization of 
amalgamated lead electrodes exhibited nei ther  voltage 
oscillations nor  passivation and  discharged with 
util ization efficiency ~90%. The formation of a dis- 
continuous PbC12 film due to the presence of mercury  
on the surface of lead electrodes is suggested for the 
observed behavior. Thus the amalgamat ion technique 

seems to render  the lead chloride electrodes suitable 
for operation in organic electrolyte secondary cells. 

It is interest ing to point  out tha t  the amalgamat ion 
technique has been used to overcome the undesirable  
characteristics of anodes in  aqueous media; herein the 
process has served to el iminate the problems of a 
cathode. 
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Effect of Heating Single Crystal Copper in and 
on Thin-Film Oxidation Kinetics 

W. W. Bradley I and H. H. Uhlig 
Delaar~ment of Metallurgy, Massachusetts Institute of Technology, Cambridge, Massachusetts 

ABSTRACT 

The oxidation rate of spectroscopically pure polycrystalline and single 
crystal copper at 200~ in 1 atm 02 was measured by coulometric reduction 
of the oxide. Growth of Cu20 films up to 4000A thick follows two-stage 
logarithmic kinetics. Pretreatment of filed polycrystalline Cu surfaces in H2 
at 450~ for 30 min  decreases by 50% the thickness of oxide forming  sub- 
sequent ly  in 02 at 200~ Similar  p re t rea tment  in N2, on the other  hand, 
has li t t le or no effect. Hydrogen pre t rea tment  of electropolished single crystal  
Cu decreases oxidation of (100), has no effect on oxidat ion of (111), and in- 
creases oxidation of the (110) face. P re t rea tment  in N2 at 450~ has no ap- 
preciable effect on subsequent  oxidation of (100), contrary  to H2 pre t rea tment ,  
and it increases oxidation of both (111) and (110) faces. 

The oxidation rates of unt rea ted  Cu faces decrease in the order (100) > 
(111) > (110) in agreement  wi th  data of Gwathmey  and his collaborators. 
Hydrogen pre t rea tment  leads to oxidat ion rates, wha teve r  the original  orien- 
tation, approaching that  of the (111) face; N2 pre t rea tment  leads to rates ap- 
proaching that  of the (100) face. The results appear  to be best explained by 
a rear ranged  surface or submicroscopic faceting resul t ing f rom hydrogen ad- 
sorption, the pre fe r red  orientat ion of which approximates  the (111) face. P re -  
t rea tment  in N2, on the other  hand, probably because of adsorbed traces of 
oxygen in gas or metal,  favors rearrangemens having the approximate  (100) 
orientation. Observed two-stage logari thmic kinetics for oxidation of rea r -  
ranged surfaces, and the results by others of low energy electron diffraction, 
suggest that  the f i rs t - formed adsorbed oxygen-meta l  film is ex t remely  stable, 
mainta in ing its characterist ic s t ructure  and orientat ion throughout  the oxida-  
tion process. It  thereby  establishes oxidation rates in the thin film region in- 
dependent  of original  crystal  ~ace. It is concluded that  gaseous or vacuum 
pre t rea tment  of Cu surfaces can exert  a large effect on subsequent  oxidation 
behavior.  

Hydrogen  anneal ing of Cu specimens or H2 reduc-  
tion of an a i r - formed oxide film on Cu is often em-  
ployed as a p re l iminary  step in s tudying oxidation or 
measur ing oxidation rates (1-6). In the present ly  de-  
scribed experiments ,  this procedure  was also followed, 
but  it was observed that  H2-pretreated specimens that  
were  oxidized subsequent ly  in 1 a tm O2 at e levated 
tempera tures  wi th in  the thin film range (<104A) re-  
acted to a lesser extent  than did the same specimens 
wi thout  pre t rea tment ,  or when  heated ini t ial ly in N2. 
The obvious immedia te  explanat ion was that  some hy-  
drogen was dissolved in the meta l  during the pre-  
t rea tment  procedure becoming avai lable  dur ing oxi-  
dation to react  ei ther  wi th  O2, thereby  l imit ing avai l -  
abil i ty of 02 for oxidat ion of copper, or to reduce 
some of the metal  oxide which had a l ready formed. 
However ,  calculations showed that  the amount  of 
dissolved hydrogen,  assuming complete  saturation, was 
appreciably below that  requi red  by reduct ion to ex-  
plain the observed th inner  oxide. For  example,  the 
solubil i ty of H in Cu at 450~ a typical  p re t rea tment  
temperature ,  is 6.4 x 10 -8 mg/ I00g  Cu (7). Our Cu 
specimens were  0.6 cm thick, hence assuming satura-  
tion at 1 a tm H2, each 1 cm 2 of the Cu specimen con- 
tained 

6.4 X 10 -3 X 0.6 X 8.9 

100 
= 3.42 X 10 -4 mg H 

where  8.9 is the density of copper. This amount  of 
hydrogen is able to reduce Cu20 (mol. wt. ---- 143.1, 
density ---- 6.0) equal  in thickness to 

3.42 X 10 -4 X 143.1 X 10 s 

103 X 2 X 6.0 
408A 

1 Present address: Institute of Surface and Colloid Science and 
Department of Civil Engineering, Clarkson College of Technology, 
Potsdam, New York. 

Since dissolved hydrogen is avai lable to reduce oxide 
on two sides of the Cu specimen, the oxide, therefore,  
for  H2-pretreated Cu should be th inner  to a m a x i m u m  
extent  of 204A. In several  exper iments  using a filed 
surface of OFHC Cu, 20-min exposure to O3 at 200~ 
produced an oxide film averaging  2029A, whereas  
after  H2 p re t rea tment  at 450C for 1/~ hr, the film 
thickness for the same oxidat ion conditions averaged 
1035A, the difference being 994A. Hence the amount  of 
avai lable  dissolved hydrogen to account for the th in-  
ner  oxide was too small by a factor of 994/204 ----- 4.9, 
which is wel l  outside present  exper imenta l  errors. 

On the assumption that  hydrogen may  have  dis- 
solved abnormal ly  in our par t icular  copper sample, the 
solubili ty was checked by Bohnenkamp at 350~ using 
standard methods,  resul t ing in a va lue  close to that  
reported in the l i terature.  Change of roughness fac-  
tor did not  enter  the explanat ion because paral le l  pre-  
t rea tment  in N2 at 450~ for ~ hr  did not  affect sub-  
sequent  oxide thickness in O2 at 200~ contrary  to 
marked  reduct ion caused by H2 pret reatment .  

Fur the r  invest igat ion showed that  dissolved hydro-  
gen could not be the explanat ion in any case because, 
if the copper surface were  electropolished after  ei ther  
H2, N2, or no pre t rea tment ,  the oxide film formed 
subsequent ly  in O9 at 200~ was now the same thick-  
ness. ~ This experiment ,  therefore,  pointed to an effect 
occurr ing at the meta l  surface. For  example,  an im-  
pur i ty  might  diffuse to the copper  surface in presence 
of H2 but not in presence of 1~2. Will iams and Hayfield 
(8), in fact, who observed a lower  oxidation rate  after  
vacuum treat ing copper specimens, suggested that  an 
impur i ty  was involved,  such as Fe, which diffused to 
the surface through grain boundaries.  However ,  our 
fur ther  exper iments  on spectroscopically pure  copper  

2 This was true only when oxidation was carried out at 200~ At 
250~ the oxide film formed on H~-pretreated Cu was somewhat 
thinner than on N~-pretreated Cu, indicating some reduction of ox- 
ide by dissolved H at the higher temperature. 

6 6 9  
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showed the same quant i ta t ive effect as for OFHC 
copper, e l iminat ing impuri t ies  as a l ikely explanation. 
Attempts were also made to determine any  supposed 
impuri t ies  at the surface occurring through pret reat -  
men t  by machining off a th in  portion of the copper 
surface after both H2 and N2 pret reatments  and sub-  
mi t t ing this mater ial  for analysis employing a sensi- 
tive mass spectrometer. However, the results led to no 
certain conclusions regarding any  one suspected im-  
puri ty.  

Subsequent ly  it  was found that  the effects of H2 
and N~ pre t rea tment  were sensit ive to crystal  face, 
some faces of copper showing small  or no differences 
in  oxidation rate, depending on the gas, whereas others 
showed a large effect. The details of these experiments  
are outl ined herewith.  

Experimental 
Specimens of commercial  OFHC or spectroscopically 

pure copper (purchased from American Smelt ing and 
Refining Company) measured 2.5 x 2.5 cm (1 x 1 in.) 
and were 0.6 cm (~/4 in.) thick. Single crystals (pur-  
chased from Virginia Inst i tute  of Scientific Research) 
cut from a 2.5 cm diameter  boule were circular or 
elliptical in surface dimensions, bu t  otherwise similar. 
A spiral Nichrome wire heater  e lement  made contact 
with one face of the specimen employing mica sheet 
insulat ion and a thin 18-8 stainless steel backing plate. 
A hole was drilled in the side of the specimen into 
which a chromel-a lumel  thermocouple was cemented. 
The side opposite to that  in contact with the heater 
e lement  was prepared for oxidation studies. Proper  
surface preparation,  as in  all  thin film studies, was 
extremely important  but  was never  ideal. Some mea-  
surements  were made using a filed surface because this 
preparat ion was found previously to provide repro-  
ducible Volta potentials (9) which are very sensitive 
to surface preparation.  Ten- inch  Swiss cut No. 4 steel 
files were used for this purpose; they were cleaned 
each time before use by light pickling in nitric acid 
followed by brushing and washing in  water, then im-  
mersion in distilled acetone and distilled benzene. 
Electropolishing, when carried out, was performed on 
a previously metal lographical ly polished surface. The 
electrolyte consisted of 70 v /o  (volume per cent) 
orthophosphoric acid to which 100 g/ l  cupric ortho- 
phosphate were added. Ini t ia l  and final cur rent  den-  
sity approximated 0.04 and 0.02 amp/cm 2 at a temper-  
ature of 0~ More than 10~ of metal  were removed 
totally. The specimen was taken out of the electrolyte 
without  in te r rup t ing  the current ,  immediate ly  im-  
mersed in 10 v/o orthophosphoric acid (without cur -  
rent)  and washed in deaerated distil led water. The 
acid-water  r inse was repeated 4 times, the specimen 
then being washed in  5 consecutive bottles of de- 
aerated distilled water  through which CO2 passed con- 
t inuously. The specimens were finally dried in a 
s tream of ni t rogen gas. Total rinse t ime exceeding 20 
rain was necessary to insure complete removal  of cop- 
per reaction products remain ing  on the surface from 
the electropolishing operation. 

For comparison, several specimens were abraded 
using No. 1 followed by No. 0 grit  emery paper. Such 
specimens were oxidized without fur ther  surface 
treatment .  

The assembly for carrying out the oxidation runs  
is shown in Fig. 1. A spherical Pyrex  vessel, which 
contained the specimen, measured 9 cm diameter;  this 
fitted by means of a ground glass jo int  (omitt ing 
grease) to a glass holder through which thermo- 
couple and heat ing current  wires were connected to 
tungs ten  glass seals. 

The procedure was to heat the specimen to temper-  
a ture  rapidly  (2 rain to reach 200~ in ni t rogen pre-  
viously purified by passing over Cu at 400~ followed 
by a l iquid N2 cold trap. The heat ing current  was 
then adjusted to the value required to ma in ta in  the 
specified temperature.  Oxygen at 1800 m l / m i n  (dried 

Fig. 1. Schematic diagram of oxidation cell 

over CaC12) was used to flush out the ni t rogen rap-  
idly. Its entrance into the ceil marked the beginning 
of oxidation. At the end of the oxidation period the 
heating current  was turned off, the reaction vessel was 
rapidly flushed with purified N2 at an ini t ia l  flow rate 
of 4000 ml /min ,  and the specimen allowed to cool in 
N2 to room temperature.  Hydrogen pretreatment ,  when 
carried out, employed purified gas passed over Cu at 
400~ followed by a l iquid N2 cold trap. The specimen 
was first heated to the required  temperature  in N2 
as outlined previously; the reaction vessel was then 
flushed out with H2 and the temperature  main ta ined  
for a specified time. The specimen temperature  was 
then reduced to the temperature  of oxidation, where-  
upon the vessel was flushed with N2 for a period of 
1 rain at 1000 m l / m i n  followed by flushing with O., 
as described previously. Throughout  the sequence of 
operations, based on considerable experience, the tem- 
perature of the specimen was mainta ined by adjust ing 
the heating current  manua l ly  to wi th in  _ I ~  of the 
desired temperature.  

Oxide thickness was determined by coulometric re-  
duction in accord with the technique described by 
Campbell  and Thomas (10). The oxidized specimen 
was attached to a small inver ted glass cell by means 
of a rubber  gasket l ightly covered with stopcock 
grease. A si lver-si lver  chloride electrode located near  
the specimen surface followed potential  change of 
the oxidized Cu surface dur ing  electrolytic reduction 
employing a d-c amplifier and a chart  recorder. The 
cell was filled with deaerated 0.1N KC1, and a con- 
stant  known current  of approximately 0.1 ma / c m 2 was 
main ta ined  with the specimen as cathode, and an aux-  
i l iary Ag wire as anode located outside the cell. From 
the time required to completely reduce Cu20 of den-  
sity 6.0 g/cm 3 on the surface of the specimen, the 
thickness of oxide was calculated to wi thin  at least 
-+-10A. 

Results 
Figure 2 shows the effect of H2 pre t rea tment  on ox- 

idation of filed OFHC copper as a function of time in  
02 at 200~ Oxidation occurs to an appreciably lesser 
extent  after pre t rea tment  of Cu in I-I2 at 350~ for 
1 hr compared to Cu not pretreated. Two-stage log- 
arithmic kinetics applies in either case, the origin of 
which is discussed by Nwoko and Uhlig (11). An 
electropolished Cu single crystal, with exposed (100) 
face also oxidizes in accord with two-stage logarithmic 
kinetics as shown in  Fig. 3. Since most subsequent  
comparative oxidation runs  were carried out at 200~ 
for a fixed time of 20 min, it is seen from Fig. 2 and 
3 that oxide films formed dur ing  this time correspond 
to second-stage oxidation. The effect of H2 pre t rea t -  
ment,  however, is observed in either first- or second- 
stage oxidation. 

Although H2 pre t rea tment  lowers by an appreciable 
factor the oxide thickness formed subsequent ly  on 
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Fig. 2. Oxidation of OFHC polycrystalline copper, filed surface, 
in oxygen at 200~ Pretreatment in hydrogen at 350~ 60 min. 
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Fig. 3. Oxidation of (100) face of copper, electropolished sur- 
face, in oxygen at 200~ 

filed polycrystal l ine surfaces, a similar  large effect is 
not observed for electropolished polycrystal l ine speci- 
mens nor for abraded specimens. The re levant  data are 
listed in  Table I present ing averaged values for the 
number  of given specimens together with averaged 
deviations from the mean. Pre t rea tment  in H2 at 450~ 
lowers oxide thickness formed on filed surfaces by a 
factor of 0.5. On the other hand, N2 pre t rea tment  has 
little or no effect on filed surfaces, but  it does in -  
crease the oxide thickness formed on electropolished 
and abraded surfaces by a factor of 3.7 and 1.7, re-  
spectively. 

The effects of H2 and N2 pre t rea tment  are sensitive 
to crystal  face as shown by data of Table II. Fur ther  
data are needed for adequate quant i ta t ive  evaluation, 
but  the pre l iminary  results as presented indicate con- 
clusively that  the oxide formed on the (100) face is 
reduced in thickness by H2 pre t rea tment  (by a factor 
of 1/3.5), the (111) face is not affected, and the oxide 
formed on (110) is increased in thickness. Nitrogen 

pretreatment ,  on the other hand, has no effect on oxide 
thickness forming subsequent ly  on the (100) face, bu t  
it increases oxide thickness on the (111) and (110) 
faces (by a factor of 5.4 and 11, respectively).  

Specimens not pretreated follow a decreasing oxida- 
t ion rate in  the sequence (100) > (111) > (110) 
which agrees with previously reported results of 
Gwathmey and his collaborators (2, 5, 6). It  is ob- 
served that  this sequence and the differences among 
different faces tend to be obli terated by either H2 or 
Ne pre t rea tment  of the Cu, bu t  with the final oxida- 
t ion rate for H2 pretreated faces fal l ing appreciably 
below that for N2 pretreated faces. The observation of 
Rhodin (12) that  the (110) face at or below 50~ ox- 
idized more rapidly than did the (111) face, opposite 
to our results at 200~ may relate i n  part  to his mea-  
sur ing in some of his experiments  a ma x i mum oxide 
thickness of only 10-15A which lies in the range of 
oxide nuclei  dimensions. It  seems reasonably certain 
that  the mechanism of oxide growth as nuclei  differs 
from that  of its growth as a cont inuous film (13), the 
lat ter  forming at 200 ~ and  1 a tm O3 pressure from in -  
tergrowth of nuclei  wi th in  fractions of a minute  (14). 

The effect of tempera ture  and time of H~ pret reat -  
men t  of (100) Cu on subsequent  oxidation in  O~ for 
20 min at 200~ is shown in  Fig. 4 and 5. P re t rea tment  
for 30 rain is effective above 350~ but  not  below. On 
the other hand, pre t rea tment  for 30 rain at 450~ 
achieved almost opt imum effect on subsequent  reduc- 
tion of oxidation; longer times had only a slight addi-  
t ional effect. 

Discussion 
Data of Table II indicate that  pre t rea tment  of the 

three closest-packed faces of copper in  H2 results in 
an oxidation rate approaching that of the (111) face, 
whereas pre t rea tment  in N2 tends toward an oxidation 
rate approximat ing the (100) face. These effects are 
reversible; in other words, an H2-treated surface sub-  
sequently treated in N2 shows an effect characteristic 
of N2 pre t rea tment  and vice versa. Comparison of 
oxidation rates of Table II with those of Table I show 
that a filed surface appears to exhibit  preferred ori-  
entat ion favoring the (100) face whereas an abraded 
surface favors the approximate (110) face. These ori-  
entations are in accord with an effect of H~ pret reat -  
ment  to decrease oxidation of filed surfaces but  to in-  
crease instead oxidation of abraded surfaces. The ex- 
posed faces of electropolished polycrystal l ine OFHC 
surfaces consist of random orientations of which only 
those few near  (100) are-expected to oxidize rapidly. 
The average behavior  corresponds to other or ienta-  
tions which oxidize slowly approximating (111) and 
(110) for which N2 but  not H2 pre t rea tment  has a 

Table I. Effect of surface preparation and pretreatment on oxidation of polycrystalline OFHC copper 
in 02 (I atm) at 200~ for 20 rain 

O x i d e  t h i c k n e s s ,  A 

S u r f a c e  No  p r e -  No.  of  P r e t r e a t e d  in  H2, No.  of  P r e t r e a t e d  i n  N,~, No.  o f  
p r e p a r a t i o n  t r e a t m e n t  spec .  450~ Y2 h r  spec .  450~ 1/2 h r  spec.  

F i l e d  2029__ .79  5 1035-----15 2 2145~---115 2 
A b r a d e d  1213 _ 58 3 1520 -----60 3 2013 - -  64 3 
E l e c t r o p o l i s h e d  447-----96 3 405__ .78  4 1670---+30 2 

Table II. Effect of pretreatment on oxidation of single crystal copper in 02 (1 atm) at 200~ for 20 min 

O x i d e  t h i c k n e s s ,  A 

E l e c t r o p o l i s h e d  No p r e -  No.  of  P r e t r e a t e d  i n  I ~ ,  No.  of  P r e t r e a t e d  i n  N~, No.  o f  
c r y s t a l  f a c e  t r e a t m e n t  spec .  450~  ~/2 h r  spee .  450~  1/2 h r  spee .  

(I00) 1812 -~ 142 12 513 ____- 83 6 1890"* I 
(111) 370 - -  O 2 400  "*" 80" 2 1995 - -  205  2 
( I i 0 )  180  ~ 20 2 325 ---~ ~5" 2 2 0 2 0 *  ** 1 

* T e m p e r a t u r e  of p r e t r e a t m e n t  w a s  400~  One  s p e c i m e n  of (100)  p r e t r e a t e d  a t  400~ i n s t e a d  of 450~ g a v e  a n  o x i d e  t h i c k n e s s  o f  670A 
i n d i c a t i n g  o n l y  a s m a l l  e f f ec t  of  t e m p e r a t u r e .  

** S p e c i m e n s  p r e t r e a t e d  a t  400~ i n s t e a d  of 450~ g a v e  a n  a v e r a g e  o x i d e  t h i c k n e s s  of 1775A.  
*** O n e  s p e c i m e n  p r e t r e a t e d  a t  400~ i n s t e a d  of  450~ g a v e  a n  o x i d e  t h i c k n e s s  of 2260A.  
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Fig, 4. Effect of temperature of hydrogen pretreatment for 30 
min on oxidation of electropolished (100) face of copper in oxygen 
at 200~ for 20 min. 
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Fig. 5. Effect of time of hydrogen pretreatment at 450~ on 
oxidation of electropolished (100) face of copper in oxygen at 
200~ for 20 min. 

large effect on subsequent  oxidation. 
The present  results can be explained in at least two 

ways: (i) effect of surface impurities,  (ii) rear range-  
ment  of the copper surface (which may be regarded 
as submicroscopic faceting).  The possibility that  the 
present  specimens were surface contaminated by un -  
known elements, the amount  of which var ied with N2 
or H2 pre t rea tment  and with crystal face, cannot  be 
ruled out. This is especially true since only a part ial  
monolayer  of contaminant  is apparent ly  needed to 
appreciably change the oxidation rate, as was pointed 
out by Young et al. (5). Such a layer, for example, 
may change the metal  work function, which on one 
viewpoint  of thin film oxidation kinetics, could have 
a large effect on rate (15). Nevertheless an explana-  
t ion based on surface rea r rangement  is also possible 
and perhaps more probable. For one thing, observed 
reproducibi l i ty  of the pre t rea tment  observations from 
one source of Cu to another  is not characteristic of an 
impur i ty  effect. Fur thermore ,  the effect of pre t rea t -  
merit in N2 or H2 is independent  of the presence or 
absence of grain  boundaries  along which diffusion of 
any suspected impur i ty  would be enhanced, and also 
of gas flow rate which would introduce varying  quan-  
tities of impuri t ies  to an exposed metal  surface. In  
addition, the electropolished (100) Cu surface was 
observed under  the electron microscope (60,000X) to 
roughen after N2 or He pre t rea tment  corresponding 
to faceting of the metal  surface. A systematic similar 
observation of other Cu faces (which remains  to be 
done) is undoubted ly  desirable for reaching a final 
conclusion, nevertheless the occurrence of submicro-  
scopic faceting is made plausible on the basis alone 
of evidence now available. 

The effect of gaseous envi ronments  at elevated tem- 
peratures to produce faceted surfaces of Cu and of 
other metals has been described previously by several 

investigators (16-21). Some explanations of the cause 
are based on preferent ial  evaporat ion or reactivi ty of 
metal atoms, but  more recent ly they have relied in-  
stead on variable  surface energy of crystal planes. 
Accordingly, it is suggested that  the envi ronment  (or 
gas dissolved in the metal)  adsorbs on the metal  sur-  
face reducing surface energy of some crystal  faces 
more than  others. At a sufficiently high temperature,  
the surface metal  atoms bonded to adsorbate are able 
to rearrange themselves so as to favor the face or 
faces of lowest surface energy, resul t ing in micro- 
scopic facets or striations. The favored crystal faces 
vary  with env i ronment  because adsorption on any 
given face also varies with environment .  

If this explanat ion is correct, data of Tables I and 
II can be explained by the abi l i ty  of H2 dur ing  pre- 
t rea tment  to adsorb on Cu, 3 producing facets which, 
according to observed oxidation rates, favor the ap- 
proximate (111) face. Surface diffusion of Cu plus ad- 
sorbate atoms probably occurs at an appreciable rate 
only above 350~ suggesting this as the reason for an 
observed effect of Hs pre t rea tment  for 30 rain also be-  
ginning at this temperature  (Fig. 4). Gwathmey and 
Benton (16), for example, reported that single crystal 
Cu exposed at increasing temperatures  to H2-O2 mix-  
tures began to show facets at or above 360~ On Ag, 
appreciable surface migrat ion of atoms is reported to 
occur beginning at 230~176 and on Au at somewhat 
higher temperatures  (23). Cold working, such as is 
introduced by filing, would be expected to lower the 
tempera ture  at which surface rea r rangement  is first 
measurable.  

Nitrogen, on the other hand, does not chemisorb on 
copper (24) contrary to oxygen which chemisorbs 
even at very low part ial  pressures. A few experiments  
in  the present  series in which hel ium was used instead 
of N2 as the pre t rea tment  atmosphere showed the same 
effect. The influence of N2, therefore, is probably 
equivalent  to vacuum t rea tment  in low-pressure  O2, 
the part ial  pressure of which is established by the 
dissociation pressure of Cu20 at 400~ in the copper 
purification furnace (approximately 10 -18 Torr O2). 
The actual part ial  pressure of O2 in our experiments,  
because of probable nonequi l ib r ium flow rates, was 
undoubtedly  higher. It was never  high enough, how- 
ever, to produce an oxide film showing interference 
colors on a copper surface main ta ined  in flowing N2 
for 2 hr at 450~ It is also possible, in fact, that  any 
oxygen required for faceting may have originated not 
from the N2 gas but  instead from prior lattice dissolu- 
tion of oxygen or from a previously a i r - formed oxide 
film. In  this connection Elam (16) showed that  facet- 
ing of copper in vacuum at 900~176 does not oc- 
cur in absence of oxygen dissolved in  the metal. Ad- 
dition of Cu20 to the melt  or brief previous oxidation 
of the solid metal  was required. In  the complete ab-  
sence of oxygen, therefore, N2 pre t rea tment  of Cu at 
450~ might not  produce faceting and, if so, would 
not affect subsequent  oxidation rates. Exper iments  
along these lines are still to be done. On the other 
hand, pre t rea tment  of specific Cu faces at 450~ in 
pure H2 would be expected to result  in reproducible 
faceting although perhaps of submicroscopic d imen-  
sions (not visible at 1000X). 

Orientat ion studies also support  the occurrence of 
faceting dur ing gaseous pretreatment .  Although facet- 
ing is expected to vary  with temperature  because ad- 
sorption is temperature  dependent,  observed orienta-  
tion of facets on Cu appearing at about 1000~ are not 
unrela ted to those presumably  produced at 450~ the 
orientat ion of which is inferred from present ly re- 
ported oxidation behavior. Robertson (21) found that  
heat ing Cu at 1000~ in H2-H20 mixtures  produces 

3 A l t h o u g h  the re  is  d i f fe rence  of o p i n i o n  as to w h e t h e r  h y d r o g e n  
e h e m i s o r b s  on Cu  (22), i ts  a d s o r p t i o n  in  some degree  a t  450~ i s  
i n d i c a t e d  by a m e a s u r a b l e  i n t e r s t i t i a l  s o l u b i l i t y  in  Cu a t  t h i s  t e m -  
pe ra tu re .  A l t e r n a t i v e l y ,  p r e t r e a t m e n t  in  h y d r o g e n  t h o r o u g h l y  re-  
m o v e s  sur face  o x y g e n  a n d  m a y  be e q u i v a l e n t  in  i ts  e f fe ( t  to p re -  
t r e a t m e n t  of o x y g e n - f r e e  copper  in  u l t r a h i g h  v a c u u m .  
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facets that  a re  t he rmodynamica l ly  s table  near  the 
(111) or ientat ion.  This is a face of low oxida t ion  rate,  
and is also the approx ima te  face which  we conclude is 
fo rmed by I-I2 p re t r ea tmen t  at  450°C. Fo r  Cu hea ted  at  
about  900°-1050°C in low pressure  02 (e.g., 10 -4  Torr )  
severa l  inves t igators  have  r epor t ed  that  resu l t ing  
facets exhibi t  (111) and (100) or ienta t ion  (25-28). The 
(100) face is r ap id ly  oxidizing,  and facets of 
this  p redominan t  or ienta t ion  are  also indica ted  by  the 
present  oxidat ion  ra tes  of Cu p re t r ea t ed  in N2 ( low-  
pressure  02) at  450°C. 

A n  impor t an t  conclusion f rom the present  observa-  
tions is tha t  gas or vacuum t r ea tmen t  of po lyc rys ta l -  
l ine or s ing le -c rys ta l  surfaces p repa red  in the  usual  
manner  can have large  effect on subsequent  thin film 
oxida t ion  behavior .  Since m a n y  previous  inves t iga tors  
employed  H2-annealed  specimens,  the  resul ts  they  
r epor t ed  would  be  expec ted  to differ  f rom those em-  
p loying  vacuum-annea l ed  specimens, accounting pe r -  
haps  for  ini t ia l  oxida t ion  ra tes  tha t  a re  often not  in 
good agreement .  

The fact  tha t  G w a t h m e y  and co-workers  (2, 5, 6) 
found l o w - t e m p e r a t u r e  oxida t ion  ra tes  of Cu to va ry  
wi th  c rys ta l  face in the  same order  as for  our  un-  
t r ea ted  specimens,  despi te  thei r  use of a previous  h igh-  
t empera tu re  H2 anneal ,  suggests tha t  the i r  specimens 
faceted only incomplete ly ,  if at  all,  dur ing  p r e t r ea t -  
ment.  Pe rhaps  exposure  of thei r  Cu specimens to low- 
pressure  O2 dur ing  subsequent  modera te  vacuum out -  
gassing and pre~ious to oxidat ion  counterac ted  ea r l i e r  
exposure  to H2. Lus tman  and Mehl 's  da ta  showing 
a compl ica ted  effect of t e m p e r a t u r e  on l o w - t e m p e r -  
a tu re  oxida t ion  ra tes  of single c rys ta l  copper  (1) m a y  
wel l  have been the resul t  of i r reproduc ib le  facet ing 
dur ing  inc identa l  H2 pre t rea tment .  

Also of in te res t  is the  presen t  observa t ion  that ,  as-  
suming a faceted surface, Cu oxidizes cont inuously  in 
accord wi th  the  newly  crea ted  face or  faces and not  
in accord wi th  tha t  of the  or ig inal  face. This is seen 
f rom Fig. 2 for which the  oxide reaches  a m a x i m u m  
thickness of about  30O0A equiva lent  to consumpt ion 
of me ta l  equal  to 1800A. If  cont inuing oxidat ion  g rad -  
ua l ly  caused revers ion  to the oxidat ion  ra te  of the 
or ig inal  c rys ta l  face, the  logar i thmic  equat ion would  
not  be expected  to hold.  The specula t ive  exp lana t ion  
that  i t  does hold  m a y  res ide  in the  ex t r eme  s tabi l i ty  
of the f i r s t - formed adsorbed  oxygen -me ta l  a tom film 
on any  specific c rys ta l  face. Observat ions  of MacRae 
(29), Fa rnswor th  (30), and others  mak ing  use of low 
energy  e lect ron diffract ion indicate  tha t  the f irst-  
fo rmed  chemisorbed oxygen film on nickel,  for  ex-  
ample,  is t he rma l ly  s table  to a degree  that  i t  survives  
hea t ing  in u l t ra  vacuum up to the  mel t ing  point  of 
Ni (1450°C). 4 Being appa ren t ly  t he rmodynamica l ly  
more  s table  than  the oxide (13), the chemisorbed  
s t ruc ture  persis ts  at  t empera tu res  and pressures  tha t  
cause NiO to disappear .  This unusua l ly  s table  s t ruc-  
ture  suggests  that  the adsorbed  l aye r  is able  to pe r -  
sist or  reproduce  i tself  dur ing  the  oxidat ion  process, 
main ta in ing  the or ienta t ion  of the  r e a r r anged  sur -  
face and es tabl ishing subsequent  thin film oxidat ion 

A s i m i l a r  s tab le  c h e m i s o r b e d  o x y g e n  f i lm on Cu can  be i n t e r -  
p re t ed  as  f o r m i n g  on t he  (100) face in  p r e f e r e n c e  to Cu20 a f t e r  
h e a t i n g  a t  800°C in  1 x 10 -~ T o r r - m i n  02 as r e p o r t e d  b y  M i t c h e l l  
et  al. (31). T h e  a u t h o r s  a s s u m e  t h a t  absence  of ox ide  is caused  b y  
solubil i ty  of  o x y g e n  in  so l id  Cu. 

rates.  Were  i t  not  for  this s tabi l i ty ,  the effect of face t -  
ing on thin  film oxidat ion  should be t e m p o r a r y  and 
should pers is t  only  unt i l  most  of the meta l  const i tu t -  
ing the  facets is consumed by  oxidat ion.  
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The Anodic Deposition of Iron Oxide Films on Iron 
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ABSTRACT 

The anodic deposition of iron oxide films on passive iron polarized at +300 
mv in boric acid/sodium borate solutions, at pH 7.52, containing ferrous ions 
has been investigated. The deposition takes place with a current efficiency of 
100% based on the reaction Fe + +(i) -- e-o -* Fe ++ +(s). The kinetics of the 
anodic deposition could be divided into two consecutive regions, an initial 
stage characterized by the formation of a film with the thickness of a unit cell, 
followed by a steady growth region where the rate of deposition is dependent 
on the ferrous ion concentration in the solution and the oxide layer thickness. 
Both the anodic current densities and the cathodic reduction behavior indicate 
that the deposited iron oxide film is different from the film formed by anodic 
oxidation of metallic iron in terms of both electronic conductivity and chemi- 
cal composition. 

In a previous study (1) it was found that  iron could 
be anodically passivated in a neutra l  borate  solution 
and that  the thickness of the film var ied  f rom 8 to 30A. 
It was also observed (2) that  thicker  films could be 
formed if the iron was t reated anodically in the neu-  
t ral  borate  solution containing ferrous ion. 

In this paper  a more complete  invest igat ion of this 
process of anodic oxidation of ferrous ion to form a 
solid film has been made. Similar  processes are known 
for the anodic formation of lead dioxide (3) and man-  
ganese dioxide (4) f rom their  respect ive ions in solu- 
tion. Our investigations indicate that  the kinetics of 
anodic deposition of iron oxide could be divided into 
two regions; an init ial  stage, and the s teady growth 
region, where  the rate  of deposition depends only on 
the ferrous ion concentrat ion in solution and the oxide 
layer thickness. Cathodic reduct ion exper iments  in-  
dicate that  there  is a difference in compositions be- 
tween the deposited oxide and that  formed by direct 
anodic oxidation of metal l ic  iron. 

Experimental  
Apparatus.--The apparatus (Fig. 1) consisted of an 

electrolytic cell wi th  storage vessels, ni t rogen purifi-  
cation unit, and electr ical  equipment.  

The electrolytic cell  was of a cyl indrical  shape and 
had a working volume of ca. 40 ml. At the bot tom 
of the cell an outlet  was provided with  two three-  

1 N,R.C. P o s t d o c t o r a t e  l~esearch Fe l low.  P r e s e n t  address :  Sci-  
ent i f ic  Resea rch  Labora to r i e s ,  F o r d  M o t o r  C o m p a n y ,  Dea rbo rn ,  
Mich igan .  

J 

E 

i 
Fig. 1. Schematic diagram of apparatus: A, electrolytic cell; 

B, specimen; C, counter electrode; D, reference electrode; E, 
bubbler; F1, F2, storage vessels; I, flowmeter; J, nitrogen purifica- 
tion unit; K, battery; M, microammeter; N, variable resistance; 
O, switch galvanostatic-potentiostatic polarization; P, potentio- 
stat by Wenking; w,c,r, terminals for working, counter, and refer- 
ence electrode; Rt, P,2, R3, chart recorders; S, system for water 
circulation at constant temperature. 

way solution lubricated stopcocks for solution t rans-  
fer f rom two storage vessels to the cell and for re-  
moval  f rom the cell  for  analysis. The  storage vessels 
had a capacity of 2 l i ters each, one for s tandard solu- 
tion and the other  for solution containing ferrous ions. 
In the side of the cell  were  two tubes for the inlet  of 
nitrogen. One tube, close to the bot tom of the cell, 
had a sintered glass-disk sealed in its top, providing a 
fine and uni form bubbl ing of ni t rogen through the 
solution in order to avoid concentrat ion changes of 
ferrous ion at the electrode dur ing the electrolysis. The 
other  tube, enter ing the cell  above the surface of 
solution, enabled the introduction of ni trogen into the 
cell and electrolysis wi thout  stirring. The outlet  for 
ni t rogen was bui l t  into the ba l l - jo in t  cap on the 
top of the cell. The specimen (working electrode) was 
suspended on a tungsten wi re  sealed into the middle  
of a ba l l - jo in t  cap. A set of four p la t inum wires 1.5 
mm in diameter  (counter  e lectrode)  wi th  a total  area 
of about 12 cm 2 was placed ver t ica l ly  into the cell 
surrounding the specimen uniformly.  A saturated calo- 
mel  electrode was used as the reference electrode and 
was connected wi th  the cell by an electrolytic bridge, 
filled with the s tandard solution. The cell  was sur-  
rounded by a wa te r - j acke t  through which wate r  at 
25 ° ± 0.2°C was circulated.  

The solutions in the cell  and in the storage vessels 
were  kept  under  a s t ream of purified nitrogen. High-  
pur i ty  tank ni t rogen with an oxygen content  of less 
than 20 ppm was fur ther  purified by passing through 
two washing bottles filled wi th  Feiser 's  solution and 
a column filled wi th  act ive copper  spread on infusorial  
ear th  (5) main ta ined  at 205°C. To obtain repro-  
ducibil i ty of s t i r r ing by the bubbling of ni t rogen 
through the solution in the cell  a f iowmeter  was in- 
serted in the ni t rogen l ine in f ront  of the cell. The vol-  
ume of ni trogen passed through the par t icular  s intered 
glass bubbler  was a re la t ive  measure  of stirring. 

A potentiostat,  a galvanostat ,  and recorders  were  
used. Anodic polarizat ion was carr ied out wi th  a Fast  
Rise Potentiostat  61 R by Wenking. The  vol tage ampli -  
fication factor is 104 , and in terna l  resistance less than 
0.01 ohm (range 0-50 kc) ,  r ise t ime 10 -6 sec. Limits  
for output  voltage and output  current  are _ 2 0 v  and 
___300 ma, respectively.  For  cathodic reduct ion exper i -  
ments a galvanostat  consisting of a 12v ba t te ry  and a 
var iable  large resistance was used. 

The change of cur ren t  wi th  t ime during potent io-  
static oxidation was recorded as vol tage ohmic drop 
across a resistance of 100 ohms inserted in the current  
circuit. A Brush Recorder  Mark  II Model RD 2521 00 
wi th  0.01-sec rise t ime and chart  speed of 125 mm/sec  
was used for the init ial  rapid change of cur ren t  
and then recording was switched over  to an L&N 
Speedomax type G recorder  ( range 0-1.0 mv, rise t ime 
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1 sec, chart  speed 1.5 mm/sec)  with a four-s tep voltage 
at tenuator  (ranges 100-50-10-1), following the change 
of current  very precisely. The potential  change with 
time dur ing  galvanostatic cathodic reduct ion was also 
recorded by an L&N Speedomax type G recorder  
(range 0-50 mv, chart  speed 0.38 mm/sec)  using a 
corresponding voltage a t tenuator  covering a measur-  
ing range 0-1000 my. 

Materials.--Specimens lx5 cm and 0.0375 cm thick 
with small  handles were cut f rom Ferrovac E 2 iron 
sheet and mechanical ly polished with emery papers 
through to 4/0. The specimens were then electro- 
polished in an electrolyte containing glacial acetic 
acid and 70% perchloric acid (20:1) at 0.4-0.5 amp/  
cm ~, 105 ___ 5v d.c. and star t ing temperature  of 15°C 
(6). To avoid overheating, electropolishing was car- 
r ied out by 10-sec bursts, and a very  smooth surface 
was obtained usual ly  after 5-6 bursts. Then the speci- 
men was annealed at 700°C in hydrogen and electro- 
polished again by 2-3 10-sec bursts. For  the pre l imi-  
na ry  oxidation and for cathodic reduction of the 
oxide layer, a s tandard solution containing 0.15N boric 
acid and 0.15N sodium borate (1:1),  pH ---- 8.41 was 
used. Oxygen dissolved in  the solution was removed 
by prolonged bubbl ing  with purified ni t rogen in the 
storage vessel. The solutions containing ferrous ion 
were prepared in the other storage vessel by potentio- 
static dissolution of h igh-pur i ty  iron sheet at --650 to 
--700 my in a 5:1 mixture  of 0.15N boric acid and 
0.15N sodium borate, pH ---- 7.52. As a counter  elec- 
trode for i ron dissolution, a p la t inum sheet of the same 
area was used. To prevent  the precipitat ion of ferric 
hydroxide even in the presence of traces of oxygen, 
purified ni t rogen was forced through the solution be- 
fore, during, and after dissolution of iron. The con- 
centrat ion of ferrous ions in solution was estimated 
approximately from total cur rent  passed dur ing elec- 
trolysis. 

Procedure.--Specimens were prepared for deposition 
by first cathodically reducing the oxide on the electro- 
polished specimen and then  anodically oxidizing at 
+300 m y  for 30 rain in the s tandard solution (7). 
This forms a film of oxide approximately 25A thick 
and  provides a un i fo rm reproducible surface for de- 
position (1). The standard solution was then replaced 
by the solution containing ferrous ions, and anodic 
oxidation was cont inued at +300 mv  for 60 rain. In  
order to main ta in  a constant  ferrous ion concentrat ion 
difference between the bulk  of the solution and the 
metal  oxide-solution interface dur ing  the oxidation, 
the solution was stirred by bubbl ing  with a ni t rogen 
flow of 43.0 ml /min ,  at 1 atm and 21°C. Immedia te ly  
before and after anodic oxidation a sample of the solu- 
tion from the cell was taken  for analysis. Afterwards 
the cell and the specimen were washed out at least 
three times with the s tandard solution in order to 
remove any  ferrous ion which remained. Cathodic re -  
duction of the i ron oxide layer  from the specimen was 
then carried out in the s tandard solution with a con- 
stant  c.d. of 10 ~a/cm 2, unt i l  the second wave of the 
cathodic reduction curve was completed (2). After  
any desired period of t ime of the cathodic reduction, 
solution could be taken from the cell and analyzed for 
content  of ferrous ion. 

All  potent ial  data reported in  this paper are re-  
ferred to the saturated calomel electrode. Both change 
of current  wi th  t ime dur ing anodic oxidation and 
change of potential  with t ime dur ing  cathodic reduc-  
t ion were followed by chart  recorders. I ron was ana-  
lyzed by an  or thophenanthrol ine  method (1), the ac- 
curacy of which is about  --+_1%. 

ZFerrovac  E is the  t r ade  n a m e  o£ h i g h - P u r i t y  i r on  p r o d u c e d  by  
V a c u u m  Meta l s  Co rpo ra t i on ,  D i v i s i o n  of  C r u c i b l e  S tee l  C o m p a n y  
of  A m e r i c a  (C--0.007, O---0.015, N--0.0003,  Mn---0.005, Si---0,008, 
1=---0.003, S ~ 0 . 0 0 6 ,  Ni--0.005,  Pb - -0 .00 ! ,  S n < 0 . 0 0 1 ,  Cr<0 .003 ,  Va 
<0.004, Al<0.005,  Mo<0,006,  Co<0.005, Cu<0.003% b y  w e i g h t ) .  
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Fig. 2. Change of c.d. with time during preliminary oxidation 
at + 300 my. 

Results 
Preliminary ~x/dat ion.--The reduced specimen was 

oxidized in  the s tandard solution at a constant  poten- 
t ial  of -5300 my, for 30 min. The change of c.d. 
with time was recorded (Fig. 2). The total charge 
passed dur ing  oxidation was calculated by  graphic 
in tegrat ion of the curve and found to be 4.993 mC/cm 9-. 
This value is in a very  good agreement  with the pre-  
vious results (7). In  order to check the na ture  of the 
oxide film, the specimen was reduced with a constant  
cathodic c.d. of 10 #a/cm ~. A typical  cathodic reduction 
curve obtained (Fig. 4, curve 3a) also indicated that  
the surface oxide film developed by pre l iminary  oxi- 
dation was essential ly of the same type as described 
previously (1, 2, 7). These anodically oxidized speci- 
mens, with a film of about  25A of oxide were used as 
"standard specimens" for all  fur ther  anodic deposition 
work. 

Anodic oxidation in solutions containing ;ferrous 
ions.--The standard specimens were then anodically 
oxidized in solutions with various concentrat ions of 
ferrous ions, at constant  potential  of +300 my. 3 This 
passive region potential  was chosen so that  it was high 
enough to avoid dissolution of oxide or iron, and 
low enough to avoid oxygen evolution (1). The 
changes in the anodic current  densities with t ime for 
eight solutions with various concentrat ions of ferrous 
ions are shown in  Fig. 3 as log/~-log ta curves. It  can 
be seen that a rapid current  decrease is immedia te ly  
followed by an arrest  or plateau whose length de- 
creases with increased ferrous ion concentrat ion in the 
solution. At the end of this period the cur ren t  then 
decreases slowly and  is dependent  on both the total 
oxide thickness and the ferrous ion concentrat ion in  
the solution. 

The total charge passed dur ing  anodic oxidation in 
solutions conta in ing ferrous ions was obtained by 
graphic integrat ion of the corresponding curves. As-  
suming that  dur ing  anodic polarization the oxidation 
of Fe + + to Fe + + + occurs, it is possible, f rom the de- 
crease in  the concentrat ion of ferrous ion in solution, 
to calculate the amount  of charge which should pass 
dur ing  the oxidation. The calculated and the observed 
amount  of charge are in  very  good agreement  (Table 
I) and thus show that  dur ing  anodic oxidation in 
the presence of ferrous ions, the reaction 

Fe + +¢D - -  e -o  ~ Fe + + +cs~ [1] 
8 To check  the  r i se  t i m e  to t he  a p p l i e d  c o n s t a n t  p o t e n t i a l ,  a 

T e k t r o n i x  Mode l  545 osc i l loscope  w a s  i n s e r t e d  in  t he  m e a s u r i n g  
c ircui t  in  some e x p e r i m e n t s ,  a n d  the  r i se  of t he  p o t e n t i a l  was  fo l -  
l o w e d  u s i n g  a t i m e  sweep  of  0.01 sec /cm.  A r e c t a n g u l a r  t r a n s i e n t  
was  o b s e r v e d  o n  t he  sc reen  of  t he  osci l loscope,  i.e,, a c o n s t a n t  
p o t e n t i a l  of  4 300 m y  i s  r e a c h e d  in  a sho r t e r  t i m e  t h a n  t he  rise  
t i m e  o f  t he  recorder .  
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Table I. Amount of charge passed in comparison to the amount of charge calculated from the decrease 
in the concentration of ferrous ions during anodic oxidation at + 3 0 0  my, 60 min, pH = 7.52 

July 1967 

E x p .  
NO. 

C o n c e n t r a t i o n  Axnoun~ of  A m o u n t  of  A m o u n t  
[Fe  ++] m o l e / l i t  A m o u n t  of f e r r o u s  ions  [#g]  f e r r o u s  ions  of  c h a r g e  Qa eal 

c h a r g e  p a s s e d  u s e d  d u r i n g  c a l c u l a t e d  
F i n a l  DQa ~ [mC] S t a r t i n g  F i n a l  o x i d a t i o n  [/s Qa eal [me] DQa ~ S t a r t i n g  

0.555 x I0-4 
0.835 x 10-4 
0.994 x I0 -~ 
1.620 x 10-4 
2.490 x I0-, 
3.210 X 10-4 
3.780 x 10 -4 
6 . 0 3 0  x 1 0 - ~  

0.265 X 10 -4 110.16 115.1 54.9 60.2 104.0 0.942 
0.431 x 10-4 144.02 171.4 88.3 83.1 143.7 0.998 
0.575 x 10-4 160.90 208.0 120.5 87.5 151.2 0.941 
1.080 X 10 -4 201.69 339.2 226.7 112.5 194.5 0.965 
1.760 • l 0  t 271.94 521.5 369.0 152.5 263.5 0.970 
2.404 x 10 -~ 293.81 671.5 504.0 167.5 289.5 0.986 
2.880 x l 0  t 334.18 800,0 610.5 189.5 327.5 0.980 
4.850 x 10-4 417.00 1266,0 1016.0 250.0  432.0  1.036 

Table II. Change of color with thickness of the iron 
oxide layer on iron 

T o t a l  t h i c k n e s s  

TQa, m C / c m  s A Color  

11.5 133,5 g o l d i s h  - g r a y  
13.5 167.0 l i g h t  - g r a y  
15.5 200.0 g r a y  
16.5 216.5 d a r k  - g r a y  
18.4 248.0 b l u e i s h  - g r a y  
19.4 264.5 g r a y i s h  - b l u e  
23.6 334.0 g r a y i s h  - g r e e n  
28,4 413.0 g r e e n  
31.4 462.5 y e l l o w i s h  - g r e e n  
38.2 575.5 p i n k i s h  - v i o l e t  

takes place with an efficiency very close to 100%. Dur-  
ing anodic oxidation no precipitat ion either in the 
solution or elsewhere was observed, and the oxide 
thickness on the iron specimen increased as noted by 
changes in interference colors. Hence it was concluded 
that  all of the ferrous ion was oxidized to form a solid 
ferric oxide (not necessarily anhydrous)  on the speci- 
men. This process can be described as the electro- 
chemical deposition of i ron oxide. The charges passed 
dur ing anodic oxidation in both the pre l iminary  oxida- 
tion and the anodic deposition are proport ional  to the 
thicknesses of films formed. The thickness of oxide 
formed dur ing  anodic oxidation of i ron (pQ~) was cal- 
culated from the equation 

2Fe + 3H20-> Fe2Oa + 6H + + 6e-o [2] 

1000(  
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Fig. 3. Changes of the anodic c.d. with time for solutions with 
various concentration of ferrous ion, Ea = -t-300 my. 

Experiment No. Starting [Fe + + ] mole/I 

1 6.030 X 10 - 4  
2 5.410 X 10 - 4  
3 3.210 X 10 - 4  
4 2.490 X 10 -  4 
5 1,620 X 10 - 4  
6 0.994 X 10 - 4  
7 0.835 X 10 - 4  
8 0.555 • 10 - 4  

The thickness of oxide formed dur ing  anodic deposi- 
t ion (DQa) was calculated from Eq. [1] assuming a 
solid product of Fe~O3 with a densi ty of 5. The total  
oxide thickness (TQa) is the sum of these two. The 
var iat ion of color wi th  thickness is given in  Table II. 

Cathodic reduction of iron oxide layer.--The i ron 
oxide layers formed on the specimens dur ing  anodic 
oxidation in solutions containing ferrous ions were 
cathodically reduced in  the s tandard solution at a 
constant  c.d. of 10 ~a/cm 2 The cathodic reduct ion 
curves for three specimens with various thicknesses of 
i ron oxide layers are shown in  Fig. 4. All  curves have 
two typical arrests, one corresponding to reduct ion of 
ferric oxide and the other to reduct ion of magneti te  as 
was shown earlier (1). The first arrests are very  long, 
depending on the thickness of the oxide layer,  i.e., on 
the amount  of ferric oxide in  the oxide layer. The 
cathodic current  efficiency for reduction of ferric oxide 
to ferrous ion (first arrest) for all three experiments  
is lower than 100% (Table  I I I ) .  

The second arrests show some prolongation in com- 
parison with second arrests obtained by cathodic re-  
duction of the surface oxide film developed by pre-  
l iminary  oxidation on the same specimens (Fig. 4). 
Assuming that the current  efficiency for the reduction 
of magneti te  to ferrous ion is 42% (1), it is possible to 
calculate the addit ional  amount  of magnet i te  formed 
dur ing  the deposition from the addit ional  charge re- 
quired to reduce the magneti te.  Measured and calcu- 
lated data are given in  Table III. 

Discussion 
The exper imental  results show that  the anodic dep- 

osition of iron oxide at constant  potential  (Fig. 3) can 
be divided into two parts. First, an  ini t ial  region 
characterized by a rapid current  decrease immediate ly  
followed by a plateau (arrest) ,  and second, a steady 
growth region where the logari thm of the current  
density changes approximately l inear ly  wi th  loga- 
r i thm of time. 

Initial region.--The first step in  the ini t ial  region 
(Fig. 5) is the charging of the double layer.  With an 

- ioo 

-200 

,E. 

~ 237 
�9 ~ -5oc 

~-60C 

o -7oc 

2 3 
- 80C 

; ', ~ '~ , ~ , , , , ,, ,,, ,' ,,3 - ,, 
AMOUNT Of CHARGE 0r [mC/crn z] 

Fig. 4. Cathodic reduction curves for three specimens with vari- 
ous thicknesses of iron oxide layers. 1, TQa ~ 16.02 mC/cm~; 2, 
rQa = 25.17 mC/cm2; 3, TQa ~ 38.24 mC/cm2; 3a, cathodic 
reduction curve for specimen No. 3 after preliminary oxidation. 
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Table III. Relationship between thickness of deposited layer and its cathodic reduction behavior 

No. 

O x i d a t i o n  R e d u c t i o n  

A m o u n t  of  c h a r g e  p a s s e d  
(b) C a t h o d i c  

S t a r t i n g  (a) d u r i n g  d e p o s i t i o n  c u r r e n t  e f f i c i ency  
c o n c e n t r a t i o n  to ta l  of  i r o n  o x i d e  f o r  r e d u c t i o n  of  

o f  ~e++, rea ls /1  TQa, m C / c m  2 DQa, m C / c m  = Fe2Os, % 

A d d i t i o n a l  a m o u n t  
of  c h a r g e  c a l c u l a t e d  
f r o m  p r o l o n g e d  p a r t  

of 2rid a r r e s t  
~dQe, m C / e m ~  

1 O 5.00 0 100 0 
2 0.555 X 10-4 16.02 11.02 91 0.264 
3 1.62 × 10 -4 25.17 20.17 62 0.352 
4 4.08 × 10 ~ 38.24 33.24 76 0.475 

E x p e r i m e n t  No.  1 i s  t y p i c a l  o f  a s p e c i m e n  o x i d i z e d  b y  t h e  p r e l i m i n a r y  o x i d a t i o n .  

efficient potentiostat  this process should take place in  
a short t ime at high current  density (8, 9) and should 
follow the equation 

~E 
i = CD " [3] 

At 
i"  A t = C D .  ~E [4] 

~ Q  = CD" ~E [5] 

where CD is the double layer  capacity and AE the 
potential  change. If we assume a double layer  capacity 
of 20 gF/cm 2 the corresponding charge is 6 ~C/cm 2. 
If one takes the max imum current  density from Fig. 5, 
the t ime required to charge the double layer is 10 -2 
to 10 -a sec. This shows that the charging of the double 
layer takes place at the very beginning  of the measur-  
ing region and that the n u m b e r  of coulombs required 
is small  in  comparison to the total amount  of charge 
used in  the ini t ial  region. 

In the ini t ial  deposition region there is a rapid de- 
crease of current  density followed by a p]ateau (Fig. 
5). The total charge passed in this period 4 is essentially 
the same for all concentrat ions of ferrous ions. How- 
ever both the current  density and the t ime to pass this 
constant  charge are dependent  on the ini t ial  concen- 
trat ion of ferrous ion in  the solutions. The total 
charge corresponds to the formation of 4.55 gg Fe~O3 
and assuming a density of 5 a thickness of 9A. This 
corresponds to about 1 uni t  cell of Fe208. This amount  
of deposited iron is insufficient to cause any real  
change in the concentrat ion of ferrous ion in  the 
solution in the ini t ia l  region. Hence the rapid decrease 
in cur ren t  density must  be due to the fact that the 
resistance of the deposited film is considerably larger 
(by orders of magni tude)  than that  of the film formed 
by anodic oxidation of the metal. The current  plateau 

¢ T h e  i n t e r s e c t i o n s  of  t h e  e x t r a p o l a t e d  l i ne s  f r o m  t h e  s t e a d y  
g r o w t h  r e g i o n  and  t h e  p r o l o n g e d  a r r e s t  l i n e s  a r e  u s e d  f o r  t h e  ca l -  
c u l a t i o n  of  t h e  a m o u n t  of  c h a r g e  i n  t h e  in i t i a l  r eg ion .  

I-~IE I000 ~ 
2 

~-- ]00 
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Lo f l l 
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TIME t o {seconds) 

Fig. 5, Change of c.d. with time in initial region. Starting con- 
centration of ferrous ion: 1, 5.410 X 10-  mole/l; 2, 3.470 X 10-  
mole/l;  3, 1.620 X 10 -  mole/l;  4, 1.000 X 10 -  mole/l;  .5, 
0.555 X 10 -  mole/1. 

region which is then followed by a steady growth re-  
gion, is probably due to the fact that  pores in the 
oxide are not closed unt i l  a full  un i t  cell thickness 
is formed. It should be noted that  dur ing  anodic dep- 
osition the conduction process in  the film is electronic, 
i.e., electrons are t ransferred across the oxide to the 
metal. Both the ini t ia l  and final cur rent  densities in  
the ini t ia l  growth region are orders of magni tude  
greater than  the final cur ren t  density dur ing  pre-  
l iminary  oxidation (Fig. 2) and hence electronic con- 
ductivity of the anodically formed film is much greater 
than the ionic conductivity. 

Steady growth region.--As can be seen in  Fig. 3 in 
the steady growth region the logari thm of the current  
density varies inversely with the logari thm of time. 
In Fig. 6 is shown the rate of growth of the film at 
various start ing concentrat ions of ferrous ion. Al-  
though there is a general  decrease in the rate of 
growth of the film with t ime the curves do not  fit any 
general  law. This is probably due to the fact that  the 
current  density decreases due to more than one factor. 
The major  decrease in  current  density is due to an 
increase in the resistance as the film grows. This in -  
crease in resistance leads to a change in potential  at 
the oxide fi lm-solution interface and hence a decrease 
in current  density. A second complicating factor is 
the decrease in  solution concentrat ion dur ing  deposi- 
tion. This decreases the overpotential  for the deposi- 
t ion reaction and hence the rate of deposition. The 
major  effect is probably that  of resistance of the film 
and the distr ibution of potential  drops between the 
metal  substrate and the solution. 

Cathodic reduction.--The cathodic reduction curves 
(Fig. 4) show two arrests. The first arrest corresponds 
to the reduct ion of "ferric oxide" to ferrous ion in 
solution following the reaction 

Fe+++(s) + e-o---> Fe+ +(l) [ 6 ]  

The current  efficiency for the reduct ion (Table III)  
of the deposited oxide is less than for the oxide formed 
by  the anodic oxidation of the iron. The current  ef t -  

4( 
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Fig. 6. Change of amount of charge (equivalent for thickness) 
with time for the same experiments presented in Fig. 3. 
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Fig. 7. Relation between the additional amount of charge used 
for reduction of magnetite and the amount of charge passed dur- 
ing anodic deposition of iron oxide for 60 min. 

ciency decreases as the thickness of the film increases. 
This indicates that  the deposited film is different from 
the pre l iminary  film obtained by the oxidation of 
iron. This conclusion is also supported by the rapid 
change in film resistance which is observed dur ing  the 
deposition experiments.  A more detailed discussion of 
the composition of the deposited film will  be presented 
in a subsequent  paper  (10). 

The second arrests of the cathodic reduct ion curves 
(Fig. 4) show some prolongation in  comparison with 
the cathodic reduct ion curves obtained after pre l imi-  
na ry  oxidation for the same specimens. This means  
that  dur ing  anodic oxidation in solutions containing 
ferrous ion (deposition of i ron oxide) an  addit ional 
amount  of magnet i te  is also formed. 

The addit ional  amount  of magnet i te  formed dur ing 

anodic deposition of i ron oxide increases wi th  the 
amount  of charge passed dur ing  deposition (Table 
III) .  If the addit ional amount  of charge AdQc (cor- 
responding to addit ional  amount  of magnet i te)  is 
plotted vs. the amount  of charge passed dur ing  dep- 
osition DQa, a straight l ine is obtained (Fig. 7). The 
relat ion be tween AdQc and DQa could be expressed 

AdQc = A . nQa -~ B [7] 
where A = 0.956 x 10 -2 and B -~ 0,.159 mC/cm 2 are 
constants obtained experimental ly.  

The formation of the addi t ional  magnet i te  dur ing  
the anodic deposition of iron oxide can be explained by 
a flow of iron from the substrate  to the oxide layer  
where  the probable reaction 

Fe -F 4Fe203 "--> 3Fe~O4 [8] 
occurs. 

Manuscript  received Ju ly  25, 1966. 

Any  discussion of this paper  will  appear in  a Discus- 
sion Section to be published in  the June  1968 JOURNAL. 

REFERENCES 
1. M. Nagayama and M. Cohen, This Journal ,  109, 

781 (1962). 
2. M. Nagayama and M. Cohen, ibid., 110, 670 (1963). 
3. A. I. Zaslavskii, Yu.D. Kondrashov, and S. S. 

Taklachev, Doklady Akad. Nauk, SSSR, 75, 559 
(1950). 

4. D. T. Ferrell ,  Jr., and W. C. Vosburgh, This Jour -  
nal,  98, 334 (1951). 

5. R. Fricke and J. Kubach,  Z. Elektrochevn., 53, 
76 (1949). 

6. P. B. Sewell, C. D. Stockbridge, and M. Cohen, 
Can. J. CheM., 37, 1813 (1959). 

7. N. Sato and M. Cohen, This Journal, U l ,  512 
(1964). 

8. H. Gerischer, Z. Elektrochem., 59, 604 (1955). 
9. K. J. Vetter, "Elecktrochemische Kinet ik ,"  p. 287, 

Springer-Verlag,  Berlin,  GSttingen, Heidelberg 
(1961). 

10. V. Markovac and M. Cohen, This Journal, 114, 
678 (1967). 

The Anodic Deposition of Iron Oxide Films on Platinum 

V. Markovac 1 and M. Cohen 

Division of Applied Chemistry, National Research Council, Ottawa, Ontario, Canada 

ABSTRACT 

The anodic deposition of iron oxide films on platinum from borate solu- 
tions containing various concentrations of ferrous ion was studied. The kinetics 
of deposition was essentially identical with the kinetics found using passive 
i ron as a substrate. The film is not simple anhydrous  or hydra ted  i ron oxide 
but  also contains some borate ion. On heating the film in  vacuo hydrated  boron 
complexes are dr iven off. The residue, after heat ing to 800°C is a-Fe~O3. 
These facts indicate that  the film is formed by the oxidation of a ferrous 
borate type complex to an insoluble ferric hydroxy borate at the f i lm-solution 
interface. The anodically deposited film is different both electrically and 
chemically from the film formed by the anodic oxidation of metall ic iron. 

It was shown in the previous paper (I) that the 
anodic oxidation of passive iron in solutions contain- 
ing ferrous ions leads to the formation of "iron oxide" 
in which all iron is in the ferric state and originates 
from the solution. Such an anodic process is the elec- 
trochemical deposition of iron oxide, and it should be 
expected that a similar deposition will also take place 
on metals or conductors other than iron. The anodic 
deposition of metallic oxides on metals other than 

1N.R.C.  Postdoctorate  Research Fe l low.  P r e s e n t  add re s s :  Sc i en -  
t i f ic  Research Laboratories,  Ford Motor C o m p a n y ,  D e a r b o r n ,  M i c h -  
i g a n .  

the metallic component in the oxide, has also been re- 
ported in the cases of lead dioxide (2, 3) and mangan- 
ese dioxide (4, 5). 

In the present work the anodic deposition of iron 
oxide on a platinum specimen from solutions con- 
raining various concentrations of ferrous ion was 
studied. These investigations show that the deposition 
of iron oxide on a platinum specimen takes place in a 
manner similar to that which was observed on the 
passive iron (1). The composition of the deposited 
film was studied using weight increase, mass spec- 
trometry, x-ray diffraction, and chemical analysis. 



Vol .  114, No.  7 A N O D I C  D E P O S I T I O N  O F  I R O N  O X I D E  F I L M S  679 

Experimental 
The apparatus consisting of an electrolytic cell with 

storage vessels, n i t rogen purification unit ,  and elec- 
trical devices was the same as that  presented in  the 
preceding paper  (1). 

Smooth p la t inum sheets of 1 x 5 cm and 0.0127 cm 
(0.005 in.) thick, with small  handles, were used as 
specimens. After  degreasing in methanol  and  heat ing 
for a few seconds, in  an ordinary  oxidizing flame, the 
specimens were annealed in  a hydrogen atmosphere at 
2 Tort,  at 900°C, for 24 hr. Before and after anneal ing  
there was no change in the weight of the plat inum. 
The electron diffraction pat tern  after anneal ing  was 
characteristic of a clean p la t inum surface. 

The specimens were anodical ly oxidized at a con- 
stant  potential  of 4-300 mv  in a solution of 0.15N boric 
acid and 0.15N sodium borate (5:1),  pH -~ 7.52, with 
various concentrat ions of ferrous ion. Before and after 
anodic oxidation, the solutions from the cell were 
analyzed for ferrous ion. The change in the weight 
of the specimens resul t ing from anodic deposition of 
i ron oxide was determined by weighing on a micro 
balance wi th  an  accuracy of --+2 x 10-6g. After  anodic 
deposition the specimens were either cathodically re-  
duced or chemically dissolved, or heated in an u l t ra  
high vacuum furnace. The cathodic reduct ion of the 
deposited i ron oxide on the p la t inum specimen was 
carried out galvanostat ical ly in the s tandard solution 
(equivolume mixture  of 0.15N boric acid and 0.15N 
sodium borate, pH = 8.41) (1). With some specimens, 
the i ron oxide layer  was dissolved in  about 60 ml  of a 
mix ture  of hydrochloric acid and water  (1:4).  This 
solution was analyzed for ferrous ion by the o -phenan-  
throl ine spectrophotometric method. The heat ing of 
the specimen with the i ron oxide layer  was carried 
out in an u l t ra  high vacuum furnace by increasing 
the tempera ture  gradual ly  up to 800°C. The pres-  
sure was of the order of 10 -7 Tort.  Dur ing  the heating, 
the evolut ion of some gases was followed by an AEI 
Mass Spectrometer Type MS 10. 

Results and Discussion 
Anodic deposition of iron oxide . - -The pla t inum 

specimens were anodically polarized at a constant  
potential  of -5300 mv  in solutions containing various 
concentrat ions of ferrous ion. The change in  the 
anodic cur ren t  density with t ime is shown in  Fig. 1. 
The curves are  very  s imilar  to those obtained by dep- 
osition on passive iron (1) and are characterized by  
an ini t ial  region in  which the rapid current  decrease is 
immediate ly  followed by an arrest, and after a t rans i -  
t ion period, a steady growth region. The total amount  
of charge passed dur ing  anodic oxidat ion was deter-  
mined by graphic in tegrat ion of the exper imental  
curves of cur ren t  density vs. time. The ratio between 
the calculated amount  of charge 2 and that  obtained 
experimental ly,  is very close to one (Table I).  This 
confirms the fact that  the anodic process on p la t inum 
at -5300 my  in a solution containing ferrous ion is 
the deposition of an  i ron oxide in  which all the iron 

C a l c u l a t e d  f r o m  the decrease i n  t he  f e r rous  ion  c o n c e n t r a t i o n  
d u r i n g  o x i d a t i o n ,  a s s u m i n g  t he  r eac t i on  Fe++ -- e-o ~ Fe+*+ (1). 
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Fig. 1. Changes in the anodic c.d.'s with time during the deposi- 
tion of iron oxide on the platinum from solutions with various 
ferrous ion concentration, Ea = - ] -300  my. 

Experiment Starting [Fe + + ] 
No. mole/I 

1 6.090 x 10-4 
2 4.980 x 1 O-  4 

3 3.270 x 10 -4  
4 2.607 x 10 -4  
5 1.630 x 10 - 4  
6 1.164 x 10 - 4  
7 0.528 x 10 - 4  
8 0.304 x 10 - 4  

is in  the ferric state (1). Thus the thickness of the 
deposited layer should be proport ional  to the total 
amount  of charge passed dur ing  the oxidation. The 
amount  of charge DQa is 

DQa --~ floiD" dt [1] 

where iD is the anodic  cur ren t  density and  t the t ime 
of deposition. 

As pointed out above, the shape of the current  vs. 
t ime  curves (Fig. 1) for p la t inum is almost identical  
with those obtained with a passive i ron substrate  (1). 
In  addit ion there is also a very marked  s imilar i ty  in 
the cur ren t  densities observed with various ferrous 
iron concentrat ions.  As with the iron, it may be con- 
cluded that the ini t ia l  stage comprises the completion 
of an 8-10A thick film of oxide. This is followed by a 
s teady-state  deposition of oxide where  the rate of dep- 
osition is dependent  on the ferrous ion concentration 
in the solution and the oxide layer  thickness. A more 
complete discussion of the anodic deposition process is 
presented in the previous paper  (1). 

The fact that  there is good correspondence between 
the cur ren t  densities observed with the p la t inum and 
passive i ron shows that  the resistance of the passive 
film on iron is low, that  is, its electronic conduct ivi ty 
is s imilar  to that  of p la t inum.  This would indicate 
that  this anodic deposition process can take place on 
any conducting surface. 

Table I. Ratio between the calculated amount of charge and the amount of charge observed during the anodic deposition of iron 
oxide on the specimens at -]-300 my, pH = 7.52 

C o n c e n t r a t i o n  A m o u n t  A m o u n t  o f  f e r r o u s  A m o u n t  of  2~-nount 
[Fe+*] m o l e / l i t  of  c h a r g e  T i m e  of  i ons  in  so lu t ion ,  ~g f e r r o u s  ions  of charge Q=eal 

E x p e r i -  pas sed  depos i t ion ,  used  d u r i n g  ca lcu la ted ,  
ment No. S t a r t i n g  F i n a l  DQ= obs, m C  ra in  S t a r t i n g  F i n a l  depos i t i on , /~g  Qacal, m C  DQa, bm 

1 0.528 × 10 -~ 0.114 × 10-4 149.3 150 110.3 22.0 88.3 152.4 1.021 
2 1.140 × 10 4 0.714 x 10 -4 153.6 60 239.3 150.1 89.2 154.5 1.006 
3 1.250 × 10 -~ 0.509 × 10-4 271.0 150 264.0 103.0 161,0 278.1 1.026 
4 1.630 x 10 .-4 0.590 × 10 -~ 374.7 150 340.0 122.2 217.8 376.0 1.003 
5 2.250 × 10 -~ 1,092 × 10-4 412.0 151 46.32 227,7 235.5 408.0 0.991 
6 2.607 × 10-4 0.158 × I0--¢ 862.7 600 525.0 35.3 489.7 847.2 0.982 
7 3.270 × i0-~ 1.898 × I0-~ 491.0 150 677.5 367.4 310.1 536.5 1.092 
8 4.980 X 10 ~ 3.237 × 10 ~ 625.1 150 1017.5 664.2 353.3 608.0 0.973 
9 5.440 × 10-4 4.124 × 10-4 471.4 60 1126.0 860.8 265.2 458.5 0.973 

10 6,090 × 10 -~ 4.711 × 10-4 491.4 60 1259.0 969,0 290.0 501.5 1.020 
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Table II. Change of color with the thickness of the deposited 
iron oxide on platinum 

Thickness* 
DQ., m C / c m  ~ A Color  -300 

~e -4oo 
3.2 52.9 l i g h t  g r a y  ~y 
8.5 141.0 go ld  

11.9 197.0 go ld i s h  g r a y  ~ -soo 
14.0 231.6 l i g h t  g r a y  
16.7 276.2 g r a y  ~ -6 oo 
19.0 314.0 g r a y i s h  g reen  o 
24.0 396.7 l i g h t  g r e e n  -7oo 
27.2 450.0 g r e e n  
29.0 479,5 g r e e n i s h  g o l d  
31.0 512.2 go ld  -soo 

34.0 562.5 p i n k i s h  go ld  
37.5 620.5 p i n k i s h  v i o l e t  9oo 
41.0 678.0 p i n k  
44.0 727.6 p i n k i s h  g r e e n  
52.0 660.0 g r e e n  
61.0 1009.0 p i n k i s h  go ld  
67.0 1108.0 g o l d i s h  p i n k  
72.4 1198.0 p i n k i s h  g r e e n  
79.5 1313.0 g reen  
85.2 1410.0 d a r k  g r e e n  

* The  m e a n  v a l u e s  d e r i v e d  f r o m  9 e x p e r i m e n t s ,  c a l cu l a t ed  b y  Eq.  
[1], a n d  a s s u m i n g  t h a t  t he  specif ic  g r a v i t y  of  i r on  ox ide  is  5. 

The growth of the iron oxide layer  dur ing  the de- 
position is very easy to observe by  the change of in te r -  
ference colors on the surface of the specimen. The 
relat ion between the thickness of the deposited iron 
oxide on the p la t inum specimen and its color is shown 
in  Table II. It  is clearly seen from Table H that  the 
colors of the iron oxide on the p la t inum specimen are 
very similar to those observed by deposition of iron 
oxide on passive iron (1). Moreover, some colors ap- 
pear several times with increasing thickness of the 
oxide layer  and hence are repeat ing interference 
colors. 

Cathodic reduction o~ /~lm~.---Some of the specimens 
were cathodically reduced in  the s tandard  solution at 
10 ~a/cm 2. Typical cathodic reduct ion curves are 
shown in Fig. 2. As can be seen from the curves there 
are two arrests. The first arrest corresponds to the re-  
duction of the film at a current  efficiency of about 
65% dur ing  which time, from ferrous ion analysis, only 
about 70% of the total i ron in  the film is reduced to 
soluble ferrous iron. The reduction of the film con- 
t inues dur ing  the second arrest, but  with a decreasing 
cathodic cur ren t  efficiency. The predominant  reaction 
dur ing this lat ter  period is hydrogen evolution. No 
arrest potential  due to magnet i te  was observed. The 
low current  efficiency of reduction dur ing  the first ar-  
rest again indicates that  the deposited film is different 
from the film obtained by the anodic oxidation of 
metal l ic- i ron which cathodically reduces with a cur-  
ren t  efficiency of about  100% (6, 7). It  may be that  
the low cur ren t  efficiency dur ing  the first arrest  is 
due to a s imultaneous reduction of Fe +++ to Fe + + 
and protons in  the film (present in  hydroxyl  groups) 
to hydrogen. The lower current  efficiency dur ing  the 
second arrest  is probably  due to uneven  reduct ion of 
the film which leads to the exposure of "bare" plat i -  
n u m  areas to the solution before all of the film is 
reduced. 

Co~nposition of anodically deposited film.--Both the  
anodic deposition and cathodic reduct ion data show 

AMOUNT OF CHARGE QC [ mC/cmz] 

Fig, 2. Curves of cathodic reduction of iron oxide on the platinum 
specimen, Thickness of iron oxide: 1, DQa = 22,27 mC/cm2;  2, 
DQa = 47.14 mC/cm 2. 

that  the deposited film is not  simply 7-Fe203. In  order 
to obtain more informat ion about the composition of 
the film a series of exper iments  involving mater ia l  
balance, chemical analysis, and heating in vacua were 
performed. 

Materia~ balance and chemical analysis.--Some of the 
films were dissolved completely in  di lute hydrochloric 
acid (1:4) and the resul t ing solutions analyzed for 
i ron (Table III) .  I t  was found that wi thin  the experi-  
menta l  error  the iron in  the film corresponded almost 
exactly with that removed from the solution. Also, as 
noted above (Table I) ,  the current  efficiency for the 
anodic oxidation of the Fe + + in  solution is 100%. 
This indicated that all  the oxidized ferrous ion is in 
the film in  the ferric state. However, the weight of the 
film (Table III)  as determined by weighing the bare  
p la t inum and the coated p la t inum is substant ia l ly  
greater than the calculated weight of Fe203 which 
could be formed from the oxidized Fe + +. There ap- 
peared to be no simple relat ionship between excess 
weight and total amount  of film formed, al though the 
excess weight varied main ly  between 60-90%. 

A few experiments  were performed in  which the 
specimens with the deposited film were t reated anodi-  
cally (at the same potential  of +300 my) for extended 
periods of time in  a boric acid/sodium borate s tandard 
solution containing no Fe + + ion. No change in  weight 
of the specimen was observed. This shows that  dep- 
osition only takes place in the presence of Fe + + ion. 

An excess weight of 60-90% cannot  be accounted for 
by any  of the simple hydra ted  oxides of iron. However,  
it is possible that  the i ron is deposited, in  part  at 
least, as a borohydrate (8). To check this possibility, 
three specimens were prepared by anodic deposition 
and the film dissolved and analyzed for boron (9). 
The results are shown in Table IV. The boron is prob-  
ably present in the film in  the same valence state as 
in the solution and is co-deposited wtih the iron. The 
iron in the solution is present  in  par t  at least as a 
complex with the borate ion (8) and some possible 

Table III. Results of weighing and dissolution of the anodically deposited iron oxide on the platinum specimens at +300  my, pH = 7.52 

A m o u n t  of Excess  w e i g h t  
Fe++ used  i n  C o r r e s p o n d -  W e i g h t  of ove r  s to ich i -  A m o u n t  of Wdlss.  

E x p e r i -  depos i t ion ,  i n g  a m o u n t  deposited ometr ic  Fe20~, Fe  ++ dissolved, 
m e n t  No.* Wdep, p~g of  Fe20~, #g  i r o n  ox ide , /~g  % WdJ ss, Itg Wdep. 

2 89.24 127.8 212.0 65.9 93,6 1.047 
3 161.0 230.2 389.0 69.0 164.0 1.018 
5 236.0 337.0 623.0 84.8 - -  - -  
6 490.0 701.0 1231.0 75.6 - -  - -  
7 310.1 444.0 753.0 69.6 308.0 0.992 
8 353.3 503.0 1020.0 103.0 372.0 1.056 

10 290.0 414.0 -- ~ 296.0 1,021 

* A d d i t i o n a l  d a t a  for these e x p e r i m e n t s  are  p r e s e n t e d  i n  T a b l e  I, 
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Table IV. Content of boron in the anodically deposited iron oxide 

Concen t r a t i on  A m o u n t  of A m o u n t  of 
[Fe ++] mole f l  Fe++ used  in Cor re spond-  Total  w e i g h t  bo ron  in 

Expe r i -  Time,  Area ,  deposi t ion,  ing a m o u n t  of ox ide  ox ide  layer ,  Devi-  
m e n t  No. S t a r t i n g  F ina l  m i n  em ~ #g  of Fe.~Oz,/~g layer , /~g /~g ation,* % 

ii 2,06 • I0-~ 0.591 • i0 -~ 240 i0 249.5 356.5 656.0 29.4 --1,4 
12 2.79 • 10-* 1.210 • 10-4 360 5 237.5 339.5 609.0 32.8 +4.6  
13 2.72 • 10 "-~, 0.737 • 10 -~ 300 10 354.0 500.0 926.0 31.0 - -8 .7  

* Devia t ion  f rom the  expe r imen ta l l y  f o u n d  to ta l  a m o u n t  of oxide  layer ,  a s s u m i n g  Eq.  [2],  [3], [3a],  a n d  [4].  

Table Y. Weight of the deposited iron oxide before and after the heating at 800~ in comparison with the corresponding stoichiometric 
ferric oxide 

Excess  w e i g h t  Weigh t  of 
A m o u n t  of Co r r e spond ing  Real  w e i g h t  of over  s toiehi-  i ron  oxide  Wu 

Exper i -  Fe ++ used  in a m o u n t  of Fe20~, i ron  oxide  be-  omet r i c  a f t e r  hea t ing ,  
m e n t  No. deposi t ion,  ~g WFe203, ~g fore  hea t ing , /~g  Fe~C~, % Wh, ~s WFe208 

5 236.0 337.0 623.0 84.8 361.0 1.070 
6 490.0 701.0 1231.0 75.6 711.0 1.013 

14 260.3 372.4 642.0 72.3 368.0 0.988 
15 323.0 462.4 830.0 79.5 500.0 1.081 

reactions for the combined deposition of i ron and 
boron are as follows: 

Fe[B(OH)4]2  ~ Fe[B(OH)4]3  + H + -I- e -o  [2] 

[3], [3a] 

u  FeOH[B(OH)4]2  -~ H + ~ e -o  

FeOH[B(OH)4]  & f ~  Fe(OH)2[B(OH)4]  ~ H + -}- e -o  

[4] 

Fe(OH)2 +H20 > FeO(OH) �9 H~O -b H + -b e-o [5] 

If the assumption is made that  all of the boron in  the 
film is present  as one or more of the above compounds 
and that  the remainder  of the i ron is present  as 
FeOOH.  H20, then it is possible to account for the 
total weight of the film. A mater ia l  balance of this 
type is given in  Table IV. 

EJ~ect oS heating in vacuo.--Some of the specimens 
were put  into a vacuum chamber  and heated at 10-~ 
Torr  up to 800~ for as long as 20 hr. During heat ing 
the water  evolved was monitored with a mass spec- 
trometer. Only minor  amounts  of water  were observed. 
After  cooling the specimens were reweighed. The 
weight of film now corresponded to Fe203 (Table V).  
An x - r a y  diffraction pa t te rn  was obtained and was 
typical  of a-Fe2Os. The film was then dissolved in  hot 
hydrochloric acid and analyzed for boron and iron. 
Only a minor  port ion of the boron remained. The 
solution contained 85-95% of the originally deposited 
iron. This was probably due to the difficulty of com- 
pletely dissolving the film after heat ing at high tem- 
perature.  The boron can sublime from the film at high 
tempera ture  in  the form of various boron hydrates  or 
oxides (10, 1I).  

Conclusions 
1. A n  iron oxide type film is anodically deposited on 

ei ther  passive iron or p la t inum by anodic t rea tment  in  
a neut ra l  boric acid/sodium borate solution containing 
ferrous ions. 

2. All  i ron in  the deposited oxide layer  is in  the 
ferric state and originates from the solution. 

3. The kinetics of the anodic deposition of i ron oxide 
can be divided into two consecutive regions, an ini t ial  
state characterized by  the formation of "uni t  cell" 
thickness, followed by a steady growth region where 
the rate of deposition is dependent  on the ferrous 
ion concentrat ion in  the solution and the oxide layer  
thickness. 

4. The anodically deposited film differs from films 
fo rmed  by the anodic oxidation of metallic i ron both 
electrically and electrochemically. The film is largely 
composed of a mixture  of hydrated  ferric oxides and 
ferric boron hydroxo complexes. 

5. The film is deposited by  the direct  oxidation of 
the complexed ferrous ion. 

6. Since the anodic deposition of the film was ob- 
ta ined on both passive i ron and pla t inum,  anodic 
deposition of this type of film wil l  also take place on 
any other suitable metal  or conductive substrate. 

Manuscript  received Ju ly  2~, i966. 

Any discussion of this paper will  appear in a Discus- 
sion Section to be published in the June  1968 JOURNAL. 
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Consecutive Electrode Reactions in 
the Dissolution Kinetics of Iron 
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ABSTRACT 

The qualitative and quantitative behavior of an electrochemical system 
capable of exhibiting adsorption pseudocapacitance has been examined on a 
theoretical basis. The analysis was compared with experimental results for 
the anodic polarization of iron and found to be satisfactory. In addition, a 
method which allows the estimation of the rate constants for the equilibration 
step preceding the rate-controlling step for two-step, two-electron transfer 
processes, was suggested and verified experimentally. 

The existence of adsorption pseudocapacitance due 
to absorbed hydrogen atoms was predicted and dem- 
onstrated by Eucken and Weblus in  1951 (1). Sub-  
sequently,  Bockris and Kita (2) extended the anal -  
ysis and showed that  adsorption pseudocapacitance 
should be present,  al though not  always measurable,  
for a consecutive electrode process with the ra te-  
de termining  step following an electron t ransfer  step 
in quasiequil ibrium. Conway and Gileadi (3) ex-  
tended the analysis still fur ther  by considering non -  
Langmui r  adsorption. 

Consider the following generalized reaction scheme 

A + B ~ : ~ C •  - [1] 

C -~ D _ e -  [2] 

where A and B are reactants,  C is an adsorbed species, 
D is the product, and step [2] is rate limiting. The po- 
tent ial  dependent  surface coverage of species C, 0c, 
may be derived from the analysis of Bockris and Ki ta  
for Langmui r  adsorption (2). In conformity wi th  the 
generalized equations given above, it  is 

1 
0c : [3] 

k ~  1 exp -T- 
1 + k~ [ A ] [ B ]  

where ko- t  and kol are the rate constants for the re-  
verse and forward par t ia l  reactions at the equi l ibr ium 
potential,  respectively. All  other terms have their  
usual  significance. Likewise, the adsorption pseudo- 
capacitance due to adsorbed C is given by 

]F2Z k ~ - 1 
Cads = - -  

RT kol [A] [B] 

exp / ~ 
F 

[4] 

exp ~ ~ - , '  1 -~ k~ [A] [B] 
where Z is the monolayer  coverage feasible for the 
species (moles cm-2) .  

Inspection of Eq. [3] shows that  for an increasing 
positive overpotential  (i.e., anodic polarization) the 
surface coverage of anodically generated adsorbed 
species (plus sign in  Eq. [1] 5 wil l  increase and the 
surface coverage of cathodically generated species wi l l  
decrease. Inspection of Eq. [4] on the other hand, re-  
veals  that  adsorption pseudocapacitance goes through 
a max imum at the value of n corresponding to e = 0.5. 
Working curves of a - -  ~, C a d s  - -  0, and  Cads - -  0 have 
been published elsewhere (2-4). 

A mathemat ical  analysis or inspection of the work-  
ing curves (2-4) shows that  the adsorption pseudo- 

1 P resen t  address :  D e p a r t m e n t  of Chemical  and  Metal lurgical  En-  
g ineer ing ,  The Un ive r s i t y  of Michigan,  Ann  Arbor ,  Michigan. 

capacitance and surface coverage are l inear ly  related 
at very  low and very  high surface coverages. The 
l inear i ty  extends to values of adsorption pseudoca- 
pacitance of about 600 ~f cm-~  (3). Therefore, for 
values of the total measured capacitance of less than  
300 ~f cm -2, i.e., double layer plus adsorption pseudo- 
capacitance, a l inear i ty  between surface coverage and 
adsorption pseudocapacitance may be assumed. 

Previous studies relat ive to measurements  of ad-  
sorption pseudocapacitance have been predicated upon 
quas i -equi l ibr ium or s teady-state  analyses. However,  
it should be possible to treat  t ransient  phenomena in 
a similar  fashion. I t  is the authors '  in ten t  to in -  
vestigate theoretically the implications of the steady- 
state results when  applied to t rans ient  phenomena 
and to demonstrate  exper imenta l ly  that the analysis 
can yield informat ion which may be used indepen-  
dent ly  or to corroborate and complement  other ex-  
per imental  techniques. 

Theory 
Although the subsequent  analysis could be pre-  

sented in  a general  form~ it wil l  facilitate the dis- 
cussion of the exper imental  results if the theoretical 
analysis is tempered by the informat ion avai lable con- 
cerning the behavior  of i ron in  acidic solutions. Since 
measured values of the total electrode capacitance for 
i ron electrodes have been found to be <300 ~f cm -2 
(4-7) and have increased on increasing anodic polar-  
ization (4, 6), it may be assumed that  (a) the adsorp- 
t ion pseudocapacitance is a l inear  funct ion of the sur-  
face coverage, and (b) the surface coverage is small. 

Therefore, the application of an anodic galvanostatic 
s tep-funct ion to an i ron electrode would cause, after 
all  t ransients  have dissipated, an increased electrode 
potential  and an increased total measured capacitance. 
However, the t ransient  effects are of greater  interest  
here and will be considered further.  Figure  1 sche- 
matical ly represents the t rans ient  and steady-state 
responses. I t  may  be assumed that  the surface cov- 
erage and capacitance approach steady-state  asymp- 
totically as shown in Fig. l b  and lc. One may then 
deduce the t ransient  potential  response for the as- 
sumed variat ion of e under  the  constant  cur ren t  step. 

At the steady state, the rate of the reaction step of 
interest,  in  terms of current  density, has the following 
form 

i = k 0 exp [~/#] [5] 

where  k is a potential  independent  rate constant  (or 
combinat ion of rate constants) ,  o is the steady-state 
coverage of intermediate,  and # is the Tafel parameter.  
If we assume, as suggested above, that  the surface 
coverage dur ing  a galvanostatic step approaches the 
new steady-state value asymptotically,  we ma y  deduce 
the t rans ient  potential  response of the electrode from 
Eq. [5]. This requires that  Eq. [5] must  adequately 
describe the current ,  coverage, and overvoltage in te r -  
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Fig. 1. Transient respor~ses to  a current pulse a t  an  electrode 
exhibiting adsorption pseudocapacitance. 

re la t ionships  for  the  t rans ien t  condit ions considered 
here  wi th in  expe r imen ta l  error.  Therefore,  this  ana l -  
ysis is prec luded for  t imes fol lowing the imposi t ion of 
the  s tep funct ion which are  of the  same order  of mag-  
n i tude  as the  re laxa t ion  t ime for  double  l aye r  charg-  
ing. As a consequence of these considerat ions,  i t  is 
seen tha t  the  potent ia l  wi l l  tend to approach s teady 
s tate  wi th  a nega t ive  t ime der iva t ive  as shown in Fig. 
ld.  Trans ien t  phenomena  dur ing  anodic polar iza t ion  
s imi lar  to tha t  shown in Fig. ld  have  been observed 
by  many  other  inves t igators  (5-11). I t  has been t e rmed  
"superpolar iza t ion"  (5). Various  explanat ions  have  
been suggested.  Some of the  expe r imen ta l  resul ts  to 
be presented  be low may  be ut i l ized to eva lua te  some 
of these suggestions. 

In  the  foregoing analysis,  i t  was assumed tha t  the  
surface coverage and adsorpt ion  pseudocapaci tance  in-  
crease monotonica l ly  to the s t eady-s t a t e  condi t ion as 
a consequence of an anodic cur ren t  s tep function. By 
a r a the r  s imple  extension of the s t eady-s ta te  ana l -  
ysis, this can be demons t ra ted  theoret ica l ly ,  and the 
expe r imen ta l  r equ i rements  for verif icat ion may  be as-  
cer tained.  The ra te  of bu i ldup  of the  in te rmedia te  
dur ing  anodic polar izat ion at  any  ins tant  is ( f rom the 
mechanism given by  [1] and [2]) 

= ku  [A] [ B ] - -  ( k u  [A] [B]  + k - i t )  or [6] 

In the present  analysis,  k2, the ra te  constant  for the 
r a t e -de t e rmin ing  step, has been ignored.  At  the s teady 
s ta te  

"-~--/ss = 0 = kiss [A] [B] - -  (kiss [A] [B]  + k-lss)0ss 

[7] 

I t  should be  noted tha t  the  ra te  constants  here  a re  po-  
tent ia l  dependent .  Hence, if  one chooses values  of 
t ime (t)  such tha t  [~t--~ss[ < 2RT/F,  then  kit ~-~ kiss. 
In  this way,  [7] m a y  be subt rac ted  f rom [6] to y ie ld  

( ~_~_0 ) = (k ' i  [A] [B]  + k ' - l )  [8] 
\ t 

where  the  p r imed  ra te  constants  a re  now defined as 
the  ra te  constants  at  the  resu l t ing  s t eady-s ta te  po ten-  
tial.  Consequently,  due to the i r  unique specification, 
they  a re  potent ia l  " independent ."  They  should not  be 
confused wi th  the  r a t e  constants  used in Eq. [3], which  
are  associated wi th  the  revers ib le  potent ial .  

F r o m  the discussion above  concerning the l inea r  
re la t ionship  be tween  surface coverage  and adsorpt ion  
pseudocapaci tance,  one m a y  rep lace  0 wi th  Cads in 
Eq. [8]. In teg ra t ion  of the  resul t ing  equat ion  be tween  
the l imits  of t ---- 0 and t ---- t, y ie lds  

] ------ (k ' l  [ALIBI + k ' - l ) t  [9] 
(Css -  ct) 1 

In (Css- -  Co) 

F r o m  the analysis  immed ia t e ly  above, i t  is seen tha t  
the  surface coverage does increase  monotonica l ly  du r -  
ing the  anodic s tep funct ion and fu r the r  that  the  
pseudo-f irs t  o rder  ra te  constants  for the  quas i -equ i -  
l ib r ium step, i.e., Eq. [1], m a y  be  eva lua ted  f rom m e a -  
surements  of the  adsorp t ion  pseudocapaci tance  dur ing  
the t rans ien t  potent ia l  excursion.  

Decay phenomena  fol lowing anodic polar iza t ion  m a y  
be  t rea ted  s imilar ly ,  bu t  the  expe r imen ta l  da ta  ex -  
h ib i ted  cons iderab ly  more  scat ter  than  the charging  
case (4) and wil l  not  be discussed fu r the r  here.  

Experimentat  
The test cell  and the electronic c i rcu i t ry  wi l l  be 

discussed e lsewhere  (12). The electrode mate r ia l s  used 
in the presen t  s tudy  were  zone-ref ined i ron  2 and 
Armco i ron in the  form of cy l indr ica l  e lect rodes  as 
before  (7). The e lec t ro ly te  was 1N H2SO4, and the ex-  
pe r iments  were  pe r fo rmed  at  room tempera ture .  

Capaci tance  measurements  were  made  by  apply ing  
shor t  (-~8 msec)  galvanosta t ic  pulses to the  e lec t rode  
at  open circui t  whi le  photographica l ly  recording  the 
po ten t i a l - t ime  t race  f rom an oscilloscope screen as be -  
fore  (7). 

Capaci tance  measurements  dur ing  anodic po la r iza -  
t ion were  pe r fo rmed  as noted above. The one im-  
por tan t  difference was tha t  the  e lect rode was a l r eady  
undergoing  polarizat ion.  Consequent ly ,  the pulse cu r -  
ren t  was super imposed  on the a l ready  exis t ing po la r iz -  
ing current .  As had  been noted prev ious ly  (13), the 
measured  capaci tance  dur ing  polar iza t ion  was depen-  
dent  on the ra t io  of the pulse  to polar iz ing  cu r ren t  (5). 
However ,  beyond  a cer ta in  l imi t ing  rat io,  the  measu red  
capaci tance va r ied  l i t t le  wi th  pulse current .  Al l  resul ts  
l is ted here  were  in  the l a t t e r  region. 

Results and Discussion 
Bockris  and coworkers  (5) have  suggested a mech-  

anism for the  act ive i ron e lec t rode  which  has sub-  
sequent ly  been verif ied expe r imen ta l ly  (5, 6, 10). Since 
the  suggested mechanism is s imi lar  in fo rm to tha t  of 
the genera l ized  Eq. [1] and [2] given here,  i t  should 
be possible to analyze  expe r imen ta l  work  on the  active 
i ron e lec t rode  in t e rms  of the t r ea tmen t  given above. 

The po ten t i a l - t ime  behav io r  of zone-ref ined i ron 
and Armco  i ron as a consequence of an anodic cu r r en t  
s tep funct ion is shown in Fig. 2 and 3, respect ively .  A 
compar ison of the  extent  and dura t ion  of the  t rans ien t  
m a x i m a  for  the  two samples  indicates  tha t  the  phe -  
nomenon of "superpolar iza t ion"  is not  an  unique  p rop -  
e r ty  of the  e lectrolyte ,  bu t  is dependent  on the  elec-  
t rode  ma te r i a l  under  study.  Consequently,  analyses  
p red ica ted  on a diffusional process,  e.g., hydrogen  ion 
t r anspor t  (2),  fa i l  to exp la in  the  d i sc repancy  noted 
be tween  the two electrodes in the same electrolyte .  
Suggest ions tha t  e lec t rode  impur i t ies  (8) or  e lec t ro ly te  
impur i t i es  (10) cause the  slow potent ia l  t rans ients  
cannot  be eva lua ted  unequivocal ly .  Ke l ly  (10) found 
tha t  r ep lacemen t  of the e lec t ro ly te  removed  the slow 
t rans ients  for  zone-ref ined iron and concluded tha t  
e lec t ro ly te  impur i t ies  were  the  source of these diffi- 
culties. Since slow t rans ients  were  not  no ted  here  for  
the zone-ref ined iron, the  presen t  w o r k  cannot  effec- 
t ive ly  di f ferent ia te  be tween  e lec t rode  and e lec t ro ly te  
i m p u r i t y  as the  cause of the  t rans ien t  phenomenon  ob-  
served for  iron. However ,  i t  should be noted  tha t  none 
of the  solutions tes ted here  were  p re t r ea ted  as s t r in -  
gen t ly  as those  of Ke l ly  (10). Consequently,  the r e -  
sults r epo r t ed  here  m a y  be  cons t rued  as hav ing  been  
taken  under  " impure"  condit ions and seem to refute  
the content ion tha t  e lec t ro ly te  impur i t ies  are  the  
source of slow t rans ients  in the  case of zone-ref ined 
iron. 

Donated by the Iron and Steel Institute. Prepared in rod form 
by Battelle lYfemorial Institute and designated as Bar 65A. 
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Fig. 2. Typical potential-time behavior of zone-refined iron; 
current density = | ma/cm 2, 
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Fig. 3. Typical onodic polarization behavior of Armco iron sam- 
pies; current density = 1 ma/cm 2. 
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Fig. 4. Adsorption pseudocapacitance observed during anodic polar- 
ization of Armco iron at 1 ma/cm 2. 

Table I. Electrochemical data of Armco Iron shown in Fig. 4 

S y m b o l s  (see Fig .  4) o {'7 A ~7 �9 �9 

Cor ros ion  p o t e n t i a l ,  m v  --487 - -499 - -479 - -480 - -480 --479 
v s .  SCE 

P o l a r i z a t i o n  p o t e n t i a l  a t  --465 --464 --469 --469 - -466 --468 
1 m a / c m  s, m v  v s .  SCE 

Capac i t ance  prior  to p o -  179 160 228 211 211 222 
l a r i za t ion ,  p~f/cmS 

I m m e r s i o n  t ime ,  h r  31 27 56 57 59 55 
Cor ros ion  c u r r e n t  dens -  60 88 66 64 64 60 

i ty,* p,a/cm s 
Ca thod ic  Tafe l  slope,  m v  76 71 78 78 78 74 

* O b t a i n e d  b y  e x t r a p o l a t i n g  t h e  ca thod ic  pu l se  p o l a r i z a t i o n  c u r v e  
b a c k  to the  cor ros ion  po ten t i a l .  

the rate of equil ibrat ion of the first step in  the i ron 
dissolution reaction is a funct ion of the bulk  pur i ty  of 
the substrate. 

For the consistency of the kinetic analysis given 
above, a continuous var iat ion of the measured total 
capacitance should be noted dur ing  anodie polarization 
unt i l  the steady state is reached. However, due to 
physical l imitations of the exper imenta l  procedures, 
capacitance measurements  could not be made at times 
shorter than about 15 sec after the ini t iat ion of polar-  
ization. Noting the potent ia l - t ime responses of the two 
iron samples studied (Fig. 2 and 3), it can be seen that  
capacitance measurements  dur ing  the t rans ient  are 
exper imental ly  possible only for Armco iron. Capaci- 
tance data are shown for six different Armco iron 
electrodes in Fig. 4. The per t inent  electrochemical 
data for these electrodes are given in  Table I. In  order 
to show the general i ty  of the equations derived above, 
i.e., that the kinetic analysis is essentially independent  
of the corrosion potential,  corrosion rate, etc., all  the 
data have been normalized: the plotted capacitance 
values are the measured capacitances at t ime t minus  
the measured capacitance prior to polarization. There-  
fore, the plot shows the variat ion of the capacitance 
dur ing anodic polarization and is in agreement  with 
the analysis derived above. 

That  the increase in  value of the capacitance dur ing 
anodic polarization is not  due to surface roughening 
may be seen from an inspection of Fig. 5 which shows 
the C-t  behavior of a zone-refined iron electrode under  
conditions identical to those for the Armco i ron elec- 
trodes in Fig. 4. The C- t  plot is seen to be horizontal. 
This should not  be construed as assuming that  the 
surface does not roughen. It  does mean, however, 
that, if roughening is present, it does not contr ibute  a 
measurable effect on the C-t  behavior. 

In  order to test the val idi ty of Eq. [9], plots of log 
(Css- -Ct)  vs. t were made for a number  of Armco 
i ron electrodes at cur rent  densities of 0.5, 1, and 2 maJ 
cm 2. A typical example of these plots is given in  Fig. 6. 
The slope of the l ine shown in  Fig. 6 is 1.8 x 10 -3 
sec -1. Data for all three cur ren t  densities average to 
a mean  slope of 2.0 x 10 -a  sec -1 with a deviat ion 
about the mean of about 20%. From the analysis given 
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Fig. 5. Typical C-t behavior of zone-refined iron during anodic 
polarization; current density = 1.0 ma/cm 2. 

A comparison of the potent ial  and pseudocapacitance 
transients  for zone-refined iron (Fig. 2 and 5) and 
Armco iron (Fig. 3 and 4) along with the discussion 
of these t ransients  earl ier  in  this paper  suggest that  
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Fig. 6. Experimental test of Eq. [9] for Armco iron 
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above, this slope is the sum of the respective rate 
constants at the steady-state polarization potential. 3 

An estimate of the respective rate constants may be 
obtained from the sum of the rate constants (2 x 10 -z  
sec-1),  Cads (measured) ,  :Cads - -  0 curves (2-4), and 
Eq. [3]. Since the reversible  potential  for a corroding 
system is quite difficult to specify, one might  con- 
venient ly  refer the data in  Eq. [3] to the corrosion po- 
tential. 

The technique which has been developed here should 
be useful  in  future studies of reaction mechanisms and 
in unders tanding  the role of surface properties on the 
adsorption of electroactive intermediates.  It  has al-  
ready been useful in ascertaining the role of organic 
corrosion inhibitors (14). A similar analysis, although 
neglecting the possible application of capacitance mea-  
surements has been developed by Conway and Gilroy 
and applied to the inhibi t ion of surface reactions by 
oxide formation (15). 
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8 A r m c o  i ron  has  been  s h o w n  to e x h i b i t  an  anod ic  Tafe l  s lope of 
30 mY u n d e r  t he  c o n d i t i o n s  s t u d i e d  he re  (7). C o n s e q u e n t l y ,  i f  one 
a s sumes  t h a t  the  c a l c u l a t e d  s lopes  fo r  a l l  t h r ee  c u r r e n t  dens i t i e s  
are r e f e r r e d  to the  p o l a r i z a t i o n  p o t e n t i a l  fo r  1 ma /cm~ (and the re -  
by, p o t e n t i a l  " i n d e p e n d e n t " ) ,  t h e  expec t ed  d e v i a t i o n s  due  to  the  
actual potential  dependence  w o u l d  be on  the  o rde r  of  -4- 20%. 
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Any  discussion of this paper will appear in a Discus- 
sion Section to be published in the June  1968 JOURNAL. 
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Oxidation of Copper and Copper-Gold Alloys in at 1000~ 
I. Linear Kinetics 

B. Swaroop and J. Bruce Wagner, Jr. 
Department o~ Materials Science and Materials Research Cen~e~, 

Northwestern University, Evanston, Illinois 

ABSTRACT 

The oxidation rates of copper (99.999 w/o)  and copper-gold alloys (Cu-5.32 
a/o Au and Cu-1O a/o Au) have been studied as a funct ion of part ial  pres-  
sure of carbon dioxide at 1000~ The oxidation rates are ini t ia l ly  linear. 
When a certain oxide thickness is attained, there is a decrease in  the rate 
after which the kinetics again become linear.  For all the samples the l inear  
rate constant  decreases nonl inear ly  with decreasing par t ia l  pressure of COe. 
In  addition, the effect of various flow rates of carbon dioxide on the oxidation 
rate of pure copper has been studied. 

The rate of oxidation of a metal  may be controlled 
by one or more of the following processes: (i) t rans-  
port of the gas to the reaction site; (ii) dissociation of 
the gas on" the surface (a phase boundary  react ion);  
(iii) t ransport  of ions and electrons across an oxide 
layer; (iv) a phase boundary  reaction at the oxide- 
metal  interface. 

The purpose of the present  investigation was to 
determine the mechanism of oxidation of copper and 
copper-gold alloys in very low oxygen pressures pro- 
vided by an atmosphere of carbon dioxide at 1000~ 
In  the case of the oxidation of copper in carbon di- 
oxide, the oxygen pressure due to the dissociation of 
CO2 is very  near ly  equal to the value of the oxygen 

p re s su re  for the coexistence of copper and cuprous 
oxide (see Table I) .  Consequently,  great care must  be 
exercised in in terpre t ing  the kinetics, as wil l  be dis- 
cussed. 

Linear oxidation kinetics have been reported for 
copper in oxygen by Wagner and Grunewald (1) and 
by Baur, Bridges, and Fassel (2), and in carbon di- 
oxide by Margulescu and Cismark (3). 

The oxidation of i ron (4) and cobalt (5) in CO2-CO 
mixtures  has been shown to obey l inear  kinetics in i -  
t ial ly and to t ransform to parabolic kinetics (diffusion 
controlled kinetics) after a certain ini t ia l  film thick- 
ness was attained. The l inear  kinetics were inferred to 
be due to the dissociation of CO2 into CO and adsorbed 
oxygen atoms or ions. 

Pet t i t  and his co-workers (4) have shown that  the 
l inear  oxidation of i ron in  COe-CO mixtures  obeys an 
equation of the form 

KL ,~[k' Pco2 - -  k" Pco] [1] 

Table I. Partial pressures of oxygen in equilibrium with copper 
and its oxides at 1000~ 

R e a c t i o n  Poa, a rm 

I. C O s =  CO + V~02 
2. Cu$O = 2Cu + 1/20~ 
3. 2CuO = Cu20 + */20~ 

1.2 • 10 -5 
5.6 • I0-~ 
1.4 X 10 -I 
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where KL is the exper imenta l  l inear  ra te  constant  (g 
oxygen/cm2-sec),  Pco2 and  Pco are the part ial  pres-  
sures of CO2 and CO, respectively, and k' and k" are 
two constants. These constants are funct ions of the 
crystal plane exposed to the gas and of the oxide com- 
position, in part icular  the concentrat ion of excess elec- 
trons or excess electron holes. For th in  oxide films, 
Pett i t  and Wagner  (4) inferred that the concentrat ion 
of excess electrons or holes is v i r tua l ly  constant  and 
does not appear explicit ly in the rate equation. The 
present  s tudy involves th in  oxide layers (thickness 
- -  5 x 10 -4 cm) of Cu20 on copper and on copper- 
gold alloys. 

Exper imenta l  
Rectangular  coupons, 0.5 x 0.5 in., were prepared 

from copper and from copper-gold alloys (5.32 and 
10 a/o) .  Both the copper and gold were 99.999 + % pure. 
The alloys were melted in  a graphite mold under  a 
vacuum of 10 -6 mm Hg. In  addition, a single crystal 
of copper in the form of a r ight  cylinder,  3.1 mm 
thick and 12.6 mm in diameter  with the end faces 
parallel  to (100) planes was obtained from Research 
Crystals, Inc., Richmond, Virginia. The pur i ty  of this 
crystal  was listed as 99.999% 

The samples were prepared as follows: (A) Pure  
copper rod, 0.360 in. diameter,  was cold rolled into 
sheets about 0.040 and 0.020 in. thick, respectively, in 
equal reduct ion passes. (B) Samples from these sheets 
were annealed  24 hr at 1000~ in  a sealed quartz 
tube under  a vacuum of 10 -6 mm Hg. The grain d iam- 
eter was about 1 mm or larger. (C) The copper-gold 
alloys were cold-rolled to 0.020 in. thickness and an -  
nealed as in  (B). All  specimens were polished me-  
chanically on emery paper followed by a polish using 
Linde "A" a lumina  powder. In  the case of the single 
crystal  and for some of the polycrystal l ine samples, 
the specimens were subsequent ly  electropolished and 
then washed successively in  water, acetone, and in 
ethyl alcohol. 

The oxidation rates were measured gravimetr ical ly  
by methods described previously (5). "Bone dry ''z COs 
and COs diluted with argon were used as oxidizing 
gases. Both the carbon dioxide and the argon were 
passed through separate columns of copper turnings  
at 300~176 and then  through magnesium per-  
chlorate to remove oxygen and water  vapor. In  order 
to test whether  any  residual  impurit ies,  especially 
traces of oxygen, were affecting the observed kinetics, 
the following exper iments  were performed. Research 
grade COs (O2 < 10 ppm, N2 < 100 ppm and H~ ( 10 
ppm) was used in several runs. No difference in ki-  
netics was observed from those obtained using bone 
dry  COs. In  addition, pure copper samples were sus- 
pended in the purified argon (init ial  pur i ty  >99.998%). 
No weight change was observed in 24-48 hr. A few 
runs  were carried out in  oxygen-argon mixtures.  A 
l inear  flow rate of 0.9 cm/sec was used for most runs  
except when  the effect of gas flow rate on oxidation 
kinetics was studied. 

Results and Discussion 
Figures 1, 2, 3, and 4 show typical  oxidation rate 

curves for the pure copper and the alloys. For  all sam-  
ples, there was an ini t ia l  l inear  oxidation rate which 
was followed by a second l inear  oxidation rate after a 
certain critical oxide thickness was attained. This thick- 
ness ranged from 0.40 to 0.60 x 10 -4 cm, assuming a 
dense layer  of Cu20. The oxygen part ial  pressure for 
the equi l ibr ium dissociation of CO2 at 1000~ is less 
than that  for the formation of cupric oxide as is shown 
in  Table I. In  addition, no CuO was found by x - r ay  
analyses of the oxides. The rate constants for the sec- 
ond l inear  rate are smaller  than those for the first l in-  
ear kinetics. Pet t i t  and co-workers (4, 5) have shown 
that  the oxidation of i ron and cobalt in CO2-CO mix-  
tures involved two successive stages of l inear  kinetics. 

z B o n e  d r y  i s  a t r a d e  n a m e  o f  t h e  M a t h e s o n  C o m p a n y ,  I n c .  I t  i s  
99.8% p u r e  w i t h  m o i s t u r e  a s  t h e  m a j o r  i m p u r i t y .  

i l I 
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Fig. I. Rate curves for annealed copper oxidized in C02 or C02 
diluted with argon at a total pressure of one atmosphere. The 
linear gas flow rate was 0.9 cm/sec. 
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Fig. 2. Rate curves for copper-gold (5.32 a/o Au) alloys oxidized 
in CO2 or CO2 diluted with argon. The linear gas flow rate was 
0.9 cm/sec. 
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Fig. 3. Rate curves for copper-gold alloy ( i0  a/o Au) oxidized 
in CO2 or in CO2 diluted with argon. The linear gas flow rate was 
0.9 cm/sec. 

The l inear  rates were a funct ion of the oxide planes 
exposed at the oxide-gas interface. In i t ia l ly  the oxide 
crystals were epi taxial ly re la ted to the substrate.  As 
the film thickened, the orientat ion of the oxide planes 
exposed to the gas changed. This change was corre- 
lated with the change in  l inear  kinetics. 

For  the present  study, the first l inear  kinetics are 
discussed. In  order to show that  gas t ranspor t  to the 
samples was not  rate de termining  the following cal-  
culat ion was made for 1000~ According to Kiukkola  
and Wagner  (6) 
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1.4 

OXIDATION OF COPPER AND ALLOYS IN CO~ 
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T i  m e  ( h r s . )  

Fig. 4. Rate curves for cold rolled copper oxidized in C02 or in 
COs diluted with argon. The linear gas flow rate was 0.9 cm/sec. 

2Cu(s)  4. V~O2(g) = Cu20(s ) ;  AG~ = --18.2 kcal  [2] 

The dissociation of carbon dioxide is given by 

CO(g)  4 - ~ O s ( g )  = CO2(g);  /~G~ = - - 4 1 . 0 k c a l  [3] 

so that  

2Cu(s) 4, CO2(g) ---- Cu20(s)  4- C O ( g ) ;  
AGes = 4..22.8kcal [4] 

f rom which it follows that  

Pc______~o = K3 = exp - = 1.2 X 10 -4 
Pco2 c,, cu2o R T  

[5] 

If all the carbon dioxide reaching the sample reacted 
completely  to oxidize the  copper to CusO then the 
weight  increase per uni t  t ime, Z~rno, is 

h m  ~ = Me 1.2 X 10 -4 n~ [6] 

where  Me = 16 is the atomic weight  of oxygen and 
nOco2 denotes the number  of moles COs passed over  
the sample per  uni t  time. The usual  flow rate  was 0.9 
cm/sec  through a react ion tube of 2.85 cm 2 cross sec- 
tion. During a run  lasting 10 hr, the weight  change 
should have  amounted to 8 mg if t ransport  of COs to 
the surface were  rate  determining.  The exper imenta l  
weight  change was 0.25 mg for a run  on annealed 
copper last ing 10 hr  in CO2 at a pressure of 1 atm. The 
calculat ion shows that  gas t ransport  to the surface was 
not rate  determining.  Because the exper imenta l  weight  
change was much less than that  calculated for gas 
t ranspor t  and because the kinetics were  l inear,  it is 
concluded that  a phase boundary react ion is ra te  de-  
termining.  Likewise  the total  uptake  of dissolved 
oxygen for the size of copper samples used would  
amount  to only 0.015 to 0.025 mg. This weight  change 
is much less than those obtained f rom the exper i -  
menta l  runs so that  most of the weight  gain resul ted 
f rom CusO. Fur thermore ,  the change in l inear  kinetics 
wi th  t ime (Fig. 1-4) would  tend to rule  out gas t rans-  
por t  as being rate  determining.  

Finally,  an empir ical  study of the oxidation rate  as 
a function of the flow veloci ty of CO2 was made  (see 
Fig. 5). Be tween  0.2 cm/sec  and 0.9 cm/sec,  the oxida-  
tion rates were  v i r tua l ly  the same. At  lower  flow rates 
(<0.2 cm/sec)  the oxidat ion rate  increased. An ex-  
per iment  was run at zero gas flow, i.e., in a static 
system of about  5 li ters total  volume.  This exper iment  
yielded a l inear  ra te  constant (Ks1)  as equal  to 
4.8 x 10 - s  g.cm2.sec - I ,  ve ry  near ly  that  observed for 
a gas flow rate  of 0.09 cm/sec  (KL1 = 5.2 x 10 - s  g" 
c m - 2 . s e c - 1 ) .  Probably  for the static run and in the 
runs at low flow rates, the carbon dioxide has t ime 
to dissociate in the gas phase according to Eq. [3], 
whereby  the oxygen par t ia l  pressure is calculated to 

"O 
0~ 

% 
s 

• 

' ' I 
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R a t e  o f  F l o w  o f  C O a ( c m . / s e c )  

Fig. 5. Effect of linear gas flow rate of CO2 on the first linear 
rate constant. The open circles represent data taken in a closed' 
system of static CO2. The square denotes an experimental result 
for an argon-oxygen mixture of P02 = 9.1 x 10 -5  arm at a linear 
flew rate of 0.9 cm/sec. 

be about 1.2 x 10 -5 atm. To test this assumption, an 
exper iment  was run  in an oxygen-a rgon  mix tu re  
where  Po2 = 9.1 x 10 -5 a tm with  the mix tu re  flow- 
ing over  the sample at 0.9 cm/sec.  The l inear ra te  

�9 constant amounted  to 6.84 x 10 - s  g . c m - 2 ' s e c  -1. It 
would  be expected that  the run in static CO2 would  
yield a sl ightly lower oxidation rate  because of the  
presence of CO in the gas phase, in addit ion to the 
lower  oxygen par t ia l  pressure.  

Table  II summarizes  the data for  the ini t ial  rates on 
pure  copper as a funct ion of p re t r ea tmen t  of the sam- 
ples. The re la t ive  oxidat ion rates  decrease in the 
order: co ld -worked  polycrystal l ine;  mechanica l ly  pol-  
ished and annealed polyerystal l ine;  e l ec t rochemica l l y  
polished and annealed polycrystal l ine;  single crystal  
which was e lect rochemical ly  polished and annealed. 
The re la t ive  rates are probably  due to the different 
crystal  planes of the oxide exposed to the gas. This 
explanat ion is consistent wi th  the results of Pet t i t  and 
co-workers  (4) for the oxidat ion of iron to wListite. 

The copper-gold  alloys exhibi ted a lower  rate  of oxi-  
dation than did the annealed copper samples. In these 
cases, gold was inert.  The act ivi ty  of copper coexist-  
ing with  the CusO was less than that  on the pure  cop- 
per samples. The ratio of the values of the rate  con- 
stants for the two alloys is almost a constant, approxi-  
mate ly  10/5.32 (see Table I I I ) .  This suggests that  the 
re la t ive  amount  of copper at the meta l -ox ide  interface 

Table II. Linear rate constants {KLI) for copper at I000~ 
in 1 atm of CO2 

P r e t r e a t m e n t  KL 1 (g/cm~'sec)  

1. Cold w o r k e d  (Mech. polished) 
2. Mech. pol ished,  a n n e a l e d  
3. E lec t rochem.  pol ished,  annea l ed  
4. Elec t rochern .  pol ished,  annea l ed  

singIe c rys ta l  (1OO) 

8.g X 10 -9 
6.8 X 10-9 
6.1 X i0  -~ 

3.7 X IO -~ 

Table III. Linear rate constants (KL1 g/cm2-,sec) for copper 
and Cu-Au alloys at 1000~ in various partial pressures of CO2 

for a linear flow rate of 0.9 cm/sec 

Cu, cold Cu-Au Cu-Au 
Pco 2 Cu, annealed worked (5.32 a/o) (1O a/o) 

~'~n I X 109 KL l X 109 ~n I X 109 KL 1 X i0 ~ 

1 6.87-7.10 8.93 5.25-5.0 2.5-2.3 
0.8 4. 75-4.90 6,49 2.75-2.55 1.28 
0.6 2.8-3,1 4.6-5.0 2.0-1,90 0.71 
0.4 2.0 2.72 0.90 0.35 

J I KLVS Rr 

�9 (It IO00~  
�9 Dynamic  (f ~ tm ] 
o S te l i c  ( l a t i n . )  
�9 Poe = 9 .1X  lO 'bo tm.  

I 
~-xpfat Flow 
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Fig. 6. Dependence of the first linear rate constant, KL1, on the 
partial pressure of CO2 in a CO2-argon mixture. All data were 
from runs at a linear gas flow rate of 0.9 cm/sec. 

and therefore  the re la t ive  amounts of cuprous oxide 
are responsible for the difference in rates because the 
gas presumably  dissociates on the cuprous oxide. 

Equat ion [1] could not be tested because of the diffi- 
cul ty  in mainta in ing a CO/CO2 rat io of the order  of 
one part  in 104 . The dependence of the rate  constants 
on part ial  pressure of CO2, using argon as a di luent  
gas, is shown in Fig. 6 for all  the metals  studied. The 
constants obeyed an empir ical  equat ion of the form 

KL1 = C Pnco2 [7] 

where  C is a constant and n is a number  dependent  on 
the meta l  used. Figure  7 shows a plot of log KL vs. log 
Pco2. The values of n for the various metals  va ry  be-  
tween 1.3 and 2.08. A value  of n greater  than uni ty  
is unusual  for  oxidat ion of metals  in CO2. When nickel  
and a n icke l -chromium alloy were  oxidized in CO2, 
Fueki  (7) found that  the l inear  rates were  propor-  
t ional to the part ial  pressure of CO2, i.e., n ---- 1 in 
Eq. [7]. These results were  shown to be consistent 
wi th  the mechanism described in Eq. [1]. Hauffe and 
Pfeiffer (8) found that  the oxidation of i ron to wiistite 
in CO2-CO mixtures  obeyed a pressure dependence of 
(Pco2/Pco)2/3 cc Po21/3. Pfeiffer and Laubmeyer  (9) 
found the l inear  oxidat ion rate  of iron to wfistite in 
low pressures of oxygen  obeyed a pressure depen-  
dence of Po2 0"7. The pressure dependences have  been 
inferred to be due to a chemisorpt ion mechanism (10). 
The pressure dependence observed in the present  s tud- 
ies cannot be due to this mechanism since the observed 
values of n are greater  than one. Fur thermore ,  the 
value  of n decreases f rom those obtained on the copper 
samples to those of the alloys. The data only show that  
the reaction occurs at the gas-oxide interface. 

I t  should be ment ioned that  the present  kinetic 
data do not obey a logari thmic law as has been dis- 
cussed for thin film oxidat ion studies on copper and 
for other  metals  (10, 11). 

Conclusions 
The init ial  growth of an oxide  on copper and on 

copper-gold alloys (5.32 a /o  and 10 a /o)  in CO2 at 

% 
x -  
x 

o Cu(cold worked) 
o Cu lAnneo~ed) 
�9 Cu-Au (5.32 of%) 
�9 Cu-Au ( lOot %) 

2 

Log KLvsL.o g Pco 2 

0.2 t O.Z 
PCO~ 

t o 

/ 

Fig. 7. Graph of log KL1 vS. log Pco2. The slopes of the lines 
are: (a), cold-rolled copper, 1.3; (b), annealed copper, 1.5; (c), 
Cu-Au (5.32 a/o), 1.75; (d), Cu-Au (10.0 a/o), 2.06. 

1000~ is governed by l inear  kinetics when  the l inear  
gas flow is 0.9 cm/sec.  Two l inear  rates are observed. 
The first l inear  stage changes to a second l inear  stage 
at an oxide thickness of 0.4 to 0.6 x 10 -4 cm. The 
l inear  rates were  not  proport ional  to the first power  
of the part ial  pressure of CO2. The rate  de termining  
step under  these conditions is at the gas-oxide in ter -  
face. At  low flow rates, the oxidation rates are  more  
rapid, presumably  due to the CO2 having t ime to dis- 
sociate in the gas phase pr ior  to a reaction wi th  the 
sample. 
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Rate of Solution of Rotating Tantalum Disks 
in Liquid Tin 

T. F. Kassner 

Metallurgy Division, Argonne National Laboratory, Argonne, Illinois 

ABSTRACT 

The dissolution kinetics of tan ta lum in l iquid t in have been invest igated 
under  the well-defined hydrodynamic  conditions produced by the ro ta t ing-  
disk sample geometry.  Dissolution data were  obtained under  laminar  flow 
conditions (Reynolds No. 1 x 103 to 1 x 105) for the t empera tu re  range 800 °- 
1200°C. Much of the exper imenta l  data was found to be in a region of mixed 
t ransport  control;  however ,  for specific conditions of t empera tu re  and velocity, 
both l imit ing cases for react ion and diffusion control  were  also observed. The 
solubil i ty of tan ta lum in l iquid tin was determined over  the tempera ture  
range 600°-1200°C. The diffusion coefficient of Ta-182 in l iquid t in  was also 
measured at tempera tures  between 500 ° and 1100°C by the capi l la ry- reservoi r  
method. These data  were  used in the convect ive-diffusion model  set for th  by 
Levich to calculate values for the diffusion-controlled dissolution flux. The 
model  was extended to include the range of Schmidt  numbers  be tween  4 and 
1000. A Schmidt  number  of ~25 in the t an ta lum- t in  system at 1200°C resul ted 
in a 12% reduct ion in the calculated dissolution flux. Within  the limits of 
er ror  of the exper imenta l  diffusion data, the dissolution flux f rom the model  
was in agreement  wi th  the exper imenta l  values in the region of diffusion con- 
trol. 

The convective-diffusion model  for mass t ransport  
to or away from a rotat ing disk first formula ted  by 
Levich (1, 2) has been extended (3) to include the 
range of Schmidt  numbers  commonly encountered in 
l iqu id-meta l  systems at high temperatures .  The pur-  
pose of this paper  is: (a) to give the flux equat ion for 
rota t ing disks applicable to systems in which  the 
Schmidt  number,  v/D, ranges be tween  4 and 1000, and 
(b) to present  kinetic, diffusion, and solubili ty data 
that  can be used to demonstrate  the applicabil i ty of 
the model  to a h igh- t empera tu re  l iqu id-meta l  system. 

When it is assumed that  the solute concentrat ion 
of the l iquid is independent  of radial  and angular  
position but is solely dependent  on the axial  distance 
f rom the disk surface, and also that  s teady-s ta te  t rans-  
port  across the diffusion layer  is achieved rapidly;  
the convect ive-diffusion equat ion in cylindrical  co- 
ordinates can be wr i t t en  as 

d C  d2C 
Vz(Z) ---- D -  [i] 

dZ dZ 2 

where  Vz is the axial  component  of the velocity, D is 
the solute diffusion coefficient, and C is the solute 
concentration. 

Cochran's  (4) exact  solution to the Navier -Stokes  
and cont inui ty equat ions for fluid motion near  a ro ta t -  
ing disk yielded a series relat ionship be tween Vz and 
Z. The first three  terms of the series for small values 
of Z were  used with the boundary  conditions for a 
disk undergoing dissolution in a large volume of l iquid 
to obtain a solution to Eq. [1] for the concentrat ion 
distr ibution of solute near  the disk surface. The maxi -  
m u m  (initial) flux of solute f rom Fick's first law 
can then be wr i t ten  as 

Table 1. Value of the integral ](D/y) for a range of Schmidt 
numbers between 4 and 1000 

Value of 
(Schmidt  No.)-1 In tegra t ion  l imit  the integral  

(D/u) 1.9944 (z,/D) 118 I(DIp) 

0 ~ 0.8934 
0,001 19,944 0.9209 
0,002 15,830 0.9286 
0.003 13.828 0.9341 
0.004 12.564 0.9385 
0.005 11.663 0.9424 
0.006 10.967 0.9457 
0.007 10.426 0.9487 
0.008 9.972 0.9515 
0.009 9.588 0.9541 
0.010 9.267 0.9564 
0.020 7.347 0.9747 
0.030 6.419 0.9877 
0.040 5.832 0 . 9 9 8 1  
0.060 5.414 1.0068 
0.060 5.094 1.0143 
0.070 4.839 1.0209 
0.080 4.629 1.0268 
0.090 4.450 1.0321 
0.100 4.297 1.0368 
0.110 4,162 1.0412 
0.120 4.043 1.0451 
0.130 3.937 1.0488 
0.140 3.841 1.0521 
0.160 3,754 1.0552 
0.160 3,674 1.0580 
0.180 3.532 1.0631 
0.200 3.410 1.0676 
0,250 3.166 1.0762 

From ref. (3) 
I(DIz,) = 

fo l'~(vlD)l/8 r ex!o [ -- X ~ + 
( D VJ, / D VJ~ ] 

o.~5k7 ] x,-039417 ] x~jax 

The values of I(D/~) listed in Table I were  de te r -  
mined by a computer  integrat ion for the 28 D/v values 

J m  = 
D (C~at - -  CB) 

1.805 ~-1/2 ~,I/0DI/3 l(D/v) -}- 1.124 D(v~)-I/2 exp [--3.11 (v/D)] 
[2] 

where  v is the kinem~'tic viscosity of the liquid, cm2/ 
sec; ~ the angular  veloci ty  of the disk, radians/sec;  
Csat  the solubili ty of the solute in the liquid, g/cm3; 
and CB the init ial  soIute concentrat ion in the liquid, 
g / cm 3. I(D/v) is the va lue  of an in tegra l  in the solution 
to Eq. [1] and is a function of the reciprocal  Schmidt  
number.  

be tween  0.001 and 0.250. Gregory and Riddiford (5) 
solved the same problem for several  D/v values be-  
tween 0.001 and 0.004 by a graphical  integrat ion 
method  in which  the first two terms of the  series ex-  
pansion defining Vz were  used. They showed that 
when  D/v = 0.001, I(0.001) was 3% greater  than the 
I (O)  approximat ion employed by Levich  (1). The 
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values in Table I result  in  a 4% correction to the I (O)  
approximat ion for D/v = 0.001 and a 17% correct ion 
for  D/v = 0.250. 

The convect ive-diffusion boundary  layer, 5D, is de- 
fined by denominator  of Eq. [2]. For  D/v values per -  
t inent  to this study, the second term in the denomina-  
tor of Eq. [2] is negl igibly small compared to the 
first so that  Eq. [2] can be rewr i t t en  as 

Jm ----- 0.554 I(D/~) -1D 2/3 ~. - -1 /6  ~1/2 ( C s a  t _ CB) [ 3 ]  

Equat ion [3] is applicable to laminar  flow which, for a 
polished and dynamical ly  balanced disk, extends to 
Reynolds numbers  of the order  of 105 . The Reynolds 
number  for a disk of radius R is defined as Re : 
wR2/v. For  the 5.08 cm diameter  disks used in this 
work, the upper  l imit  for ~ was N 20 radians/sec  at 
the higher  temperatures .  

The tempera ture  dependence of the diffusion-con- 
t rol led dissolution flux was obtained by insert ing the 
fol lowing Arrhenius  expressions for the tempera ture  
dependence of D, v, and Csat into Eq. [3]. 

[ "~ - - Q D  
D =  Doexp  L--R-T-- ) [4] 

v = v o e x p  \ ~  [5] 

Csat = Co exp ( -AHs~ [6] 
RT 

The result  is given below for the case where  the init ial  
concentrat ion of the liquid, CB, is zero 

Jm = 0.554 I(v/v)-I Do2/3 7]o--1/6 ~I/2 

exp ( 4 Q D + Q v - F 6 A H s o l n ) _ _  [7] 

6RT 

For the tempera ture  in terva l  and Schmidt  numbers  
applicable to this work,  the t empera tu re  dependence 
of I(D/v) becomes negl igibly  small. F rom Eq. [7], the 
t empera tu re  dependence of the m a x i m u m  dissolution 
flUX, QJm, is re la ted to the act ivat ion energies for 
solute diffusion, QD, and viscosity, Q~, and the over -  
all  heat  of solution of the solute in the liquid, AHsoln 
by the relat ion 

1 
QJm = -~ (4QD + Qv + 6AHsoln) [8] 

Sufficient exper imenta l  data have  been obtained to 
predict  the magni tude  of the dissolution flux f rom 
Eq. [3] and the t empera tu re  dependence of the flux 
f rom Eq. [8]. These values can then be compared with  
the exper imenta l  dissolution data. 

Exper imenta l  
The tan ta lum disks were  machined f rom 0.11 cm 

thick annealed polycrysta l l ine  sheet. The analysis of 
the mater ia l  is given in Table  II. The  disks were  
ground fiat on metal lographic  paper  and then given 
a l ight chemical  polish in a 50:20:20 su l fur ic -hydro-  
f luoric-nitr ic acid solution. A thin tan ta lum support  

Table II. Analysis of the tantalum sheet 

P p m  by  w e i g h t  

C 11 
O 33 
N 44 
Fe  9 
Cu 1 
Ni  2 
Si  7 
Nb 25 
Cr < 1  
T i  < 5  
A1 <10  
Mo <10 
W <40 
Ta Bal. 

rod was e lec t ron-beam welded to the disk and the 
rod was fitted with  a quar tz  protect ion tube. The sup- 
port  rod was at tached to another  rod which passed 
through a ro tary  push-pul l  vacuum seal, and the sys-  
tem was dynamical ly  balanced before insert ing it 
into the furnace tube. 

The "four-nines  plus" pur i ty  t in melts were  con- 
tained in 66 mm ID quartz  crucibles. Each mel t  of 
about 3200g was deoxidized by bubbling dry hydrogen 
through it at 500~ in another  furnace. 

A run  was star ted by lower ing  the disk into the 
l iquid tin and sett ing the desired rotat ional  speed. The 
tempera ture  of the l iquid was held to _ 2 ~  and the 
angular  veloci ty of the disk was mainta ined to __.1% 
of the set value. Samples of the t in reservoir  were  ob- 
tained at desired t ime intervals  wi th  quartz  sampling 
tubes. 

The fol lowing thermal  neut ron  act ivat ion method 
was used to analyze the samples for tantalum. The 
0.40 cm diameter  by 3.5 cm long cylindrical  samples 
were  removed from the quartz  sampling tubes and 
then  weighed and capsulated in polyethylene  tubes. 
Samples of pure  t in of s imilar  size were  also weighed 
and sealed in polyethylene  tubes for use as t in stand- 
ards. Tanta lum standards were  prepared by dissolv- 
ing an accurately tared tan ta lum wire  in a measured 
volume of a 50:50 HF-HNO3 solution. One ml  quan-  
tities of the s tandard solution were  quant i ta t ive ly  
t ransferred to polyethylene  tubes and the capsules 
were  sealed. The samples and standards were  i r ra-  
diated for 4 hr  in a neut ron  flux of 1.6 x 1011 n / c m  2- 
sec. A counting system incorporat ing a large wel l -  
type scintil lation detector and a pulse height  analyzer 
was used to de te rmine  the sample and s tandard ac- 
t ivit ies in the region of the 1.121, 1.188, and 1.223 m e v  
Ta-182 peaks. Major  in ter ference  by the 9.4 day hal f -  
life Sn-125 peak at 1.07 m e v  was e l iminated by the 
pulse height  analyzer.  However ,  the act ivi ty  of the 
Ta-Sn  samples was corrected for tin act ivi ty  wi th  the 
information f rom the tin standards. There  was es- 
sential ly no self-absorpt ion wi th in  the samples for the 
sample geometry  and g a m m a - r a y  energies involved  
(6). Tanta lum concentrat ions as low as 0.5 ppm could 
be determined rout inely  by the method. 

Results 
Representa t ive  concentrat ion vs. t ime plots for two 

of the runs are shown in Fig. 1. The init ial  slope of 
each curve  was used along with  the area of the disk 
and the weight  of the t in reservoi r  to obtain the values 
for the m ax im um  dissolution flux of tantalum. Figure  
2 is representa t ive  of the type of curve  that  resul ted 
when trace amounts  of air or water  vapor  were  ac- 
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Fig. 2. Effect of slight oxygen contamination of the helium cover 
gas on the dissolution of tantalum in liquid tin. 

cidently introduced into the hel ium cover gas dur ing 
the sampling procedure. If the sampling problem 
was corrected and no addit ional  contaminants  were 
admit ted to the system, the system at tained saturation. 

Dissolution curves similar  to the first 3 hr  in Fig. 2 
were obtained for several  runs  in  which a small  air  
leak developed in the system. The concentrat ion of 
t an ta lum in  the t in  remained at a constant  low frac- 
t ion of the saturat ion concentration.  For the runs  
where contaminat ion was present, t an ta lum was se- 
lectively oxidized out of solution at the l iquid-gas 
interface. The dissolution process at the t an ta lum disk- 
l iquid interface proceeded at  a ra te  that  could be re-  
lated to the difference between the saturat ion concen- 
t rat ion and the steady-state  concentrat ion of t an ta lum 
in  the liquid. The lat ter  quant i ty  was determined by 
the rate of solution of the disk and the rate of re- 
moval  of t an ta lum from solution by oxidation. 

Figure 3 shows a disk sample at the conclusion of 
an 1100~ run  in which a slight leak had developed. 
An  x - ray  powder pa t te rn  from a sample of the melt  
at the conclusion of the r u n  revealed that  a large 
amount  of Ta205 was present  along with tanta lum.  
The uni form th inn ing  of the disk substantiates the as- 
sumption that  the solute concentrat ion in the l iquid 
w a s  independent  of radial  and angular  position and 
i l lustrates that  the reaction surface was uni formly  

Fig. 3. Disk sample at the conclusion of a run in which the 
dissolution rate remained near the maximum value because of 
removal of tantalum from solution by selective oxidation. Uniform 
thinning of the disk illustrates that the reaction surface was 
uniformly accessible from the standpoint of diffusion. 
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Fig. 4. Temperature dependence of the solubility of tantalum 
in liquid tin. 

accessible from the s tandpoint  of diffusion. Latter  data 
will  also show that, for the tempera ture  and velocity 
of this run,  the dissolution process was in a region of 
diffusion control. 

The tempera ture  dependence of the solubili ty of 
t an ta lum in l iquid t in  is given in Fig. 4. These values 
were obtained from dissolution curves in  which satu-  
rat ion was readi ly  achieved and also from a solubil i ty 
r un  in  which equi l ibrat ion times from 48 to i00 hr  
at each tempera ture  were used. Each point  represents 
the average of a n u m b e r  of analyses. The data can 
be represented by the relat ion 

C s n  TM ~ (3,737 "4- 0,254) 104 
[--15,390+---1,210 1 

exp RT # g T a / g  Sn [9] 

The over-al l  heat of solution of t an ta lum in l iquid t in  
is 15,390 • 1210 cal /mole at the 95% confidence level. 

The results of measurements  of the self-diffusion 
coefficient of l iquid t in  and t an ta lum in  t in  by the 
capi l lary-reservoir  method are shown in Fig. 5. The 
diffusivity of S n - l l 3  in  l iquid t in  was determined to 
check out the diffusion cell, and these data are in  
agreement  with data of Careri  et al. (7) and Ma and 
Swal in  (8) for temperatures  below 800~ All  of the 
data below 800~ were used to obtain the following 
Arrhenius  relat ion for t in  self-diffusion 
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Fig. 5. T e m p e r a t u r e  dependence  of  the  di f fusion coef f ic ien t  of  
Sn-113 and Ta-182 in liquid tin; e,  x, this study; I-I, Mo and 
Swalin (8) ; /k ,  Careri et al. (7). 
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--3,160 +__250 ] 
D s n  sn  = (4.59 ± 0.19) 10 -4 exp RT [10] 

The experimental  tantalum diffusion data in Fig. 5 
are expressed by the relation 

[ - - 1 , 9 3 0 _ _ . 9 0 0 ]  
D s n  wa ~ (9.72 + 0.93) 10 -5 exp RT , [11] 

at the 95% confidence level .  The modified Cohen-Turn-  
bull f ree -vo lume model  (9) for solute self-diffusion 
in liquids yie lded the fo l lowing result  for tantalum 
self-diffusion. 

[ - - 4 ' 2 7 0 1 1 1 2  ] D s n  TM ~-  (4.98 X 10-4) exp ]RT 

The data for the diffusion coefficient of Ta-182 in l iq-  
uid tin fall  be low the tin self-diffusion data. This 
result is in agreement  with  the free vo lume model;  
however,  the experimental  activation energy of 1,930 
ca l /mo le  is less than half of that predicted by the 
model  in Eq. [12]. 

The v iscos i ty  data for l iquid tin in Fig. 6 were  taken 
from the l iterature (10-13).  Gebhardt's (10) data, 
which were  measured over the largest temperature in- 
terval, result  in the fo l lowing express ion for the k ine-  
matic  viscosi ty  

r .  1190 __+ 4O 
= (7.83_+ 0.07) 10- ,  exp / | [13  

L RT J 

Figure 7 i l lustrates the temperature dependence of 
the dissolution flux at a rotational speed of 10 rpm 
(Re ~ 5  x 10s). The dashed line gives the temperature 
dependence of the dissolution flux predicted by Eq. 
[8]. The experimental  activation energy for tantalum 
diffusion was  inserted into Eq. [8] wi th  the over-a l l  
heat of solution of tantalum in liquid t in and the 
activation for viscosity to obtain the value  of QJm of 
16,870 ca l /mole .  

The ve loc i ty  dependence of the dissolution flux at 
four temperatures is shown in Fig. 8. The hal f -power  
veloci ty  dependence of the dissolution flux at con-  
stant temperature predicted by Eq. [3] is observed at 
the higher temperatures over an appreciable ve loc i ty  
range. 

All  of the experimental  dissolution data obtained 
in this study are plotted in Fig. 9. By  application of 
the hal f -power  veloci ty  relationship to the dashed line 
in Fig. 8 for the 10 rpm data, the high-temperature  
portion of the curves were  generated for the additional 
velocities.  The experimental  data points at 1100 ° and 
1200°C are in reasonable agreement  with  the t em-  
perature dependence predicted by the curves. 

Discussion 
The dissolution data can be examined  in terms of the 

temperature and veloc i ty  dependence and the mag-  
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Table III. Comparison of experimental and calculated values of the dissolution flux and the diffusion coefficient of tantalum in liquid tin 

A t  l l O 0 ~  psn* = 6 , 3 9 8  g / e m  a, C s , t  = 1 3 4 / ~ g  T a / g  S n ,  l ,  = 12 ,1  • 10  -4 e m ~ / s e c  
D E ~ p t l .  = 4 . 8  X 1 0  -~ c m 2 / s e e ,  D/~, = 0 . 0 4 9 ,  I<D/~,) = 0 , 9 9 8 1  

R P M  R e  ~ ~1/~ J m * *  ( E x p t l , )  J ~  ( C a l c , )  D ( C a l c )  c r n ~ / s e e  

100 5.59 • 10 ~ 10.5 3.24 8.'71 X 10 -6 6.99 • 1 0 4  6.0 • 10 -6 
4 0  2 , 2 3  x 1 0  ~ 4 . 1 9  2 . 0 5  6 . 0 0  • 1 0 ~  4 . 4 1  x 10-~ 7 .9  x 10  -~ 
10  5 . 5 9  • 108 1 .0 5  1 .02  3 , U  x 10  .6 2 . 2 1  x 10  r~ 8 .2  x 1 ~  -B 
5 2.82 X I0 ~ 0,53 0.73 2.05 x 10 -6 1.57 X 10 -6 7.6 X I0 ~ 

A t  1 2 O 0 ~  p*sn  ~ 6.337g/cm s, C~ar = 1 9 4 / ~ g  T a / g  S n ,  ~ = 11 ,8  x 10  ~ c m ~ / s e c  
D E x p t l .  = S .0  X 10  -5 em-~ / s ec ,  D/v  = 0 ,043 ,  I(D/~) = 1 . 0 0 0 7  

R P D I  R e  ~ ~ t /2  J ~ * *  ( E x p t l . )  J ~ ( C a l e . )  D ( C a l c )  c m ~ / s e c  

4 0  2 . 3 0  x 104 4 . 1 9  2 . 0 5  7 . 9 0  • 10  -~ 6 . 7 7  x 10  -a  6 .3  • 10  -5 
10  5 . 7 5  • 108 1 .0 5  1 .02  4 . 4 8  • 10  -~ 3 . 3 9  • 10  -~  7 .7  • 10-6  

5 2 . 9 0  • 108 0 . 5 3  0 . 7 3  2 . 0 3  • 10  -6 2 . 4 0  • 10  -6 5 .7  • 10  -~ 

* D e n s i t y  v a l u e s  a r e  f r o m  r e f  ( 1 0 ) .  
** T h e  d i s s o l u t i o n  f l u x ,  J , ~ ,  i s  i n  u n i t s  o f  g T a / c m ~ - s e c .  

nitude of the dissolution flux. When the act ivat ion en-  
ergies for compet ing rate  processes in a react ion differ 
in magni tude  by a significant amount,  a change in 
slope in the Arrhenius  plot of the rate  can occur de-  
pending upon the tempera ture  in te rva l  that  is in-  
vestigated. Arrhenius  plots of this type have  been ob- 
served for the oxidat ion of graphi te  (14, 15), the oxi-  
dation of metals  which form volat i le  oxides such as 
molybdenum (16), and also for the dissolution of 
metals  in acids (17). The decrease in the act ivat ion 
energy with  increasing t empera tu re  was indicat ive of 
a t ransi t ion f rom surface or react ion control  to t rans-  
port control. The data in Fig. 7 indicate a s imilar  
t ransi t ion in this system. As the t empera tu re  increases, 
the t empera tu re  dependence of the dissolution flux 
approaches the value  of 16.9 kcal  predicted by the 
model  for diffusion control. Tempera tu re  l imitat ions 
imposed by the apparatus  would not permi t  a quan-  
t i ta t ive check of the act ivat ion energy  over  a wider  
t empera tu re  interval .  The large act ivat ion energy of 
~90 kcal  at the low tempera tures  can be associated 
wi th  the surface react ion for the rate  of t ransport  of 
tan ta lum across the sol id-l iquid interface. 

Much of the exper imenta l  data in Fig. 9 was ob- 
tained in a region of mixed  t ransport  control. When 
the dissolution rate  is a funct ion of both the ra te  of 
the surface react ion and the rate  of diffusional t rans-  
port  through the boundary  layer,  a change in exper i -  
menta l  conditions can resul t  in a shift  of react ion 
control toward one of the l imit ing cases. For  example,  
a decrease in veloci ty  f rom 150 to 5 rpm at l l00~  
shifts the dissolution process f rom mixed  t ransport  
control  to diffusion control. The effect of t empera tu re  
on the dissolution process noted ear l ier  for the 10 rpm 
data in Fig. 7 is also applicable to the other velocit ies;  
however ,  as the veloci ty  increases, the transi t ion f rom 
mixed  to diffusion control  moves to higher  t empera -  
tures. 

A quant i ta t ive  comparison of the dissolution flux 
f rom Eq. [3] and the exper imenta l  values in a region 
of diffusion control  is made  in Table III. The calcu- 
lated flux values based on exper imenta l  diffusion data 
are, on the average,  about 20% lower  than the ex-  
per imenta l  values. It  should be pointed out that  this 
difference would  be reduced considerably if the 12% 
reduct ion in the calculated dissolution flux due to the 
/(D/v) correct ion were  not applied. The D values for 
each of the runs in Table  III  were  obtained by inser t -  
ing the expe r imen ta l  flux values into Eq. [3]. While  
these D values are approximate ly  30% higher  than 
the least squares values f rom the cap i l l a ry- reservoi r  
method, they fall  wi th in  the plus two sigma l imit  of 
the exper imenta l  diffusion data. 

The re la t ive ly  small  difference in the diffusion co- 
efficients by the two methods cannot  be a t t r ibuted to 

the thermodynamic  factor  in the relat ionship be tween 
the chemical  and t racer  diffusion coefficients, i.e., 
Dwa ~ Dwa* (1 -~- d In 7wa/d In NWa). In the event  that  
the t an ta lum- t in  solution deviates f rom ideal or di- 
lute solution behavior,  the diffusion coefficients from 
the capi l la ry- reserv ior  method become chemical  dif-  
fusivities since the solute concentrat ions in the capil-  
laries were  near  saturat ion while  the solute concentra-  
t ion in the reservoi r  remained  near  zero. Thus, the 
thermodynamic  dr iv ing  force in the diffusion measure -  
ments was analogous to that  dur ing dissolution in a 
region of diffusion control. 

An exper imenta l  problem inherent  in the measure-  
ment  of the diffusion coefficient in this system could 
easily lead to the low D values. The quartz  capil-  
laries were  filled f rom a tin reservoi r  saturated with  
high specific act ivi ty  tan ta lum at tempera tures  be-  
tween 500 o and ll0O~ Autoradiographs  of the filled 
capil laries indicated that  the act ivi ty  was distr ibuted 
homogeneously.  The capillaries were  subsequent ly  
diffused at tempera tures  f rom 10 ~ to 2O~ above the 
filling t empera tu re  to insure that  all of the act ivi ty 
re turned  to solution. However ,  in v iew of the low 
solute concentrat ions involved  in this study, there  
is the possibility that  the above condition was not 
complete ly  attained. This factor  may  be the pr imary  
reason for the low diffusion results since the same 
exper imenta l  methods that  were  employed in the tin 
self-diffusion measurements  were  applied to these 
measurements .  

Conclusions 

The data presented in this paper  provide  a crit ical  
test of the convect ive-diffusion model  in a h igh - t em-  
pera ture  l iquid meta l  system. The veloci ty and tem-  
pera ture  dependence of the dissolution flux under  
conditions of diffusion control  are  in good agreement  
wi th  the model. The flux values also agree within  the 
limits of error  of the exper imenta l  diffusion data. The 
val id i ty  of the assumption that  the solute concentra-  
t ion is independent  ~ radia l  position, which leads 
to the impor tant  proper ty  that  the magni tude  of the 
convect ive-diffusion boundary  layer  is constant over  
the surface of the disk, was evidenced by the uni form 
thinning of the disk under  the laminar  flow condi-  
tions. 

The modified flux re la t ion now applicable to a wide 
range of Schmidt  numbers  resul ted in a 12% reduct ion 
in the calculated dissolution flux in the tan ta lum- t in  
system. The correct ion factors would be significant 
when  diffusion coefficients are calculated f rom the flux 
re la t ion in systems wi th  Schmidt  numbers  below 
100O. 

A shift in reaction control  for the dissolution process 
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resul t ing from changes in  exper imenta l  conditions has 
been amply demonstra ted in a l iquid metal  system. 
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Potential of Aluminum in Aqueous Chloride Solutions 
T. Hagyard and W. B. EaW 

Department of Chemical Engineering, Univer.sity 05 Canterbury, Christchurch, New Zealand 

ABSTRACT 

By using a high-speed technique described in ref. (1), anodic ( a luminum 
dissolution) po la r iza t ion  data have been obtained for a l u m i n u m  surfaces free 
from oxide films and from the normal  concurrent  hydrogen evolution. Simi-  
lar ly cathodic (hydrogen evolution) polarization data have been produced for 
oxide-free a luminum surfaces on which the usual  s imultaneous anodic process 
has been suppressed. These results have been applied to the in terpre ta t ion  of 
the static "mixed" potential  reported in ref. (1). It has been deduced that at 
the mixed potential  the anodic area most probably comprises less than  0.5% 
and the cathodic area 99.5% of the total surface. 

Measurements  of anodic and cathodic polarization 
on highly reactive metals such as a luminum,  mag-  
nesium, and t i t an ium are commonly made on speci- 
mens covered with the usual  spontaneously formed 
oxide film, and it is l ikely that  the effective area for 
such measurements  is that of pores in  the film so that  
conclusions from such measurements  are subject to 
considerable doubt. 

These difficulties may be avoided and considerable 
new insight obtained as to the electrode process if, 
instead, observations are made on surfaces newly  
formed in  contact with the solution, provided that  the 
exper imental  method is suited to the very  fast proc- 
esses which then become apparent.  

For a l u m i n u m  it was found (1) that a new a lumi-  
n u m  surface, formed sufficiently rapidly under  aque-  
ous potassium chloride, unde rwen t  ~ first a very rapid 
fall in  potential  reaching a m i n i m u m  value in  a few 
microseconds and that  this represented the revers i -  
ble potential  of a l u m i n u m  uncomplicated by concur-  
rent  hydrogen evolution. Dur ing  the following mi l l i -  
second, it was found that  the potent ial  then increased 
due to the onset of hydrogen evolut ion and became 
stabilized after  about 1 msec at a mixed potential  
which then remained substant ia l ly  constant  in  the 
absence of oxygen. In  the presence of dissolved air, the 
potential  rose further,  due to oxide film formation, 
becoming constant  after some 5-10 sec at a much 
more positive value. 

The present  work was directed at using the large 
differences in  t ime constants between the first two 
processes to provide a means of obta in ing polarization 
curves for the anodic dissolution of a luminum and  for 

1 P r e s e n t  addres s :  S h a w i n i g a n  Chemica l s  Limi ted ,  Mont rea l  East ,  
Quebec ,  Canada .  

the cathodic evolution of hydrogen on a luminum.  
These curves cannot  be obtained by normal  means 
for the following reasons. For both processes oxide 
films must  be absent,  and so far as the authors are 
aware no data for such a condit ion have been pub-  
lished. In the present  work, oxide films were cer- 
ta inly  absent first because an atmosphere of purified 
hydrogen (see exper imenta l  section) was main ta ined  
from the ini t ial  cut t ing of the new a luminum surface, 
and second because observations were l imited to the 
first millisecond after cut t ing and contaminat ion  of the 
surface by oxygen or any other trace impuri t ies  takes 
place with t ime constants that  are very long in com- 
parison [see ref. (1), p. 2293]. (Exper imenta l ly  ob- 
served t ime for effect of oxygen is ca. 3 sec, and a 
simple calculation shows that  the t ime for the arr ival  
of a monolayer  of oxygen atoms by diffusion alone in 
air saturated solutions is ca. 5 sec.) 

For  the anodic dissolution of a luminum,  a major  
difficulty in measurements  of the overvoltage by nor-  
mal  techniques is that  concurrent  hydrogen evolution 
cannot be prevented. Consequent ly  the total anodic 
current  is greater- than the external  current .  Also since 
two processes are proceeding s imul taneously  the area 
which is actually acting as anode is in considerable 
doubt. In the present  work these difficulties were 
avoided by observing the potent ial  of a polarized 
newly  cut a l u m i n u m  surface dur ing  the first few 
microseconds, this procedure being justified in a later  
section and in ref. (4). For this short t ime it seemed 
(1) that the whole of the exposed surface must  be 
anodic and that  hydrogen evolution, t ime constant  1 
msec, would contr ibute  negl igibly to the current .  Con- 
sequent ly it is claimed that  the polarization data pro- 
duced by these means were the first observations in 
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which substant ial ly all the surface was anodic and in 
which no appreciable hydrogen evolut ion was taking 
place. 

For  the measurements  of the polarizat ion of hydro-  
gen discharge, another  proper ty  of the system had to 
be used. If an electrode at the mixed  potent ial  is 
cathodically polarized f rom an ex te rna l  source, then 
the potent ial  wi l l  move  in a more  negat ive  direct ion 
and, if the polarizing current  density is cont inual ly  
increased, the "mixed"  potent ial  wil l  eventua l ly  equal  
and then become more negat ive  than the revers ible  
potent ial  of a luminum in that  solution, and at this 
point the anodic react ion must  cease. By polarizing the 
newly  cut surface at current  densities high enough to 
produce potentials more  negat ive than  the normal  
peak potential,  this condit ion was fulfilled, and the 
data so obtained therefore  re fe r red  to an a luminum 
surface none of which was anodic, i.e., to a whol ly  
cathodic surface on which the only process occurr ing 
was the discharge of hydrogen ions. 

Experimental 
The exper imenta l  cell of polyethylene  is shown dia-  

gramatical ly  in Fig. 1 in which, during use, the elec-  
trode, 4, was dr iven at 1000 cm/sec  past a ruby cutter,  
8, by the impact  of a spr ing-dr iven  hammer  on the 
anvil,  1, thereby  cutt ing a notch, area some 10 -3 cm 2, 
in the flange of the electrode and coming to rest  clear 
of the electrode and embedded  in the polyethylene  in-  
sulation, 9. The electrode, before cutting, was ent i re ly  
covered by a coating of polyethylene,  9, some 0.5 mm 
thick providing an insulat ion resistance around 50 
Mohm. By reducing the thickness of the flange which 
was to be cut to a l imit  of 0.05 ram, it was possible 
to reduce the t ime of cut t ing to 5 ~sec [cutt ing t ime 
in the range 5-100 ~sec (5415 ~sec) did not affect the 
cathodic (anodic) results;  a l though cutt ing veloci ty 
was al tered however ,  the m a x i m u m  obtainable was 
always used for obvious reasons]. An antisplash guard 
of PTFE,  3, was provided.  The electrode moved  in a 
dura l ium bush, 2, which was electr ical ly connected 
to the electrode so as to avoid electrostatic effects. 

Polar izing current  was supplied via a p la t inum wire  
electrode, 7, purified hydrogen  (from "Milton Roy" pal-  
ladium diffuser, impur i ty  content  less t h a n  0.01 ppm) ,  
was supplied via 6. The solution was thus saturated 
wi th  H2 at a pressure essential ly atmospheric.  Connec- 
tion to the N calomel  electrode was made through a 
cel lophane membrane  via 5, it being necessary for 
h igh-speed circui t ry  to provide  a salt br idge of large 
cross section shown so as to keep the resistance of 
the measur ing  circuit  down to about 1000 ohms. The 
potential  was fed to a cathode fol lower of impedance 
109 ohms and thence to the oscilloscope, the total  c ir-  
cuit  rise t ime being 6 ~sec. [Subsequent  exper iments  

/ /  
/ / 

/ 
/ 

Fig. 1. Section detail of experiment cell (see text 

F 
~ 

\\ 
\ 

- , |  

for legend) 

per formed first using a h igh-speed cathode fol lower  
(rise t ime 0.1 ~sec) and later  again wi thout  a cathode 
fol lower  with the cell direct ly  coupled to a high speed 
oscilloscope (rise t ime 0.023 ~sec) gave the same re -  
sults.] 

The polarizing cur ren t  was supplied by the t ran-  
sistor circuit, Fig. 2. The la t ter  was necessary because 
the cathode fol lower  be tween  the test e lectrode and 
the oscil lograph became deranged if more  than  4.5v 
was applied to it. Nevertheless ,  it was essential that  
the chosen polarizing current  (0.1 - -  1000 ~a) must  re -  
main  constant, start ing immedia te ly  the cut  closed the 
electrolytic circuit  but  not imposing more  than 4.5v 
on the cathode fo l lower  dur ing the complete ly  insu- 
lated period before cut t ing the specimen. The cir-  
cuit  in Fig. 2 permi t ted  this and had a t ime constant 
of <1 ~sec. 

The above cell differed f rom that  used in ref. (1) 
because in the lat ter  the electrode was stat ionary and 
the cut ter  moved  past it. In doing so it lef t  a cavity,  
the collapse of which delayed the wet t ing  of the elec- 
t rode surface. The present  design overcame this diffi- 
cul ty and, as wi l l  be mentioned,  also e l iminated pos- 
sible concentrat ion polarizat ion due to the ve ry  high 
rate of shear produced in the surface film of electro-  
lyte. 

Results 
Anodic polarizat ion.--A solution 1M KC1 + 0.00033M 

A1Cla of pH 3.2 was used throughout,  the a luminum 
ion being present  so that  the revers ib le  potent ial  of 
the a luminum electrode would be defined. 

Typical  oscil lograph traces are shown in Fig. 3. In 
al l  traces herein  potentials are on the hydrogen scale. 
In these traces the 1000 Hz sinusoidal t race was used 
as t ime base and as the potent ial  calibration. Before 
the cut, the potent ia l  of the still insulated electrode 
was + 4.5v and on making  the cut the trace became 
more negat ive due to the ionization of the aluminum. 
The rate of fal l  was probably  l imited ini t ial ly by the 
speed of the cathode fol lower-osci l loscope circuit. The 
min imum potential  was that  recorded for the polar-  
ization curves. The subsequent  r ise  to the mixed  p o -  

6:<..1~{ 5. :.It{50!fI.fL. OC20I 

i:oOKS-~l- 
, I,H, 

Fig. 2. Constant current device circuit 

Fig. 3. Anodic polarization trace. Potential vs. time. AI in 
1M KCI + 0.00033M AICI3, pH 3.2. 
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Fig. 4. Anodic polarization curve AI in 1M KCI + 0.00033M 
AICI~, pH 3.2. 

tent ial  is evident  f rom Fig. 3, but  is i r re levant  to the 
measurements  of anodic polarization. Using various 
impressed currents  and measuring the apparent  area 
of the cut surface gave the polarization plot of Fig. 4. 

The justification for using min imum potentials at- 
tained during the first 10-30 ~sec after  cut t ing the 
electrode is based on two grounds. When cut t ing is 
fast enough (complete  in <15 ~sec) then the minima 
occur most often about 20 ~sec and independent ly  of 
cut t ing time. Observations in the absence of polariz-  
ing cur ren t  gave min imum potentials in this solution 
(A1C13 : 0.00033M) of --1.65v, and this may be com- 
pared with  the calculated Eo = - -  1.66v quoted by Lat-  
imer (2). If the act ivi ty  were  equal  to the concentra-  
tion, then the measured  potent ial  here  should in fact  
have been --1.71. Lat imer ' s  value refers  na tura l ly  to 
unit  a luminum ion activity, but has not been confirmed 
exper imenta l ly  nor is the a luminum ion act ivi ty  
known in these solutions. The agreement  seems satis- 
factory for present  purposes especially in v iew of the 
wide confidence limits at present  obtainable. Addi-  
t ional justification for these high-speed potential  
measurements  is provided by similar  measurements  
on cadmium by Chapman (4). In this work  10-30 ~sec 
values of the potential  of cadmium in cadmium chlo- 
r ide were  compared  with  the values obtained by 
standard static potent iometr ic  methods. Cadmium was 
chosen as being substantial ly free f rom concurrent  
hydrogen evolution. Agreement  wi th in  some 10 mv 
was found thus confirming that  equi l ibr ium potentials 
of metals  may  be measured  in the short t imes used 
in the present  work. 

The results in Fig. 4 are more scattered than could 
be wished, but  this is not surpris ing in v iew of the 
exper imenta l  difficulties including inevi table  scatter 
due to the roughness of the cut surface not being under  
control. The plot of potential  vs. log i is here  in ter -  
preted, as a first approximation,  in terms of a charge-  
t ransfer -cont ro l led  single step process of the type rep-  
resented by 

' = i o [ e x p ( - - f l n F ~ l  ) - - e x p (  (1--~)nI% , ) ]  
RT RT 

Bockris (5). Where  ~, as in this work, exceeds + 100 
mv, the first term is negligible and a l inear  Tafel  plot  

RT i 
of the form ~1 : �9 In - -  should be obtained. 

( I--~ ) nF  io 
Here  I--/~ is the fract ion of the interface potent ial  dif-  
ference effective in the anodic charge t ransfer  proc- 
ess. When the current  density is increased to the point 
where  other  react ion steps become rate  controlling, 
the l inear i ty  is expected to fail, as is normal  exper i -  
ence, and these results tend to confirm this. 

In Fig. 4 the best s t raight  line has been computed 
for all points at anodic current  densities less than 0.1 

a m p / c m  2, above which cur ren t  density marked  devia-  
RT 

tion is likely. The slope is found to be 0.18 
(1--/~)nF 

v / l og  i wi th  90% confidence l imits 0.12 to 0.24. Hence 
a = (1 - -  ~)n  = 0.34 with  90% confidence limits 0.53 
to 0.25. 

The intercept  (io) of the polarization curve  with 
the revers ible  potential  (our min imum potent ial  
--1.65v) is found to be 9 x 10 -4 a m p / c m  2 with  90% 
confidence limits 2 x 10 -4 to 5 x 10 -a a m p / c m  2. 

Cathodic polarization (hydrogen overvoltage on alu- 
m i n u m ) . - - A  solution of 1M KC1 pH 3.2 was used 
throughout,  a luminum ion being excluded so that  only 
hydrogen could be discharged. 

A typical trace is shown in Fig. 5b. In this trace the 
electrode potent ial  before cut t ing is --4.5% and after  
cutt ing becomes more posit ive very  quickly, reaching 
its most posit ive value  in about 30 ~sec at a value  ap- 
preciably more  negat ive  than the revers ible  potential  
of aluminum. There  follows a slow fall  of some 
100 mv  with a t ime constant ra ther  less than 1 msec. 
The potential  after 1 msec was that  used in obtaining 
the cathodic polarization curve, Fig. 6, since all ob- 
servations showed that  equi l ibr ium was substantial ly 
reached after this time. Concentra t ion polarization, 
which might  have been expected with  these unbuffered 
solutions, was in no case detectable during this short 
period immedia te ly  fol lowing the cut even  at the 
highest  current  densities used. This was apparent ly  
due to the ex t remely  effective suppression of the dif-  
fusion layer at the electrode surface because of the 

Fig. 5. Cathodic polarization traces at variours current densities. 
AI in 1M KCI, pH 3.2 (a) (top left) i<10 -2.2 amp/cm 2 (b) (top 
right) and (c) (bottom left) 1 0 - s . ~  -~ amp/cm 2 (d) (bot- 
tom right) i>10 -~ amp/cm% 
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Fig. 6. Cathodic polarization curve AI in 1M KCI, pH 3.2 
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large veloci ty difference of 1000 cm/sec  be tween elec- 
trode and solution. 

Figure  5a shows by contrast  that  at current  densi- 
ties sufficiently low for the potential  to be more pos- 
i t ive than the a luminum potential  in this solution [see 
ref. (1), Fig. 5g], then the oscillograph trace is dif-  
ferent  in form, now rising smoothly to a constant value  
which is in real i ty  a mixed  potential,  part  of the cur-  
ren t  being supplied in ternal ly  f rom a luminum disso- 
lution at local anodes. The potentials af ter  1 msec were  
never theless  still used for the data of Fig. 6, al though 
it is understood that  the points so obtained cannot lie 
on the correct  Tafel  l ine since the measured ex te rna l  
current  is, in fact, less than the total current  in these 
cases. This accounts for the break in the curve, Fig. 6, 
at around --1.5v. 

The different forms to be observed in the early 
stages of the traces in Fig. 5 are discussed in a la ter  
section. For  the present, Fig. 6, der ived f rom the steady 
potentials af ter  1 msec, should represent  in the lower 
portion, below --1.6v, the polarization of hydrogen 
evolut ion at a whol ly  cathodic a luminum surface, f ree  
f rom oxide films and at such high overvol tage  (more 
than --1.4v) that the Tafel equat ion might  be ex-  
pected to be obeyed. Consequently,  the best straight 
line has been computed from those exper imenta l  points 
be low- -1 .67v  and is shown in the figure. The straight 
port ion has a gradient  of 0.29 v / l og  i resul t ing in ~ 
0.21 with  90% confidence limits 0.16 and 0.30 where  
is defined by 

RT io 

The dotted extrapolat ion of the straight  line to ~] 
0 gives io ~ 7 x 10 - s  a m p / c m  2 with 90% confidence 
limits 1 x 10 -9 and 6 x 10-6. 

Discussion of Results 
The mixed  potential ,  in the absence of external  cur -  

rent, was observed in these measurements  to be --1.30v 
in substantial  agreement  wi th  --1.28v recorded in ref. 
(1). If  now the cur ren t  densities at which the anodic 
and cathodic Tafel  lines reach .--1.30v be taken f rom 
Fig. 4 and 6, respect ively,  1.15 x 10 -1 and 5.5 x 10 -4 
a m p / c m  2, then the anodic and cathodic areas operat ive 
at the mixed  potential  are in the inverse ratio, viz., 
1:210. Thus, based on the most probable results, rep-  
resented by the lines in Fig. 4 and 6, only 0.5% of the 
surface was anodic. Taking into account the standard 
error  on each intercept,  the 90% confidence limits for 
the anodic area are found to be 5% and 0.05% of the 
total  surface. It is quite evident  that  the anodic is 
much smaller  than the cathodic area at equil ibrium. 

Obtaining this informat ion was the main object of 
this work, but  the oscil lograph traces produced under  
cathodic polarization, in addition give some hints as to 
probable electrode mechanisms.  

When a new a luminum surface is exposed in the ab- 
sence of external  current,  it would  be expected that  
the init ial  potent ial  would  approximate  to the (un-  
known) zero charge potent ial  of a luminum in the 
solution. All  observations made on unpolar ized elec- 
trodes have  indicated that  the newly  cut surface was 
ini t ial ly at a potent ial  lying be tween +1  a n d - - l v ,  and 
it seems l ikely that  the zero charge potential  is in this 
region assuming the equi l ibr ium establishing this oc- 
curs in less than a few microseconds. Very quickly 
thereafter ,  ionization of a luminum provides the elec- 
trons for charging the double layer  capacitance to 
the min imum potential. This process has been shown 
to be ve ry  rapid. 

Similar  reasoning applies to the anodically polar-  
ized surface and explains the shape of the oscillo- 
grams. 

If the electrode were  polarized cathodically,  i t  
would still be expected that  the double layer  on the 
new surface would act as a capacity ini t ia l ly  be tween  
+1  to - - l v  and would draw electrons f rom the stray 

capacitance, a l ready at a high negat ive potential  
(4.5v), moving the potential  in microseconds in a pos- 
i t ive direction to a value near  the zero charge poten-  
tial. Since the stray capacitance was in fact only 1% 
of the usual double layer  capacitance of around 20 
~F/cm2, then the potential  should first have  been 
dr iven quite close to that of zero charge before again 
becoming negat ive due to the constant impressed 
cathodic current  balanced by hydrogen evolution. This 
behavior  was never  observed, and there  has never  
been any sign of a break in the smooth descent of the 
oscillograph traces. Hence ~it may be concluded, tenta-  
t ively,  that  whereas  on open circuit  or dur ing anodic 
t rea tment  a double layer can be formed very  rapidly 
by ionization o f  the abundant  surface atoms of alu-  
minum, this type of double layer cannot be formed 
when the potential  is held ini t ia l ly  far above the re-  
versible  potent ial  of aluminum. I t  is presumed that  in 
this case a double layer  of quite  different propert ies 
is formed and that  its capacity init ial ly must  be very  
small  compared with  that  of a luminum in equi l ibr ium 
with  its ions, or a l te rna t ive ly  that  its rate  of forma-  
tion is much slower, otherwise there would be a 
marked  break in the descending trace. 

Another  proper ty  of the cathodic traces is seen 
clearly in Fig. 5b and c where  the trace descends to a 
min imum and then rises over about 1 msec to an 
equi l ibr ium value  some 100 mv  more negative. The 
min imum in the trace could well  represent  the forma-  
tion of adsorbed hydrogen atoms on the a luminum 
surface, accumulat ing over about I msec to the point 
where  the rate  of combinat ion to molecules equals the 
current.  This would imply that  combinat ion to mole-  
cules is the rate determining process. That the si tua- 
tion is more complicated than this is shown by traces 
such as Fig. 5d which were  repeatedly  obtained at cur-  
rent  densities exceeding 0.7 a m p / c m  2. The init ial  
period of unstable potentials shown in the figure and 
always lasting approximate ly  1 msec is intr iguing and 
seems to represent  a process of molecular  hydrogen 
formation of an explosive or chain react ion type. Ob- 
viously such speculations are premature  in view of 
the paucity of the data, but there  seems to be a pos- 
sibility that  oscil lograph traces such as these could 
well  be an unusual ly  direct means of invest igat ing the 
mechanism of hydrogen discharge. 

Conclusions 
By observations up to 30 ~sec after the formation of 

a new a luminum surface in 1M KC1 ~- 0.00033M A1C13 
an anodic polarization curve for a luminum dissolution, 
free from simultaneous hydrogen evolution, has been 
obtained. For  that  port ion to which the Tafel  equa-  
tion could be expected to apply it has been found that  
the most probable values for , and io are 

~ 0.34 
and 

io ~ 9 x 10-4 a m p / c m  2 

By observations after 1 msec during cathodic polar-  
ization in 1M KC1 at such negat ive potentials that  alu- 
minum ion production was not possible, s imilar  data 
for hydrogen evolut ion on a luminum have been found. 
The most probable values are 

= 0.21 
io ---- 7 x 10 - s  a m p / c m  2 

The technique eliminates the possibility of in ter -  
ference by oxide films or trace impurities.  

At the open circuit  mixed  potent ial  on clean alu-  
minum in 1M KC1 it follows that, using mean values, 
0.5% of the surface is anodic and 99.5% is cathodic. 

Transient  phenomena were  observed which indi-  
cate increased complexi ty  in the hydrogen discharge 
process at high current  densities. 

Manuscript  received May 4, 1966; revised manu-  
script received Apri l  13, 1967. 
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Any discussion of this paper will  appear in a Discus- 
sion Section to be published in the June  1968 JOURNAL. 
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ABSTRACT 

In the electrolytic dissolution of b inary  alloys the concepts of ionization 
and redeposit ion of a metal, coupling of the anodic reactions in accordance 
with the concepts of i r revers ible  thermodynamics,  and volume diffusion in 
the presence of given supersaturat ions of single and double vacancies are 
analyzed theoretically.  The ionizat ion-redeposi t ion mechanism is in principle 
possible but  only if coupling of the anodic reactions occurs. Volume diffusion 
may be operat ive  via divacancies. Results f rom x - r ay  investigations and f rom 
measurements  wi th  a rotat ing d isk-r ing  electrode for copper-gold alloy in-  
dicate that  interdiffusion of the const i tuent  metals  in the alloy occurs to a sig- 
nificant extent  and dissolution of Au does not take place. Electrochemical  
measurements  wi th  a Cu-Zn alloy involving 30 a /o  (atomic per cent) Zn give 
no indication of occurrence of the ionizat ion-redeposi t ion mechanism. 

When a s ingle-phase binary alloy A-B  is anodically 
dissolved in an aqueous solution, the mode of dissolu- 
tion may  be (a) s imultaneous dissolution of the two 
const i tuent  metals  of the alloy, or (b) preferent ia l  
dissolution of the less noble meta l  of the alloy with  
the more  noble meta l  accumulat ing on the alloy sur-  
face. For  the la t ter  mode it is necessary that  the dif-  
ference be tween the single electrode potentials of the 
two consti tuent metals  in the electrolyte  involving 
possibly complexing agents is sufficiently large, i.e., 
several  t imes greater  than RT/F, and that  the poten-  
tial of the dissolving alloy is h igher  than that  of the 
less noble meta l  A and significantly lower  than that  
of the more  noble meta l  B. A spongy layer  of the re-  
maining more noble meta l  has been reported especially 
for Cu-Zn and Au-Cu  alloys (1-11). Obviously, there  
must  be a t ransport  mechanism by v i r tue  of which 
the atoms of the less noble meta l  A reach the surface 
and atoms of the more  noble meta l  B aggregate.  It  is 
the object ive of this paper  to discuss per t inent  t rans-  
port  mechanisms and to obtain exper imenta l  evidence 
for the occurrence of one or the other of these mech-  
anisms. 

Theoretical 
When one metal  is preferent ia l ly  dissolved it may 

be assumed that  one or more of three  mechanisms 
operate:  (i) both metals  ionize fol lowed by redeposi-  
tion of the more noble metal ;  (ii) only the less noble 
meta l  ionizes and enters the solution whi le  the atoms 
of the more noble meta l  aggregate  by surface diffusion; 
and (iii) only the less noble meta l  ionizes and enters 
the solution and atoms of both metals  move in the 
solid phase by volume diffusion. 

Ionization-redeposition mechanism.--The ionization- 
redeposit ion mechanism may  be examined by consider-  
ing, for example,  the dissolution of a Cu-Zn alloy. As- 
sume first that  the anodic reactions 

Zn(Cu-Zn)  = Zn 2+ (aq) -5 2e -  [1] 

Cu(Cu-Zn)  ---- Cu 2+ (aq) -5 2 e -  [2] 

are independent  of each other  and also independent  of 
the cathodic redeposit ion react ion 

Cu 2+ (aq) -5 2e -  ---- Cu (nearly pure) [3] 

Since the act ivi ty of Cu in Cu-Zn is less than uni ty  
wi th  respect to pure  copper, the single electrode po- 
tential  for equi l ibr ium of react ion [2] in a solution of 
given Cu 2+ ion concentrat ion is more noble than that  
of reaction [3] involving pure  copper. Thus, dissolu- 
tion of copper f rom Cu-Zn according to react ion [2] 
can take place only if the electrode potential  is more 
noble than the equi l ibr ium electrode potential  for re-  
action [2] and thereby even somewhat  more noble 
than the equi l ibr ium electrode potential  for reaction 
[3]. Consequently,  if  a short -c i rcui ted couple of Cu-Zn 
and pure copper is made the anode with  a p rede te r -  
mined current,  one has to expect  that  copper ions 
enter  the solution f rom the Cu-Zn surface and f rom 
the pure copper surface as well,  provided that  there 
is no coupling be tween reactions [1] and [2]. How-  
ever, if in accordance with the principles of i r revers i -  
ble thermodynamics,  coupling be tween reactions [1] 
and [2] occurs, i.e., the coefficients for cross terms in 
the general  rate  equations are finite, the anodic dis- 
solution of copper f rom Cu-Zn alloy according to re-  
action [2] may  take place at a potential  less noble 
than the equi l ibr ium potent ial  for react ion [3]. The 
copper ions that  enter  the solution f rom the Cu-Zn 
surface may then be redeposited at the copper surface 
according to reaction [3]. The occurrence of ionization 
and redeposit ion of copper during dissolution of a 
Cu-Zn alloy may be readi ly  checked with  the help of 
the rotat ing assembly of a disk of Cu-Zn alloy sur-  
rounded by a r ing of pure copper described below. 



Vol. 114, No. 7 D I S S O L U T I O N  O F  B I N A R Y  A L L O Y S  699 

The concept of coupling be tween reactions [1] and 
[2] is only a formal  description of rate  relat ions which 
may eventua l ly  be found. If the hypothesis of coup-  
ling of reactions [1] and [2] is supported by the afore-  
ment ioned experiment ,  one may ask for a model  in 
atomistic terms. The following model  is suggested. If a 
Cu-Zn electrode is subjected to anodic dissolution 
there is the tendency for zinc atoms to enter  the solu- 
tion as ions preferent ia l ly  and for copper atoms to 
remain  at the surface in the form of adsorbed atoms 
which migra te  at random and may aggregate in order  
to form grains of v i r tua l ly  pure copper. Since diffusion 
of adsorbed Cu atoms to grains of v i r tua l ly  pure  cop- 
per requires  an act ivi ty gradient,  the average act ivi ty  
of copper on the surface may be higher  than unity, 
and thus the s teady-state  potential  for part ial  equi-  
l ibr ium between adsorbed copper atoms and the so- 
lution may be less noble than the equi l ibr ium poten-  
tial be tween bulk copper and the solution. If this situ- 
ation prevails,  zinc and copper ions may be dissolved 
f rom a Cu-Zn electrode, and copper may  be plated out 
at the same electrode potential  on the surface of cop- 
per grains where  the concentrat ion of adsorbed copper 
atoms is close to the equi l ibr ium value with the bulk 
crystal. 

Surface diI~usion mechanism.--Aggregation of ad- 
sorbed atoms of the more  noble metal  by vir tue  of 
surface diffusion leads pr imar i ly  to the formation of 
patches of monolayers.  In addition, atoms of the more 
noble metal  may pile up on the init ial  patches of 
monolayers,  and thus small three-dimensional  crystals 
of the more noble metal  may be formed. If these crys-  
tals grow in all three  dimensions, there  is the tendency 
to form finally a dense layer  of the more noble metal  
which prevents  fur ther  anodic dissolution of the less 
noble metal. This is to be expected especially if the 
mole fraction of the more  noble metal  is high as, e.g., 
in alpha brass. The significance of surface diffusion 
has been emphasized most recent ly  by Fel ler  (11), 
but it has still to be shown that  this mechanism ac- 
counts for all observations. 

Volume diffusion mechanism.--Mechanism [3] in-  
volving ionization of the less noble metal  and move-  
ment  of both metals  in the atomic state by volume 
diffusion would normal ly  be considered inoperable  on 
the basis of diffusivities extrapola ted f rom h igh - t em-  
pera ture  measurements .  Use of this extrapolat ion im- 
plies that  (a) equi l ibr ium concentrat ions of vacancies 
(and intersti t ials)  are established at room tempera ture  
as at e levated temperatures ,  and (b) the contr ibution 
of diffusion along smal l -angle  grain boundaries and 
along dislocations is negligible at room temperature .  
Many authors have  already pointed out that the second 
condition may not be satisfied and, therefore,  the 
effective (average)  diffusion coefficient at room tem-  
pera ture  may  be considerably greater  than the value  
of the vo lume diffusion coefficient obtained by ex-  
t rapolat ion of h igh- t empera tu re  data. In addition, i t  is 
possible that  also the first condit ion is not satisfied as 
is discussed next. 

Anodic dissolution of metal  may be considered as an 
analogue (12) of vaporizat ion of a metal ;  the lat ter  
is assumed to take place in the k ink-s tep- te r race  
model  of a surface after Kossel (13) and Stranski  (14) 
first, by detachment  of an atom from a kink corre-  
sponding to the format ion of an adsorbed atom along 
the step and then along the terrace, and fol lowed by 
desorption of an adsorbed atom into the gas phase. Di-  
rect  vaporizat ion of an atom from a kink or step posi- 
tion is also a possible but  ra re  event.  Fur ther ,  va -  
porization of an atom from a complete  latt ice layer  
( terrace site) acompanied by format ion  of a surface 
vacancy may occur, but this would requi re  a high 
act ivat ion energy. These events are, therefore,  assumed 
to be rare  events. Likewise, anodic dissolution of a 
pure meta l  is assumed to occur wi th  the format ion of 
an adsorbed atom as an intermediate.  

A new situation arises when an alloy A-B  is sub- 
jected to anodic polarization and only atoms of the 
less noble component  A enter  the solution as ions. As 
an example  consider a Cu-Au alloy involv ing  10 a /o  
Au in H2SO4(aq), as invest igated by Gerischer  and 
Rickert  (6). In this case v i r tua l ly  only copper 
enters the solution as Cu 2+ ions. A par t ia l  step on the 
surface with  a sequence of Cu and Au atoms is shown 
in Fig. 1. When a cur ren t  is passed in the anodic di- 
rection, first a copper atom from position 1 may move 
f rom its k ink position in order  to become an adsorbed 
a tom and subsequent ly  to enter  the solution as an ion. 
Then, the gold a tom ini t ia l ly  at position 2 may  also 
move  to become an adsorbed atom. Thus, the Cu atom 
init ial ly at position 3 becomes the last atom in the step 
and may be ionized by the same mechanism which has 
been assumed for the copper atom init ial ly at position 
1, as is also t rue  for  the copper atom init ial ly at posi- 
t ion 4. The gold atom now at the end of the step may 
also move to become an adsorbed gold atom. In v iew 
of the continuous increase of the concentrat ion of 
adsorbed gold atoms, there is, however ,  an increased 
tendency of gold atoms to move  back to the k ink  
positions at the end of a step. Thus, after remova l  of a 
sizeable fraction of copper atoms f rom the step, it 
happens only very  ra re ly  that  a copper atom occupies 
the last position in a step and is free to move f rom 
its k ink position and to be desorbed as an ion. This 
leads to electrochemical  polarization, i.e., the electrode 
assumes a potential  considerably above the equi l ibr ium 
potential. The increase in the dr iving force necessary 
to maintain  a constant cur ren t  may now make  it pos- 
sible that  an atom not at the end of a step, e.g., the 
copper atom at position 8 may enter  the solution as a 
divalent  ion. As the dr iving force is fu r the r  increased, 
Cu atoms f rom complete  latt ice layers may enter  di- 
rect ly the solut ion as Cu 2+ ions. In this way, surface 
vacancies are formed continuously. Surface  vacancies 
in a par t ia l ly  complete step may be filled by lone ad- 
sorbed atoms or by a sequence of movements  of atoms 
in a step. Surface vacancies in a complete  lat t ice layer  
may  also be filled by adsorbed lone atoms. In addition, 
atoms from the lat t ice layer  underneath  the surface 
may fill surface vacancies whereby  excess monova-  
cancies and also divacancies in the inter ior  of the 
alloy may be created. In v iew of the random walk  o f  
these vacancies, excess vacancies wil l  appear  not only 
direct ly next  to the surface, but also in a cer ta in  
vo lume of the crystal  undernea th  the surface. D~ffu- 
sion of monovacancies  and divacancies into the inter ior  
of the alloy is l imi ted  because of the presence of dis-  
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Fig. 1. Dissolution of Cu from a Cu-Au alloy via adsorbed C- 
atoms as intermediates. 
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locations which are sinks for vacancies. In v i ew of 
the continuous production of vacancies at the surface, 
the number  of avai lable sinks for vacancies in the v i -  
cinity of the surface is reduced and subsequently ex-  
cess vacancies may diffuse to greater  distances f rom 
the surface while  anodic dissolution is continued. The 
bui ld-up of an excess vacancy concentrat ion in the 
vicini ty  of the surface, which has a l ready been con- 
sidered by Schottky (15) in conjunction with  the oxi-  
dation of metals  at e levated tempera tures  and sug- 
gested by For ty  (16) in conjunction wi th  dezincifica- 
tion at room temperature ,  would also enhance chemi-  
cal diffusion, i.e., movement  of copper atoms from the 
bulk alloy to the surface and backward  diffusion of 
gold atoms according to the gradient  of the C u / A u  
ratio. In this way, more and more copper atoms may  
enter  the solution as Cu 2+ ions, and the alloy next  
to the surface would become enriched with  respect to 
gold. The remova l  of copper may be facil i tated by 
roughening of the surface. 

Harr ison and Wagner  (9) have theoret ical ly  ana- 
lyzed diffusion processes during the preferent ia l  dis- 
solution of Cu f rom solid Cu-Ni  alloys in l iquid Ag 
at 1000°C and have shown that  a plane solid-l iquid 
interface is not stable. In accord herewi th  they have  
observed that  a highly rugged interface .~s formed 
while preferent ia l  dissolution of Cu proceeds. In par -  
ticular, they have observed wedges filled with l iquid 
meta l  prot ruding into the interior  of the alloys. Simi-  
larly, preferent ia l  anodic dissolution of Cu from Cu-Au 
alloys at room tempera tu re  may proceed. P r im a ry  
wedges filled with  electrolyte  may originate especially 
at sites where  grain boundaries or dislocations reach 
the surface. Branching of the wedges may occur to 
form networks. In the case of copper which contains 
a small  fraction of gold, small vo lume elements can 
become undermined  and eventual ly  lose contact wi th  
the sample as is known to occur during electrolytic 
refining of copper. In copper-gold alloys containing 
larger  fractions of gold, i.e., over 5 a/o,  as wel l  as in 
Cu 30 w / o  (weight  per cent) Zn, an adherent  porous 
layer  results as has been reported by various authors 
(1-11). One may  ask, however ,  whe ther  diffusion via 
excess vacancies is sufficiently rapid so that  the above 
mechanism can be operative. 

Monovacancies cannot account for diffusion of cop- 
per at room tempera tu re  because the diffusivity D 

[] 
of monovacancies is too low. According to Ramstet ter ,  
Lampert ,  Seeger, and Schfile (17) D in pure copper 

at 25°C equals 3 • 10 - to  cm2/sec. Thus, according to 
Einstein, the mean square displacement of a mono-  
vacancy ax 2 for t = 1000 sec. is only zxx 2 = 2D t = 

6 • 10 -16 cm2 which is of the order  of the square of 
the distance be tween neighboring Cu atoms. Instead, 
diffusion of copper atoms via divacancies may be op- 
era t ive  because their  diffusivity (17), D = 1.3 • 

D[2 
10 -12 cm2/sec in copper at 25"C, is much higher, as is 
shown by the fol lowing calculation. 

Consider anodic dissolution of copper from a Cu-Au  
alloy wi th  a plane surface and one-dimensional  dif- 
fusion normal  to the surface. The initial condition is 

c = c o a t x > O ,  t = o  [4] 

where  c is the local and co is the bulk concentrat ion 
of Cu (mol / cm 3) in the Cu-Au specimen and x is the 
distance f rom the init ial  metal  surface. Assume that  
dur ing anodic dissolution the concentrat ion of copper 
atoms at the surface is v i r tua l ly  equal  to zero 

c = 0  at x = xs [5] 

where  xs is the instantaneous distance of the l iquid-  
solid interface from the position of the surface at 
t = 0 .  

The amount  of Cu ar r iv ing  at the surface of the al-  
loy in mol per unit  area per uni t  t ime is D (Oc/Ox)z=xs. 
Thus, the rate  of recession of the l iquid-sol id interface 

equals 

dxs - - V m D  ( Oc )x [6] 
d-----~ - ~ x  =zs 

where  Vm is the molar  volume whose dependence on 
composition is disregarded for the sake of an approxi-  
mation, and D is the interdiffusion coefficient for 
movement  of Cu vs. Au atoms. The value  of D with 
due regard to the contr ibut ion of excess vacancies 
is calculated below. 

If the interdiffusion coefficient D is independent  of 
composition and location, Fick's  second law reads 

Oc 02c 
- -  = D - -  [ 7 ]  

Ot Ox 2 

Equations [4] to [7] are satisfied by 

and 
xs = 27 (Dr) 1/2 [8] 

i X e r i c  
c =  co i - -  2(Dt) I/2 [9] 

eric  7 

where  7 is a constant which is calculated below. Sub- 
stitution of Eq. [8] and [9] in Eq. [6] yields 

=1/2 7 • eric 7 • e ~2 = CoVm = N°cu [10] 

where  coVm = N°cu is the bulk mole fraction of copper 
in the Cu-Au alloy. If NOcu is close to unity, 7 is large. 
Therefore,  one may use the approximat ion 

eric 7 ~ ~tl/2---- ~ 1 - -  272 -1- . . .  if 7 > >  1 [11] 

Substi tut ing Eq. [11] in Eq. [10] one obtains 

~ 2 (1 - -  N°cu) if NOcu ~ 1 [12] 

If 1 -- N°cu = 0.10 corresponding to an alloy contain-  
ing 10 a /o  Au, 7 equals 2.23. 

With the help of Eq. [8] and [9] the flux jcu of Cu 
atoms toward the surface is found to be 

_ eric 7 --~-- / [13] 

Subst i tut ing Eq. [11] and [12] and co = N°cu/Vm 
in Eq. [13] one has 

j c u ~ c o 7  \-~/ ------- V-" '~ 2 ( 1 - - N ° c u ) t  

i f N ° c u ~  1 [14] 

The corresponding current  density i for the forma-  
tion of divalent  copper ions equals 

2F [ D ]1/'2 
i = 2jcuF = N°cu ~ 2 (1 - -  NOcu) t [15] 

where  F is the Faraday constant. 
The "effective thickness" 8 of the interdiffusion zone 

may be defined as usual by the re la t ion 

c o - - c ( x  =ms)  Co 
= _ [ 1 6 ]  

(Oc/Ox) x =xs (OclOx) ~= xs 

Subst i tut ing Eq. [13] in Eq. [16] and using Eq. [11] 
and [12] one obtains 

5 = [2 (1 - -  NOcu) Dt] 1/2 [17] 

If interdiffusion takes place essential ly via divacan-  
cies and correlat ion effects are disregarded, D in the 
vicini ty  of the surface may  be expressed approxi-  
mate ly  as 
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D = D N s [18] 
[3[3 [3[] 

where D is the diffusivity of a divacancy and N s 
[:][3 [3[3 

is the mole fraction of divacancies in the vicinity of 
the surface. N s is supposed to be much higher than 

[3[] 
the equilibrium mole fraction N TM prevailing in the 

[3[3 
alloy at the beginning of electrolysis. 

If annihilation of vacancies during their diffusion 
into the interior of the a11oy can be disregarded and 
the diffusivity D[313 is independent of the alloy com- 

position, diffusion of excess divacaneies from the sur- 
face into the bulk a11oy is governed by Fick's second 
l a w  

0N[313 82N [3[3 
D 

Ot [3[3 Ox 2 

with the init ial  condit ion 

[19] 

N = N eq at x > 0, t ---- 0 [20] 
F-l[:] [3[3 

and the boundary  condition 

N ----N s a t x - - x s =  27 (Dt)  l/2 
[3[] 0[3 

013 t) 1/2 = 27 (D[30 N ~ [21] 

where 7 is given by Eq. [10] or [12]. 
Equations [19] to [21] are satisfied by 

= N e q  "~- ( N  s - -  X 
N[313 [3[3 [3[3 Neq[3[3 ) 

erfc [x /2  (DE] O t) 1/2] 

------ N s erfc [x /2  (D [3[:3t) 1/2] 
erfc [7 (Ns[313) 1/2] [3[] 

if N[313>> Neq[313;7(Ns[313)l/2 < <  1 [22] 

From Eq. [22] we calculate the distance at which 

N[313 = ~/2N%[3, 

x ( % o  = 1/2Ns[313) = 2(D[313t)l/2 erfc -1 (1/2) [23] 

From Eq. [21] and [23] it follows that  the distance 
between the position at which N ---- 1/2Ns and the 

[3[3 [3[3 
position of the instantaneous surface is 

x (  % [  3 = ~Ns[313) - -  xs = 2 (D[313t ) 1/2 

[erfc -1 (1/2) - -  7(N~[3)1/2] [24] 

---- 2.10 -5 cm for NOcu ---- 0.90; 7 = 2.23; N s = 10-2; 
[][3 

t = 1000 sec at 25~ This distance may  be used as a 
measure of the penetrat ion of excess vacancies into 
the interior of the alloy. Dividing through correspond- 
ing sides of Eq. [24] and Eq. [17] and subst i tut ing D 
----D N s according to Eq. [18], one obtains 

[30 ~[3 

x (  N[313 = V ~ N ~ [  3) - -  x ,  

8 

21/2 [ erfc-l(~/2) ] 

= (1 NOcu)l/2 -~ [25] __ ( Ns[313) 1/2 

If the mole fraction of vacancies near  the surface is 
much less ~han unity, e.g., N s <-- 10 -2, and fur ther  

[33 -- 
N~ --~ 1, the expression on the left side of Eq. [25] 
is much greater than unity,  i.e., the depth of penet ra-  
t ion of the excess divacancies is much greater than the 
effective thickness of the interdiffusion zone, i.e., 
the divacancy concentrat ion in the interdiffusion 
zone does not  vary exceedingly and thus, if D were 

[3[3 
independent  of the alloy composition, the assumption 

of a constant  diffusion coefficient in Eq. [7] would be 
a reasonable approximation. Actually, D in Au is DD 
higher than in Cu (18). Therefore, interdiffusion may 
be even faster than est imated in  the foregoing calcula- 
tion. 

For these conditions the cur ren t  density i calculated 
from Eq. [15] is ra ther  high, viz., 

i ~ 2.10 -4 amp/cm 2 [26] 

The "effective thickness" of the interdiffusion zone 
calculated from Eq. [17] is 

8 --- 10  - 6  c m  [ 2 7 ]  

The assumption of a mole fraction of vacancies as 
high as 10 -2 at and in the vicini ty of the surface may 
be questioned. In  particular,  divacancies diffusing into 
the interior may be annihi la ted at dislocations, or 
they may aggregate and form quadruple  vacancies and 
fur ther  mult iple vacancies, i.e., voids. Thus the current  
density calculated in  Eq. [26] represents an  upper  
limit. 

The value calculated in Eq. [26] is a t rue current  
density. The apparent  current  density, defined as the 
quotient  of current  divided by the geometrical surface 
area, may be higher if the actual  surface area is 
greater than the geometrical surface area because of 
roughening of the surface. Thus the apparent  current  
density may be even higher than the value calculated 
in Eq. [26]. By the same token, an apparent  current  
density of 2.10 -4 amp/cm 2 may be obtained with a 
divacancy mole fraction which is considerably lower 
than 10 -2 as assumed for the evaluat ion in  Eq. [26]. 

The foregoing considerations show that volume dif- 
fusion may be ins t rumenta l  for preferential  dissolution 
of Cu from Cu-Au alloys at room temperature.  For 
acceptance of this mechanism, fur ther  exper imental  
evidence is needed. This may be obtained with the help 
of x - ray  investigations of the surface of samples sub- 
jected to anodic dissolution. 

If gold is redeposited or if adsorbed gold atoms ag- 
gregate by vir tue of surface diffusion, the lattice con- 
stant  of these particles or of the sponge would be that 
of pure gold. In  this case an x - ray  diffraction pat tern  
would contain rings at the gold positions (which may 
be broad).  If, however, volume diffusion in a region 
next  to the surface takes place as is suggested by the 
above considerations, a gradual  var iat ion in  lattice 
parameter  as a funct ion of distance from the electro- 
lyte-al loy interface would exist because of the sharp 
gradient  of the mole fraction of gold between uni ty  
and that of the original  alloy in  a region next  to the 
interface of the order of 102 lattice constants. Thus one 
would obtain a pa t te rn  of broad diffraction rings re-  
sul t ing from x - r a y  scattering of alloy regions of var i -  
able composition with a max imum of the intensi ty  at 
a certain angle. 

Investigations of this kind have been conducted a l -  
ready by Graf (19) in 1932. Cu-Au alloys involving 
25 a /o  Au etched by nitr ic acid at 25~ showed the 
x - r ay  diffraction rings of pure gold. Cu alloys involv-  
ing 10 a/o Au etched in various solutions with less 
pronounced oxidizing solutions at 70~ (alcoholic so- 
lut ion Of picric acid with or without  dissolved oxygen; 
alkal ine solution of sodium tar t ra te  with dissolved ox- 
ygen) yielded x - r ay  pat terns with very broad diffrac- 
tion rings which indicated the presence of alloy crys- 
tals with copper contents ranging cont inuously from 
20 to 40 a / o  (i.e., 60 to 80 a /o  Au).  The same is t rue 
for Cu-Au alloys involving 15 or 20 a/o Au attacked 
by sodium polysulfide solution at room temperature.  
These findings are in accordance with the concept of 
enhanced volume diffusion. Graf obtained these in -  
dicative results by using chemical attack in  solutions 
whose oxidizing power was not well-defined with the 
help of a photographic technique. More conclusive re-  
sults were obtained from experiments  to be described 
where  alloy samples were treated anodically at well-  
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defined potentials and were examined by modern  
x - r ay  in tensi ty  recording methods. 

Elec t rochemica l  M e a s u r e m e n t s  
General procedure.--Electrochemical measurements  

were conducted at 23 ~ • 2"C in order to check 
whether  (a) gold is ionized from a Cu 10 Au alloy, or 
(b) copper is redeposited when  a Cu 30 Zn alloy is 
dissolved anodically and both components  are ionized. 

For these measurements ,  there was used a rotat ing 
disk-r ing electrode, which has been introduced by 
F rumkin  and Nekrasov (20) for the detection of in-  
termediates in  electrode reactions (see Fig. 2). The 
theory for the in terplay  of diffusion and convection 
has been worked out by Ivanov and Levich (21). The 
disk electrode was the alloy subject to anodic dissolu- 
tion at a predetermined cur ren t  Id and the resul t ing 
potential  Ed was measured. The r ing electrode was 
kept at a predetermined potential  Er appropriate for 
the deposition of the more noble metal  with the help 
of a Wenking  potentiostat  and the resul t ing cur ren t  
Ir was measured. The circuit  is shown in  Fig. 3. 

The cell, approximately  5 cm in  diameter  and  15 
cm high, is shown in Fig. 4. A stream of prepurified 
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Fig. 3. Circuit used for the ionization and redeposition experi- 
ments. 

argon was passed through the cell in order to remove 
oxygen. The reference cell was a mercury-mercurous  
sulfate electrode in contact with 0.1 or 1.0N H2SO4 
when sulfate electrolytes were used and a 1N KC1 
calomel electrode when a chloride electrolyte was used. 
The potentials are all reported relat ive to the s tand-  
ard hydrogen electrode (SHE).  To minimize potential  
differences in  the solution, an excess of support ing 
electrolyte was present  in  the bu lk  solution. 

Consider conditions where  both components of the 
alloy are ionized to a certain extent. Let jo be the rate 
of dissolution of the more noble metal  in  mol/cm2-sec 
at the disk electrode. By vir tue of rotat ion of the 
assembly, the solution in the hydrodynamic  boundary  
layer is swept outward and thus ions of the more noble 
metal  approach the r ing electrode and are discharged. 
If at the potential  Er all  ions of the more noble metal  
approaching the surface of the r ing  electrode are dis- 
charged, the local flux for redeposit ion of the more 
noble metal  in  mol/cm2-sec at distance r from the 
center  is (21) 

j (r) = - -  

1+-D-- 
[28] 

if r2 ~ r ~ ra 

where rl, r2, and r8 are the radii  of the three zones 
shown in Fig. 2, D is the diffusion coefficient of the 
ions of the more noble metal,  8e is the effective thick- 
ness of the diffusion boundary  layer, and k is the rate 
constant  for electrochemical redeposition of the more 
noble metal  at the disk electrode, the rate being as- 
sumed to be proport ional  to the ion concentrat ion Cs 
at the surface of the disk electrode, i.e., equal  to kCs. 

If only ions of the more noble metal  are discharged 
at the r ing electrode, the total cur rent  at the r ing elec- 
trode is obtained by calculat ing from Eq. [28] the 
integral  over the surface of the r ing  electrode. This 
gives for the dimensions reported in  Fig. 2 

0.53 Io 
I~ = - -  [29] 

kse 

D 

where  Ir is the cur ren t  at the r ing  electrode and Io : -  

~rl ~ n jo (with n as the valence of the ions) is the 
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part ial  current  for the dissolution of the more noble 
metal  at the disk electrode. Thus, Ir/Io has its highest  
value, i.e., 0.53, when  no redeposit ion of the more 
noble metal  at the disk electrode occurs, correspond-  
ing to k --> 0. If redeposit ion does occur, k > 0 and 
Ir/Io < 0.53. It must be noticed that  Ir is a lways lower 
than Io since a certain fract ion of the  meta l  ions pro-  
duced at the disk electrode remains in the boundary 
layer at the r im of the r ing (T ---- r3) and is swept  
into the bulk solution. In v iew of considerations re -  
cent ly  published by Riddiford (22), a r igorous va l id-  
ity of Eq. [29] cannot be expected since details of the 
design in Fig. 2 are not in accord wi th  requi rements  
for ideal hydrodynamic  flow. The exper iments  re-  
ported in what  follows were  made mainly  in order to 
obtain qual i ta t ive ra ther  than  quant i ta t ive  informa-  
tion. Minor deviations f rom Eq. [29] are, therefore,  
not significant for the evaluat ion of the exper imenta l  
data. 

Investigations on Cu-Au alloys.--The disk electrode 
was a Cu 10 Au alloy (10 a /o  Au) prepared f rom 
99.999% Cu and 99.99% Au, and the r ing electrode 
was pure gold. Immedia te ly  pr ior  to a run, the elec- 
trodes were  polished on fine emery, rinsed in dis- 
t i l led water  and dried. The electrolyte  was 1N CuSO~ 
4- 0.1N H2SO4, and the rotation speed was 2900 rpm. 
Oxygen and hydrogen were  excluded f rom the. sys- 
tem. Thus at pH --~_ 1 only the react ion 

Au 3+ (aq) -t- 3e -  -> Au(s)  E ~ = 1.50 [30] 

may occur at the r ing electrode if its potent ial  is 
between 0.5 and 1.2v. Accordingly a potential  Er ----- 
1.1v was selected. 

The relat ion be tween  the  observed potential  E d  Of 
the disk electrode and the applied cur ren t  Id is shown 
in Fig. 5 for two different runs. At  all applied currents  
Id, the current  at the r ing electrode was pract ical ly nil, 
i.e., less than 2 ~a. This is an indication that  pract ical ly 
no gold is ionized f rom the Cu 10 Au alloy in ac- 
cordance with the fact that  the potent ial  of the alloy 
according to Fig. 5 was much lower  than the standard 
electrode potential  of gold for react ion [30]. Conse- 
quently,  aggregation of the remain ing  gold atoms dur-  
ing the anodic dissolution of copper must  occur by 
surface diffusion, or vo lume diffusion must  be op- 
erat ive as has been d~cussed already. 

Investigations on Cu-Zn alloys.--If the Cu 30 Zn 
alloy (30 a /o  Zn) is subjected to anodic dissolution, 
both components are dissolved according to previous 
investigations and results repor ted  below. The main 
purpose of the fol lowing exper iments  was to obtain 
data for the recovery  ratio in conjunction wi th  Eq. 
[29]. The disk electrode was a Cu 30 Zn alloy pre-  
pared f rom 99.98% Cu and 99.995% Zn, the r ing elec-  
t rode was pure copper, the electrolyte  was 1N ZnSO4 

0.900 / ' I I I | ~ _ l  

o; oor 
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c) 
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Fig. 5. Measured potential Ed (SHE) of Cu 10 Au disk electrodes 
in 1N CuSO4 -~- 0.1N H2SO4 vs, the applied current Id. 

Table I. Typical potentials of the disk (Ed), measured currents 
(Ir) and interpolated residual currents (It  ~ at the ring and 

recovery ratios Ir(cu)/Io a.s a function of the dissolution current 
(Id) applied to a Cu 30 Zn disk electrode. The electrolyte was 
I N  ZnSO4 d-- 0.05N HC2H302 -~- 0.05N NaC2H302 and the 

potential of the ring electrode was --0.30v (SHE) 

I~ (~a) 50 100 500 1000 3000 
E~ (volt)  0.252 0.264 0.301 0.320 0,387 
I~ (#a) 62 78 233 435 1239 
lro (#a) 43 44 55 80 190 
Ir(c.)/lo 0,54 0.49 0,51 0.51 0.50 

-t- 0.05N HC2H302 -~- 0.05N NaC2HsO2 of pH ~ 5 and 
the rotat ional  speed ei ther  290 or 2900 rpm. P re l im-  
inary exper iments  indicated that  a potent ia l  Er as low 
as --0.30v was requi red  in order to discharge all cop- 
per ions approaching the surface of the Cu r ing elec-  
trode. At E r  = - -  0.30V and I d = 0 there  was observed 
a significant residual  current  at the r ing electrode 
denoted by Ir ~ presumably  due to hydrogen evolution. 
Thus the cur ren t  Ir(cu) for copper deposition at the 
r ing electrode was taken to equal  the measured cur-  
rent  at the r ing electrode Ir less the residual  current  
L .o. The lat ter  was necessari ly an interpolated va lue  
f rom data obtained in te rmi t ten t ly  when  Ia ----- 0. The 
current  for dissolution of copper from the Cu 30 Zn 
disk electrode Io was taken to equal the impressed 
c u r r e n t  Id  t imes the mole fract ion of Cu in the alloy. 
Data listed in Table I for a typical  run  wi th  a rotat ion-  
al speed of 2900 rpm show that  the recovery  ratios for 
different impressed currents  Id agree approximate ly  
wi th  the value of 0.53 according to Eq. [29] for k ---- 0, 
i.e., for vanishing redeposit ion of copper at the disk 
electrode. Essential ly the same results  were  obtained 
for a rotat ional  speed of 290 rpm instead of 2900 rpm. 
This agreement  would be expected only in the ab- 
sence of redeposit ion at the disk since 5e in Eq. [29] 
is inversely  proport ional  to the square root of the ro- 
tational speed (23). These results agree in essence 
with  results most recent ly  obtained by Fel ler  (11). 

Data were  also obtained for pure copper as the disk 
electrode wi th  all other  conditions the same. The re-  
covery ratio was found in approximate  agreement  
with the theoret ical  value  of 0.53. This is an indica- 
tion that  the setup was funct ioning properly.  

In view of the l imited accuracy of the measurements  
repor ted  in Table I, redeposit ion of a minor  fract ion of 
copper of the order  of 10% or less cannot be ru led  out. 
A more  definite informat ion was yielded by a second 
series of exper iments  where  the disk and the r ing  
electrode were  pract ical ly short -c i rcui ted (see Fig. 6). 
The currents  Id and Ir were  obtained by measur ing 
the IR drop across resistors R1 and R2 with  the help 
of a ga lvanometer  cal ibrated before the run. The 

R 2 

! +ll2v 
�9 

R I=R2= 1ohm. 

CELL 

Fig. 6. Circuit used to check further for the presence of Cu 
redeposition during anadir dissolution of Cu 30 Zn allay. 
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Table II. Dissolution currents at the disk (Id) and at the ring 
(1# electrodes for currents (Id + It) applied in the anodic 

direction on the Cu 30 Zn disk-Cu ring couple in 
1N ZnSO4 -[- O.05N HC2H302 + 0.05N NaC2H302 

Id, #a  I t ,  ,~a 

48.3 1.7 
96.2 1.7 

293 6.9 
473 31,6 

highest IR drop across the 1 ohm resistors was 0.47 
my. Thus the potential  difference be tween the disk 
and the r ing electrode was always negligible. The 
electrolyte  was the same as for the first series of ex-  
per iments  and the rotat ion speed was 2900 rpm. In 
order  to el iminate accumulat ion of copper ions in 
the bulk solution, fresh electrolyte  was used for each 
run  and measurements  were  begun with  the lowest 
value  of the impressed current  Id. Thus the concen- 
t rat ion of copper ions at the ring electrode was deter -  
mined essentially by that  prevai l ing  at the disk elec-  
trode due to dissolution of the alloy. Results are 
shown in Table II. The current  at the r ing electrode 
was always anodic. Thus no redeposit ion of copper 
was found. On the contrary,  copper was dissolved at 
the potential  prevai l ing dur ing  dissolution of the 
alloy. 

Discussion.--It is no tewor thy  that  v i r tua l ly  no gold 
is dissolved f rom a Cu 10 Au alloy, whereas  Cu and 
Zn are dissolved simultaneously f rom a Cu 30 Zn 
alloy. This divergence is unders tandable  since the Cu 
10 Au alloy the less noble metal  prevails,  whereas  in 
the Cu 30 Zn alloy the more noble meta l  prevails.  P r e f -  
erent ial  dissolution of zinc f rom the Cu 30 Zn alloy, 
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however ,  may occur at much lower  current  densities 
than used in this invest igat ion in accord with reports  
that dezincification of brass is observed especially 
when the supply of oxygen is low (1-3). According to 
Fel ler  ( i1) ,  preferent ia l  dissolution of zinc does occur 
when the alloy contains more  than 75 a /o  zinc. 

X-ray Investigations 
To test for the occurrence of vo lume diffusion dur-  

ing the anodic dissolution of Cu-Au alloys, foils of 
the Cu 10 Au alloy were  prepared by rolling, fol lowed 
by anneal ing in evacuated quartz  capsules at 700~ 
for 1 hr. For  anodic t rea tment  a foil was par t ia l ly  
lacquered to expose an area of 3 cm 2 and inserted ver -  
t ically in place of the disk-r ing electrode in the ves-  
sel shown in Fig. 3. A plat inum wire  counter  electrode 
was centered around it in the inner tube. The elec- 
t rolyte was ei ther 1.0N H2SO4, or buffered 1N NaC1. 
Current  densities of 1, 5, and 20 m a / c m  2 were  ap- 
plied. X- r ay  diffraction examinat ion  of the foils 
mounted in a diffractometer stage was made with 
C u K ,  radiation. 

Af ter  dissolution in both solutions broad regions 
of diffracted intensi ty occurred over  a range of angles 
~, extending approximate ly  f rom the 0 value  char-  
acteristic of pure gold to that  of the original  alloy. 
For example  in (b) of Fig. 7 and 8, a broad region of 
diffracted intensity is observable be tween the {111} 
diffraction lines of Cu 10 Au and pure  gold. At  a 
later  stage of dissolution a m ax im um  characterist ic of 
gold-r ich alloy is observable (see c of both figures),  
which as more coulombs are passed shift toward 0 
values characterist ic of alloys r icher  in gold. For  
dissolution in 1N H2SO4 the m ax im um  is seen after  19.2 
coulombs/cm 2 have passed to correspond to v i r tua l ly  
pure gold (see d of Fig. 7). For  dissolution in buffered 

Fig. 7. Sections of x-ray diffraction patterns for a Cu 10 Au foil 
specimen after increasing amounts of dissolution at 20 ma/cm 2 
in 1N H2SO4 illustrating increased diffracted intensity over broad 
ranges of angle 0, e.g., 42.5~20>38.2 ~ as would be expected if 
alloy regions of variable composition were present, a, Prior to 
anodic dissolution; b, 1.2 coulombs/cm 2 passed; c, 2.4 coul- 
ombs/cm ~ passed; d, 19.2 coulombs/cm 2 passed. 

Fig. 8. Sections of x-ray diffraction patterns for a Cu 10 Au: 
foil specimen after increasing amounts of dissolution at 20 ma/cm 2 
in buffered 1N NaCI, illustrating increased diffracted intensity 
over broad ranges of angle 8, e.g., 42 .5>20>38.2  ~ as would be 
expected if alloy regions of various composition were present, a, 
Prior to anodic dissolution; b, 1.2 coulombs/cm 2 passed; c, 2.4 
coulombs/cm 2 passed; d, 19.2 coulombs/cm 2 passed. 
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1N NaC1 the max imum after the same number  of cou- 
lombs/cm 2 have passed is seen to correspond to a 
gold-rich alloy (see d of Fig. 8). The intensi ty  of the 
original alloy peak decreases accordingly. Broad re-  
gions of diffracted in tensi ty  were also observed for 
the lower current  densities, and for all of the first 
four diffraction lines investigated, although their de- 
velopment  occurred to a lesser and lesser extent  the 
higher was the index of the diffracting plane. The lat-  
ter is in part  a result  of the fact that the Bragg angle 
increases as the index of the plane increases, and 
therefore deeper portions of the specimen contr ibute  
more heavily to the diffracted intensity.  A calculation 
of the depth x to which 50% of the diffracted intensi ty  
corresponds in the case of pure gold, gives the fol- 
lowing values for the first four lines of gold: 

Diffraction plane { i l l }  {200} {220} {311} 
x in microns 0.27 0.32 0.45 0.52 

This shows that the effective depth of penetrat ion of 
the incident  beam is of the order of 3000A for the 
{111) planes, and shows fur ther  that it increases 
sharply as the index of the plane increases. Thus, ac- 
tual comparisons may be best made for the profile 
sections corresponding to the {111} planes. 

According to Eq. [27] zones of variable  composi- 
tion are fairly thin and, therefore, make a very minor  
contr ibut ion to the x - r ay  diffraction pat tern  ini t ial ly 
when the alloy has a plane surface. At a later  stage 
of anodic dissolution, however, roughening occurs, 
i.e., primary,  secondary, and ter t iary  wedges prot rud-  
ing in various directions are formed. Thus t h e  volume 
of alloy having a variable  composition now can make 
a significant contr ibut ion to the x - r ay  diffraction pat-  
tern. Accordingly, the x - r ay  diffraction pat tern shows 
broad lines characteristic of gold-rich alloy, lines of 
the bulk  alloy and  also a significant intensi ty  between 
the lines. 

When more copper is leached out, the depth of the 
zone of near ly  pure gold grows. Thus the intensi ty of 
the gold lines increases, whereas the in tensi ty  be- 
tween the lines of gold and the original alloy may 
decrease because of adsorption. Even under  these con- 
ditions, however, the lines of the bulk  alloy may still 
be rather  strong when there are regions next  to the 
surface of the alloy where protruding wedges filled 
with electrolyte are not  formed. 

Metallographic examinat ion  of the cross section of 
the x - r ay  specimens after the final dissolution cor- 
responding to 19.2 coulombs/cm 2 shows a "reacted," 
dark layer extending from the surface to an average 
depth of about 8 microns for anodic dissolution of 
the Cu 10 Au foils in both solutions as shown in Fig. 
9 and 1O. For the sodium chloride solution many  large 
local penetrat ions were observed within  the reacted 
region as seen in Fig. 10. A few of these penetrat ions 
also extended into the alloy both t rans-  and in te rg ran-  
ularly. The presence of a reacted layer  is also in accord 
with results of exper imental  investigations (1-11). In  
particular,  Pickering and Swarm (10) with the help of 
transmission electron microscopy resolved individual  
pores (which measured only a few hundred  A in 
diameter  in Cu-Au alloys which had been dissolved 

Fig. 9. Cross section of a Cu 10 Au sheet specimen after anodic 
dissolution of 1 ma/cm 2 in 1N H2SO4 for 320 min (19.2 cou- 
Iombs/cm 2 passed). Magnification approximately 340X. 
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Fig. 10. Cross section of a Cu 10 Au sheet specimen after 
anodic dissolution at 1 ma/cm 2 in buffered IN NaCI solution 
for 320 min (19.2 coulombs/cm 2 passed). Magnification approxi- 
mately 340X. 

in certain chloride media containing oxygen).  In  the 
present  work the number  of moles of Cu dissolved 
per uni t  area is it/2F. The copper content  of a layer 
of depth 8p per un i t  area is 8pN~ Assuming com- 
plete removal  of copper up to depth 5p as a l imit ing 
case, one has 

it  Vm 
8p = - -  [31] 

2F Nocu 

For it = 19.2 coul /cm 2 one obtains a calculated value 
5p = 7~ in approximate agreement  with the average 
measured depth of 8~. 

Concluding Remarks 
Fur ther  research is needed in order to test whether  

other alloys exhibi t ing preferent ial  anodic dissolution 
of the less noble component  behave similar ly to Cu- 
Au alloys. Fur ther ,  addit ional research is needed in  
order to investigate under  which conditions Zn may 
be preferent ia l ly  dissolved from copper-rich Cu-Zn 
alloys with formation of a copper sponge. 
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Technical Notes 

Corrosion Resistance of Platinum, Copper 
Nickel, and Tantalum in Liquid Oxygen 

Difluoride 
S. M.Toy 

Missile & Space Division/Astropower Laboratory, Douglas Aircraft Company, Inc., Newport Beach, California 

The corrosion rates of metals and alloys in  fluorine- 
containing oxidizers at cryogenic temperatures  are 
small  due to the format ion of passive fluoride films 
(1-3). Low corrosion rates are difficult to measure 
with convent ional  methods since the total  weight  
change is very small. In  the present  study, the cor- 
rosion resistance of plat inum, copper, nickel, and 
t an ta lum in liquid oxygen difluoride is estimated 
from changes in  solution capacitance and conductance 
between two plates of these materials.  

Experimental 
Nickel (99.55%; 0.0635 cm thick) specimens, 4.18 

x 2.22 cm, were separated at a distance of 1 ~  m m  by  
glass spacers. P la t inum (99.9%; 0.051 cm thick),  cop- 
per (99.46%; 0.094 cm thick),  and tanta lum,  (99.89%; 
0.0254 cm thick) specimens, 2.54 x 5.18 cm, were also 
separated by 1�89 mm glass spacers. Ni was pickled 
in  a ni tr ic  acid etch (1 HNOJ1  H20). Ta plates were 
pickled in a chromic acid solution (saturated chromic 
acid in sulfuric acid). No etch was used to clean Pt. 
Cu plates were cleaned with nitr ic acid etch. The 
specimens were connected by nickel  wires to a four 
te rminal  test probe except for Cu specimens where 
Cu leads were used. 

Either  a pair  of p la t inum and copper plates or 
nickel and tan ta lum plates were inserted into an al l-  
metal  test bomb (type 316 stainless steel) which 
served as a container  for OF2. The two sets were 0.635 
cm apart. All  parts were in a LOX clean condition 
(4). The test bomb was checked for leaks at 4 a tm 
with he l ium at room tempera ture  and overnight  at 
l iquid ni t rogen temperatures.  After  the hel ium was 
evacuated, OF2 was introduced and condensed to a 
l iquid at a low tempera ture  (see Fig. 1). The cell 
constant  of each pair  of plates was determined by 
measur ing  the cell resistance in  0.1N KC1. The cell 

. . . . .  ;::e::~ho:: . . . . . . .  

L i ~ e  M e t a  I P l a t e s  

F 2 

N i t , o g r  

Fig. 1. Schematic diagram of the OF2 test system 

constant  for Pt  was the same when measured in a 
glass container or in the metal  test bomb. 

The capacitance and equivalent  circuit paral le l  re-  
sistance were measured by a General  Radio Impe-  
dance Bridge (1650-A) at 1000 Hz. The specific con- 
ductance, kc was calculated from the resistance and 
the cell conductance, and the paral lel  resistance, Rp 
was calculated from the usual  expression, R~ = 
(2nfCvD) -1, where  Cv is paral le l  capacitance, D is 
dissipation factor, and J is frequency. 

Oxygen difluoride (99.5+% puri ty)  was purchased 
from Allied Chemical Company and was purified by 
passing the vapor through a column of NaF pellets to 
remove traces of I-IF down to 0.02 v/o  HF as an acid 
fluoride. NaF-HF (5). CO2 (max. 0.5%) was removed 
by filtering at --93~ No CO2 solids were observed 
in  the OF2 after filtering. 

Results and Discussion 
Platinum and copper corrosion test.--The capaci- 

tances of p la t inum and copper cells in  vacuum were 
2.5 pf /cm 2 and 2.6 pf /cm 2, respectively. The relat ive 
dielectric constant  (~) was found to be 2.3 • 0.1 for 
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l iquid OF2 a t - -197  ~ from ~ = Cpc + Ct/Ct where Cp 
is the measured capacitance and Ct the theoretical 
capacitance in  vacuum or air. 1 

This value agreed wel l  with the dielectric constant  
calculated from the corrected capacitance, C~c = Cp -- 
Co, and Ct and the dimensions of the cells. The dielectric 
constant  of l iquid oxygen difluoride is calculated to 
be 2.2 +_ 0.1. The dielectric constant  of l iquid fluorine 
has been reported as 1.5 (3). 

Cpc for OF2 was less than 0.8 pf /cm 2. The dielectric 
constant  did not markedly  change wi th in  the invest i -  
gated temperature  range. The C~c of OF2 vs. t ime 
measured between the p la t inum and the copper plates 
indicates that these metals are passive and do not  cor- 
rode under  these conditions (Table I) .  Visual exam- 
inat ion of the p la t inum and copper plates supported 
this conclusion. 

The conductance of OF2 is less than 1.7 x 10 -9 
ohm -1 cm -1, the l imit  of the present  ins t rumentat ion.  

Nickel and tantalum corrosion t e s t - - T h e  capacitance 
(Co) of nickel and t an ta lum plates in air was 3.3 
pf /cm 2 and 6.3 pf /cm 2, respectively. In  contrast to the 
p la t inum and copper test, the specific solution con- 
ductance, kc, was measurable,  i.e., 10 - s  ohm- l cm.  Ta-  
ble II i l lustrates the increase of conductance due to 

C~c + Ct 
1 e w h e r e  C~ ---~ 0 .6  p f / c m  ~ ( t h e o r e t i c a l ) .  

C~ 

Table I. Capacitance measurements by Pt and Cu plates in 
liquid OF2 

Pt  C u  
C p ,  C p ,  

T i m e ,  h r  T e m p ,  ~  p f / c m  ~ p f / c m  2 

0 -- 182 3.0 2.9 
I/z -- 193 3.3 3.5 

1 --195 3.3 3.4 
1z/2 --197 3.3 3.3 
2 -- 198 3.3 3.4 
21/2 -- 2 0 0  3 .2  3 .3  
3 - -  191  3 .2  3 .3  
31/2 - -  1 9 6  3 .2  3 .2  
4 -- 175 3.0 3.0 
4 Vz --  1 7 2  3 .0  3 .0  

Note:  

k c  10-9 ohm-~ cm 
R 11 Meg 
D=0 
Pressure = 0 (atms) 
A = 12 .47  e m ~ ,  a p p a r e n t  a r e a  f o r  P t  a n d  C u .  

Table II. Capacitance mea,surements by Ta and Hi 
plates in liquid OF2 

T a  N i  

T i m e ,  T e m p ,  C~c, kc • l 0  s,  C ~ ,  kc  • l 0  s, 
h r  ~  p f / c m  2 o h m - 1  c m - 1  p f / c m 2  o h m  -1 c m  - I  

0 --  148  2 .0  1 . 0 4 8 3  2 .2  0 . 6 2 2 8  
*/2 --  186  2 .6  1 . 2 0 3 7  2 .3  0 . 5 4 5 0  

1 - -  151  3 .2  1 . 4 4 4 4  2 .3  0 . 4 8 4 4  
17  --  89  6 .2  2 . 7 0 8 3  6 .7  1 . 0 3 8 1  
18  --  95  7 .0  2 . 7 0 8 3  6 .5  1 . 0 3 8 1  
18 V2 -- 93 5.9 2.3214 6.3 0.9909 

Apparent  area, ATa = 12 .47  c m  2 
Apparent  area, ANI --= 8 . 6 2  cm2 .  

Table Ill. Corrosion rate of metals in liquid OF2 at 
--110~ in mils per yr (MPY) 

T e s t  d u r a t i o n  

M a t e r i a l  1 D a y  21  D a y s  4 M o n t h s  1 Y e a r  

C o p p e r  0 .0  0 . 01  0 . 0 0 5  0 . 0 0 0 7  
N i c k e l  0 .9  0 . 0 2  0 . 0 0 2  0.0007 
T a n t a l u m  - -  0 . 0 3  -- -- 

solvation of t an ta lum and nickel ions. The solution 
resistance for Ta was found to be half  tha t  for Ni 
electrodes. The lower solution resistance for Ta than  
for Ni indicates t an ta lum is less corrosion resistant. 
The fact that the solution conductance for Ni and Ta 
remains  in their  own range with t ime indicates cross 
contaminat ion is not a problem. 

Table II gives capacitance data for Ta and Ni plates 
in l iquid OF2. C~c measured for Ta was higher than 
for Ni at bo th - -156  ~ a n d - - 9 2 ~  

From the Cpe -5 Ct values, a metal  fluoride film ca- 
pacitance, Ct, can be calculated and differentiated 
from the solution capacitance, C2 (6). C2 for Ta was 
larger and C1 smaller than  for Ni. A larger C2 indi-  
cates thicker surface film for tantalum. Both compari-  
sons indicate Ta is more susceptible to corrosion than 
Ni. 

A nickel fluoride (NiF2) film was identified by elec- 
t ron diffraction techniques on corroded Ni specimens. 

A marked increase in capacitance and a decrease 
in solution resistance between Ta electrodes occurred 
when the temperature  of OF2 was increased from 
--156 ~ to- -92~ Therefore, an appreciable increase in 
corrosion attack of t an ta lum by OF2 is expected at 
the higher temperatures.  

Corrosion rates of copper, nickel, and t an ta lum by 
weight change method are given in Table III for 
comparison (7). Only the 21-day test indicates copper 
is more passive in OF2 t h a n  nickel and tantalum. 

Manuscript  received May 17, 1966; revised manu-  
script received Feb. 21, 1967. 

Any  discussion of this paper will  appear in  a Discus- 
sion Section to be published in the June  1968 JOURNAL. 
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Vacuum-Deposited Thin Films of the Type PbS Sel_x 
B. A. Riggs 1 

Physics and Infrared Section, General Dynamics, Pomona, California 

Individually,  both the lead salt compounds PbS 
and PbSe have been widely used as radiat ion de-  
tectors sensitive t.o near - in f ra red  wavelengths.  Mixed 
compounds of the form PbS~Sel-x, however, offer 
potential ly useful detectors of intermediate  wave-  
length, broad band, and perhaps unique  response. As 
Scanlon (1) has shown, the isomorphism and com- 
mon cation of the const i tuent  compounds makes pos- 
sible a complete series of solid solutions. Such syn-  
thesis in  bulk  reactions is difficult however, and most 
detector applications require  thin-f i lm configurations. 

Potter  and Kretschmar  (2) have previously dem- 
onstrated the uti l i ty of vacuum-deposi t ion in  pro- 
ducing th in  films of the type InAs~Sbl-y. They utilized 
a so-called, four - tempera ture  evaporat ion method in  
achieving the otherwise difficult synthesis of these 
I I I -V compounds. The foregoing considerations led to 
the present efforts relat ive to formation of mixed-  
compound lead salt films. In the present  case, how- 
ever, the gra in-by-gra in ,  or "flash" evaporation tech- 
nique (3) was employed. 

Depositions were made in a commercial  vacuum-  
evaporation uni t  (Mikros VE-20) fitted with a rotat-  
ing- table  powder feed device similar to that described 
by Beam and Takahashi (4). The feed mechanism, 
unique to the "flash" method, is required to supply a 
continuous stream of the granulated evaporant  to a 
preheated evaporation source. The lat ter  was a well-  
type Ta box source with a quartz insert  set into the 
well. The insert  was employed to avoid evaporat ing 
from the Ta surface (5). Carefully cleaned glass mi-  
croscope slides were used as substrates and posi- 
tioned 4 in. above the source heater. 

The start ing mater ial  for each evaporation con- 
sisted of mechanical  mixtures  of accurately weighed 
portions of sized (100-200 mesh) PbS and PbSe pow- 
ders. The lat ter  were obtained from Research In-  
organic Chemical Company and were of f ive-nines 
stipulated purity. Target  mixtures  consisting of 2: 1, 
1:1, and, 1:2 P b S : P b S e  (mol) were chosen. Ind i -  
vidual  powder fractions were weighed to the nearest  
0.1 mg on a Sartorious balance. The weighed frac- 
tions of PbS and PbSe were then mixed mechanical ly 
in glass vials. 

A typical evaporat ion utilized about 0.2g of a given 
mixed-powder  sample which was placed in the feed 
hopper of the evaporation unit.  The system was evac- 
uated to about 8 x 10 _7 mm Hg and allowed to outgas 
while heating the glass substrate to 280~176 De- 
positions were made at a rate of 10-20 A/sec giving 
thin-fi lm deposits 1-2~ thick and 1 in. in diameter. 

Subsequent  to deposition, a diffractometer-profile 
was obtained by x - r ay  i rradiat ion of each film on its 
substrate. Fi l tered Cu radiat ion from a Siemens in-  
s t rument  was used to scan 2e values between 15 ~ and 
90 ~ In addition to the film deposits, a diffraction pro- 
file was also made for the individual  PbS and PbSe 
s tar t ing materials. This was done by dust ing the pow- 
der (--200 mesh fraction) over petroleum jel ly ap- 
plied to a microscope slide. 

Figure 1 is a schematic reproduction of a portion 
of the diffraction profiles obtained for the start ing 
PbSe powder and the mixed-fi lm deposit of 16.5 mol 
% PbS. The lat ter  is representat ive of the other mixed-  
compound films. As Figure 1 shows, the start ing 
PbSe powder was not  exclusively single phase and 
this was also true of the PbS star t ing material.  Both 
the PbS and PbSe diffraction traces showed the (111) 

Z P r e s e n t  a d d r e s s :  D e p a r t m e n t  o f  M e t a l l u r g i c a l  R e s e a r c h ,  K a i s e r  
A l u m i n u m  & C h e m i c a l  C o r p o r a t i o n ,  S p o k a n e ,  W a s h i n g t o n .  
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Fig. 1. A portion of the x-ray diffraction profiles for the 
16.5:83.5 (mol %) PbS:PbSe thin film (top) and for 99.999% 
PbSe powder (bottom). 

and (200) reflections for Pb  superposed on the com- 
pound patterns. These "extraneous" lines show that 
both of the s tar t ing materials were Pb- r ich  non-  
stoichiometric compounds, and this imbalance was 
reproduced in the mixed-compound film deposits as 
i l lustrated by the 16.5 mol % film of Fig. 1. The dif- 
fracted in tensi ty  of the (111) Pb peak appears greater 
in the above film than in the PbSe pattern. This ap- 
parent  enhancement  is believed to be the conse- 
quence of the additive effects of the Pb- r ich  na ture  
of both s tar t ing compounds. Some anion loss also may 
have occurred in the deposition. In  addition, some 
preferred orientat ion in the film deposits is indicated 
by the stronger diffracted intensities of (200) and 
(220). 

It was also apparent  that the PbSxSel-x  films were 
compositionally varying  reproductions of the basic 
PbS- type  pattern. As a consequence, it was possible 
to calculate the lattice parameter  for each case as a 
function of composition. For this purpose (hkl) in  
the back-reflection region giving the best K~I/Ka2 
resolution was used. These data are given in Table I 
and plotted in Fig. 2. 

As Fig. 2 illustrates, the PbS-PbSe  system conforms 
closely to Vegard's law and even the indicated de- 
viat ion may be more apparent  than real. That  is, the 
thin films l ikely contain stresses and fault ing not 
present in the powder samples used to obtain the 
terminal  ao values of Fig. 1. The close agreement  be- 
tween the latter and the published (ASTM) values is 
noteworthy. In view of the demonstrated ao composi- 
tion relationship, it is reasonable to expect that  other 

Table I. Lattice parameters for PbSxSel-z thin films 

C o m p o s i t i o n ,  
t o o l  % P b S  F o r t e  I h k l )  a h k h  A 

1 6 . 5  T h i n  F i l m  f 4 2 0 )  6 . 0 8 1  
4 4 . 6  T h i n  F i I m  (600) 6.030 
7 6 . 8  Thin F i l m  ( 5 1 1 )  5 . 9 7 0  
P b S  P o w d e r  ( 4 2 0 )  5 , 9 3 2  ( 5 . 9 3 6 )  * 
P b S e  P o w d e r  ( 6 0 0 )  6 . 1 1 9  ( 6 . 1 2 4 )  * 

�9 A S T M  v a l u e s ,  
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Fig. 2, Lattice parameter (ao) vs. molar composition for the 
PbS-PbSe system. 

physical properties dependent  on bonding, such as 
thermal  expansion coefficients, would vary  in a similar  
fashion. This provides the opportuni ty  to match more 
closely such parameters  between film and substrate 
and thereby at tain epitaxial deposits of relat ively 
low defect densities. 

In  spite of the indicated nonstoichiometry one other 
deposition was made for purposes of electro-optical 
evaluat ion using the 44.6 real % PbS composition. 
Several  individual  films were obtained from this dep- 
osition by appropriate masking. These films were 
rendered photosensitive by heating them in air for 
a short period subsequent  to deposition. Gold elec- 
trodes were then deposited so as to define a sensitive 
area 0.16 cm on a side. Such films exhibited resist- 
ances of about 150 kohm. 

Signal- to-noise ratios for three such cells were ob- 
tained by irradiat ion with a 600~ black body s imu- 
lator located 15 cm from the cell and chopped at 1200 
Hz. A Hewlet t -Packard  wave analyzer  (5 Hz band-  
width) ,  Per ry  amplifier, IRI voltage integrator,  and 
Tektronix wave-form monitor ing oscilloscope were 
utilized in the measur ing  circuit together wi th  a toad 
resistor matching the cell resistance. With this ar-  
rangement  best- and worst-case signal- to-noise ratios 
of 770 and 120 were measured at room temperature.  

It  was also possible to derive a spectral response 
curve from the best of the above cells by using a 
Pe rk in -E lmer  Model 13-U spectrophotometer. The 
relat ive response as a function of wavelength is shown 

uJ 
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Fig. 3. Spectral response vs. wavelength for a sensitized 
PbSxSez-z (44.6 mol % PbS) detector at room temperature. 

in  Fig. 3. This spectral response suggests the detector 
is responding as a homogeneous uni t  ra ther  than as a 
sum of two separable components. This result  then  
would tend to confirm the x - r ay  diffraction results 
presented previously. 

The present  results indicate that  sensitive photo- 
detectors of the PbS~Sel-~ type can be produced by 
vacuum-deposi t ion techniques. I t  is believed that  im-  
proved detectors of this type can be realized by use 
of selected qual i ty PbS and PbSe star t ing materials 
and by optimizing the desposition parameters  and 
sensitization procedure. 
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Polarization at Impervious and Porous 
Bromine Redox Electrodes 

E. I. Onst0 t t  

Los Alamos Scientific Laboratory, Los Alamos, New Me~co 

In  the original  work  on desal inat ion by  b romine  
redox (1) a porous carbon anode was used in  conjunc-  
t ion with a porous carbon cathode as a method of sep- 
arat ing the depleted port ion of electrolyte (anolyte) 
from the enriched port ion (catholyte).  In  principle 
a single porous electrode in conjunct ion with an im-  
pervious electrode can serve the same useful  funct ion 

of separat ing the electrolysis products if recombina-  
t ion by convective t ransfer  can be avoided. 

Impervious electrodes have some advantages in  
mult istage design, and it  was therefore of interest  to 
test the properties of an impervious electrode when  
used as an anode and also when  used as a cathode. 

Since dissolved bromine  is used as a depolarizer in  
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Fig. 1. Electrolysis followed by open-circuit decay of 0.05M 
NoBr containing about O.03M Br2. 

the bromine redox method, the most obvious method 
of testing seemed to be that  of measur ing  electrode 
polarizat ion at constant current  as a function of time, 
than to observe the decay of the cell potential  wi th  
t ime with the dr iving source removed.  

Experimental 
Exper imenta l  procedures were  much the same as 

repor ted  previously (1). The electrolysis cell was 
modified by replacing one porous electrode with  a 
h igh-pur i ty  graphi te  plate about 6 m m  thick and hav-  
ing the same geometric surface area. A single exi t  
consisting of a hole about 6 mm in diameter  was 
dri l led in the plate in the same posit ion as the exit  
shown previously for each porous electrode (1). Elec-  
t rolyte  feed flow (countercurrent  to the force of g rav-  
i ty) was controlled with a Beckman Model 746 me te r -  
ing pump operated at an input  flow rate  of 20 ml /min .  
The anolyte and catholyte  flows were  approximate ly  
equal  at 10 m l / m i n  each. 

BROMINATED 
FEED 

CASCADE PATTERN 

+ 

CATHOLYTE CATHOLYTE 

GRAPHITE 

POROUS cARBON 

TRAN$iTE OR LUCITE 

Fig. 2. Practical geometry for cascading cells 

Results 
The data in Fig. 1 show that an impervious graphite 

anode behaves very much like a porous carbon anode, 
but the potential required at steady-state is about 
10% higher. With an impervious cathode, however, 
the potential required at steady state is an order of 
magnitude higher. These data show clearly that high 
cathode polarization results from depletion of bro- 
mine at the impervious cathode. Use of a porous car- 
bon cathode, however, minimizes polarization by al- 
lowing bromine replacement by electrolyte flow 
through the porous cathode, and the energy require- 
ments for electrochemical desalination are much lower 
than when an impervious cathode is used. 

The data for potential decay indicate also that there 
are much larger differences in bromine concentration 
between the anode and cathode when the cathode is 
made the impervious electrode compared to the con- 
verse geometry. 

Figure 2 shows a practical geometry for cascading 
cells. The cathode is placed on the bottom to take 
advantage of the stabilizing effect of gravity on the 
electrolyte density gradient. A small pilot plant has 
been constructed and operated with forty cells in 
series utilizing this design. Results of this investiga- 
tion will be reported elsewhere. 

Manuscript received March 17, 1967. This work was 
performed at Los Alamos Scientific Laboratory under 
the aqspices of the Atomic Energy Commission. 
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Brief Go n nun cat on @ 
The Rotating Disk Electrode, Hydrodynamic Boundary 

and Diffusion Layers by Laser Interferometry 
R. N.  O'Brien 

Chemistry Department, University oS Victoria, Victoria, B. C., Canada 

It has recently become possible to build long path 
interferometers to study concentration contours in 
electrochemical cells where the path difference be- 
tween interfering beams in a wedge-type interference 
cell is 2 cm or greater. Such a cell has been described 
recently (1) and the theory presented (2). The pres- 

ent cell has been modified f rom those previous ly  de- 
scribed only in that  a disk electrode of the parabolic 
shape recommended by Riddiford (3) to give stable 
flow pat terns is admit ted  f rom the top and a counter  
electrode f rom the bottom. The cell  as before consists 
of a Teflon cyl inder  whose axis is at 90 ~ to the axis of 
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the electrode, wi th  par t ia l ly  reflecting glass flats in 
the end and a cyl inder  insert  whose axis coincides 
wi th  the axis of rotat ion of the electrode, wi th  its sides 
sliced off to allow the laser beam to pass through. 

The expression for the location of wedge fr inges on 
the in te r fe rometer  wedge  is: 2~t cosr = n~ (~ is the 
ref rac t ive  index;  t is the thickness of the cell; cosr is 
about one when r the angle of incidence, is close 
enough to zero to give good fringes; n is the order  of 
in terference;  and ~ is the wave leng th  of the l ight  
used).  If  ~ is 6328A, the common gas laser  f requency,  
the l iquid has a re f rac t ive  index of 1.3540 and t is 1 
cm, n is calculated to be 42,810. This means that  one 
fr inge shift, that  is when  the displacement  of the 
fr inge brings it to the position where  the next  fr inge 
would have  been if it had remained  straight, r epre -  
sents a change of one part  in 42,810 in ref rac t ive  in-  
dex. If, however ,  a solution is used, only the par t  of 
the re f rac t ive  index due to the solute wil l  va ry  and 
in the case below, one fr inge shift is one part  in 240. 
For  the present  exper imenta l  se t -up this means one 
part  in 240 change f rom the bulk concentrat ion of all 
solutes present.  

When a disk is rotated in a l iquid the application of 
the shear ing force to the layers of l iquid near  the 
disk should result  in a change in density;  the the rmo-  
dynamic P~V t e rm that  describes the dilation should 
be proport ional  to the shearing force applied and 
hence useful  in evaluat ing l iquid viscosities (4). The 
change in density is re la ted to the change in re-  
f ract ive index by the Lorentz-Lorenz  expression 

RM ~ - ~ -  , where  RM is the molar  re f rac-  
p ~2 -~- 2 

tion, M the molecular  weight,  p the density, and ~ the 
ref rac t ive  index. Since it is difficult to see how, in the 
solution considered, the  di lat ion can occur in anything 
but the solvent, we wil l  consider only the change in 
density of water.  The  molar  refract ion of H20 is 
1.64624 and detection of one fr inge shift  due to change 
in density represents  a change in ref rac t ive  index 
from 1.33315 at 24~ to 1.33312; consequently,  a di la-  
t ion of one part  in 14,875. Since 1/10 of a f r inge shift 
can be detected, the l imits of measurement  are one 
part  in 148,750 or this is a ve ry  sensitive di latometer.  

F igure  1 contains four  frames taken  f rom a 16 mm 
motion picture film taken at 12 fps of a 3.50 m m  di- 

ameter  Ni disk in a 2N NaOH solution which is also 
0.1M in K4Fe(CN)6 and 0.1M in K3Fe(CN)e  at  24~ 
In the first f rame a current  of 20 ~a or 2.5 m a / c m  2 is 
passing. The disk is not rota t ing and the apex of the 
wedge is to the left. The nickel  disk is coated with  
catalyzed polyure thane  so that  no cur ren t  passes ex-  
cept on the bot tom of the disk. The disk is the cathode 
and the K4Fe(CN)6 being generated is more dense 
than the bulk solution, so na tura l  convect ion is caus- 
ing a reversa l  of the concentrat ion gradient  outside 
the simple diffusion layer, analogous to effects noted 
in other  systems (5). Since the cur ren t  density is far  
f rom the l imit ing cur ren t  density in this system, it 
is assumed [as found to be essentially t rue  in acidified 
CuSO4 solution (6) ] that  only the electroact ive species 
change concentration. 

In the second frame, taken one second later, the 
disk is rotat ing at about 250 rpm or the r im speed is 
about 5 cm/sec.  Most of the concentrat ion gradient  

0[K4Fe(CN)6] O[K3Fe(CN)~] ) previously  

Ox 8x 

established has a l ready been swept  away as a much 
th inner  diffusional layer  is set up, undetectable  by 
this apparatus. Some convect ive  effects are still 
evident  at the same location in this f rame as in 
the previous one, indicat ing that the effect of rotat ion 
progresses, as expected, through the layers at a fin- 
ite rate. That  is, the previously set up processes re lax  
at a measurable  rate. The direction of rotat ion is such 
that  the r im of the disk nearest  the camera  is moving  
f rom right  to left. 

The third f rame shows a deflection of the fringes in 
the opposite direct ion (to the lef t ) ,  except  for the 
solution very  close to the electrode. In the last frame, 
one second later, a hydrodynamic  shear zone has been 
established to the exclusion of any recognizable dif-  
fusion layer. The total  f r inge shift at the center  of 
the disk is again about % of a f r inge as in the diffu- 
sion layer, but  the layer  is about twice as thick so 
the refract ive  index gradient  is only half  as steep. 
A diffusion layer  must  still exist, but  it can be con- 
fidently stated that  since it cannot be detected by this 
apparatus (and hence its extent  and the concentrat ion 
gradient  in it cannot be de termined) ,  its thickness 
must  be less than 0.02 m m  since measurements  have 
been made in o ther  systems at this distance (7). 

F igure  2 was produced by tracing the center  of 
fringes in a system in which the disk is the anode 

Fig. 1. Interferograms taken at one second intervals of a rotating 
disk electrode. The current density is 2.5 ma/cm 2 in a 2 NaOH so- 
lution which is also 0.1M in each of K3Fe(CN)6 and K4Fe(CN)6 
at 24~ In frame (a) the disk is not rotating and is the cathode, 
and a diffusion layer affected by natural convection is evident. 
Immediately following frame (a), rotation was started and reached 
250 rpm in (b) and a stable pattern was established by (d). In 
frame (d) a hydrodynamic shear layer is the only visible feature. 

(a) 
t I / I / I / I / I / / /  

(c) 

(b) 

i i i i I I | i | 

O O.O2M 

(d) 
i i i i i i | | , 

IO -4 g/CC 

I .  I 

o i 3 r a m  
Fig. 2. Interference fringes traced from 16 mm motion picture 

frames. The current density is 5 ma/cm 2 in the same solution but 
the disk is now the anode, no convection i.s occurring, there is 
only �88 sec between frames and the dilation in the hydrodynamic 
shear zone gives a fringe shift in the same direction as the oxida- 
tion of K4Fe(CN)6 in the diffusion layer. 
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and no na tura l  convection occurs, all other condi-  
tions the same except as noted. The frames were 
taken at ~/4 sec intervals.  Frame (a) shows a well  
developed diffusion gradient  at twice the cur ren t  den-  
sity as in Fig. 1 (5 ma/cm2),  and the apex of the 
wedge is to the right. F rame  (b) shows the diffusion 
layer set up under  nonrota t ing  conditions being swept 
tangent ia l ly  outward in  accord with Riddiford's the-  
ory (3). F rame  (c) shows an in termedia te  regime. 
In frame (d) the diffusion layer  has been established 
at a thickness undetectable  by this apparatus.  The 
hydrodynamic dilat ion shear gradient  is, as expected, 
in the same direction as the concentrat ion gradient  
previously established. 

Since the effects being viewed in this work are in -  
dependent  of the thickness of the cell (as attested by 
unper tu rbed  fringes appearing in  the edges of the 
frames),  and are the result  of v iewing a disk of per-  
turbat ion,  the usual  formula  2~t = nk must  have a 

d 
variable t. Now t -~ 2d sin - -  - - ,  where  d is the dis- 

r 2 
tance from the center  of the per turbed  disk of fluid 
and r is the radius of this disk. Scales in concentrat ion 
and densi ty uni ts  have been calculated for specific 
marked points, and are, of course, only applicable to 
those points. They can only be used as a rough guide 
to judge as to whether  the fringe shift follows the in-  
dicated sine function. 

Exper iments  were also performed in which a nickel  
rod was encased in  a Teflon tube. The outside d iam- 
eter of the Teflon was twice that  of the nickel rod, 
and the Teflon tube outside d iameter  was 3.5 mm. The 
surface of the Teflon and nickel were gent ly  polished 
flat while assembled together and just  prior to moun t -  
ing in  the interferometer.  The nickel could be ro- 
tated while  the Teflon remained stationary,  or both 
could be rotated at the same speed. When cur ren t  was 
passed in the same electrolyte as above without  ro- 
tation, then rotat ion begun after an appreciable dif- 

fusion layer was present, the pat terns of per turbat ion  
to the fringes were  similar  in  both cases to the bel l-  
shaped disk recommended by Riddiford. The configu- 
rat ion in which only the electrode moved showed a 
slightly better  flow pat te rn  (i.e., more closely hori-  
zontal, or tangential ,  motion of the electrolyte away 
from the electrode). I t  is thought  that  both the flow 
pat terns and the dilat ion in the shear zone will  have 
an  effect on cur ren t  dis t r ibut ion which has recent ly 
been the subject of theoretical calculations (8). 

Fur the r  experiments  are p lanned  to firmly estab- 
lish flow pat terns around the rotat ing disk and to 
explore the system's usefulness as a dilatometer.  
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ABSTRACT 

Silicon ni tr ide was deposited by a radio f requency glow discharge reaction 
of silane and ammonia.  Fi lms were deposited at a fixed substrate  tempera ture  
of 300~ but  the s i l ane /ammonia  concentrat ion was varied between 3 and 
50%. The effect of changing gas concentrat ions has been correlated with the 
change in physical and electrical properties of the deposited material .  In  
particular,  measurements  of dielectric constant, loss factor, and voltage break-  
down strength have been made as well  as surface studies by the MOS tech- 
nique.  Material  properties have also been qual i ta t ively studied by moni tor ing  
IR absorption, chemical etch rate, and film growth rate~ 

The advent  of MOST's and high field devices has 
revealed some l imitat ions in the use of silicon diox- 
ide as a gate insulator  or passivating medium. In  
particular,  a t tent ion has been drawn to the inabi l i ty  
of the oxide to stop fast diffusing alkali  metals, e.g., 
sodium, potassium, or l i thium. The relat ively low di- 
electric constant  of SiO2 also imposes design problems 
where very  high f requency operation is desired. Sil- 
icon ni t r ide  is one of several  materials  that has been 
selected to overcome these problems, and its physico- 
chemical properties were studied to compare it to 
the oxide. 

The silicon ni tr ide was deposited by reacting am- 
monia  and silane in  a radio f requency glow discharge 
which was reported earlier by Sterl ing and Swann  
(1). This is now one of several processes under  in-  
vestigation both here and in other laboratories. The 
merits of the rf glow discharge method with respect 
to deposition temperature,  film purity,  stoichiometry, 
and ins t rumenta t ion  are considered below. 

Depositions can be carried out at any  desired sub-  
strate temperature,  even below room tempera ture  
with the necessary refr igerat ion facilities. However, 
s t ructural  modifications of the film have been observed 
to take place at deposition temperatures  higher than 
room temperature,  as exemplified by densification of 
the film structure resul t ing in lower etch rates. A 
similar  effect has been reported after the anneal ing  
of sputtered oxides (2). This factor coupled with a 
thermal  l imitat ion imposed by the substrate, (e.g., 
melt ing point  or movement  of diffusion front)  may  
in  tu rn  determine the deposition temperature.  In  this 
report, a substrate tempera ture  of 300~ has been 
studied, to achieve acceptable etch rates and yet ma in -  
tain a good film structure  without  resort ing to tem- 
peratures used in  the pyrolytic process. 

The rf discharge process can utilize gaseous sources 
which in general  are avai lable in  an ext remely  pure  
form and so offers a purer  source than, for example, 
sintered target  materials  used in  some sput ter ing proc- 
esses. It  should be noted, however,  that  this process 

is not  restricted to hydrides or even silicon com- 
pounds, e.g., boron ni t r ide from boron trichloride and 
ammonia.  Electrode contaminat ion is also el iminated 
by the use of an external  energy source to produce 
an electrodeless discharge. Fi lms produced in  a d-c 
or low frequency discharge often suffer from electrode 
impurit ies as well  as changes in  chemistry (e.g., poly- 
mer formation has been observed in a low frequency 
glow discharge reaction) (3). 

In  most sput ter ing systems, stoichiometry is l imited 
by the target  mater ia l  whereas this process wil l  en-  
able a choice of film stoichiometry by  simply con-  
t rol l ing the proportions of the reactants.  For  example, 
compounds of silicon and oxygen have been produced 
by vary ing  the ratio of ni t rous oxide to silane, and 
SiO, Si203, and SiO2 have been identified by the au-  
thors in an earl ier  study. 

The apparatus is very  simple (Fig. 1), requir ing 
no in te rna l  electrodes, targets, biasing, or water  cool- 
ing facilities as employed in  sput ter ing systems. The 
apparatus simplici ty is in  contrast  to the complexity 

Fig. 1. Glow discharge apparatus 
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of the chemical reactions which take place in a glow 
discharge envi ronment .  

Glow Discharge Reactions--Gene~-al 
The glow or "cold" discharge referred to in this text 

occurs be tween the Townsend and the arc discharge 
which are only part  of the fami ly  of electrical break-  
down phenomena.  Discharges can be fur ther  classified 
into two different types which have been detailed by 
Babat (4). The capacitive or "E" type discharge is 
excited by an  electric field and the induct ive  or "H" 
type discharge is excited by a magnetic  field. The 
lat ter  is probably of greater  significance in the system 
used for this work, as evidenced by incomplete chem- 
ical reactions in  the case of high f requency capacitive 
discharges in the absence of in te rna l  electrodes. 

The physical processes involved in a glow discharge 
are not simple, since they involve the interact ion of 
positive ions, electrons, and excited molecules as well  
as the presence of neut ra l  atoms and molecules. From 
a chemical standpoint,  reaction products can be 
formed by the breaking of existing bonds, or the for- 
mat ion of new bonds, free radicals, and metastable 
ions. In  the la t ter  case, ions can even behave as cata-  
lysts by giving up their  la tent  energy to associated 
molecules at the recombinat ion sites. These sites can 
be the reaction tube walls or any object placed in the 
discharge which absorbs energy released by the re -  
combination. All these possible events  indicate the 
complexity of plasma chemistry. 

A complete unders tand ing  of discharge reactions re-  
quires detailed s tudy which has not  been at tempted 
in  this present  work. Here, a semi-empir ical  approach 
has been taken  to optimize growth conditions. Fu tu re  
studies will  include measurements  of electron tem- 
perature  and its relat ionship to chemical bonding 
and reaction yield. 

Apparatus 
Figure 1 shows the general  a r rangement  of the ap-  

paratus. The chemical components of the silicon n i -  
tride are supplied from gaseous sources of undi lu ted  
silane and anhydrous  ammonia.  (The gases were sup- 
plied by Matheson Company, Newark, California, 
having the following pur i t ies - -s i lane  99% ~- 1% H2 
and anhydrous  ammonia  99.99%.) Small  flow rates of 
the gases are monitored through cal ibrated capi l lary-  
type flow meters in conjunct ion  with regulat ing 
valves. The gases are mixed and fed into a reaction 
tube which is cont inuously  evacuated to pressures 
in the 10 -1 Torr  range. System pressure was moni -  
tored by a McLeod vacuum gauge to el iminate  any  
gaseous decomposition. 

A 1 MHz, 500w, high impedance radio ~requency 
generator,  Model 500M (special) Stanelco, Boreham 
Wood, England,  was used to supply energy to the low 
pressure gas stream by means  of a radio frequency 
coil which surrounds the fused silica reaction tube. 
The generator  can supply energy  for both chemical 
reaction and substrate heat ing when  desired. The sub-  
strate t empera ture  was measured by an infrared py-  
rometer;  Thermodot  Model TD 6A (Radiat ion Elec- 
tronics Company) .  

E x p e r i m e n t a l  
It  has been reported (5) that  the above system wil l  

enable changes in  film stoichiometry by vary ing  the 
ratios of the gaseous constituents.  A study of the sil- 
icon ni t r ide system was therefore made by  changing 
the silane to ammonia  concentrat ion from 3 to 50% 
by volume. The total  gas flow rate and substrate tem-  
peratures were main ta ined  constant  at 11 cc /min  and 
3O0~ respectively. 

Films were deposited on mechanical ly  polished n -  
type silicon wafers, cut in  the 111 plane and of resis- 
t ivi ty  (2-3) ohm-cm. Slices were precleaned in  HF 
and hot HNO3 m with in termediate  washes in deion- 
ized water. Samples for electrical  evaluat ion were 
evaporated with chrome and gold contact areas (1.25 

x 10 -3 cm 2) on the ni t r ide and an ohmic gold film 
on the reverse side. Capacitance and loss factor mea-  
surements  were made on a G. R. (1 kc) digital  bridge 
and a Boonton (100 kc) bridge with applied d-c bias 
of + 10v to the Cr -Au gate electrode to ensure max-  
imum capacitance values. MIS C-V plots were ob- 
tained for several devices on each wafer  to evaIuate 
surface state charge Qss. Automatic  plot t ing on an 
X-Y recorder, at a measurement  f requency of 100 
kHz, showed less than  10% var ia t ion in Qss over the 
wafer. 

Growth and etch rates.--Figure 2 shows the rate*of 
film deposition vs. silane concentrat ion under  condi- 
tions of constant  radio f requency power, gas flow rate, 
and substrate temperature.  Thicknesses were mon-  
itored approximately by observation of the in terfer-  
ence fringes. 

For  accurate determinat ion of film thickness, a step 
was etched with pure  HF, over which a thin coating 
of a luminum was evaporated, and the step height 
measured using a Hilger Watts mul t iple  beam in ter -  
ferometer. For film thicknesses less than 20O0A the 
error in measurement  is _ 20A. Above this thickness 
the probable er ror  is greater  (up to 40A). 

The growth rate is substant ia l ly  linear, having  a 
rate of 180A/rain at 50% silane concentrat ion and 
35 A / m i n  at 10% concentration.  

Etch rates were de termined for a 1:8 HF/NH4F so- 
lut ion since this gave a controlled rate. Samples were 
prepared by selective protection with KPR and then 
etched to approximately half  their  total thickness. 
The KPR was removed and a reflecting surface was 
evaporated over the step for measurement  as de- 
scribed above. Etch rates were of the order of 50 A /  
rain with a decrease to 20 A / m i n  at higher silane con- 
centrations.  It  has been noted that  at much higher 
substrate  temperatures  the etch rate is significantly 
decreased. 

Infrared spectroscopy.--Figure 3 shows the spectra 
for identical  silicon ni t r ide depositions bu t  with dif- 
ferent  KBr  preparations.  The top graph shows the 
I -R grade KBr powder with its characteristic absorp- 
tion bands. The heavy graph is the result  of a silicon 
ni t r ide deposition onto a preformed KBr  pellet. This 
shows the broad s i l icon-ni t rogen absorption peak for 
a silane gas concentrat ion of 25%. The main  band 
ranges from 9-14;+ and peaks at approximately  12.1#. 

The dotted absorption peak at ~ 9.4~ is found to 
occur when  the same deposition is made on powdered 
KBr  which is subsequent ly  pressed into pellet form. 
This Si-O shoulder has also been seen on the SigN4 
spectra published in the l i tera ture  (6). We postulate 
the presence of free silicon in the ni t r ide which be-  
comes oxidized on exposure to the atmosphere. (A 
similar  effect has been noted by other workers (7, 8) 
when  powdering crystal l ine silicon.) Samples pre-  
pared by the KBr  powder technique show a shift in  

zoo I I 

180 

160 

.~ 14o 

120 
~ - 

I00 

.~ 8o 

++~ t /  4C 

20  

[ 
0 o 

I I 

I ~ . ' (  
X 

I I I _  / 

S : 

J I I I I 
I0 20 30 40 50 

SILANE CONCENTRATION % 

Fig. 2. Growth rate vs. silane concentration 

f 
60 70 



Vol .  114, No .  7 C O M P O U N D S  B Y  R F  G L O W  D I S C H A R G E  715 

T ' I I = I= ] ' rl II II  

L, '�84 ~ 
/ i  / - -  

, 1 1 /  - 

/ - 

J 
I I I I 

WAVELENGTH (MICRONS) 

Fig. 3. |nfrared spectra 

FREQUENCy (CM "I) 
4000 2~00 

I~00 ~ 0  ~000 ~0~ 'e~176 ,~0 ,4~ ,ZOO 

~176 I II i I i I =ill 11 

o s  x \ \  . / ~  

~20 

the Si-O peak f rom 9.85 --> 9.55r for a 6 --> 50% change 
in stlane concentration. The S i -N peak is correspond-  
ingly influenced by the amount  of Si-O bonds present.  

We have  observed a peak at 4.6-4.7r as repor ted  in 
the l i tera ture  (9). We would  ra ther  a t t r ibute  this to 
S i -H bonds, which occur at lower  energies, than  to 
Si ----- N t r ip le  bonds. 

More recent  work  has been to study the inf rared  
absorption by transmission through silicon ni t r ide  
which was deposited onto a single crystal  silicon 
wafer  (600~ thick, 40 ohm-cm,  N- type)  mechanica l ly  
polished on both surfaces. A gradual  change in the 
absorption peak f rom 11.6 to 12.2~ was observed for 
a change f rom 1 to 50% silane, respectively.  The shift 
to a higher  wave leng th  supports our ear l ier  hypothesis 
that  the layers become silicon rich at high silane con- 
centrations. When using the more  recent  technique,  
as opposed to the K B r  method, there  is v i r tua l ly  ab- 
sence of the Si-O band which suggests that, in the 
case of high silane concentrations, the free silicon is 
bound within  the film and not avai lable for oxida-  
tion. 

Dielectric constant and loss fac to r . - -F igure  4 shows 
the dielectric constant vs. silane concentrat ion for 
film thicknesses of approximatelY 1000A. Its va lue  is 
seen to change f rom 7 to 11 for a corresponding 
change in silane concentrat ion f rom 3 to 50%. The 
value  of dielectric constant for bulk silicon ni t r ide  is 
quoted (10, 11) be tween 9 and 10. In thin film form 
many workers  (6, 12-16) have repor ted  various values 
in the range 6-8 and some as high as 12. In this pres-  
ent work  the var ia t ion is a t t r ibuted to changes in stoi- 
chiometry,  especially the amount  of silicon, f ree  or 
chemical ly  bonded, in the deposited layer. Addi t ional  
evidence to support  such a hypothesis is seen at high 
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silane concentrat ions w h e r e  the value  of dielectric 
constant approaches that  of bulk  silicon. Also at these 
high concentrat ions the resis t ivi ty  and b reakdown 
field s t rength are tending toward  the values typical  of 
bulk silicon. 

Measurement  of loss factor vs. silane concentrat ion 
revealed  a t rend to become more  lossy as amorphous 
silicon is approached. A typical  tan 5 va lue  at 1 kc / s  
is 0.0007 increasing to 0.002 at 50% concentration. 

In drawing  up the data for dielectric constant vs. 
silane concentrat ion an anomalous effect was noted 
for film thickness sl ightly greater  or less than 1000A. 
In part icular  values greater  than expected were  ob-  
served for thicknesses less than 1000A for a given 
silane concentration. Therefore  a detai led study of 
this effect was under taken  at a g iven SiI-I4/NH3 (1:3) 
concentrat ion over  the thickness range 800 --> 5000A. 
Figure  5 shows the change which occurs in the di- 
electric constant plot ted as a function of film thickness. 
We are ten ta t ive ly  a t t r ibut ing this phenomenon to 
stress, which is known to exist in films deposited by 
this technique. A more detai led analysis of this effect 
will  be repor ted  (17). 

Resis t iv i ty  and dielectric b r e a k d o ~ n . - - B o t h  resis-  
t iv i ty  and dielectric s t rength have  been measured  as 
a funct ion of silane concentration.  Resist ivi t ies 
were  obtained f rom s teady-s ta te  va lues  of cur -  
rent  for a field of 4 x 105 v /cm.  A change f rom 8 x 10 TM 

ohm-cm to 5 x 10 TM ohm-cm has been observed for 
concentrat ions in the range 9 to 50% silane, respec-  
t ively.  

Breakdown field s t rength has s imilar ly decreased 
f rom approximate ly  6 x 106 v / c m  a t  9% silane to 
1 x 106 v /e ra  at 5 0 % .  

Figure  6 shows the change in res is t ivi ty  when  
plotted as a function of b reakdown strength.  Ex t rapo-  
lation of the lower port ion of this graph gives the re-  
sistivity of glow discharge prepared amorphous sili- 
con (1011 ohm-cm)  at a b reakdown vol tage of 3 x 105 
v /cm,  which is a typical  avalanche breakdown field 
for crystal l ine silicon. Dielectr ic  strengths of 1.5 x 107 
v / c m  have been obtained for th icker  films. 

C-V  m e a s u r e m e n t s . - - C - V  measurements  were  made 
on the samples in order to evaluate  their  interracial  
properties (18). F igure  7 shows a typical  plot where  
the broken l ine represents  the theoret ical  curve  in the 
absence of surface charges, Nss, and meta l  semicon- 
ductor work  funct ion difference, AW. The vol tage off- 
set AV, at flat band condition, is a direct  measurement  
of Nss for the static curve  1. 

F igure  8 shows the change in surface charge den-  
sity with silane concentration.  At concentrat ions 
>20% there  is a genera l  tendency to lower  the sur-  
face charge density f rom 5 x 1012 charges /cm 2 to 1011/ 
cm 2. At concentrat ions lower  than 10% the density is 
around 8 x 1012/cm 2. 

Sample  preheat  conditions, i.e., gaseous ambient  
and the presence of the rf  glow discharge, have an 
effect on the surface state densities. El iminat ion of 
the discharge during the heat ing cycle results in lower 
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surface charges. The hysteresis, i.e., the difference in  
Nss values as calculated from curves 1 and 2 in  Fig. 
7, depends on the ampli tude of the scanning bias and 
can be as large as ~10 TM charges/cm 2. All  factors 
control l ing surface charge density and hysteresis have 
not  been determined, and work is continuing.  
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Barrier to sodium migration.--These low tempera-  
ture  nitr ides form a barr ier  against the migrat ion of 
sodium ions. This was tested in  the following experi-  
ment  with two silicon wafers. One wafer was de- 
posited with ni t r ide (1000A, 30% silane concentra-  
tion) and the other contained a thermal ly  grown 
oxide (1000A). Both were rinsed in NaOH solution 
(0.1% normal)  and then evaporated with Cr -Au con- 
tacts. Their instabi l i ty  due to sodium drift was meas- 
ured by plott ing C-V curves before and after tem- 
perature-bias  t reatment .  Figure 9 shows that  for SiO2 
the drift  in the C-V curves was about 9v for a tem- 
perature of 100~ and field of 106 v /cm applied for 1 
min. For silicon nitride, no perceptible drif t  (<0.3v) 
was observed at the same applied field for 6 rain at an 
elevated temperature  of 300~ 

Silicon device passivatio~ characteristics.--MIS 
transistors were fabricated from a 1O00A layer of 
silicon ni tr ide (deposited using 3:1 NHJSiH4,  onto 
2 ohm-cm N-type silicon). The threshold voltage for 
the subsequent  P channel  devices was - -4 .5v ,  Gm (at 
1 ma ID) ~ 500 ~mhos and mobil i ty ~p = llO cm2/v 
sec. The V-I characteristics of the source and dra in  
junct ions indicated diodes comparable in performance 
to those passivated with thermal  SiO2. The results, 
coupled with the absence of sodium migration,  indi-  
cate that the low temperature  ni tr ide is suitable for 
passivating silicon p lanar  devices. 

Fur ther  measurements  on surface studies and device 
passivation will  be reported in the future. 

Conclusions 
Both growth and etch rates have demonstrated the 

compatibil i ty of this mater ia l  with existing semicon- 
ductor technology. Infrared and electrical data have 
shown the abil i ty of this process to provide repro-  
ducible layers as well as controlled behavior. 

The low substrate tempera ture  offers an at tract ive 
feature for passivating P -N junct ions where move-  
ment  of the diffusion front  is not  desired. 
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The Preparation and Properties of 
Amorphous Silicon Nitride Films 

T. L. Chu, C. H. Lee, and G. A. Gruber 
Westinghou,~e Research Laboratories, Pittsburgh, Pennsylvania 

ABSTRACT 

Amorphous silicon n i t r ide  films have been deposited in a gas flow system 
by the ammonolysis  of silicon tetrachloride and the n i t r ida t ion  of silane with 
ammonia  on heated substrate surfaces. The dependence of the deposition rate 
on the substrate tempera ture  and the reactant  composition and flow rate are 
discussed. The deposited films have been shown by the chemical analysis and 
electron beam induced crystall ization to have the composition SigN4. The den-  
sity, refractive index, infrared absorption, and dissolution rate of deposited 
silicon ni t r ide films have been determined. The substrate tempera ture  dur ing  
the deposition process appears to have the most  significant influence on these 
properties, par t icular ly  density and dissolution rate. Silicon ni tr ide films can 
be used as masks against the diffusion of a luminum,  boron, and phosphorus 
into silicon. However,  these dopants have been found to react with silicon 
ni t r ide in  varying  degrees at high temperatures,  and these reactions mus t  be 
considered in  de termining the thickness of silicon ni t r ide  film required for 
masking purposes. 

Silicon ni tr ide has been known  as a refractory for 
over a century.  Crystal l ine silicon ni t r ide  ceramics, 
obtained by the react ion-s in ter ing or hot-pressing 
technique, are noted for their  chemical inertness, high 
tempera ture  strength, high electrical resistivity, good 
thermal  shock resistance, and extreme hardness (1). 
They have been used for many  high tempera ture  
applications, such as container  for mol ten metals and 
glasses, radiat ion heat  shields, rocket-nozzle inserts, 
stator blades for gas turbines,  etc. Very recently,  
silicon ni t r ide has been used as a dielectric in  elec- 
tronic devices, uti l izing its imperviousness to supple-  
ment  the more commonly used silicon dioxide (2). 
The disadvantages of silicon dioxide, such as the high 
permeabi l i ty  toward moisture and other impurities,  
associated with its inherent  s t ructural  porosity are 
well known.  To be useful  in devices, however, sili- 
con ni tr ide must  be prepared in the form of amor-  
phous and adherent  films on semiconductor surfaces; 
the amorphous films possess more uni form properties 
than  polycrystal l ine films. 

In  this work, the thermochemist ry  of the formation 
of silicon ni t r ide from silicon and silicon compounds 
has been considered. The ammonolysis of silicon te t ra-  
chloride and the n i t r ida t ion  of silane with ammonia  
in a flow system were used to deposit silicon ni tr ide 
films on silicon substrates. The properties of these 
films, such as structure,  composition, density, refrac- 
tive index, inf rared absorption, dissolution rate, and 

masking ability, were studied. The exper imenta l  ap-  
proaches and results are discussed in  this paper. 
Wherever  appropriate,  comparisons with results of 
other workers are also made. 

Preparation of Silicon Nitride Films 
The~'mochemistry of formation o~ silieon nitride.-- 

Silicon dioxide has been produced by a number  of 
chemical reactions, such as the oxidat ion of silicon 
or silane, and the hydrolysis of silicon halides. Ana-  
logous reactions can be used for the format ion of sift- 
con ni tr ide (1). The s tandard free energy changes of 
(a) the ni t r idat ion of silicon and silane with ni t rogen 

or ammonia  and  (b) the react ion of silicon te t ra-  
chloride with ammonia  or n i t rogen-hydrogen  mixtures  
in the tempera ture  range 1000 ~ to 1500~ calculated 
from the JA N A F  thermochemical  data (3), are shown 
in Fig. 1. All  these reactions are thermochemical ly 
feasible. It should be noted that  the reactions using 
ammonia  are more favorable than  similar  reactions 
using ni t rogen because of the higher free energy of 
formation of ammonia.  The use of ammonia  is also 
advantageous kinet ical ly;  n i t rogen is chemically iner t  
due to the large bond energy in the molecule. 

Not all reactions shown in Fig. 1 are suitable for 
the deposition of amorphous silicon ni tr ide films. The 
ni t r idat ion of silicon is a slow process at 1300~ and 
above because of the diffusion-controlled mechanism 
(4). Fur thermore,  the heat ing of single crystal s i l icon 
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Fig. 1. Free energy changes of the fnrmotion of silicon nitride 
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wafers  of {111} orientat ion in n i t rogen or an argon-  
ni t rogen mix tu re  has been found to produce discon- 
tinuous films of crystal l ine a-silicon ni t r ide (5). Sim- 
ilar results have  been obtained when  single crystal  
silicon wafers  were  heated in ammonia  at one atmos-  
phere pressure (6). These films are not  suitable for 
many device purposes because of grain boundaries.  

The ammonolysis  of silicon te t rachlor ide  is a com- 
plicated reaction. When ammonia  is present  in excess, 
silicon diimide is the principal  product  at room tem-  
pera ture  (7). SIC14 + 6 NH3 --> S i (NH)2 -t- 4NH4C1. 
The silicon diimide formed polymerizes  readily,  and 
its pyrolysis yields a-sil icon ni tr ide according to the 
fol lowing equat ion (8) 

400~ 650~ 
6 [Si (NH) 2] x > 2 [Si3 (NH) 3N2] x > 

--2 NH3 --NH3 
1250~ 

3 [Si2 (NH) N2] x ~ 2a --SiaN4 
--NHa 

The deposition of silicon ni t r ide  films on silicon sub-  
strafes by the  react ion be tween  silicon te t rachlor ide  
and ammonia  in the t empera tu re  range 550~176 
has been reported recent ly  (9). Ear l ier  at tempts to 
prepare  silicon ni tr ide films by the react ion of silicon 
te t rabromide,  nitrogen, and hydrogen at 960~ were  
not successful (10). 

The react ion be tween  silane and ammonia  is less 
complex,  involving presumably  the format ion of sil- 
i con-hydrogen  radicals or silicon and its subsequent  
react ion with  ammonia.  The deposition of amorphous 
silicon ni t r ide films has been accomplished by this 
reaction using an r f  discharge technique (11) or high 
tempera tures  (6, 12, 13). 

ExperimentaL--The deposition of silicon ni tr ide was 
carr ied out in a flow system using the ammonolysis  
of silicon te t rachlor ide  and the ni t r idat ion of silane 
with  ammonia  on heated substrate surfaces. In the 
ammonolYSiS process, hydrogen was used to carry 
silicon te t rachlor ide  into the react ion tube, No di luent  
was used in the ni t r idat ion process to e l iminate  any 
ni t rogen deficiency in the deposit, in contrast  wi th  the 
large excess of hydrogen used in other  reported work  
(12, 13). Ammonia  used in this work  was of bet ter  
than 99.995% purity. 

The deposition process was carr ied out in a horizon-  
tal fused silica tube of 55 m m  I.D. In the ammonolysis  
technique, ammonia  and silicon te t rachlor ide were  
introduced separately into the react ion tube since 

they react  instantaneously at room temperature .  Fur -  
thermore,  the react ion tube was mainta ined at 375~ 
to e l iminate  the condensation of ammonium chloride, 
a by-product  of the reaction. In the ni t r idat ion proc- 
ess, on the other  hand, the react ion tube was wa te r -  
cooled to minimize homogeneous nucleat ion in the gas 
phase. Single crystal  silicon wafers  of {111} orienta-  
tion, chemical ly polished with  a nitric ac id-hydro-  
fluoric acid mixture,  were  used as substrates  in all 
experiments .  They were  supported on a si l icon-coated 
susceptor in the react ion tube, and the  susceptor 
heated ex terna l ly  by an r f  generator.  

The thickness of silicon ni t r ide films was de termined  
in the fol lowing manner.  For  films of a few microns 
thickness, direct measurement  of the f rac tured  cross 
section of the specimen with  an optical microscope 
was used. The thickness of thin films was determined 
by using sodium light in ter ference  fr inges in an 
etched wedge. The wedge was produced by dissolving 
a port ion of the film in 49% hydrofluoric acid whi le  
the remainder  was masked with  Apiezon W wax. The 
refract ive  index of silicon ni t r ide is taken as 2.0 in 
these determinations,  and one in terference fr inge of 
sodium l ight  corresponds to a thickness of 1470A. 

Results and discussion.--The most impor tant  cr i -  
ter ion of obtaining adherent  films by the chemical  
deposition technique is that  the react ion should take 
place predominate ly  on the substrate surface. In the 
ammonolysis  technique, the wal l  of the react ion tube 
was mainta ined at 375~ and the reactant  mix ture  
produced no deposit on the wal l  before reaching the 
substrates. Fur thermore ,  by using a low part ia l  pres-  
sure of silicon te t rachlor ide  in the reactant  mix ture  
and a high gas veloci ty  over  the substrate surface, the 
deposited films were  t ransparent  and adherent  to the 
substrate. Thus, no solid in termediates  of the ammo-  
nolysis of silicon te t rachlor ide were  produced in the 
volume of the reaction tube. The polymerization of 
silicon diimide and other intermediates is presumably 
a slow process. 

Silicon nitride films were deposited on silicon sub- 
strates at I000~176 using ammonia at flow rates 
of 6-16 l/rain and silicon tetrachloride at flow rates 
of 3 x 10 -4 to 3 x I0 -3 moles/rain. Under these con- 
ditions, adherent and transparent films were obtained, 
and the deposition rate was found to be essentially in- 
dependent of temperature in the temperature range 
studied. Some examples showing the dependence of 
the deposition rate on the composition and flow rate 
of the reactant  mix tu re  are  summarized in Table  I. 

The deposition of silicon ni t r ide  films by the n i t r ida-  
tion of silane with  ammonia  was studied in more de-  
tail; this technique is s impler  and more  flexible in 
operat ion than the ammonolysis  of silicon te t rachlo-  
ride. A large excess of ammonia  was also used to 
minimize any ni t rogen deficiency in deposited films. 
The effect of substrate t empera tu re  on the deposition 
rate was studied in the tempera ture  range 800 ~ 
1200~ The flow rate  of silane was 2 ml /min ,  and 
that  of ammonia  was 20 or 40 l /rain,  corresponding to 
SiH4/NH.~ molar  ratios of l0 -4 or 5 x 10 -s.  The results 
are shown in Fig. 2. The deposition process is com- 
prised of several  consecutive steps: diffusion of re-  
actants to the substrate surface, their  absorption and 
subsequent  react ion on the surface, the desorption of 
by-products,  and their  diffusion away f rom the sur-  
face. At substrate tempera tures  below about 1000~ 

Table I. Deposition rate of silicon nitride as a function 
of reactant composition and flow rate 

F l o w  r a t e  of  SiC1,/NI-Is A v e r a g e  d e p o s i t i o n  
NI-h, l / r a i n  m o l a r  r a t i o  r a t e , / ~ / r n i n  

16 6 • 10 ~ 0.8 
12 6 • 10-3 0.95 
6 6 • 10 -8 1 
6 3 • 10 3 0.65 
6 1.2 • I0-~ 0.5 
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Fig. 4. Alpha-silicon nitride crystallite in an amorphous silicon 
nitride film deposited at 1200~ Magnification 30,000X. 
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Fig. 3. Deposition rate of silicon nitride as a function of the 
silane flow rate. Flow rate of NH~ ~ 20 I/min, substrate tem- 
perature ~ 900~ 

the deposition rate varied exponent ia l ly  with tem- 
perature,  with an apparent  act ivation energy of 17 
kcal /mole,  indicat ing that  chemical processes on the 
substrate surface are presumably  the r a t e -de te rmin-  
ing step. At higher temperatures,  the deposition rate 
leveled off with increasing temperature,  indicat ing 
that  the diffusion processes become more important .  

The effects of reactant  composition on the deposition 
rate of silicon n i t r ide  films were  studied using am-  
monia  flow rate of 20 l / ra in  at a substrate tempera ture  
of 900~ The flow rate of silane was var ied from 
0.5 to 5 m l / m i n ;  the results are shown in  Fig. 3. In  
this concentrat ion range, the deposition rate appeared 
to be a l inear  funct ion of the silane concentration. 

Properties of Silico~z Nitride Ffflns 
Structure and composition.--Silicon ni t r ide films 

deposited on silicon substrates by  the ammonolysis  
of silicon tetrachloride or the n i t r ida t ion  of silane 
with ammonia  were uniform, t ransparent ,  and highly 
adherent  to the substrate. [The cracking of the film 
and the warping  of the substrate at large film thick- 
ness were observed, as reported by others (12).] They 
exhibited no s t ructural  features when  examined with 
an optical microscope. Several  films were examined 
by both reflection and t ransmission electron micros- 
copy; in the lat ter  case, the substrate was removed by 
jet  etching using a hydrofluoric-ni tr ic  acid mixture.  
Very diffused r ing pat terns  were observed in  all  cases 

Fig. 5. Electron diffraction pattern of the crystalline region 
shown in Fig. 4. 

indicat ing the amorphous na tu re  of the film. In  films 
deposited at 1200~ however,  localized regions of 
single crystal l ine s-si l icon ni t r ide  have been observed. 
An example is shown in Fig. 4; this crystal l ini ty  was 
presumably  induced by foreign impuri t ies  or defects 
on the substrate surface before deposition. Figure  5 
shows the electron diffraction pa t te rn  of the crystal-  
l ine region shown in Fig. 4, the surface of the ni t r ide 
crystal  being of {112"0} orientation,  perpendicular  to 
the basal plane. These results are different from those 
obtained when  a large excess of hydrogen is used in 
the n i t r ida t ion  process. In  the lat ter  case, small  crys- 
talli tes appeared on the substrate surface at 900 ~ 
1000~ and their  concentrat ion increased with in-  
creasing tempera ture  of deposition (13). 

Silicon ni t r ide films deposited at 800~176 were 
annealed at 1200~ in a n i t rogen atmosphere for 4 hr 
or longer. The resul t ing films remained amorphous 
as indicated by the diffuse electron diffraction pat-  
terns. 

Amorphou s silicon ni t r ide films were found to crys- 
tallize after being subjected to an intense electron 
beam in  the electron microscope. Figure  6 shows the 
crystallized region of an amorphous film; the diffrac- 
t ion pa t te rn  of this region, shown in  Fig. ?, was ident i -  
fied as that  of single crystal l ine a-sil icon ni tr ide with 
its surface paral lel  to the basal  plane. Thus, the com- 
position of the amorphous film is SisN4. Bombardment  
of silicon ni tr ide films with a very intense electron 
beam resulted in  the decomposition of the film to 
yield diffraction pat terns  characteristic of polycrys-  
tal l ine silicon. 

The composition of amorphous silicon ni tr ide films 
deposited by the n i t r ida t ion  of silane was also de- 
te rmined by chemical analysis. Silicon ni t r ide layers 
were separated from the substrates by dissolving the 
substrate in a 10 : 1 HNO3-HF mixture.  The ni t rogen 
content  of the specimens was determined by an al-  
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Table III. Density of silicon nitride films 

D e p o s i t i o n  D e n s i t y ,  
R e a c t i o n  t e m p ,  ~ g e m  "-~ 

S i H t  + NI-~ 850 2.78 
950 2.82 

1100 2.92 
SIC14 + N H s  1200 3.01 
~-SisN~, t h e o r e t i c a l  (1) 3,18 

Fig. 6. Portion of an amorphous silicon nitride film crystallized 
by electron beam heating in an electron microscope. Magnification 
30,O00X. 

Fig. 7. Electron diffraction pattern of the crystallized region 
shown in Fig. 6. 

kali  fusion technique. A weighed amount  of the 
specimen, about 0.1g, was mixed with 5g of sodium 
hydroxide in  a p la t inum crucible, and the mixture  was 
heated in. a tube furnace to about 700~ for about 
2 hr. The l iberated ammonia,  from the reaction be- 
tween silicon ni tr ide and sodium hydroxide, was car-  
ried by a ni t rogen flow, absorbed in a saturated solu- 
tion of boric acid, and t i t rated with 0.1N hydrochloric 
acid. The silicon analysis was also carried out by al- 
kali  fusion; a similar  quant i ty  of specimen was heated 
with a mix ture  of NaNO3 and Na2CO3 in a p la t inum 
crucible. The resul t ing mass was treated with per-  
chloric acid, and the precipitated silica was washed, 
and ignited at 1000~ for 1 hr. The weight of silica 
is used to determine the silicon content  of the speci- 
men. The results of the chemical analysis of deposited 
films and silicon ni tr ide powder supplied by the Union 
Carbide Metals Company are shown in Table II; the 
composition of the deposited films is seen to corre- 
spond to Si3N4. 

Density, refractive index, and infrared absorption. 
- - T h e  densi ty of silicon ni t r ide films, deposited by  
the ammonolysis and ni t r idat ion techniques, was de- 
termined by the floating equi l ibr ium technique using 
a mix ture  of methylene  iodide and bromoform. The 
results are summarized in  Table III;  the ni t r ide films 
deposited at higher temperatures  possess higher den-  

sity as expected. It is also noted that  the density of 
amorphous silicon ni tr ide approaches that  of the crys- 
tal l ine modification as the deposition tempera ture  in-  
creases, while the density of amorphous silica (2.2g 
cm -3) is considerably lower than that  of quartz (2.65g 
cm -3) . 

The refractive index of silicon ni t r ide film was de- 
termined by an optical interference technique. The 
ni tr ide film was removed from a portion of the speci- 
men  by masking and etching techniques to produce 
a smooth wedge. A port ion of the specimen surface 
was metallized across the wedge with an a luminum 
film of about 500A thickness. The displacement of thal-  
l ium light (k = 5350A) interference fringes on cross- 
ing the wedge in  the metall ized and nonmetal l ized 
portions was measured using a Zeiss double beam in-  
terferometer.  The fringe displacement on the metal-  
lized portion, p, is related to the absolute thickness 
of the film, and that  on the nonmetal l ized portion, q, 
i s r e l a t e d  to the optical thickness of the film. The re- 
fractive index of the silicon ni t r ide film, 1 + q/p,  was 
determined to be 2.00 • 0.04, irrespective of the 
chemical reaction used for the deposition process and 
the substrate temperature.  However, ellipsometric 
measurements  indicate that the refractive index of 
silicon ni tr ide films, deposited by the n i t r ida t ion  proc- 
ess, at 5460A increases slightly with increasing tem- 
perature of deposition. Typical values are 1.975 _ 
0.005, 1.980 _ 0.005, and 2.020 ___ 0.005 for films de- 
posited at 800 ~ 950 ~ and 1200~ respectively. 

The infrared absorption spectra of silicon ni tr ide 
films deposited by ammonolysis and ni t r idat ion tech- 
niques were taken on a Model 531 Pe rk in -E lmer  Spec- 
trophotometer. They all showed a broad absorption 
band with maxima  at 830-860 cm -1 depending on 
the deposition temperature;  this absorption is asso- 
ciated with one of the Si-N bond stretching f requen-  
cies. A typical example is shown in Fig. 8. In  this 
case, a ni tr ide film of 0.85~ thickness was deposited 
ozi an n- type  40 ohm-cm silicon substrate at 950~ 
and the absorption peak is at about 850 cm -1. Quali-  
tatively, the absorption peak is shifted toward higher 
frequencies at higher deposition temperatures.  For 
example, films deposited at 1000 ~ and l l00~ showed 
absorption peak at 860 cm -1. 

Dissolution rate in hydrofluoric acid.--In contrast  
to crystal l ine silicon nitride, amorphous silicon ni tr ide 
is soluble in concentrated hydrofluoric acid. The disso- 
lurtion rate of amorphous silicon ni tr ide is affected by 
porosity, impurities,  etc., in the film, and provides a 

Table II. Chemical composition of silicon nitride films 

S p e c i m e n  % Si  % N 

F i l m  d e p o s i t e d  a t  000~ 00.5 ~9.9 
F i l m  d e p o s i t e d  a t  930~ 59.1 40 
U n i o n  C a r b i d e  SigN1 p o w d e r  56.4 37 
SigN4, t h e o r e t i c a l  60.08 39.92 

Fig. 8. Infrared spectral transmittance of a silicon nitride film 
deposited on n-type 40 ohm-cm silicon substrates at 950~ 
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Fig. 9. Dissolution rote of silicon nitride in 49% HF at 24~ 
as a function of deposition temperature. A: Flow rate of ammonia 
= 20 I/min, flow rate of Sill4 = 2 ml/min. B: Flow rate of am- 
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quali tat ive comparison of ni t r ide films prepared un -  
der different conditions. Whenever  localized areas of 
crystal l ine silicon ni t r ide are present, these areas are 
essentially unaffected by hydrofluoric acid. 

The dissolution rate of silicon ni t r ide films deposited 
by the n i t r ida t ion  technique under  conditions shown 
in Fig. 2 was determined at 24~ using 49% hydro-  
fluoric acid as the etchant. The temperature  of depo- 
sition appears to have the most pronounced influence 
on the dissolution rate of silicon ni tr ide films, as 
shown in Fig. 9. The l inear  relations shown here prob-  
ably have no theoretical significance. The dissolution 
rate increases rapidly with decreasing deposition tem- 
perature.  This is due presumably  to the higher den-  
sity of the films deposited at higher temperatures.  
Figure 9 also indicates that  at a given substrate tem- 
perature, the dissolution rate also increases with in-  
creasing rate of deposition. Silicon ni tr ide films de- 
posited by the ammonolysis technique showed sim- 
ilar dependence of dissolution rate on the deposition 
tempera ture  and deposition rate. Fur thermore ,  the 
dissolution rate of silicon ni tr ide films deposited at 
low temperatures  was found to decrease after annea l -  
ing at higher temperatures  due to densification. 

Masking ability.--Amorphous silicon nitride, be- 
cause of its higher density, is expected to be more 
impervious than amorphous silica. The activation en-  
ergy of dopant  diffusion in  silicon ni t r ide should also 
be very high due to its refractory nature. Silicon n i -  
tride films have been shown to be more effective than 
silica films for masking against  the diffusion of dopants 
into silicon (14). The capabilities and l imitat ions of 
silicon ni t r ide films as masks against  the diffusion of 
a luminum,  boron, and phosphorus into silicon were 
studied in this work. 

Silicon ni t r ide films deposited on silicon substrates 
at 800 ~ to l l00~ by  the ammonolysis  or n i t r idat ion 
technique were used in the diffusion experiments.  The 
silicon substrates were n-type,  20-50 ohm-cm re- 
sistivity for the diffusion of a l u m i n u m  and boron, and 
were p-type,  10-20 ohm-cm resist ivity for the diffu- 
sion of phosphorus. The silicon ni t r ide film was re-  
moved completely from selected areas of the specimen 
by masking and etching techniques. The a luminum 
diffusion was carried out at 1150~ in a sealed fused 
silica tube using a luminum-s i l icon  eutectic as the 
source material.  A silicon ni t r ide film of 0.18;~ thick- 
ness deposited by the ammonolysis technique was 
found to show negligible deterioration after 44 hr  of 
diffusion. The resistivity of silicon under  the ni t r ide 
film remained the same, while  in unmasked  regions, 
the surface concentrat ion of a luminum in silicon and 
junc t ion  depth were estimated to be 1018 cm -8 and 

Fig. 10. Surface of a silicon nitride film after subjected to 
aluminum diffusion in a closed tube at 11500C for 98 hr. 

23~, respectively. As the durat ion of diffusion in-  
creased, however, the silicon ni t r ide film gradual ly  
deteriorated. Figure 10 shows the surface of a silicon 
ni t r ide film after having been subjected to a luminum 
diffusion in  a closed tube at 1150~ for 98 hr. 

The boron diffusion was carried out us ing a two- 
step process. In  the first step, boron oxide glass was 
deposited on the specimen surface at l l00~ for an 
hour  using boron t r ibromide as the source. A diffused 
layer of about 3~ deep with a surface concentrat ion 
of 1020 cm -3 was formed in  the unmasked  regions of 
the specimen. The boron oxide glass was then removed 
by using aqueous hydrofluoric acid before the second 
step of diffusion, or "drive-in."  The masking abil i ty 
of silicon ni t r ide is independent  of the "dr ive- in"  
step if the boron oxide glass is completely removed. 
A silicon ni tr ide film of 500A thickness deposited by 
the ni t r idat ion technique was found to be successful 
for masking the diffusion of boron under  the condi- 
tions used here. Figure 11 shows the angle- lapped and 
stained surface of a specimen, where a ni t r ide film 
of 500A was used in  the masked region and the "drive- 
in" step was carried out at 1200~ for 16 hr. The junc-  
tion depth in the unmasked  region was about 20~, 
and silicon under  the ni t r ide  film was found to re-  
main  n - type  with essentially no change in resistivity. 

Fig. 11. Angle-lapped and HF stained surface of a specimen 
showing the effectiveness of a 500~ thick silicon nitride film as a 
musk against the diffusion of boron into silicon. Boron oxide glass 
was deposited at 1100~ for 1 hr followed by heating at 1200~ 
for 16 hr, 
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Fig. 12. Angle-lapped and HF stained surface of a specimen 
showing the effectiveness of a 1300~, thick silicon nitride film as a 
mask against the diffusion of phosphorus into silicon. Phosphorus 
oxide glass was deposited at 1100~ to yield a junction depth of 
3~ and a surface concentration of 1021 cm -3.  

It should be pointed out, however, that silicon ni tr ide 
reacts slowly with boron oxide at high temperatures.  
Thicker films used by others (14) are perhaps more 
desirable. 

In  the phosphorus diffusion process, phosphorus ox- 
ide glass was deposited on the specimen surface at 
l l00~ for 1 hr  using phosphorus oxytrichloride as 
the source. A diffused layer of 3~ thickness with a 
surface concentrat ion of about 1021 cm -~ was formed 
in unmasked regions. Phosphorus pentoxide was found 
to be more reactive toward silicon ni t r ide than boron 
oxide. A silicon ni t r ide  film of 1000A thickness de- 
posited by the ni t r idat ion technique was found to be 
completely reacted under  the conditions used here. In  
contrast  to silicon nitride, the reaction product be-  
tween silicon ni t r ide and phosphorus pentoxide dis- 
solves readi ly in diluted hydrofluoric acid. A ni tr ide 
film of 1300A was sufficient to mask the diffusion of 
phosphorus as shown in Fig. 12; however, thicker films 
are necessary for many  device purposes. 

Summary and Conclusions 
Amorphous silicon ni tr ide films have been deposited 

on silicon substrates in a gas flow system by the am- 
monolysis of silicon tetrachloride or the ni t r idat ion 
of silane wi th  ammonia  on heated substrate surfaces. 
The ammonolysis reaction is complicated by the for- 
mat ion of ammonium chloride and polymeric in ter -  
mediate products. The ni t r idat ion reaction is more 
flexible for the deposition of silicon ni tr ide films. In 
this deposition process, the chemical processes on the 
substrate surface are the ra te -de te rmin ing  step at 
temperatures  below 1000~ and the diffusion processes 
become more impor tant  at  higher temperatures.  

All  silicon nitr ide films, including those annealed at 
1200~ for several hours, have been shown to be 
amorphous by electron diffraction examinations.  How- 
ever, foreign impuri t ies  or defects on the substrate 
surface could catalyze the formation of crystal l ine 
silicon nitride, par t icular ly  a t  high substrate temper-  

atures. Amorphous silicon ni t r ide films can be crys- 
tallized into a-silicon ni t r ide by  using electron bom-  
bardment  in an electron microscope. This crystall iza- 
tion phenomenon and the use of chemical analysis 
have shown that  the composition of silicon ni t r ide  
films deposited in  this work is Si3N4. 

The density, refractive index, inf rared absorption, 
and dissolution rate of deposited silicon ni tr ide films 
are dependent  on the substrate  tempera ture  dur ing  
the deposition process. Films deposited at high tem- 
peratures are characterized by higher densi ty  and 
lower dissolution rate than  those deposited at lower 
temperatures.  

Amorphous silicon ni t r ide is more dense and more 
impervious than amorphous silica. Silicon ni t r ide  films 
are, therefore, expected to be more effective than  
silica films for masking  against  the diffusion of  dop- 
ants into semiconductors. However ,  silicon ni tr ide has 
been found to react in varying  degrees with the com- 
monly  used dopants for silicon at high temperatures,  
par t icular ly  phosphorus pentoxide. These reactions 
must  be considered when deep junct ions are required. 
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The Heat-Treatment of Anodic Oxide Films on Tantalum 
VI. The Effect of Chemical Thinning 

Donald M .  Smyth 

Research and Development Laboratories, Sprague Electric Company, North Adams, Massachusetts 

ABSTRACT 

The dielectric properties of anodized tanta lum,  which has been heat-  
t reated in air, have been studied as a funct ion of subsequent  chemical reduc- 
t ion of the oxide thickness. The results are in quant i ta t ive  agreement  with an 
exponent ial  dis t r ibut ion of dielectric losses decreasing monotonical ly  from 
the Ta-Ta205 interface. 

It  has been found that the dielectric properties of 
anodic oxide films on tanta lum,  which have been 
heated to 300~ ~ in air  or oxygen, are explainable  
on the basis of an  exponent ial  conduct ivi ty  gradient  
across the oxide (1). This conductivi ty was assumed 
to be related to oxygen deficiency in the Ta205 which 
results from extraction of oxygen f rom the oxide by 
the under ly ing  t an ta lum metal. Thus the equi l ibrat ion 
of the oxide be tween the reducing character of the 
metal  and the oxidizing abil i ty of the ambient  air  
leads to a gradient  of stoichiometry, and hence of con- 
ductivity, across the oxide. This explanat ion would 
require that  the conduct ivi ty in the oxide decrease 
mqaotonical ly from the Ta-Ta205 interface (unless 
there is an oxygen-excess, p- type  conduct ing region 
at the other interface) .  Quali tat ive evidence has been 
p~esented which shows that  the major  port ion of the 
conduct ivi ty  lies near  the metal  (2). The purpose of 
this report  is to show that  the spatial d is t r ibut ion of 
losses in the heat - t rea ted oxide is in  quant i ta t ive  
agreement  with the proposed model. 

A-C bridge measurements  give no informat ion 
about the spatial dis t r ibut ion of dielectric losses in  a 
given piece of dielectric. In  effect, such measurements  
yield a collection of incrementa l  thicknesses, each with 
a known  equivalent  paral lel  conductivity,  bu t  cannot  
dist inguish be tween the possible sequential  a r range-  
ments  of these increments.  The only technique now 
available for obtaining the spatial distr ibution of 
losses is to make consecutive measurements  as the 
dielectric is chemically thinned.  This technique can 
lead to. serious mis in terpre ta t ion  if the dissolution is 
so nonuni fo rm as to open paths through the oxide to 
the under ly ing  metal,  but,  with suitable precautions,  
meaningfu l  results can be obtained (3-6). 

The conductivi ty across the heat - t rea ted film is ex- 
pressed as 

~r = t ie  ax [1] 

where x is the distance from the Ta2Ob-electrolyte (or 
electrode) interface, and el is the conduct ivi ty  at 
x = 0, the point  of lowest conductivity.  (el has no 
physical reali ty;  it  is merely  the value obtained by 
extrapolat ion of the conduct ivi ty gradient  measured 
near  the Ta-Ta205 interface as shown in Fig. 1). It  
has previously been shown that  the equivalent  series 
capacitance, Cs, can be expressed as 

1 1 ,~eeo 
- -  - - l n ~  [2]  

Cs aAeeo 0"1 

where �9 is the dielectric constant  of the oxide, eo is 
the permi t t iv i ty  of free space, ~, is the angular  f re-  
quency of the bridge signal, and A is the sample area 
[1]. ~ ,o  is f requent ly  abbreviated as 

~o = ,,,~o [3] 

[2] and [3] are approximations which are valid in  the 
region 

Ta i- t To2% . . . . . . . . . . . . . . . . . . .  ~ (5200 hz) 
t .- ~ (lO0 hz) 

LOG O- o[ LOG 

d q " - -x  ~ I/C 0 

Fig. ]. Schematic representation of the relationship between the 
frequency dependence of capacitance and the distribution of con- 
ductivity. 

where aa is the conductivi ty at the Ta-Ta205 interface. 
~o is fur ther  defined as the conduct ivi ty  level such 
that  the thickness between x = 0 and its intersect ion 
with the conduct ivi ty  profile gives Cs when  substi-  
tuted into the paral le l  plate formula.  In  other words 
the intersection of ~o and r  defines an  effective 
dielectric thickness, x, as in  Fig. 1. From [1] and [2] 
it  can be seen that  the f requency dependence of ca- 
pacitance is related to the position dependence of con- 
duct ivi ty  

! - I  

d Cs d l n r  [5] 

A ~  d In o, = a -~ dx 

Since the slope, a, which can be measured only near  
the Ta-Ta205 interface, is independent  of oxide thick-  
ness once the gradient  has been established by heat -  

1 
t reatment ,  d ~ / d  In ~ should s imilar ly  be inde-  

penden t  of subsequent  th inning.  This is %he basis of 
the exper imenta l  test. 

An 18.4 cm ~ sample of 0.010 in. t an ta lum sheet was 
anodically oxidized to 150v and then heated in  air at 
400" for 30 rain. After  cooling, the f requency depen-  
dencq of capacitance was measured in an electrolyte 
of 40% H2SO4 and the measurement  repeated after 
successive th innings  in  48% HF. The sample prepara-  
t ion and  other exper imenta l  details have been de-  
scribed previously (1, 2, 7). It  is sufficient to compare 
the change in 1/C between the same two frequencies 
in  each case; the values at 100 and 3200 Hz were used. 
(See the schematic representa t ion in  Fig. 1.) The 
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Table I. Frequency dependence of capacitance 
( A  | / C  -~ 1/C32oo - -  1 / C l o o )  for anodized tantalum 

1 
P r e c e d i n g  E q u i v a l e n t  v o l t a g e  6 - - ,  $f-1 
o p e r a t i o n  th i ckness ,  v C 

1. F i r s t  h e a t  160 0.0409 
2. F i r s t  t h i n  130 0.0408 
3. S e c o n d  t h i n  105 0.0402 
4. R e h e a t  0.0236 
5. T h i r d  t h i n  85 0.0259 
6. Reanod ize  160 0.0067 
7. T h i r d  h e a t  0.0416 
8. F o u r t h  t h i n  130 0.0430 
9. F i f t h  t h i n  105 0.0421 
10. F o u r t h  h e a t  0.0240 
11. S i x t h  t h i n  80 0.0264 

Table II. Calculations from thinning data 
based on exponential conductivity gradient 

T h i c k n e s s  T h i c k n e s s  t an  
obse rved ,  ca lcu la ted ,  t an  6 ea lcu-  

S tep  log  ad/gl v v o b s e r v e d  l a t e d  

1. 23.96 160 0.0322 
2, 19.13 130 12-~.7 0.0413 0 . ~ 7  
3. 15.66 105 104.5 0.0531 0.0529 
4. 27.95 105 - -  0,0271 - -  
5. 22.89 85 85.6 0,0371 0.0337 
6 .  - -  - -  - -  - -  - -  

7. 23.77 160 0.0325 
8 .  19.29 130 129.8 0.0411 0.0413 
9. 15.23 105 102.5 0.0578 0.0547 

10. 27.06 105 - -  0.0281 
11. 24.31 80 81.5 0.0440 0.0381 

equivalent  anodization vol tage thickness was deter -  
mined by visual  comparison with the in ter ference  
colors of a set of standards made by anodic oxidation 
at 5v intervals.  The init ial  color corresponded to a 
160v film on the standard which was not prepared  
under  identical  conditions. 

The results are presented in Table I in the form of 
two complete,  exper imenta l  cycles separated by step 
6, reanodizat ion of the sample to 150v. The val idi ty  of 
the proposed model  is indicated by a comparison of 
A 1 /C  for steps 1, 2, and 3; 7, 8, and 9; 4 and 5; and 
10 and 11. The constancy of A 1 / C  is quite good for  
the first two sets. For the la t ter  two, the thinning was 
becoming noticeably nonuniform as indicated by some 
var ia t ion in the in ter ference  colors, but  the agreement  
is still reasonable. 

These results actual ly confirm only that  no signifi- 
cant dielectric losses were  present  in the port ion of 
oxide r emoved  by thinning, and thus indicate only 
that  the p roper ty -de te rmin ing  losses are located closer 
to the Ta-Ta205 interface. In order  to confirm the 
exponent ia l  distr ibution by this type of analysis it 
would  be necessary to remove  80-90% of the oxide to 
determine  how the propert ies  change as the lossy 
oxide is removed.  It is ve ry  unl ikely that  th inning of 
Ta205 to this extent  by dissolution in HF could be 
accomplished without  opening physical  flaws in the 
oxide. 

From the data obtained during this exper iment  it 
is possible to make a detailed check of the applica-  
bil i ty of the exponent ia l  gradient  theory. Calculated 
and observed values are shown in Table II where  the 
data refer  to measurements  made at 34 ~ and 100 Hz. 
The step numbers  re fer  to the sequence listed in Table  
I. The calculations were  based on ad = 9 x 10 -7 ohm -1 
cm -1 [estimated f rom Fig. 4 of ref. (1)] ,  and go = 
~eeo = 1.6 x 10 -9 [e was taken as 1.05 x 27.6 where  the 
factor of 1.05 is a correct ion for the i r revers ib le  in-  
crease in e caused by hea t - t r ea tmen t  (2 ,7)] .  The 
analysis can be bet ter  understood by reference  to 
Fig. 2 which depicts the conduct ivi ty  gradient  across 
the hea t - t rea ted  oxide (the solid diagonal f rom ad to 
el).  The capacitance after  hea t - t r ea tmen t  measures  
Xl, the effective dielectric thickness. The value  of al 
can be calculated f rom the  re la t ion 

1 
LOG cr 

••ll. 
Ta2% 

1 I \  
Ii\ ~ 

I \ \  
t \ , 

k 
I 

I I 

- - %  

- , --x o 
Fig. 2. Schematic representation of the analysis of dielectric 

losses of heat-treated, anodized tantalum after thinning. 

tan 8 = [6] 
2 In (~e/~l) 

which was der ived in ref. (1) and is accurate wi th in  
the l imitations of [4]. Af te r  th inning the oxide to the 
r ight-hand,  vert ical ,  dashed line, the new capacitance 
measures x2, and a'l can be obtained by the principle 
of similar  t r iangles 

O" 0 O" 0 
i n  - -  I n  

O'l o"'1 
= - -  [ 7 ]  

�9 T1  X2 

Then a new tan 8 can be calculated f rom ~'1 and [6] 
and compared with  the exper imenta l  value. [All  ex-  
per imenta l  values of tan 8 were  corrected for the elec- 
t ro lyte  resistance by subtraction of the extrapola ted 
value of Rs at 1/f  = O (8)].  The agreement  wi th  ob- 
served values is par t icular ly  good for steps 2, 3, 8, and 
9. 

Another  impor tant  point comes out of these data. 
When the sample was ini t ia l ly  heated the capacitance 
and tan 8 increased as usual, reflecting the effect of 
the losses due to increased conductivity.  When the 
sample was reheated  after  thinning,  however ,  the ca- 
pacitance and losses both decreased. This behavior  
is anticipated by the  proposed model. During the ini-  
t ial  heating, the equi l ibr ium conduct ivi ty  gradient  is 
established be tween  ~d and ~1, which  are determined 
solely by the equi l ibr ium conditions at the two in ter -  
faces. As a result  of the thinning process ~1 is increased 
above this equil ibrium, hea t - t r ea tmen t  va lue  (see 
Fig. 2). On reheating,  a new gradient  is set up across 
the reduced thickness be tween the original, equi l ib-  
r ium values of ~ and ~1 ( the diagonal, dashed l ine in 
Fig. 2). This results in a steeper gradient  which is 
observed as a decrease in both capacitance and tan 8. 
This new gradient  is the same as that  which would 
have been obtained by hea t - t r ea tmen t  of a sample 
original ly anodized to this thickness. (The steeper 
gradient  means that  less thickness is effectively 
shorted out and that  there  is a sharper  boundary  be- 
tween conducting and insulat ing oxide.) This is per-  
haps the most direct evidence that  physical  damage 
to the oxide dur ing hea t - t r ea tmen t  does not play a 
significant role in the de terminat ion  of the dielectric 
properties. Fur the r  heat ing could only resul t  in fur -  
ther  damage which would cause another  increase in 
capacitance and losses. 

The calculated conduct ivi ty  gradients for the heat -  
t rea ted samples (steps 1, 4, 7, and 10) are sl ightly 
steeper than previously  reported.  It  should be par t icu-  
lar ly  noted that  the gradients for the rehea ted  films 
after  thinning are steeper than those of the original  
heated films (4 and 10 vs. 1 and 7). This is in line 
wi th  a second-order  effect which  has been noted con- 
sistently throughout  this work. The equi l ib r ium value  
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Fig. 3. Equilibrium capacitance increase due to heat-treatment 
at 400 ~ in air as a function of oxide thickness (59 Hz data) :  
x relative to unheated capacitance; o relative to reanodized ca- 
pacitance after heat - t reatment  

of log ad/al is larger the th inner  the film. It  has pre-  
viously been stated that  the percentage capacitance 
change due to hea t - t rea tment  is independent  of film 
thickness for anodization voltages above 50v, but  that  
the change is less for th inner  films. This behavior  is 
shown in detail  in  Fig. 3 which shows the equi l ibr ium 
percentage capacitance change after heat ing at 400 ~ 
in air relat ive to both the unheated capacitance and 
also to the capacitance after 4 hr of reanodization at 
the formation voltage subsequent  to hea t - t rea tment .  
The former thus includes the effects of both the con- 
ductivi ty gradient  and the pe rmanen t  increase in di-  
electric constant, whereas the lat ter  includes only the 
effect of the conductivi ty gradient. The reanodization 
time is approximately that  necessary to remove the 
effects of the conductivi ty gradient;  no at tempt  was 
made to test each sample for the precisely appro-  
priate time. The capacitance increase is a smooth 
function of film thickness, with a tendency to flatten 
out toward the greater thicknesses. As a first order 
approximation it  appears that  a certain port ion of 
the thickness does not  participate in  the establish- 
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merit of the equi l ibr ium gradient,  and that  this iner t  
portion assumes a relat ively greater importance with 
decreasing film thickness. The reason for this behavior 
is obscure at present.  

In  summary,  the results of these experiments  are 
in good agreement  with the theory of an  exponent ia l  
conductivi ty gradient. The constancy of d(1/C)/ln 
with th inn ing  indicates that  there are no significant 
dielectric losses in the outer third of the heat - t rea ted  
oxide. The agreement  between the calculated and ob- 
served values of t an  5 for the th inned  oxide depends 
ent i rely on the val idi ty of [6] which was derived spe- 
cifically from the proposed model. When thinned,  
heat- t reated samples are reheated, the reproducible 
decrease in  series capacitance and tan  6 is a necessary 
consequence of the theory and indicates that  the heat-  
t rea tment  results in no significant physical damage to 
the oxide. These factors, together with those discussed 
in the earlier papers in  this series, represent  prac- 
tically i r refutable  evidence that  there is a monotonic, 
exponent ia l  dis t r ibut ion of dielectric losses in the 
heat - t rea ted oxide. Previously discussed results lead 
to the conclusion that  these losses are most l ikely 
due to electronic conduction related to the stoichiom- 
etry of the oxide. 
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ABSTRACT 

Electroluminescent thin films of ZnS: Cu,Pb,CI are prepared by means of 
vacuum evaporation followed by post-firing. Lead incorporation is found to 
have a great effect on luminosity and emission spectrum. Brightness wave 
form is usually asymmetric with respect to each half cycle of .ap.plied a-c 
voltage, and as negative d-c bias is superposed on it, a new emlsmon peak 
appears. It might be concluded from several experlmental results that the 
asymmetry is due to inhomogeneities in copper distribution and quenching 
centers, and the new peak is caused by a d-c mechanism, perhaps by tunneling. 
An activation energy for copper diffusion in the films is obtained as 0.61 ev 
using a luminescence method. 

Up to now, several papers (1-5) have been pre-  
sented on the electroluminescence (EL) of th in  films, 
where mechanisms of EL are discussed. Vlasenko and 
others (1) concluded that  the excitation of EL in  
ZnS: Mn film is due to an  impact  mechanism. Thorn -  
ton (3) proposed a mechanism of excitation by  t he  

inject ion of minor i ty  carriers in  p - n  junctions,  which 
are randomly  dis t r ibuted in  the volume of phosphors. 
According to Goldberg and Nickerson (4), hetero- 
junct ions are considered to be responsible for excita- 
t ion mechanisms. However,  the exper imenta l  data 
from which they reached their conclusions might  
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cover only part  of the truth. Since exper imental  data 
depend on the preparat ion of luminescent  films, in -  
consistencies in the above-ment ioned works may be 
due to the different samples investigated. Most of 
them were Mn-act ivated phosphors, presumably  be-  
cause they are easier to prepare than  phosphors con-  
ta in ing no manganese.  Since, even in  powder cases, 
Mn-act ivated phosphors behave differently in  electro- 
luminescence and photoelectroluminescence from 
phosphors otherwise activated, it is doubtful  that mech-  
anisms in Mn-act ivated phosphor apply to the gen-  
eral phenomena  of EL in fluorescent thin films of the 
ZnS:Cu,CI series. To probe these ambiguous points, 
the author first tr ied to improve the luminescence 
properties and preparat ive reproducibili t ies of lumi-  
nescent  films of the ZnS: Cu, C1 series and found that  
lead incorporat ion in the films had remarkable  effects 
on brightness, emission color, and reproducibi l i ty  of 
the films. 

This paper deals with exper imental  results and 
discussions on the preparat ion and EL properties of 
the ZnS: Cu,Pb,CI films ment ioned above. 

Preparation 
Thin luminescent  films of ZnS:Cu,Pb,C1 were made 

by a two-step process of evaporat ion and postfiring 
similar  to that  described previously (6, 7). In  evap- 
oration, for the first 10 rain a substrate  was kept  at  
200~ by a nichrome heater  attached near  the rear  
surface of the substrate;  after tu rn ing  off the cur ren t  
of the heater, the substrate was heated slightly by 
radiat ion from the evaporat ion source-heater.  The 
equi l ibr ium tempera ture  of the substrate was about 
80~ This method of heat ing substrates was most 
adequate to obtain t ight ly adherent  and t ransparen t  
films of good performance in  this work. The evapora-  
t ion was done in 60 min  at an average of about 300 
A/min .  The postfiring was done at a fixed tempera-  
ture  between 500 ~ and 700~ for 10 to 20 min in  an 
argon atmosphere. Cells with about 1 cm 2 area were 
used in the following investigation. Specimens were 
composed of t in-oxide coated Pyrex  or quartz, a 
luminescent  film about 2~ thick, and an a luminum 
film evaporated directly on the film. The original  
phosphor powders used as s tar t ing mater ia l  were pre-  
pared in the usual  way so that necessary contents  of 
copper, lead, and chlorine were included in the host 
crystals of ZnS. X- ray  and electron diffraction pat -  
terns with these films revealed that  they have cubic 
structure with some traces of hexagonali ty,  and the 
degree of crystal l ization is increased with postfiring. 

Results 
Lu~ninescent properties.--In Fig. 1 effects of lead 

incorporat ion are shown on films postfired at 6000C for 
20 min. Figure 1 (a) is a comparison of emission spec- 
tra between ZnS:Cu,C1 and ZnS:Cu,Pb,CI films 
made from powder phosphors ini t ia l ly activated with 
2 x 10 - s  g/g ZnS of Cu and with the same amount  of 
Pb, and Fig. l ( b )  shows the effect of Pb contents 
added to the phosphor on brightness and on the ratio 
of the blue to yellow component  of luminescence of 
the film, where  excitat ion is with an a-c field of 5 kc, 
30v. The color components were measured through the 
"blue" and "visual brightness" filters of a Spectra 
brightness spot meter. It  is obvious that  in the ZnS: 
Cu,Pb,C1 films the blue component  is more remarkable  
than  that of the ZnS: Cu, C1 film, and both the br ight -  
ness and the blue component  increase with increasing 
Pb concentrat ion of the original  powder phosphors. 
The luminous  in tensi ty  of the film with the concen- 
t rat ion of 10 - s  g/g ZnS of lead is approximately four 
t imes as high as when no lead was added. The folIow- 
ing investigations were made with the films prepared 
in  the same way as those used in Fig. 1 except where  
otherwise noted. 

From the thermoluminescence shown, together with 
the tempera ture  dependence of EL in  Fig. 2, the film 
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Fig. 1. Effects of lead-incorporation (a) on emission spectrum, 
and (b) on brightness and on the ratio of blue to yellow com- 
ponents of EL. 
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Fig. 2. Thermoluminescence and temperature-dependence of 

EL in a ZnS:Cu,Pb,CI film compared with those of a ZnS:Cu,CI 
film. 

is found to have two peaks corresponding to 0.28 and 
0.43 ev, respectively, if a f requency factor is assumed 
as 1010 sec, which is s imilar  to those of the original 
powder phosphor. Al though no signs showing the ex-  
istence of deeper traps are perceptible from the ther-  
moluminescence,  the film shows luminescence with 
rather  longer persistence unde r  uv  excitation, com- 
pared with the powder;  this becomes more appreciable 
with lower lead content. In  the absence of lead, the 
glow curve is not changed substant ia l ly  except that  
in most cases the peak corresponding to the shallower 
trap becomes lower. The vol tage-dependence of the 
luminescence of the film fits the w e l l - k n o w n  re la-  
t ionship (8) B ~ - B o  exp (--C~/V) which is very  
famil iar  with convent ional  EL, wi th in  three orders of 
magni tude  or more of the var ia t ion of luminescence 
intensity.  The film has only weak d-c response, ex-  
cept when  d.c. is superposed on an a-c field as seen 
later. 

D-C current-voltage characteristics.--Evaporated 
films without  any  post t reatment  have peculiar  d-c 
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uA 
100 

5O 

-100 -50 n0x(9 
. . ~ . ~ , ~ , - ~ /  0 50 100v 

-50 
Fig. 4. Typical current-voltage relationship of a postfired lu- 

minescent film. 

current -vol tage  characteristics. F igure  3 shows such a 
relationship. As voltage applied across a film which 
has a fa i r ly  high resist ivi ty at first is gradual ly  i n -  
creased, at a crit ical voltage of some tens of volts 
a rapid increase occurs in current  through the film. In  
the film thus made conductive, a negative resist-  
ance region appears on t rac ing the curve of cur ren t -  
voltage characteristics, both for increasing and de- 
creasing voltage. This is ra ther  noisy and varies in  
extent  from film to film or in repeated measurement  
on the same sample, but  is a pronounced and re-  
producible phenomenon,  independent  of the polarities 
of the applied voltage. However,  the negat ive resist-  
ance characteristics should not  be considered as re-  
lated directly to luminescence phenomena  of the film 
nor to any specific activator, since the phenomenon 
was observed regardless of the k ind  of activators and 
it disappears after postfiring. There are some cases 
where, at the ini t ia l  application of voltage, heat - t rea ted  
films show rather  low resist ivity of the order of h u n -  
dreds of ohms between the metal  and t in oxide elec- 
trodes; after  such s t ruc tura l  defects as pin holes and 
cracks, which cause leakage current ,  have been b u r n t  
out by short-circuit  cur ren t  through them, they become 
luminescent  and highly resistive (several megohms).  
This does not mean  such an essential  "forming" as 
reported by Goldberg (4). Evidence for this v iew is 
given by the fact that, as an insula t ing  layer  made up 
of various materials,  e.g., SiO, pure ZnS, or organic 
materials,  are put  in  be tween  the film and the a lumi-  
num electrode, luminescence sets in at the first appli-  
cation of voltage wi thout  any forming procedures in 
all  cases. The postfired luminescent  films show more 
or less rect ifying properties in  their  cur rent -vol tage  
relat ionship as seen from Fig. 4 where  the direction 
of greater current  or the forward direction is usual ly  
such that  the glass side is positive. The extent  of the 
current  rectification and the behavior  of the over-al l  
cur rent  flow vary  appreciably in different specimens 
because of slight variat ions by  u n k n o w n  factors dur -  
ing preparation.  

Brightness wave fown.- -Figure  5(a) depicts a typi-  
cal waveform of luminescence when  a specimen is 
excited with a sinusoidal a-c field. I t  can easily be 
seen that  at the positive polari ty of voltage on the 
a luminum electrode, emission occurs strongly, having  
two peaks, P1 and PI', and at the reverse polar i ty  it  
becomes negligible. In  some other cases the emission 
at the negat ive polari ty is also detectable bu t  ra ther  
weak. Asymmetr ic  brightness waveforms were ob- 
served also by  Thorn ton  (9) in  a ZnS:Cu,C1 film, 
which, together with cl ipping or d-c bias of the ap- 
plied voltage, was used to confirm separabi l i ty  of ex-  

Fig. 5. Typical brightness wave forms under excitation with 
sinusoidal o-c field with and without a d-c bias on it. Positive 
voltage on the aluminum electrode is to the top of the pictures 
and zero levels of the voltage and brightness are marked by short- 
lines drawn beside them. 

citation and recombinat ion steps in EL. In  this work, a 
small pulse superposed on the sinusoidal voltage was 
used to confirm this separation, which technique is 
famil iar  to workers in  this field (10). The exper iment  
leads to a conclusion similar  to Thornton's ,  that  ex- 
citation and recombinat ion  take pIace separately, the 
former occurring as the metal  electrode is negat ive 
prior to the latter, that  is, such a delayed emission 
occurs as proposed by  Waymouth  and Bit ter  (11) and 
others (12). 

A negat ive  d-c bias on the A1 electrode superposed 
on sinusoidal  voltage makes no change in the br ight-  
ness waveform in  the region of ra ther  low bias, but, 
as seen from Pig. 5 (b) to (d),  at higher  bias voltage, 
a new peak P2 becomes pronounced, whereas the other 
peaks P1 and PI '  remain  almost unchanged.  Figure 6 
features the bias-vol tage dependencies of P1, P2, and 
d-c cur ren t  Idc through the film at 0.5 kc a-c field. This 
behavior  does not change in essence wi th  other fre- 
quencies and voltages in  the a-c field. It  can 
be seen that  both the peak P2 and the d-e current  
I~lc vary  near ly  exponent ia l ly  with the bias vol t-  
age. The dependencies of P2 and Idc on tempera ture  
are ra ther  small  as shown in  Fig. 7, in great contrast  
to~ those of P~ and PI'. On the other hand, a positive 
d-c bias also causes a new peak in phase with the a-c 
voltage al though it is so small  that  it is hard ly  dis- 
t inguished from peaks P~ and PI '  even at a much 
higher bias-voltage than  in  the case of the negative 
bias. Neither positive nor  negative bias gives any  
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drastic influence on the height  and on the phase of 
P1 and PI',  contrary  to the result  in the above re fe r -  
ence (9). A small pulse superposed on a-c vol tage  
also gives a pronounced influence on the peak P2. The 
behavior,  however ,  is quite opposite to those of P1 
and P{, that  is, there  cannot be observed any sign 
to show the separabil i ty of excitat ion and recombi-  
nation. In the build up of EL  there  is also present  a 
contrast  be tween P1 and P2. Peak P2 does start  wi th -  
out any build up, whereas  peak Px needs several  cy-  
cles to get its s teady-sta te  magnitude,  as is wel l  
known in usual  intrinsic EL (13). 

Cathodoelectroluminescence or electrocathodolumi- 
nescence.--Some measurements  were  carr ied out to 
examine  the effects of electric field on cathodolumi-  
nescence. F igure  8 i l lustrates the brightness w a v e -  
forms of cathodoluminescence modified by a sinu- 
soidal field. The field quenching of cathodolumines-  
cence with  positive polar i ty  on the glass side is quite  
marked,  so that  the total effect of the modification 
results in quenching of cathodoluminescence.  On v a r y -  
ing the intensi ty  of the e lectron beam, the  br ightness  
wavefo rm changes f rom the modified form to that of 

Fig. 9. Brightness waveform of cathodoluminescence superposed 
with El., as both luminescences have comparable intensities. Pos- 
itive voltage on the aluminum electrode is to the top of the pic- 
tures and zero levels of the voltage and brightness are marked 
by short lines drawn beside them. 

electroluminescence.  In Fig. 9 there  are shown from 
(a) to (e) brightness waveforms  with different beam 
intensities. As EL is compet i t ive  to cathodolumines-  
cence, both field modified and EL waveforms can be 
observed to exist  together,  and wi th  increasing 
cathodoluminescence, the modified pat tern  comes to 
dominate  the over -a l l  wave  form. It is obvious that  
no sign of cathodoetectroluminescence appears, that  is, 
EL is not s t imulated to any degree by the electron 
beam, since the height  of the EL peak does not va ry  
to a noticeable degree, as seen f rom Fig. 9. 

Copper distribution.--As is described in the Discus- 
sion, the copper added as an act ivator is expected 
to be distr ibuted unhomogeneously  throughout  the 
films and to cause some asymmetr ic  behavior  in lu-  
minescence. The expectat ion gives the author  a mot i -  
vat ion to invest igate  the problem of copper diffusion 
into the film. Exper iments  were  performed by means 
of a simplified technique as stated below. 

Assuming that the number  of luminescence centers, 
N, is proport ional  to copper-concentra t ion C(x ) ,  
which is expressed as a funct ion of the distance x 
f rom the top surface of the film, the total  lumines-  
cence output B is approximate ly  given as 

B =  A n C ( x )  dx d x = A n  C(x)  dx  

2 ~-, A h E m  C(x )  da: [1] 

where  ~ is the film thickness, n is the effieiency of the 
center, dE/dx  is the absorbed energy per  unit  length, 
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E m  is the m e a n  value of d E I d ~  in  the film, and A is 
a constant. On the other hand, Fick's second law con- 
cerning diffusion yields the following equation by 
the assumption of the boundary  conditions that  C = 0 
att---- 0, C =  C l a t x =  0, a n d 0 c / 0 x =  0 a t x  = l, 

__ ~ /2m+i V 
C 8 ~ 1 - ~ L - G V - q  ' 

1 . . . .  e [2] 
C1 ~-2 ~'= 0 (2m 4- 1) 2 

where C is the mean value of the copper concentra-  

If, tion at time t, which is equal to -~- oC(X,t)dx, ,  and 

C1 is the saturated copper concentrat ion in the equi-  
l ibr ium state. Using Eq. [1], C/C1 can be substi tuted 
by B ( t ) / B  ( ~ ) which is determinable  experimental ly.  

In  order to el iminate the effects of promoted crys- 
tall ization by hea t - t rea tment  for diffusion, which re-  
sults in increasing n, specimens prepared as follows 
were used. First,  films 2~ thick were made up on 
quartz substrates by evaporation of a manganese-  
activated powder phosphor, followed by post-heating;  
then metall ic copper was evaporated on the films to 
be diffused into them by different h e a t - t r e a t m e n t  For  
these specimens, Bcu (t)/BMn ( t)  /Bcu ( ~ ) /BMn ( ~ ) can 
be decided instead of B ( t ) / B ( o e ) ,  where the sub- 
scripts of Cu and  Mn mean  luminescence intensit ies 
due to copper and manganese,  respectively. As an 
excitation source, cathode rays of 30 key were used, 
where the var iat ion in d E / d x  is calculated as 20% 
in the films according to a previous work (14); this 
may be ignored as compared with other gross assump- 
tions. The brightnesses of the specimens heated for 
30 min  and 2 hr were taken  as B( t )  and B(~o), re-  
spectively. For  the Cu-emission an interference filter 
with a t ransmission peak at 480 m~ was used, while 
the lV[n emission was measured at 584 m~ through 
another interference filter. The result  is shown in 
Fig. 10, in  which the straight l ine expresses the rela-  
t ion 

( 0 . 6 1 )  [cm2/sec] [3] D = 2.5 -7 exp kT  

where the activation energy for copper diffusion is 
obtained as 0.61 ev, that  is, 14 kcal/mole.  From this 
result, by hea t - t rea tment  for 30 rain at 700~ copper 
concentrat ion at the rear, is calculated to reach 68% 
of that  of the front. Since the films examined for 
luminescence properties were made from finished 
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Fig. 10. Diffusion constants at different temperatures 

Table I. Variations of copper concentration in a film during 
eva potation 

C o p p e r  c o n c e n t r a t i o n ,  g / g  Z n S  

S a m p l i n g  Z n S  :Cu,Pb,C1 Z n S : C u , C 1  

I n  t h e  f i lm  e v a p o r a t e d  
F r o m  t h e  b e g i n n i n g  to 10 

m i n  1.17 • 10-~ (17%) 2.10 • 10-~ (27%) 
B e t w e e n  10 a n d  20 r a i n  1.70 x 1(} -~ (25) 
B e t w e e n  20 a n d  30 r a i n  3.00 • 10-~ (44) 2.92 x 10-~ (37) 

I n  t h e  r e s i d u a l  i n  t h e  s o u r c e  
A f t e r  e v a p o r a t i o n  f o r  30 

r a i n  9.75 • I0 -~ (143) - -  
F o u n d  in  t h e  o r i g i n a l  p o w -  

d e r  p h o s p h o r  6.82 • 10-* (100) 7.80 • 10-~ (100) 
A d d e d  in  t h e  o r i g i n a l  p o w -  

d e r  p h o s p h o r  20 x 10 -~ 20 • 10-~ 

powder phosphors, copper is supposed to be more 
homogeneously dis tr ibuted than expected from the 
above result, so far as the luminescence center is con- 
cerned. Barriers due to copper, however, still seem to 
have some distributions. 

Discussion 
The evaporated films in this exper iment  are some- 

what  colored, which coloring becomes more pro- 
nounced as the lead content  increases and gradual ly 
diminishes by postfiring. The coloring is a t t r ibuted 
either to metallic copper, lead, or zinc, produced dur -  
ing evaporation by decomposition of the components 
of the powder phosphor. Table I shows how copper 
concentrat ion in a film varies dur ing evaporation. I t  
is of note that the content of evaporated copper in a 
ZnS:Cu,Pb,C1 film varies markedly  dur ing  evapora-  
t ion and a decrease occurs in  the copper concentra-  
tion from the top to the rear surface of the film. To- 
gether with this, in view of the fact that an absorption 
appears in the vicinity of 450 m~ (15), which is char-  
acteristic of copper and becomes stronger with lead 
incorporation in the phosphor, the layer  might be 
considered to be composed largely of metallic copper. 
It  is also seen that the var iat ion in  the copper concen- 
t rat ion also occurs in the absence of lead, but  it is 
appreciably moderated The increase in the brightness 
of EL in the film containing lead would be considered 
to have some connection with the existence of this 
copper-rich layer, which might  favor the formation 
of a potential  barr ier  necessary for the excitation of 
EL. The behavior  of lead which promotes the blue 
component of luminescence was reported also by 
Homer et al. (16) with powder phosphors doped 
highly with copper. Since any sample does not show 
remarkable  emission by excitation either with electric 
field or with ul t raviolet  if only lead is incorporated, 
lead may act only as an auxi l iary e lement  to promote 
the blue emission of copper at the expense of the 
green, instead of contr ibut ing as its characteristic 
emission center. The blue center of copper was pro- 
posed by Blicks et al. (17) to be related to the associ- 
ation of the interst i t ial  and subst i tut ional  copper. A 
si tuation like this might arise in this case by the 
displacement of the subst i tut ional  copper atoms which 
are forced out of their normal  positions by  the lead 
incorporation. 

The experimental  results on voltage-dependence,  
pulse-superposit ion,  and bui ld-up  lead to the follow- 
ing conclusion. The same mechanisms as in  the con- 
vent ional  a-c EL are available to in terpret  the be-  
haviors of peaks P1 and PI'. The impact mechanism 
by accelerated electrons in potential  barriers,  com- 
monly  believed for excitation, seems to be most rele-  
vant. Since any cases without  ra ther  high copper con- 
centrat ion failed to yield good EL films, it  does not 
seem unreasonable  that a Cu2S-phosphor contact is 
responsible for the potential  barr ier  for excitation 
(18). The asymmetric  brightness waveform might  be 
considered to be caused by  the following situations. 
In  the region near  the t in  oxide electrode, the bar r ie r  
is hard ly  formed owing to ra ther  low copper concen- 
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t rat ion as described before; moreover, as revealed in 
the results of electrocathodoluminescence, this region 
is rich in quenching centers, which might  be pro- 
duced due to some contaminat ions of the film by a 
reaction with the t in  oxide or with other contami-  
nants  dur ing  evaporat ion and postfiring. The asym- 
metry  was not remarkable  in a film well made by 
a l ternate ly  repeating evaporation and postfiring sev- 
eral times to get a desirable total thickness. This 
supports the above consideration because in such a 
film the barr iers  and the luminescence centers seem to 
be more uni formly  distributed. On the other hand, 
from the facts that peak P2 is not a delayed emission, 
that  its temperature  dependence is so little compared 
with those of the peaks P1 and PI', and its occur- 
rence does not give any significant effects on the other 
peaks, the emission of the P2 is thought to be due to a 
different excitation mechanism from those of the 
others. Tunne l ing  of electrons with high energy 
through a bar r ie r  from the metal  could be a part  
of a possible mechanism. The polari ty dependence of 
peak P2 may be thought to be related to the rectifying 
properties in the I -V curve, which is caused by asym- 
metric contacts between the film and the electrodes. 
As for the contacts, some dead layer is supposed to be 
buil t  up in the vicinity of the t in oxide since the re-  
sistivity of the conductive glass was usual ly raised 
by some orders of magni tude  by forming the lumi-  
nescent  film on it, while, on the a luminum side, the 
deposited copper and some oxide layer are expected 
to exist. It is, however, still obscure how these fac- 
tors act on the rectifying properties in the I-V rela-  
tionship. The experiments  on electrocathodolumines- 
cence indicate that  the EL is not enhanced to any 
degree by cathode rays. This behavior  is similar to 
that of powder phosphors except for Mn-act ivat ion 
(19). Although clear elucidation of the mechanisms 
responsible for the negative resistance is difficult 
unless fur ther  experiments  are explored, it has now 
been found that adsorbed moisture gives a remark-  
able effect on the negative resistance. 

Acknowledgment 
The author expresses his sincere thanks to Mr. H. 

Shigemura  for industr ious assistance throughout  this 

work. He is also indebted to Dr. T. Toryu for useful 
discussions. 

Manuscript  received Aug. 11, 1966; revised m a n u -  
script received Nov. 8, 1966. This paper was presented 
in part  at the San Francisco Meeting, May 9-13, 
1965. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June  1968 JOURNAL. 

REFERENCES 

1. N. A. Vlasenko and A. M. Yarem, Optika i Spek- 
troskopiya, 18, 467 (1965). 

2. S. Namba and M. Takeda, Oyo Buturi, 32, 609 
(1963). 

3. W. A. Thornton,  Phys. Rev., 116, 893 (1959) ; 122, 58 
( 1961), This Journal, 1{}8, 636 (1961). 

4. P. Goldberg and J. W. Nickerson, J. Appl. Phys., 
34, 1601 (1963). 

5. W. J. Harper, This Journal, 109, 103 (1962). 
6. C. Fe ldman and M. O'Hara, J. Opt. Soc. Am., 47, 

300 (1957). 
7. W. A. Thornton,  J. Appl. Phys., 30, 123 (1959). 
8. P. Zalm, G. Diemer, and H. A. Klasens, Philips 

Research Rept., l{}, 205 (1955); This Journal, 104, 
130C (1957). 

9. W. A. Thornton,  Phys. Rev., 123, 1583 (1961). 
10. P. Zalm, Philips Research Rept., I1, 353 (1956). 
11. J. F. Waymouth  and F. Bitter, Phys. Rev., 95, 941 

(1954). 
12. W. R. Watson, J. J. Dropkin, and A. T. Halpin, 

Abstract No. 38, Paper  presented at the Chicago 
Meeting, May 1954. 

13. C. H. Haake, J. Appl. Phys., 28, 245 (1957). 
14. H. Sakamoto and S. Tanaka,  Oyo Buturi, 29, 412 

(1960). 
15. M. P. Givens, "Solid State Physics," Vol. 6, p. 313, 

Academic Press Inc., New York, London (1958). 
16. H. H. Homer, R. M. Rulon, and K. H. Butler,  This 

Journal, 1~), 566 (1953). 
17. H. Blicks, N. Riehl, and R. Sizmann, Z. Physik, 

163, 594 (1961). 
18. W. W. Piper  and F. E. Wiliams, Brit. J. Appl. Phys. 

Suppl., 4, $39 (1955). 
19. D. A. Cusano, "Luminescence of Organic and In -  

organic Materials," p. 494, John Wiley & Sons, 
Inc., New York (1962). 

A New Masking Technique for Semiconductor Processing 
D. M. Brown, W. E. Engeler, M. Garfinkel, and F. K. Heumann 
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ABSTRACT 

A new masking method util izing an in termediate  integral  Mo film is de-  
scribed. The Mo mask is a practical method for etching very high resolution 
pat terns  in passivating dielectric films including films of silicon ni tr ide which 
heretofore have been unmanageable .  The Mo film has much better  masking 
properties than  the photoresists now used. 

For  a number  of years the semiconductor indus t ry  
has been dominated by a single material,  Si, and by 
its oxide, SIO2. The diffusion masking and passivating 
properties of thermal ly  grown SiO2 and the abil i ty to 
produce an etched design pat tern in this oxide by 
photoengraving using photoresist (KPR) techniques 
has been central  to the semiconductor process tech- 
nology. Recently, however, a new material ,  silicon 
ni~ride (Si3N4), has been introduced which promises 
to perform not only m a n y  of the functions pre-  
viously reserved exclusively for the oxide, but  which 
may also be useful for other tasks as well  (1). It  is, 
for example, a more effective diffusion mask since 

it is less permeable than SiO2 to s tandard semiconduc- 
tor dopants (2). In  addition, it is more impervious to 
alkali metals than SiO2 (3). Because alkali ion drift  
in SiO2 is one of the main  causes of semiconductor 
device instabili ty,  silicon ni tr ide passivation should, 
therefore, improve device stability. Since Si3N4 has 
a higher degree of chemical stabil i ty than  SiO2 and is 
not as easily penetrated by water  (4) and other 
atmospheric gases, it should general ly have better  
passivation properties. 

A problem exists, however; Si3N4 has a very, very 
low reactivity to known solvents, being only very 
slowly dissolved by concentrated (48%) HF. Several  
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minutes  are requi red  to remove  a few hundred  ang-  
stroms. Chemical  etching of this type lifts the photo-  
resist masking films in current  use f rom the ni tr ide 
before the unmasked ni t r ide regions can be removed 
by the etch. Nitr ide pat terns  are thus difficult to f o r m J  

This adherence  problem was also or iginal ly  ob-  
served in SiO2 processing. It  was solved for SiO2 by 
using a less react ive etch. This etch commonly  re-  
fer red  to as "buffered HF ''2 increases the durabil i ty of 
the photoresist  sufficiently to enable the etch to dis- 
solve the SiO2 before the resolution of the mask pat-  
tern  is destroyed. For  thick layers of SIO2, however ,  
a single layer  of KPR in buffered HF is marginal .  
These solutions are pract icable for SiO2 because of its 
rapid dissolution rate  in HF. These solutions are not  
practical  for SisN4. The problems of dissolution rate  
and photoresist  life are brought  into sharper  focus by 
the data given in Table I which compares dissolu- 
tion rates of SiO2 and ni tr ide coatings in I-IF and 
buffered HF  and photoresist  l i fet imes on SiO2 and 
SisN4 when  in these acid solutions. For  example,  the 
t ime requi red  to etch 1O00A of SigN4 is c lear ly  beyond 
the endurance  of a KPR mask. Figure  1 shows how 
concentrated HF destroys a KPR film on a ni t r ided 
wafer.  The KPR pat tern  is severely  cracked after 
only 5 sec in concentrated HF which destroys its 
masking ability. Because of these problems, an im-  
proved masking technique would be desirable. This 
repor t  discusses results achieved by a new technique 
for masking, which utilizes an integral  layer  of Me. 
This in termediate  layer  of Mo, which is not soluble in 
concentrated HF adheres to the ni tr ide film, serves as 
a mask dur ing the ni t r ide etching, and provides an 
excel lent  base for the adhesion of the photoresist  
film. 

Exper imental  Techniques and Results 
A silicon wafer  was prepared and a layer  of pyro-  

lytic SisN4 deposited on its surface at 1000~ A layer  
of Mo was then evaporated onto the wafer  by elec-  
t ron beam heating, in a high vacuum oi l - f ree  vacuum 
system. A layer  of K P R  was then applied, and a pat-  
tern developed in this material .  The photoresist  was 
baked at 200~ for 2 hr  in dry nitrogen. The wafer  
was etched using a Fer r icyanide  etch (3). This etch 
quickly removed the molybdenum that  remained 
unprotected by the photoresist. The K P R  pat tern  was 
thus t ransferred to the Mo layer. The wafer  was then 
etched in concentrated HF unti l  the SisN4 not cov- 

z S i l i con  n i t r i d e  e t c h i n g  b y  h o t  p h o s p h o r i c  ac id  u s i n g  s i l i con  d i -  
ox ide  as a m a s k  has  r e c e n t l y  been  s h o w n  to be  a u s e f u l  t e c h n i q u e  
(5). 

10 parts NH~F (40%) to one part cone. HF. 
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Fig. 1. Cracked KPR pattern on a silicon nitride film resulting 
from 5-sec immersion is concentrated HF. Dark regions are KPR 
and light regions are nitride. 

ered by the photoresist  and Mo was removed.  Seven  
minutes of etching were  required.  The Mo and photo- 
resist were  removed  by etching in hot cleaning solu- 
tion. 

Figures  2 and 3 show some of the results achieved 
by this technique. Figure  2 shows an over -a l l  v iew 
of a pat tern  formed in a 1000A (blue) SisN4 film. The 
pat tern  dimensions are 0.028 x 0.008 in. The smallest  
hole in the pa t te rn  is 0.00029 in. A comparison be-  

s 92g KaFe(CN)6, 20g KOH,  300g H~O; o the r  e tches  m a y  also be 
su i tab le .  

Table I. Film etch rates 

I n  c o n c e n t r a t e d  I n  b u f f e r e d  
HF,  A / m i n  HF,  A / r a i n  

S i l i con  d i o x i d e  50,000 1000 
S i l i con  n i t r i d e *  150 15 
S i l i con  o x y - n i t r i d e * *  3,000 125 

T i m e  to e tch  K P R  P h o t o r e s i s t  
t h r o u g h  m a s k  I n :  L i f e t  I n :  

D i f fus ion  Buf f e r ed  Cone. Buf f e r ed  Conc.  
m a s k  HF,  m i n  H F  HF,  m i n  HF,  ra in  

5000A SiO~ 5 6 see I0  
1000A SiaN~ 66 7 ra in  - -  ~ I/2 

* SisN~ f i lms  r e f e r r e d  to he re  h a v e  been  g r o w n  by  the  p y r o l y t i c  
d e c o m p o s i t i o n  of  s i l ane  (SiHD a n d  a m m o n i a  (NHs) gases  a t  1000~ 
T h e  e t c h i n g  p r o p e r t i e s  of s i l i con  n i t r i d e  d e p e n d  on  the  c o n d i t i o n s  
fo r  i ts  f o r m a t i o n  and  on s u b s e q u e n t  h e a t - t r e a t m e n t s .  

** The  s i l i c o n - o x y - n i t r i d e  c o m p o u n d  is p r e p a r e d  in  t he  s ame  
m a n n e r  as the  s i l i con  n i t r i d e  e x c e p t  in  t h i s  i n s t ance  s m a l l  a m o u n t s  
of O~ are  a d d e d  to  the  a m m o n i a  and  s i l ane  gas  m i x t u r e  (6}. 

t P h o t o r e s i s t  l i fe  in  the  e t c h i n g  so lu t i on  is de f ined  as t he  ap -  
p r o x i m a t e  t i m e  i t  t akes  to l i f t  t h e  edges  of the  p h o t o r e s i s t  m a s k  or 
c r a c k  t h e  p b o t o r e s i s t  m a s k  or  for  the  e tch  to p e r m e a t e  the  p h o t o -  
res i s t  to  an  e x t e n t  t h a t  des t roys  the  r e s o l u t i o n  of the  pa t t e rn .  

Fig. 2. Over-all pattern. Light regions are bare silicon. Dark 
region is nitrided silicon. The over-all pattern dimensions are 28 
mils long by 8 mils wide; the holes arer respectively, 4 mils, 1.1 
mils, and 0.29 mil in diameter. 
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Fig. 3. Composite photograph showing a detailed view of the 
�88 mil hole in Fig. 2; the mask is shown at the left and the 
resulting nitride pattern on the right. The scale divisions are 
10~ (~0.0004 in.) each. 

Fig. 4. Two thousand X magnification of �88 roll hole shown 
in Fig. 3. Estimated resolution is better than 3000A as deter- 
mined by measuring the amount of "wiggle" in the straight line 
portions of the pattern. 

tween the original  mask and the smallest hole pro- 
duced in  the ni t r ide is shown in Fig. 3. The mask is 
shown to the left of the ni t r ide pattern.  The resolution 
was estimated using Fig. 4 which is a a picture of the 
region shown in Fig. 3 using 2000X magnification. 
The edge of the pa t te rn  is straight to better  than  
3000A. The size of the large half circle is fai thful ly 
reproduced. However, the small  hole is elliptical in 
shape, being correct in  length, but  half  a micron na r -  
rower than the mask. This is most probably due to 
incomplete etching of the Mo at the bottom of the 
photoresist hole dur ing  the Mo etching step. 

In  the above tests, the Mo layer  was evaporated 
onto a hot substrate in high vacuum. Other tests were 
carried out using sputtered Mo films. The thickness of 
the Mo films ranged from 700 to 8000A. The thicker 
films resulted in poorer edge definition due to the re-  
quired increase in Mo etching time, bu t  resolution 
comparable to the thickness of the films was achieved. 
For good definition, the th inner  film is sufficient and re-  
sults in the excellent  resolution described above. 
None of the problems encountered dur ing  any of the 
process steps could be a t t r ibuted to the Mo mask. 

Fig. 5. Pattern etched in silicon nitride using Mo mask and 28 
rain of immersion in concentrated HF. There are no holes 
visible in silicon nitride regions which have been protected by 
the Mo mask. Silicon nitride is 3000A thick (dark regions). 
Light regions are bare silicon. 

Standard  KPR problems associated with l inked 
monomer  residue, exposure control, and  humidi ty  
were the most troublesome. 

During our investigations it became apparent  that, 
although KPR is not soluble in HF, the KPR film 
can be permeated and penetrated by this strong acid. 
This permeat ion may be the cause of many  of the 
difficulties connected with KPR masking of SiO2. If 
HF penetrates the mask, it wil l  etch a pinhole in the 
oxide. Figure 5 shows the pa t te rn  formed in 3000A 
of Si3N4 by using a Mo mask and etching in  concen- 
t ra ted HF for 28 min. What is noteworthy here is the 
absence of pinholes in the Si3N4 even after the long 
immersion in concentrated HF. This indicates that 
the Mo film is continuous, pinhole-free,  and  insoluble 
in HF. 

Conclusion 
This investigation has shown that  Mo masking tech- 

niques can reproduce high resolution pat terns in Si3N4 
films ranging in thickness from 500 to 3000A. Fur ther -  
more, the nitr ide regions covered by the Mo film ap- 
pear to be free of holes even after long immersions 
in concentrated HF. 

It is impor tant  to emphasize that  KPR sticks ex- 
t remely well  to Mo, and the Mo etching step, which 
only takes a few seconds, does not damage the KPR 
mask. This means that  there is a very high probabi l i ty  
that the pat tern and resolution of the original  photo- 

Table II. Mo mask process steps 

1. S i l i con  n i t r i d e  coa t i ng  A n y  t h i c k n e s s  w i t h o u t  c racks  a n d  p in -  
holes  is  w o r k a b l e .  

2. Mo depos i t  E v a p o r a t e d  or spu t t e red*  Mo fi lms.  
A b o u t  1000A or  t h i c k e r  is su i t ab le ,  
d e p e n d i n g  on  t h e  d e s i r e d  r e so lu t ion .  

3. P h o t o r e s i s t  S t a n d a r d  K P R  t echn iques .  
4. Mo e t c h i n g  A few seconds  in  f c r r i c y a n i d e  etch,  de-  

p e n d i n g  on th ickness .  The  e tch  r a t e  
of t he  Mo f i lm in  th i s  e tch  is a b o u t  
150A/sec.  

5. S i l i con  n i t r i d e  e t c h i n g  C o n c e n t r a t e d  (48%) HF.  
6. KPI% a n d  lYIo r e m o v a l  Hot  c l e a n i n g  so lu t ion ,  or othel- me thods .  

* E l ec t ron  b e a m  e v a p o r a t i o n  in  an  ion  p u m p e d  oi l  f ree  v a c u u m  
s y s t e m  and  " T r i o d e "  s p u t t e r i n g  in  A r  gas was  used  i n  t h i s  i n v e s t i -  
ga t ion .  
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mask is t ransferred to the Mo film which is insoluble 
and not permeable to I-IF. These combined properties 
of KPR on Mo and the durabi l i ty  of the Mo mask in 
HF el iminate the need for prolonging the l ifetime of 
the photoresist in HF. 

In summary,  the molybdenum masking technique as 
outl ined in Table II has been shown to be highly suc- 
cessful for etching pat terns in pyrolytical ly formed 
silicon nitrides. The technique should be applicable for 
etching silicon dioxide pat terns whenever  the s tand-  
ard KPR or KMER techniques are marginal  and  par-  
t icularly when  prolonged etching can produce pin-  
holes which are caused by the permeation of the 
photoresist by I-IF. 
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ABSTRACT 

The effects of process variables on the growth rate and properties of in- 
sulating films grown from a hydrogen-silane-ammonia mixture have been 
studied. Growth rate vs. I/T is observed to have a break at 900~ coincident 
with an observed amorphous-polycrystalline transition. Hardness, growth rate, 
and refractive index are found to move toward values appropriate for silicon 
as the per cent ammonia is reduced. The thermal expansion coefficient can be 
varied from approximately that of silicon to appreciably more by increasing 
the per cent ammonia. A variety of other properties, such as breaking strength 
and Youngs' modulus were also measured and are discussed. 

Several  methods for the synthesis of silicon ni t r ide 
have been reported (1-8). While most of these are 
par t icular ly  applicable to large ceramic objects, some 
of them, for example the s i l ane-ammonia-hydrogen  
reaction described here have proven satisfactory for 
th in  film deposition. 

The ftow system employed for this work was quite 
conventional  and the reactor was a resistance heated 
horizontal cold wal l  unit.  The substrates used for film 
deposition were single crystal silicon of various ori-  
entations. Vapor phase etching (9-11) (for example, 
HC1 in  H2 at 1200~ was used for substrate c lean-up  
prior to these depositions. Omission of this step usu-  
al ly gave films with many  visible defects, but  it has 
been reported that, if the film is to be used as the in -  
sulator in  an MIS transistor,  etching is deleterious 
(12). 

Morphology and Film Composition 
Films deposited at temperatures  below 900~ 1 ap-  

pear amorphous and show no x - r ay  diffraction lines. 
Between 900 ~ and 1000~ some small  crystalli tes grow 
over the surface, and above l l00~ they are almost 
continuous. Figure  1 shows representat ive areas from 
each of these tempera ture  ranges. Others (1) have not  
reported the high crystall i te concentrat ions at tem-  

Optical pyrometer-uncorrected. 

Fig. 1. Film character vs. deposition temperature 

peratures as low as 1100 ~ Emissivity correction of the 
temperature  combined with higher deposition and flow 
rates used here could explain the difference. An en-  
larged view of the crystalli tes deposited at approxi-  
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Fig. 2. High temperature crystallites. Magnification 105X 

mately  1200~ for an extended period of t ime is shown 
in Fig. 2. X - r a y  diffraction data indicate that  these 
crystall i tes are a Si3N4. 

The composit ion of the amorphous films has not  
ye t  been determined.  There  are some data based on 
neut ron  activation analysis which indicate a possible 
formula  of Si(NH2)4 (13) (See, for example,  ref. 4, 
p. 88). Direct  chemical  analysis of films prepared  in 
a similar  fashion indicated a composit ion of Si3N4 
(14). Because of the vary ing  physical  propert ies  that  
are observed as deposition conditions are changed, i t  
seems probable  that  the actual amorphous film com- 
position can be var ied  over  ra ther  wide limits f rom 
silicon rich to ni t rogen rich. Addit ionally,  those films 
deposited at lower tempera tures  may  contain hydro-  
gen as wel l  as silicon and nitrogen. 

Deposition Behavior 
The effect of t empera tu re  on deposit ion ra te  is 

shown in Fig. 3. Log rate  vs. 1/T plots are given for 
silane concentrat ions of 0.095 and 0.065% (all  pe r -  
centages are vo lume %) with  a fixed concentra t ion 
of 1.2% ammonia.  The film growth ra te  increases 
rapidly wi th  t empera tu re  up to about 900~ Above 
this t empera tu re  the growth rate  becomes less t em-  
pera ture  dependent.  The apparent  act ivation energy  
below 900~ is approximate ly  52 kca l /mole ,  and above 
900~ 6 kcal /mole .  

There are three possible explanat ions for the ap-  
parent  change in deposition rate. 

1. The decomposit ion of the silane before  it reaches 
the substrate as postulated by Doo et aL (1). 

2. The difficulty of measur ing film thickness by 
el l ipsometer  when crystall i tes start  to cover  the sur-  
face. The energy str iking the surface is scattered, and 
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Fig. 3. Deposition rate vs. temperature 

only a port ion is re turned  to the el l ipsometer  detector. 
3. The decrease may mark  the entrance into a diffu- 

sion controlled react ion which  would  be expected to 
be near ly  tempera ture  insensitive. 

A plot of deposition rate  as a funct ion of per  cent  
silane at deposition tempera tures  of 850 ~ and 875~ is 
shown in Fig. 4. These data indicate a l inear  re la -  
tionship of deposition rate  wi th  respect  to si lane con-  
centration. Extrapola t ion  of the curves indicate a de- 
position rate approaching zero at 0% silane as would  
be expected. 

A plot of deposition rate  as a function of ammonia  
concentrat ion of 0.03, 0.065, and 0.095% silane is shown 
in Fig. 5. Note the 0.065% silane curve. Below an 
ammonia concentrat ion of about 0.3% there  is an in-  
crease in deposition ra te  due apparent ly  to a change 
in the s toichiometry of the film. It  is postulated that  
films deposited with  an ammonia  concentra t ion below 
0.3% and with  a 0.065% silane concentrat ion are 
silicon rich (see Index of Refract ion discussion under  
optical propert ies) .  This corresponds to a s i lane-am-  
monia ratio of approximate ly  1: 5. For  the other  two 
silane percentages shown, the increase in deposition 
rate occurs at near ly  the same s i lane-ammonia  ratio. 
It is also interest ing to note that  the deposition ra te  
at ve ry  low ammonia  concentrat ion approaches the 
silicon deposition rate  f rom pure silane in this reactor.  

Films approximate ly  5000A thick were  deposited 
on silicon substrates for a study of the effect of ther -  
mal  cycling. F i lm thicknesses were  measured on the 
el l ipsometer  (15), the slices were  subjected to 2- and 
10-min hydrogen cycles at 1000 ~ and 1200~ and the 
films were  remeasured.  These results are collected in 
Table I. The top two slices were  heated for 2 rain at 
1200~ The next  two slices were  heated 2 min  at 
1000~ fol lowed by a 10-min t rea tment  at 1200~ 
Note that  the loss in thickness for the two different 
t rea tments  was roughly  the same (N150.E). Six slices 
were  cycled for 2 min  at 1000~ wi th  a negligible loss 
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Table I. Stability of Silicon nitride films to thermal 
cycling in hydrogen 

A t  i n  A 

T h i c k -  T h i c k -  
O r i g i n a l  n e s s  a f t e r  h e s s  a f t e r  

I n d e x  o f  t t h i c k -  2 m A n  i n  H2  2 r a i n  i n  H 2  
S a m p l e  r e f r a c t i o n  n e s s ,  A a t  1 2 0 0 ~  a t  1 0 0 0 ~  

1 2 .0  5 0 6 5  4 9 5 0  - -  115  
2 2 .0  4 8 7 0  4 7 0 0  --  170  
3 2 .0  5 1 4 0  4 9 9 5 5  --  145  
4 2 .0  5 3 4 0  5 1 1 5 5  - - 2 2 5  
5 2 .0  5 6 6 0  5 6 2 0  - - 4 0  
6 2 .0  4 8 3 5  4 8 4 5  + 1O 
7 2 .0  5 1 4 0  5 1 3 5  - - 5  
8 2 .0  4 0 9 5  4 0 9 5  - - 0  
9 2 .0  5 3 8 0  5 3 4 0  - - 4 0  

10  2 . 0  5 3 1 0  5 3 1 5  + 5 

t N o  c h a n g e  a f t e r  h e a t  c y c l i n g .  
$ 2 r a i n  a t  1 0 0 0 ~  a n d  10 m i n  a t  1 2 0 0 ~  

in thickness, These exper iments  indicate that  the films 
are quite stable at 1200~ in I-I2. As fur ther  evidence 
of stabil i ty there was no change observed in  the index 
of refraction after thermal  cycling. 

Etch Studies 
A series of etch rate studies was made using Bell 

No. 22 etch contained in  a constant  tempera ture  bath 
which was controlled to wi thin  ___0.1~ of the desired 
temperature.  Slices with a known  silicon ni t r ide  film 
thickness were etched for a specified length of t ime 
with constant  s t i rr ing and  then remeasured on the 
ell ipsometer to determine the change in film thick- 
ness. 

The effect of etch temperature  on etch rate is shown 
in Fig. 6. The films were deposited at the usual  dep- 
osition conditions. Calculation of apparent  act ivat ion 
energy from these data gave a value of 15 kcal/mole.  

A plot of etch rate vs. changing ammonia  con- 
centrat ion at an etch tempera ture  of 25~ is shown 
in  Fig. 7. Above approximately  0.4% ammonia  the 
etch rate is un i form (~6.25 A/mAn), but  below this 
concentrat ion the etch rate decreases rapidly  and 
approaches zero. This is taken as addit ional  evidence 
that  the films become silicon rich in this region and 
with Bell No. 2 as an etchant one would expect this 
decrease in etch rate. The effects of vary ing  the per-  
centage silane on the etch rate can be seen in Fig. 8. 
Again, as the films become silicon rich the etch rate 
decreases. 

The etch resistance of 2000A silicon ni t r ide  and 
2000A silicon dioxide films to a mix ture  of 5 % HC1 in  
hydrogen at 1200~ for 2 mAn was compared. The 
silicon dioxide film was grown thermally.  The results 
are shown in Fig. 9. The silicon ni tr ide film is al-  
most impervious to HC1 and H2. The t r iangular  pit 

-~ B e l l  N o .  2 = 3 0 0  c c  H ~ O - - 2 0 0 g  N H ~ F - - 4 5  c c  H F .  
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Fig. 7. Etch rate vs. per cent NH3 
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Fig. 9. Etch resistance of silicon nitride vs. silicon dioxide 

probably  resul ted from HC1 at tacking the silicon 
through a pinhole in  the silicon ni t r ide film. The sili- 
con dioxide film has been completely removed, and 
etching of the silicon surface has occurred. 

OpticaZ Properties 
Optical t ransmit tance  data were obtained over the 

range from 0.2 to 24~. Between 0.2 and 0.4~, films 
deposited on fused silica blanks were used. Figure 
10 gives a typical curve and indicates an absorption 
edge at about  0.28;~ (4.4 ev).  Between 0.4 and  8~ 
there appears to be no absorption bands. Above 8~ the 
most p rominent  absorption is that  due to the Si-N 
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bond which occurs in the 10-12~ range as shown in 
Fig. 11. 

The index of refract ion of several  films was de te r -  
mined f rom el l ipsometer  measurements  at 5461A. In 
Fig. 12 the re f rac t ive  index vs. ammonia  percentage is 
shown for 0.065% silane. Over  most  of the  composi-  
t ional range studied, it var ied  f rom 2.0 to 2.05, but  as 
the gas s t ream percentage of ammonia  decreased be-  
low 0.3% an increase in the index of refract ion was 
noted. It  is presumed that  the index increases uni -  
formly  to that  of silicon (about 4.02) as the am-  
monia concentrat ion is decreased to zero. This is taken 
as confirming evidence of the  silicon r ich na ture  of 
such films. 

I i 
KNOOP HARDNESS 
8 gm Load 

O 

O 
\ 

r-"0 .2 .4 .6 .8 1.0 1.2 

'~NH 3 

Fig. 13. Knoop hardness vs. per cent NH3 

Mechanica t  Proper t ies  

Microhardness measurements  were  made on a series 
of 10,000A thick films deposited on a silicon substrate. 
The silane concentrat ion was held constant at 0.065% 
with  NH3 percentage f rom 0.05 to 1.2. The results are 
shown in Fig. 13 and indicate appreciably softer films 
at each end of the composit ion range. The var ia t ion  at 
the low ammonia  end coincides with the observed 
change of index of refract ion (Fig. 12), but  the de- 
crease at the other  end was unexpected and is not 
yet  explained. A Knoop indentor  was used to minimize 
penetration,  and a ve ry  l ight  load (~-8g) was re-  
quired to prevent  film cracking. Indentat ions were  
made using a weight  sliding in a modified Reichert  
microscope object ive housing. Measurements  were  
then made using a Reicher t  microscope wi th  Namorski  
contrast. Because of the l ight load used and the cor- 
respondingly small  indentations,  reproducibi l i ty  was 
poor even  for hardness measurements .  The points in-  
dicated in the graph are  actual ly  averages of several  
readings which sometimes differed by as much as 
100%. Despite the scatter, however ,  the films are  
definitely softer at each end of the composition range. 

Moh's hardness measurements  were  made on a 
series of films deposited at var ious tempera tures  f rom 
800 ~ to 1200~ These data are shown in Fig. 14 and 
indicate a change in behavior  at about 900~ which is 
in agreement  wi th  the deposit ion ra te  vs. 1 / T  and the 
morphology data. 

Young's modulus and breaking  s trength were  de- 
te rmined f rom one film 0.34 rail thick deposited f rom 
a gas composition of 0.1% NH3, 0.065% Sill4, and 
99.84% hydrogen. Holes were  etched through the sili- 
con substrate in diameters  of 55, 75, and 180 mils. 
Young's modulus was then computed f rom deflection 
vs. pressure as measured on the 180 mi l  d iameter  
film (Fig. 15). This  value,  coupled wi th  m a x i m u m  
pressure requi red  for failure, was used to compute 
breaking stress. This stress increased as the size of the 
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000 900 IOOO 1100 
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Fig. 14. Moh% hardness vs. deposition temperature 

1200 
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hole decreased and would be expected since the edges 
become progressively smoother as the hole became 
smaller. Values ranged  from 67,000 psi for the largest 
diameter  to 135,000 psi for the 55 mil  diameter. It  
should be noted that  these data are f rom a silicon 
rich film. The equations used for computat ion are 

( Pa4 ~ 
E---- 0.29 \ hD 3 / 

and 
( Ep2a2 ) I/3 

Tm ---- 0.42 �9 h 2 

where E is Young's modulus  in psi, Tm the max i mum 
breaking stress in psi, P is pressure differential ap- 
plied to the film, in  psi, a the diameter  of the hole, 
in  inches, h film thickness, in  inches, and D deflection 
of film at center of hole, in inches. These are approxi-  
mations cited in  Timoshenko and Woinowsky-  Krieger  
(16) and are appropriate for deflections greater than 
film thickness. 

The thermal  expansion coefficient was not measured 
directly, but  it is reasonably close to and somewhat 
greater than  that of silicon (4.2 x 10 -6, 0~176 
and can be changed by compositional var ia t ion of the 
reactant  stream. Figure  16 shows this change by a 
plot of slice curvature  (1 in. diameter)  vs. per cent 
ammonia.  Note that  this value is appreciably larger  
than that  reported for sintered samples, which is 
2.5 x 1 0 - 6 / ~  ( 5 ) .  

Conclusions 
The physical, optical, and mechanical  properties of 

the films can be var ied by changing the deposition 
conditions. When compared to silicon dioxide films, 
the silicon ni tr ide films are more stable in H2 and 
H~-HCI mixtures  at the temperatures  studied. The 
lat i tude of parameters  observed and their  increased 
stabil i ty over normal ly  used insulators  should add to 
the usefulness of such films. 
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Impurity Distribution in Single Crystals 
Ill. Impurity Heterogeneities in Single Crystals Rotated 

during Pulling from the Melt 
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ABSTRACT 

The characteristics of crystal growth from the melt  by a Czochralski-type 
technique under  rotat ion were investigated with exper imental  a r rangements  
in which the thermal  and rotational axes did not  coincide. A pronounced type 
of impur i ty  heterogeneity was studied in particular.  It  was a t t r ibuted to a 
periodic remelt  process associated with rotat ion and was shown to be a 
l imit ing case of the normal ly  observed rotat ional  striations. A theoretical anal -  
ysis is presented which accounts for the observed exper imental  results. Ac- 
cording to this analysis the microscopic growth rate of the "core" region in 
crystals pulled in the ~111~  direction is constant, whereas the microscopic 
growth rate of the "off core" region undergoes pronounced periodic fluctua- 
tions as a result  of the thermal  asymmetry  of the exper imenta l  arrangement .  

Previous studies concerning the distr ibution of im-  
purit ies in single crystals pulled from the melt  have 
shown that periodic impur i ty  heterogeneities in the 
form of striations are quite common (1-3). Depend- 
ing on their origin these heterogeneities are usual ly  
referred to as rotat ional  and nonrota t ional  striations. 
Nonrotat ional  striations are characterized by a random 
appearance, widely vary ing  intensity,  and are con- 
t inuous throughout  the crystal. Rotat ional  striations, 
on the other hand, exhibit  a high degree of periodicity 
and increased intensi ty  in  going from the crystal in-  
terior to the periphery. 

The formation of both types of striations is com- 
monly  at t r ibuted to a dependence of the distr ibution 
coefficient on the growth rate (4). Accordingly, non-  
rotat ional  striations reflect i r regular  tempera ture  
fluctuations of the melt  which may originate in ther-  
mal  convective currents  and power input  variations. 
Rotational striations are believed to be caused by a 
lack of thermal  symmetry  in  the melt, i.e., by a spa- 
tial separation of the thermal  and rotat ional  axes (5). 
In  studies concerned with a formation of impur i ty  
striations it is usual ly  assumed that  the tempera ture  
fluctuations which lead to growth rate variat ions are 
small  and general ly exclude the possible occurrence of 
remelt  phenomena (1, 6). Remelt ing has been imposed 
on pulled crystals by deliberate power input  changes 
(7). This procedure has served to develop a rate 
growth technique for the production of rectifying 
junct ions (8). We believe that  such remelt  phenomena 
are quite common in most crystals pulled from the 
melt. 

Experimental Procedure 
Single crystals of InSb containing Te as in ten t ion-  

al ly added impur i ty  (2-50 mg Te in 50g melt)  were 
grown in  the ~111~  direction using a Czochralski- 
type pul ler  and proport ional  tempera ture  control. The 
crystals were subsequent ly  cut along a (211) plane 
parallel  to the growth axis and mechanical ly polished. 
The impur i ty  distr ibution was revealed by a recent ly 
developed permanganate  etchant (1HF, 1CH3COOH, 
and 1KMnO4 0.05M) (9). In  a typical etching opera- 
tion the etchant was applied with a cotton applicator 
to the semiconductor surface immediate ly  after pol- 
ishing and rinsing. Etching proceeded steadily wi th-  
out a noticeable incubat ion period and was in te r -  
rupted by r insing after about  3 min. Etching times in 
excess of 5 min  resulted in  a slight reduction of reso- 
lu t ion and were therefore avoided. Pitt ing, which 
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usual ly accompanies etching with CP4 was never  
observed with the present  etchant. 

A Reichert microscope (Zetopan-F)  equipped with 
a Nomarski interference contrast  a t tachment  was 
employed in this study. Individual  striations could 
thus be resolved with a spacing of less than  0.2~. This 
spacing corresponds to the l imit  of resolution of the 
optical system. It is quite l ikely that  the resolution 
of the etching process exceeds this limit. Details of 
the surface preparat ion were previously reported (3). 

Experimental Results 
Single crystals grown without  rotat ion revealed 

periodic heterogeneities in impur i ty  dis t r ibut ion (Fig. 
1) which vary in sharpness and intensity.  Of part icular  
interest  for the present  invest igat ion are the intense 
striations which appear as deep depressions on the 
etched surface. 

Crystals pulled in the same system but  with ro-  
tat ion exhibited the so-called rotat ional  striations 
(Fig. 2) of increased intensi ty  and high periodicity. 
In all rotated crystals examined, the in tensi ty  of 
these striations decreased in  going from the crystal  
per iphery to the axis of rotat ion (Fig. 2). 

In view of the reported dependence of the forma-  
tion of rotat ional  striations on a lack of thermal  
symmetry  (5) we investigated the lateral  tempera ture  
dis tr ibut ion in the melt. These measurements  were 
performed with rotat ing thermocouples which were 
attached to the seed holder. They showed that  along a 
circumference 6 mm in radius (from the center  of ro- 
tation) there was a tempera ture  var iat ion of 2.4~ 
dur ing a full rotation. By adjust ing the location of the 
furnace thermal  asymmetry  could be reduced but  not  
eliminated. The decreased thermal  asymmetry  re-  
sulted in rotat ional  striations of decreased in tensi ty  
in the pulled crystals. 

Figure 3 depicts a crystal  in which nonrota t ional  
striations as well  as rotat ional  striations of high in -  
tensi ty are s imul taneously  present. The interact ion 
of the two types of striations leads to the abrupt  
te rminat ion  and part ial  disappearance of some non-  
rotat ional  striations. It  is believed that  this disap- 
pearance is due to the occurrence of local remelting.  
It is seen that the resul t ing remelt  lines have a sig- 
nificantly different appearance when compared with 
the usual  nonremel t  striations (see also Fig. 2). Their  
p r imary  characteristics is an increased in tensi ty  and 
sharpness which reflects abrupt  and extensive im-  
pur i ty  concentrat ion changes. Such remelt  striations 
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Fig. 1. Nonrotational impurity striations in the off core region 
of an InSb single crystal grown in the ~ 1 1 1 ~  direction. In addi- 
tion to the ordinary striations there are three lines indicated by 
the arrows of high intensity and sharpness. They are attributed 
to a remelting process. (Far plane shown and etchant in all 
figures see text). Magnification 325X. 

Fig. 3. Interaction of rotational remelt striations with regular 
nonrotational striations. The abrupt termination of nonrotational 
striations is caused by partial remelting associated with the for- 
mation of rotational striations. Magnification 315X. 

mal formation of the (111) impur i ty  "core" which is 
a result  of an (111) facet format ion at the growth 
interface (Fig. 4). The observed abrupt  changes of the 
core boundary  are due to regrowth, following re- 
melting, at a curved crystal melt  interface at which 
the supercooling required for nucleat ion on the (111) 
facet is no longer necessary. Thus, rotat ional  striations 
of the remelt  type essentially control the lateral  ex- 
pansion of the impur i ty  core which always increases 
with increasing spacing of consecutive remelt  str ia-  
tions and recedes as their  spacing decreases. This 
phenomenon is seen in  Fig. 5 where  closely spaced 
striations (resul t ing from reduct ion in the pul l ing 
rate) led to the actual disappearance of the impur i ty  
core. The core reappears after the spacing of the 

Fig. 2. Rotational striations propagating with decreasing in- 
tensity from the periphery to the center (right to left) of the 
crystal. Note the protruding part of the "core" region. (Com- 
pare with schematic representation of Fig. 8). Magnification 325X. 

may appear also in the form of nonrota t ional  str ia-  
tions (Fig. 1). 

Remelt  striations f requent ly  interfere with the nor-  

Fig. 4. Core boundary distortion caused by remelt rotational 
striations. The interaction of rotational striations with the im- 
purity core has resulted in the partial elimination of the core 
region. (Compare with Fig. 2 and 8). Magnification 210X. 
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Fig. 5. Elimination of the impurity core in part of the crystal 
(between arrows) as a result of close spaced rotational striations 
of the remelt type. Magnification 165X. 

Fig. 6. Irregular remelt striations in the off core region. Mag- 
nification 150X. 

striations was brought  to its original  value. It  is ap- 
parent  that  the interact ion of the remel t  striations 
wi th  the impur i ty  "core" becomes more pronounced as 
the curva ture  of the c rys ta l -mel t  interface increases. 

Rotat ional  striations appear always as ra ther  smooth 
curved lines of somewhat  vary ing  intensi ty  provided 
that  they are not associated with  remelt ing.  Remel t  
striations, on the other  hand, f requent ly  exhibi t  cer-  
tain irregulari t ies.  In several  crystals remel t  striations 
were  observed with  ra ther  i r regular  shapes, indicat-  
ing the presence of significant disturbances at the 
growth interface (Fig. 6). These disturbances are ve ry  
l ikely associated wi th  localized "facet ing" in the re -  
mel t  area. A similar phenomenon can also be ob- 
served in Fig. 7 which depicts a crystal  in which a 
small twin  was formed. Highly i r regular  remel t ing  
can be observed on the left  side of the twin whi le  the 
r ight  side exhibi ts  r emel t  striations which  are ve ry  
smooth. The origin of this phenomenon is not under -  
stood at present. 

Analysis of the Effect of Thermal Asymmetry 
on Rotational Crystal Growth 

Rotat ional  striations due to localized remel t ing  are 
similar  in appearance to remel t  striations caused by 
intent ional  power  input  variations.  The mechanisms 
of formation,  however ,  are basically different. Re-  
mel t ing caused by crystal  rotat ion occurs only on a 
small  section of the c rys ta l -mel t  interface,  while  re-  
mel t ing due to power input  variat ions takes place 

Fig. 7. Remelt striations in a crystal which was twinned. The 
striations are smooth and regular on the right side of the twin 
and highly irregular on the left side. Magnification 70X. 

more or less instantaneously across the whole in ter-  
face. 

The formation of rotat ional  striations wil l  be con- 
sidered in a crsytal  pulled in the <111> direction 
(Fig. 8) wi th  a pull ing rate  Vo and a rotat ional  rate  
R. The distance of separat ion of the paral le l  rota-  
t ional and thermal  axes is d. The crystal  grows wi th  
the rotat ional  axis as its center  and assumes a convex 
growth interface with  a circular  (111) facet of radius 
r (r > d) centered about the thermal  axis. A fixed 
t empera tu re  distr ibution in the melt  is assumed un-  
per turbed by convect ion or rotation. This assumption 
appears valid whenever  Vo and R are small. In the 
crystals invest igated Vo was var ied between 1~ and 
2 in . /h r  and R from 2 to 10 rpm. Since the t empera -  
ture distribution in the mel t  determines the location 
as wel l  as the shape of the c rys ta l -mel t  in ter face  the 
position of the growth facet  dur ing rotat ion will  be 
stat ionary about the fixed the rmal  axis. Thus, the 
impuri ty  core (which is the result  of an increased 
impur i ty  incorporat ion on the ( l l l )  growth facet) as- 
sumes the form of a "screw" during rotat ional  pulling. 
Consequently,  any cut along a plane which contains 
the axis of rotat ion wil l  exhibi t  a sinusoidally fluctu- 
ating core boundary wi th  an ampli tude d and a "wave  
length"  Vo/R (Fig. 8). 

Under  the above conditions the growth facet rotates 
on its own plane and growth proceeds in the <111> 
direction with  a constant rate  Vo. The curved "off 
core" interface, however ,  cannot advance at a constant 

Facet ~ Interface 
(o) 

Fig. 8. Schematic presentation of the impurity core boundary 
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rate since its shape and location is determined by the 
fixed tempera ture  dis tr ibut ion in the melt  and the 
location of the thermal  axis which does not  coincide 
with the rotat ional  axis. The resul t ing asymmetry  of 
the interface with regard to the axis of rotat ion 
leads to a condit ion whereby each point on the "off 
core" interface is subjected to a different but  con- 
stant  growth rate dur ing  rotation. It can be shown 
(see Appendix)  that for a temperature  var ia t ion of 
AT for a full  rotat ion the instantaneous growth rate at 
any  point  is given by  

2~ATR 
V = Vo - - c o s 2 ~ R t = V o ( 1 - - ~ c o s 2 ~ R t ) ;  

G 
2 ~ T R  

~ = -  [1] 
"JoG 

where G is the tempera ture  gradient  in the mel t  ad-  
jacent  to the growth interface. The min imum growth 
rate dur ing  each rotat ion is accordingly 

Vmm = V o ( l  - -  ~) [2] 

From Eq. [2] it is apparent that when a > 1 then 
Vmin < 0, i.e., local remelting takes place. The extent 
of remelting increases with increasing rotational rates 
R and decreasing pulling rates Vo. At the same time 
any decrease in the temperature gradient in the melt 
will result  in  a decrease o~ Vr, m and, thus, will  in -  
crease the probabi l i ty  of remelt ing.  

Discussion 

Whenever  the sol id-melt  interface of a growing 
crystal  is subject  to temperature  fluctuations the in-  
s tantaneous (microscopic) growth rate is bound to 
vary. In  the presence of a sinusoidal tempera ture  
change the t ime in terval  dur ing  which increased 
growth rate takes place is the same as the t ime 
in terval  dur ing  which a decreased growth rate occurs. 
Thus, the portion of the crystal grown under  increased 
rate is larger than the corresponding portion grown 
under  a decreased rate wi thin  a given cycle. A greater 
impur i ty  concentrat ion (for a dis t r ibut ion coefficient 
smaller  than one) is expected in the portion grown 
under  an increased rate than in the port ion grown 
under  a decreased rate (4). In the presence of thermal  
asymmetry  the off core region of a crystal  is subjected 
to such sinusoidal tempera ture  fluctuations dur ing  
rotation. Accordingly a crystal grown under  rotat ion 
should exhibit  impur i ty  heterogeneities consisting of 
a l te rnat ing  helical broad and nar row bands of an in-  
creased and decreased impur i ty  concentration, respec- 
tively. The nar row bands (whose width may amount  
to a l ine depending on the extent  of thermal  asym- 
metry)  constitute the so-called rotat ional  impur i ty  
striations. 

The extent  of the growth rate variat ion dur ing  ro- 
tat ion increases with increasing thermal  asymmetry  
(Eq. [1]). Since the rotat ional  tempera ture  variat ion 
is zero at the center of rotat ion and increases toward 
the crystal  periphery, it is expected that the rotat ional  
striations will  reflect a radial ly  decreasing growth 
rate (V). The observed in tens i ty  change of the rota-  
t ional striations in  the outward direction (Fig. 2) is 
consistent with this model. It  is fur ther  apparent  from 
the model that,  even in  the regions be tween the  ro-  
tat ional  striations, the growth rate and thus the im-  
pur i ty  concentration, is not constant  but  varies con- 
t inuously. Obviously, the exper imenta l ly  determined 
impur i ty  dis t r ibut ion coefficients are subject to error  
whenever  thermal  asymmetry  is present, as man i -  
fested by rotat ional  striations. In  such a case rel iable 
values of effective distr ibution coefficients can be ob- 
ta ined only in  the "core" region of crystals grown 
exactly in  the <111> directions. 

The sharpness of the rotat ional  striations reflects 
the magni tude  of Vmin dur ing  each rotation. Thus, re-  
mel t  striations (Vmm < 0) are a l imit ing case of regu-  

Fig. 9. Sinusoidally shaped core boundary along a single crystal 
on a (211) plane which contains the rotational axis. Magnifica- 
tion 385X. 

lar impur i ty  striations which result  from excessive 
temperature  variations. Thus a local remel t  process is 
responsible for the observed part ial  disappearance of 
nonrota t ional  striations (Fig. 3) and the pronounced 
changes of the crystal  core boundaries  (Fig. 4). 

Impur i ty  core boundaries  of sinusoidal shape as 
indicated by the present  model are very in f requent ly  
observed in single crystals (Fig. 9) since their  appear-  
ance depends on ra ther  ideal growth conditions (no 
localized remel t  phenomena)  and a very precise (211) 
cut. Thus, deviations of the growth axis from the 
<111> direction lead to a vert ical ly incl ined growth 
facet and resul t  in  ra ther  complex core boundaries  
(Fig. 10). A ra ther  common deviation of the core 
boundary  from that  predicted is due to the effect of 
local remel t ing discussed earlier. 

The present  model is qual i ta t ively consistent wi th  
the exper imental  results. A quant i ta t ive  confirma- 

Fig. 10. Intersection of rotatlona| striations and core boundary 
in a crystal grown 60 off the ~111 ~ direction. Magnification 310X. 



742 J. Electrochem. Soc.: S O L I D  S T A T E  S C I E N C E  J u l y  1967 

Fig,. 12. Schematic presentation of rotational crystal growth in 
the presence of thermal asymmetry. 

Fig. 11. Vibrational striations (18 per sec) superimposed on re- 
melt type rotational striations in the "off core" region (see text). 
Magnification 430X. 

t ion would require  knowledge of the instantaneous 
local growth rates or a l ternate ly  the de terminat ion  of 
concentrat ion profiles across individual  impur i ty  str i-  
ations. Because of the l imited resolution of autoradi-  
ography and microresist ivity measurements ,  microvari -  
ations in  impur i ty  dis t r ibut ion associated with rota-  
t ional striations can only be deduced from etching ex- 
periments.  

While this paper was being prepared we succeeded 
in  int roducing into single crystals h igh-f requency 
striations which are superimposed on the regular  stri-  
ations. Such h igh-f requency striations were in t ro-  
duced by  subject ing the melt  to controlled vibrations.  
Since these vibrat ions do not affect the normal  growth 
process it becomes possible from their  known fre-  
quency and their  local separation to determine quan-  
t i tat ively the ins tantaneous microscopic growth rates 
in  the various parts of the grown crystal  (Fig. 11). 
The asymmetry  in spacing of v ibra t ional  strictions 
above and below the "remelt" l ine shows directly the 
occurrence of remelt ing.  Detailed results obtained 
with this technique wil l  be discussed in a future  re-  
port. 

A c k n o w l e d g m e n t  
This work was supported by the Uni ted States 

Atomic Energy Commission under  Contract AT 
(30-1)-3208. The authors wish to express their  ap-  
preciation to Mr. C. J. Herman  and Mr. W. J. Fi tz-  
gerald for their  skil lful  laboratory assistance. 

Manuscript  received Feb. 27, 1967; revised m a n u -  
script received Apri l  6, 1967. 

Any  discussion of this paper  wil l  appear in a Discus- 
sion Section to be published in the June  1968 JOURNAL. 

APPENDIX 
Equat ion [1] in the text  can readi ly  be arr ived at 

with the aid of Fig. 12. A is an a rb i t ra ry  point  on the 

crys ta l -mel t  interface at a tempera ture  T1. Dur ing  a 
complete revolut ion about  the axis of rotat ion (with-  
out pull ing) a m a x i m u m  tempera ture  T2 is encoun-  
tered at A'. Taking T2 ~ T1 ~ AT, the tempera ture  
gradient,  G, in  the melt  between A' and A" on the 
solidification isotherm is then  given by  

a T  
G ---- ~ [1A] 

~x  

Assuming steady-state conditions and that  the solidifi- 
cation isotherm is s ta t ionary dur ing  rota t ional  pu l l -  
ing at Vo (does not change position dur ing  crystal  
growth) then the vert ical  t rans la t ion x of any  point  
on the solidification isotherm is sinusoidally f luctuat-  
ing with time as follows 

x ~- V o t -  hx sin 2~Rt [2A] 

by combining [1A] and [2A] one obtains 

a T  
x = V o t -  sin 2~Rt 

G 

and the ins tantaneous rate of growth is given by  

dm 2~ATR 
V :  = V o  - - c o s  2~Rt [3A] 

dt G 

taking a = 2~hTR/GVo one obtains 

V • Vo(1 - -  a cos 2~Rt) [4A] 
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A B S T R A C T  

A n e w  f o r m  of su r face  s tab i l i za t ion  of g e r m a n i u m  is discussed.  W h e n  t h e  
g e r m a n i u m  is in  con tac t  w i t h  an  e l e c t r o l y t e  con t a in ing  h y d r o g e n  p e r o x i d e  
and  po t a s s ium ch lo r ide  the  su r face  po t en t i a l  is a l i nea r  f u n c t i o n  of t he  pH.  To 
w i t h i n  a cons t an t  d i f fe rence  its v a l u e  is e q u a l  to t he  vo l t age  m e a s u r e d  b e t w e e n  
the  g e r m a n i u m  and  a c a lome l  e lec t rode .  No  c u r r e n t  f lows t h r o u g h  the  in te r face .  
A n e w  s t a t i ona ry  s ta te  is ob t a ined  in a f e w  m i n u t e s  a f t e r  t he  p H  has  b e e n  
changed .  The  r a n g e  of su r face  po t en t i a l s  c o v e r e d  is 360 inv.  

M a n y  t r ans i s to r  p rope r t i e s  d e p e n d  on the s ta te  of 
c h a r g e  of t he  s e m i c o n d u c t o r  surface,  c h a r a c t e r i z e d  by  
the  su r face  po ten t ia l ,  -I,s. W h e n  i t  is de s i r ed  to v a r y  
,I,~, the  e lec t rons ,  o r  holes,  m u s t  be  i nduced  to l e a v e  
t h e  s e m i c o n d u c t o r  b u l k  to occupy  s ta tes  w h i c h  h a v e  
been  m a d e  access ib le  in t he  ex te r io r ,  by  chemis t ry ,  fo r  
example .  A n  i l l u s t r a t i v e  case  is f ound  in t he  j u n c t i o n  
b e t w e e n  in t r ins ic  and  doped  g e r m a n i u m ,  w h i c h  e x -  
p la ins  t he  p r inc ip les  of the  n e w  me thod .  

F i g u r e  l a  shows  an  e l ec t ron  e n e r g y  l e v e l  d i a g r a m  
of bo th  par t s  of the  j u n c t i o n  be fo re  con tac t  is made .  
No excess  c h a r g e  is p resent ,  and  the  h a t c h e d  con-  
duc t ion  b a n d  and  t h e  c r o s s - h a t c h e d  va l ance  b a n d  a re  
c o m p l e t e l y  s t ra ight .  T h e r e  is a d i f f e rence  of  F e r m i  
po ten t i a l s  ~i - -  Cn b e t w e e n  the  in t r ins ic  and  n - t y p e  
m a t e r i a l  (1) g i v e n  b y  

~bi~ ~n : fl log (n/nO [I] 

fl = 2.30 kT/q [2] 

in w h i c h  /9 = 60 m y  at  r o o m  t e m p e r a t u r e ,  k is the  
B o l t z m a n n  constant ,  T the  abso lu te  t e m p e r a t u r e ,  a n d  
q the  abso lu te  e l ec t ron ic  charge .  T h e  c o m m o n  loga -  
r i t h m  is e m p l o y e d  t h r o u g h o u t  th is  paper .  The  v a l u e  
n, w h i c h  is g i v e n  by  the  dop ing  leve l ,  is t he  f r e e  
e l ec t ron  c o n c e n t r a t i o n  in  t he  conduc t i on  b a n d  and  ni 
is the  specific v a l u e  for  p u r e  g e r m a n i u m :  ni ~ 1013/ 
cm 3. W h e n  t h e  d o p a n t  concen t r a t ion ,  riD, equa l s  1017/ 
cm 3 the  d i f fe rence  of  F e r m i  po t en t i a l  amoun t s  to 240 
my.  A f t e r  con tac t  is m a d e  the  e lec t rons  of t he  n - t y p e  
m a t e r i a l  w i l l  cross t he  b o u n d a r y  in to  t he  r e g i o n  w i t h  
t he  l o w e r  F e r m i  leve l .  1 As  t h e  e l ec t rons  c a r r y  a 
charge ,  a doub le  l a y e r  is bu i l t  up  at  t he  i n t e r f a c e  
Which d i scourages  f u r t h e r  crossings.  E q u i l i b r i u m  is 

1 When a tenfold increase of the concentration of the electrons in 
the conduction band is introduced the Fermi level is raised by 60 
mev and  the  F e r m i  p o t e n t i a l  is  l o w e r e d  b y  60 mv according to the 
definition given in Fig. 1. 

Reference level 

~o~ I 24o~v 

i-Ge n-Go 

B e f o r e  con tac t  z'-Ge ,14 n -Go  

a) b) 
Fig. 1. Energy band diagram of the junction between intrinsic 

and n-type germanium, illustrating the principle of the surface 
stabilization method. 

es t ab l i shed  w h e n  the  d r i v i n g  fo rce  of  t he  e lec t rons  
and  holes,  F(e-)  = - - q g r a d r  becomes  zero.  T h e  
w i d t h  of the  space c h a r g e  is g r e a t e r  in  t he  m a t e r i a l  
w i t h  t he  l o w e r  c o n c e n t r a t i o n  of m o b i l e  c h a r g e -  
ca r r ie r s ,  t ha t  is in t h e  in t r ins ic  g e r m a n i u m .  A c c o r d -  
ingly ,  mos t  of the  d rop  in  t he  e lec t ros ta t i c  po ten t ia l ,  ,I,, 
is f ound  on this  side of the  junc t ion ,  as is s h o w n  in  
Fig.  lb.  To a good a p p r o x i m a t i o n  the  i n t e r f a c e  p o t e n -  
t ia l  ,t's equa l s  t h e  o r ig ina l  d i f fe rence  of F e r m i  p o -  
t en t i a l s  

~I, s = # log  (n/ni) [3] 

W h e n  the  dop ing  is v a r i e d  f r o m  1017/cm 3 of  sha l low 
accep tors  to the  same  dens i t y  of  sha l l ow  donors ,  -I-s 
can  be  v a r i e d  f r o m  --240 to +240  inv.  2 

This  p r inc ip l e  is app l i cab l e  n o t  on ly  to h o m o j u n c -  
t ions b u t  also to he t e ro junc t ions .  F r o m  t h e  po in t  
of v i e w  of a r e s e a r c h  tool  i t  is i n t e r e s t i n g  to h a v e  a 
j u n c t i o n  b e t w e e n  a sol id and  a l iquid ,  because  t h e  
l a t t e r  can  be  doped  at  r o o m  t e m p e r a t u r e .  I n  th is  
case  a con t inuous  v a r i a t i o n  of "I,s can  be  ach ieved ,  p r o -  
v i d e d  the  F e r m i  l e v e l  of the  l iqu id  can  be  con t ro l l ed .  
In  th is  p a p e r  t he  g e r m a n i u m / w a t e r  j u n c t i o n  is s tud -  
ied, and the  pos i t ion  of  t h e  F e r m i  l e v e l  in  the  l a t t e r  is 
d i scussed  next .  

I t  is i n t e r e s t i n g  to s tudy  w a t e r  f r o m  the  po in t  of 
v i e w  of c o m p o u n d  s e m i c o n d u c t o r s  (2) w i t h  a poss ible  
d e v i a t i o n  f r o m  s t o i c h i o m e t r y  and  a l l o w i n g  fo r  m o b i l e  
centers .  A t  r o o m  t e m p e r a t u r e  no f ree  e l ec t rons  and  
holes  a re  p re sen t  in wa te r .  I t  is a w i d e - g a p  s e m i -  
c o n d u c t o r  in w h i c h  the  bands  can  be  d i s regarded .  As  
is t he  case  in  a l l  w i d e - g a p  compounds ,  t h e  pos i t ion  of  
t h e  F e r m i  l e v e l  m u s t  be  s tab i l i zed  b y  p a r t i a l l y  f i l led 
e l ec t ron  states.  Pu re ,  s to i ch iomet r i c  w a t e r  a l r e a d y  
con ta ins  c h a r g e d  defects ,  h y d r o x y l  ions, O H - ,  a n d  

h y d r o g e n  ions, H + or  OH~ +. T h e s e  de fec t  pa i r s  a r e  
c r ea t ed  by  p r o t o n  e x c h a n g e  b e t w e e n  two  n e i g h b o r i n g  

Two di f ferent  def in i t ions  of the surface or i n t e r f a c e  p o t e n t i a l  
are commonly employed. First, ~s is  de f ined  as  the  d i f f erence  o f  the  
electrostatic potential at the surface or interface and the n eu tra l  
bulk. Second, ~s can be def ined  as  the  d i s tance  b e t w e e n  th e  m i d -  
g a p  position xFl a n d  the  F e r m i  potent ia l ,  as  s h o w n  in  Fig .  1. In  
the  e a s e  o f  in tr ins ic  g e r m a n i u m  b o t h  def in i t ions  are  ident ica l .  

-- -- I~ + donor 

H H 
OH OH 

[] 
OH OH 

O H : ~  ?--  -- OHa + donor 

. . . .  _ . _  

O H ~  v_ m OH o acceptor 

Cl- ~ acceptor 

Fig. 2. Interpretation of hydrogen and hydroxyl ions in water 
in terms of defect electron-donor and electran-acceptor levels. 
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water  molecules. In Fig. 2, a somewhat  artificial ap- 
proach is given. Suppose that  this t ime more  energy 
is spent and a neut ra l  hydrogen atom is t ransferred 
f rom one water  molecule  to an adjacent  one (3). Two 
free radicals are formed, OH and OHs, of which the 
former  defect shows a hydrogen deficiency with  as- 
sociated e lec t ron-acceptor  character,  whereas  the 
lat ter  has an excess of hydrogen with  a resul t ing elec-  
t ron-donor  character.  As the donor level  is s i tuated 
above the acceptor level,  both defects become charged 
by a simple electron transfer.  

If  the Fe rmi  level  is to be stabilized in the vicini ty 
of the O H -  level, both OH and O H -  groups must  be 
present. The free radicals can be introduced in as- 
sociated form as hydrogen peroxide. When the pref-  
erence for association is marked,  few free radicals 
will  exist  even  when  the peroxide concentrat ion is 
considerable. Yet the OH concentrat ion is quite stable 
as a result  of buffering by the peroxide. Suppose two 
electrons f rom the germanium were t ransfer red  to two 
OH groups, giving two O H -  groups, then dissociation 
of the peroxide wil l  replenish the lost free radicals. 
When r is the par t icular  potential  at which the 
Fermi  level  coincides wi th  the O H -  level,  the Fe rmi  
potential  is given by 

~boH-- - -  r = ~ log [ O H - ] / [ O H ]  [4] 

At a constant [H202] or [OH], the Fermi  potential  can 
be varied by means of the pH. 

Assuming, for the moment,  that  no chemical  re-  
action occurs be tween  the germanium and the electro-  
lyte, the situation at the interface is given in Fig. 3. 
On the le f t -hand  side of Fig. 3a the semiconductor  is 
represented by the conduction and valence band, 
which are the al lowed states for free electrons and 
holes. The bands are curved as a resul t  of a space 
charge. In the solution the electron levels have been 
l imited to the defect  donors and acceptors. Some space 
charge is also present  on this side of the junction, but  
it is assumed that  the var ia t ion of ,I, in the  solution 
can be neglected. Thus all O H -  states are at the same 
level. The Fermi  potentials are equal  on both sides, 
as only electron exchange was supposed to occur. The 
value of "I's is completely  determined by [H202] and 
pH. What  happens when the pH is increased by one 
uni t  is shown in Fig. 3b. According to [4] the Fe rmi  
level  in the electrolyte is raised by 60 mev, or the 
Fermi  potent ial  lowered by 60 mv. Then ,t's is bound 
to increase by 60 mv  as well. Thus the surface poten-  
tial will  va ry  by 60 mv per pH unit. 

In Fig. 3 it is assumed that  a calomel electrode with  
a saturated salt bridge is also present  in the solution. 
This electrode exchanges C1- ions wi th  the electrolyte  
and as [CI - ]  is kept constant by the salt bridge, the 
position of the Fermi  potential  in the metall ic lead, 
denoted by r (cal),  is invar iant  to the pH. The cell 
vol tage is equal  to the difference of the Fermi  po- 
tent ial  of the germanium and of the lead to the calo- 
mel  electrode. Therefore  it varies by 60 my per pH 
unit, wha teve r  the type of the germanium. Provided  
the variat ions of ,I, are restr ic ted to the germanium,  
the surface potent ia l  and the cell vol tage obey the 
same Nerns t  law theoret ical ly  and the measured 

. . . .  ~o T -  

- -  - '-A'- ~Ca ' /  ' , v  r .  

n u -  I const. - - "  ~" -~Ucal  
~ ~ ~ n L j - I c o n s t .  

i - G e  g~ e lect ro ly~e 

a) b) 
Fig. 3. Energy level diagram of the junction between germa- 

nium and water; (a) and (b) are distinguished by a difference in pH 
values of one unit. 

voltage should be a direct measure  of ,I,s. The l imita-  
tions of this re la t ion wil l  be discussed later. The  va r i -  
ation of ,I,s wi th  the pH is the result  of an exchange 
of electrons 

e -  (Ge) + OH ~ O H - ,  or 2 e -  (Ge) + H202,~ 2 O H -  
[5] 

The introduction of the peroxide leads to a devia-  
tion f rom stoichiometry in the water ,  resul t ing in an 
excess of acceptors over  donors. The pH can be var ied  
by addition of acids, such as HC1, and bases, such as 
KOH. In the presentation, given in this paper, ttC1 can 
be considered to be an associate of a ve ry  energetic 
electron-acceptor ,  CI - ,  and a defect donor, OH3 +, 
which have exchanged an electron. In a s imilar  way  
KOH is an associate of an energetic donor, K + and a 
defect  acceptor, O H - .  Nei ther  HC1 nor  KOH is able to 
disturb the balance of donors and acceptors. 

Experimental 
In order to check the theory  given so far, the re la -  

t ion between the surface potent ial  "I's and the ger-  
man ium/ca lomel  voltage has to be invest igated as a 
function of the pH. A convenient  way to determine  
,!,s is to measure  the conduct ivi ty  of the germanium 
paral le l  to the interface with  the electrolyte.  This 
conduct ivi ty  can be va r i ed  when charge is t ransfer red  
f rom the semiconductor  to the solution. This can be 
done by vary ing  the pH of the solution, containing 
H202 and KC1 or by the field effect (20), in which an 
externa l  voltage is applied between the germanium 
and an electrolyte,  serving as a polarized field elec-  
trode. In order to evaluate  ,ks, a germanium electrode, 
which also serves as a conduct iv i ty  cell  ~, is put  into a 
solution together  wi th  a saturated calomel electrode 
with  salt bridge and a g lass -membrane  electrode. The 
voltage between the las t -ment ioned electrodes is a 
direct measure of the pH. The germanium conduct ivi ty  
cell is adapted to the van der P a u w  measur ing tech-  
nique (5). It  consists of a slice 0.4 mm in thickness 
wi th  (100) planes cut ul t rasonical ly into the shape of 
a Swiss cross with a central  area of 1 mm ~. After  
polishing and etching, four  tin contacts are al loyed to 
the bars on one side. The nonal loyed side and a 
Plexiglas  mould are cemented to a Teflon plate. Plastic 
insulated wires are pulled through holes in the mould 
and soldered to the contact. Then the mould  is filled 
with  a mix ture  of Araldi te  and a hardener .  Overnight  
the cell  is ready for remova l  f rom the greasy Teflon 
plate. The now exposed side of the slice is sl ightly 
ground, polished, and subsequent ly etched for 20 min 
in slow etch consisting of two equal  volumes of 0.5M 
KOH and 10M H202. The l iquid is gently st irred and 
in the end about 0.05 mm of germanium is removed.  
After  rinsing in deionized wate r  the  cell is ready to 
enter  the electrolyte.  As the conduct ivi ty  of in t r in-  
sic ge rmanium is ve ry  sensit ive to temperature ,  the 
la t ter  is kept constant to wi th in  0.02~ A two-stage 
thermostat  is employed in which the tempera ture  is 
measured with  intrinsic ge rmanium thermometers .  
The actual measur ing vessel consists of polythene and 
the solution is st irred by a magnet ica l ly  dr iven  cen-  
t r i fugal  pump made of Teflon. 

The circuit  in Fig. 4 is used for measur ing the con- 
duct ivi ty  of the van der Pauw cell. The lat ter  has four 
contacts: I1 and I2 are used as current  contacts and V1 
and V2 as voltage probes. Via the ga lvanometer  G of 
a Kipp micrograph this vol tage is compared with a 
constant voltage of 10 my. A control  system regulates 
the current  through the sample in such a way  that  the  
ga lvanometer  carries no current.  Any deviat ion f rom 
zero is amplified opto-elect r ica l ly  and the resul t ing 
signal is used to dr ive a servo motor which is coupled 
to two potentiometers,  one of which is normal ly  em-  
ployed for in ternal  feedback. This circuit  is discon- 
nected, but the spare potent iometer  P is connected to 
a battery.  As the sliding contact  moves  f rom posi- 

3 T h i s  c o n d u c t i v i t y  ce l l  e x c l u s i v e l y  s e r v e s  t h e  p u r p o s e  of m e a s -  
u r i n g  t h e  c o n d u c t i v i t y  of  t h e  g e r m a n i u m .  
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Prfnc. r - - - I ~ ,  . . . . . .  "~ 

Fig. 4. Circuit employed for the measurement of the surface 
conductivity of germanium. The insert explains the principle. 

t ion 0 to 100 the voltage over one par t  of the po- 
tent iometer  increases l inear ly  and from it a l inear  
current  source is derived by  means  of a large resist-  
ance R. The source feeds the cur ren t  contacts of the 
conductivi ty cell. Ful l -scale  deflection of the recorder 
corresponds to 100 ~ohm -1, inc luding the van  der 
Pauw geometry factor 0.221 for samples with fourfold 
symmetry.  A calibrated auxi l iary  circuit  Po, Ro ex- 
tends the range of the ins t rument  in  discrete steps of 
100 F, o h m - L  To avoid the customary d-c errors, a 
mul t iple  v ibra t ing- reed  switch $I serves as a com- 
muta tor  operat ing at a f requency of 3 c/sec. The van  
der P a u w  technique requires two independent  mea-  
surements  and a re lay S~ interchanges I1 and V~ 
every 30 sec. Three manua l ly  operated auxi l iary  cir-  
cuits are employed: B1 compensates the small  differ- 
ence of two consecutive readings which should be zero 
if the symmetry  of the sample is complete; B2 e l imi-  
nates the influence of parasitic emf dur ing  the first 
30-sec period, B3 dur ing  the second one to prevent  a 
3 c/sec nuisance-signal .  The conduct ivi ty as a func-  
tion of t ime appears as a trace of dots on the recorder. 
The pH and the germanium-ca lomel  voltage are re-  
corded simultaneously.  

It  is impor tant  to keep the measur ing  voltage as 
small  as 10 my, because this is much  smaller  than  
kT/q, so that  there are no rectification difficulties. In  
order to reduce a possible by-pass current  through 
the electrolyte, the contact area must  be l imited (6). 

Results 
The exper imental  relat ion between the ge rman ium/  

calomel voltage and the glass/calomel voltage which 
measures the pH, is given in Fig. 5. The electrolyte 
contains 0.01M H20~ and 0.1M KC1 and, in  order to 
facilitate the pH control, 0.002M acetic, phosphoric, 
and boric acid as buffers (4). The germanium is in -  
trinsic 50 ohm-cm material .  In  the range of pH values 
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Fig. 5. Voltage between SCE and gold, platinum, or germanium 
(horizontal axis) as a function of pH vs. a glass/calomel system 
(vertical axis). The electrolyte contains 0.01M H202 and 0.1M 
KCI. 

between 2 and 10 a straight l ine at an angle of 45 ~ is 
found and the ge rmanium/ca lomel  cell can be em-  
ployed as a pH meter  (7). With in  exper imental  error, 
2 ohm-cm n - type  and p- type  ge rmanium give the 
same voltage against  calomel. When the pH is cycled, 
in  the absence of H202, a scattering of up to 200 my  is 
found in the ge rmanium/ca lomel  voltage. Addit ion of 
H202 then invar iab ly  makes the germanium electrode 
more negative. When  the concentrat ion of H202 ex-  
ceeds 0.001M no fur ther  increase of the cell voltage is 
observed. Without  a high concentrat ion of KC1 the 
ge rmanium electrode becomes slow. A few minutes  
after the pH has been varied a new stat ionary voltage 
is measured, provided both H202 and KC1 are present  
in sufficient amounts.  S t i r r ing  the l iquid has no ap- 
preciable effect on the measurements .  At  pH > 10 
the germanium/ca lomel  voltage becomes unstable.  

Simul taneously  with the emf measurements ,  the 
conductivi ty of the 50 ohm-cm germanium cell has 
been determined and the result  is plotted in Fig. 6. 
The tempera ture  has been kept  at 25 ~ 1 7 7  0.02~ Four  
series of measurements  were  made in  a single day, 
a l ternate ly  in  the direction of increasing and of di-  
minishing pH values. In  order to check the influence 
of paral lel  conduct ivi ty  through the electrolyte, two 
conductivi ty cells of the type described in the Ex-  
per imenta l  section were employed, one cur ren t  and 
one voltage probe of each being connected to the mea-  
sur ing equipment,  so that  the current  had to pass 
through the electrolyte. The by-pass  conductivi ty was 
found to be negligible in the acid and neut ra l  ranges, 
but  not  ent i rely so in  the a lkal ine  region. Uncer ta in ty  
of geometrical factors did not allow for a correction 
of the conductivit ies presented in Fig. 6. Genera l ly  
it is found that  reproducibi l i ty  is best in  the acid and 
neut ra l  regions. The l iquid was always st irred dur ing 
all experiments.  

F ina l ly  the following exper iment  was performed: 
in addit ion to the ge rmanium and the calomel elec- 
trode, a gold and a p la t inum electrode, both sand- 
blasted, were inserted into the same solution, and the 
voltage against calomel as a funct ion of the pH is 
also given in Fig. 5. The measur ing  points of both 
noncorroding electrodes almost coincide, bu t  a near ly  
constant  difference of some 800 mv  is observed with 
respect to germanium. The same insensi t ivi ty  to the 
peroxide concentrat ion is present  both in the ger- 
man ium/ca lomel  and  gold/calomel cell (8). 

A very slow etching of the germanium occurs when 
it is in contact with the solution employed, which is 
greatest at a lkal ine  pH values. The etching rate can 
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Fig. 6. Experimental relation between the germanium/calomel 
voltage (horizontal axis) and the surface conductivity of the 
germanium (vertical axis). Theoretically, the horizontal axis is 
also a direct measure of the surface potential, ~s,  and of the pH. 
The theoretical relation between surface conductance and sur- 
face potential is shown by the solid curve. 
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be judged from the var ia t ion  of the conductivi ty of 
the cell with time. In  the range of pI-1 values between 
2 and 8 no conductivi ty variat ions can be detected in 
an 8-hr period when  intr insic  germanium is employed, 
but  the sensit ivity is increased by a factor 25, when 2 
ohm-cm n -  or p- type  mater ia l  is used. 

Discussion 
The simple theory of a passive ge rmanium/e lec t ro -  

lyte junc t ion  seems to explain the main  exper imental  
results. When both HeO2 and  KC1 are present, the 
ge rmanium/ca lomel  voltage varies by 60 mv per pH 
uni t  as predicted. When  H202 is not  present, the sys- 
tem is so poorly defined that  no reproducible  voltages 
can be measured unless extreme precautions have 
been taken (9). Even then the si tuation at the elec- 
trode is confused. 

According to the model presented in this paper, 
the surface potential  't's should show the same var i -  
ations with pH as the cell voltage. The theoretical  
conductivi ty contr ibut ion along the interface from 
the surface layer  of the germanium,  bG, is determined 
by the bu lk  doping and the surface potential  ,I's. This 
relation between bG and ,I-s is plotted in Fig. 6, as- 
suming that  the bu lk  mobilities, ~n = 3740 cm2/vsec 
and ~p ~ 1870 cm2/vsec, are still valid at the surface 
(10). The fit of theoretical and exper imental  8G vs. 
cell voltage curves is quite satisfactory. 

The assumption of a passive germanium/e lec t ro ly te  
junc t ion  is in contradiction, however, with other ob-  
servations. When the germanium is in contact with 
oxygen-free  water, no reaction occurs but, as soon as 
oxygen gas is admitted, the etch rate is finite (11). 
Such a slow etching rate is also found when  H202 is 
present  in the solution. When H202 is added to a 
H202-free solution, theory predicts a lowering of the 
Fermi  level in the electrolyte and a decrease of the 
germanium/ca lomel  voltage. In  the exper iment  the 
germanium becomes more negative. If ge rmanium be-  
haved as a passive electrode with respect to the H2OJ  
2 O H -  redox-couple, it should be possible to replace 
the germanium by  the noncorrosive gold or p la t inum 
electrodes without  change in the cell voltage. Ex-  
per imenta l ly  the germanium is roughly  800 mv  nega-  
tive with respect to either gold or plat inum. Ellipso- 
metric measurements  performed by Bootsma and 
Meyer (12) provide evidence of the existence of a 
t ransparen t  layer of a width of 30A at most, when the 
composition of the electrolyte is the same as in  the 
previous experiments.  

Theory and  exper iment  can be reconciled com- 
pletely when  it is assumed that  the germanium and 
the water, conta ining H202, react to give some form 
of oxide, say GeO2, in which the oxygen t ranspor t  is 
carried effectively by singly charged defects. In  that  
case it can be shown that  the resul t ing emf across the 
in termediate  layer  is independent  of the pH. Thus the 
Fermi  potentials on the germanium side and in  the 
electrolyte are main ta ined  at different levels. Pro-  
vided some l imit ing conditions are satisfied, the in te r -  
mediate layer does not  interfere  with the dependence 
of the ge rmanium/ca lomel  voltage and "I,s on the pH. 
The new situation at the interface is i l lustrated in 
Fig. 7a. The width of the oxide layer  is exaggerated 
with respect to the width of the space charge region 
in  the germanium.  Theoretical  t rea tment  of the oxide 
is discussed in  the next  section. 

So far, no ment ion  has been made of interface 
states. F rom the work of Mead and Spitzer (13) it is 
known that  at the ge rman ium/me ta l  interface the 
position of the Fermi  level is completely de termined 
by such states. If these states were also present  at the 
ge rmanium/so lu t ion  junct ion,  it would be impossible 
to change ,I,s. Oxidation of the germanium general ly  
reduces the n u m b e r  of surface states (14). An  in te r -  
face state density of 1012/cm 2, when  charged, gives a 
drop of about 30 my across a layer  30/k in  width. Thus 
the surface stabilization is insensi t ive to interface 
states, provided their  concentrat ion is low enough. 
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Fig. 7(a). Germanium/oxide/water: as a result of reaction be- 

tween HzO2 and germanium, a difference in Fermi potentials is 
maintained across the oxide. Fig. 7(b). Force acting on various 
possible defects; all force vectors are equal. 

Often Cu 2+ ions in the solution are troublesome, but  
when H202 is present  and pH ~ 8, the Fermi  level 
is very low and the copper ions remain  in the doubly 
charged state (15). 

When I-I + or O H -  groups can be desorbed a pH 
dependent  var iat ion of ~I, is to be expected in  the 
electrolyte, contrary  to what  was assumed. The ex-  
per iments  give no evidence of such a desorbtion in  
the range 3 < pH < 8. 

I n te rmed ia te  Layer 
In the previous section, a rguments  were put  forward 

for the existence of an in termedia te  layer. Litt le is 
known about its composition, but  first the composition 
GeO2 will be assumed, though the conclusions to be 
d rawn are not  restricted to this compound. 

Wagner, Schottky, and Hauffe have given a theory 
of oxidation (16), which can also be applied to the 
germanium/oxide /e lec t ro ly te  system and can explain 
the emf across the oxide. A very simplified version of 
the reaction 

Ge + 2H202 ~-- GeO2 4- 2H~O [6] 

is given in Fig. 8. In this diagram the following phases 
are represented from left to right: Ge, GeO2, and H20, 
containing H202 as an additive. The difference be- 
tween the upper and middle row of the diagram is a 
simultaneous displacement to the left of all oxygen 
atoms in the oxide plus two borrowed from the per- 
oxide. Thus an additional layer of oxide is created. At 
the same time chemical energy is consumed. As such 
a simultaneously motion of atoms is unrealistic, de- 
fects that wilt do the job more efficiently must  be 
found such as, for instance, interst i t ial  oxygens Oi 
and oxygen vacancies Vo. When two Oi particles t ra-  
verse the oxide completely an addit ional  layer  is 
formed. A continuous creation of Oi particles occurs 
according to the reaction 

2H202 r 4 OH ~ 2H20 4- 2 0 i  [7] 

I :ool , oo o 
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(:ooooo9 [o o o 
Ge Ge Ge Ge Ge IN H H H H H 

Semic. + Oxyde 7"J" Electrol. + H 2 0 2 
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Ge Ge Ge Ge Ge H H H H H 

Fig. 8. Upper and middle parts: schematic growth of the in- 
termediate layer; simultaneous motion of oxygen is involved; 
lower part: growth of the oxide is the result of defect transport. 
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and annihi la t ion in accordance with 

2 Oi + Ge ~ GeO2 [8] 

Although no equi l ibr ium exists between both ex- 
tremes of the oxide, a local equi l ibr ium can be ex-  
pected if the diffusion of defects through the layer  is 
the ra te - l imi t ing  process. Then  the concentrat ion of 
interst i t ials  is constant  at the ge rmanium/oxide  in te r -  
face (2) and proport ional  to the peroxide concentra-  
tion at the oxide/electrolyte interface (1). Because the 
density of interst i t ials  is greater at side (1) than  at 
the opposite side, a diffusion of these particles toward 
the germanium occurs. The driving force is given by 

F(OD ~- - -q  grad ~ log [Oi]/No -~ --q grad ~ [9] 

in which No is a t empera ture -dependent  constant, 
and the ident i ty  gives a definition of n. The loss of 
chemical energy resul t ing from the motion of the Oi 
particles in the force field F(Oi) could be el iminated 
if an Oi were forced to take up an electron at (1), 
which could be yielded at a higher Fermi  potential  at 
interface (2). The electron, temporar i ly  t rapped at 
the interstit ial ,  has to be conveyed against  the gradi-  
ent of the Fermi  potential. This means that a com- 
plete balance of forces can be obtained, as is i l lus- 
trated in  Fig. 7b. The mean force, acting upon Oi- ,  is 
given by  

F ( O i - )  = - -q  grad ( n - -  r = 0 [10] 

because the major i ty  of the mobile charge-carriers  is 
of the type Oi -  and no current  is allowed to flow in  
the stat ionary state. Integrat ion of [10] yields 

~(1) - -  r ---- ~(1) - -  ~(2) [11] 

As the values of ~(1) and ~(2) are given by the local 
equil ibria  [7] and [8], the emf across the oxide de- 
pends on the hydrogen-peroxide concentrat ion only, 
and not on the pH. As required, the emf is the resul t  
of a finite force, acting over a finite distance. A stable 
voltage across the oxide can only be expected when  
one kind of charged defect is present,  such as Oi -  
and its associated particle Vo +. The lat ter  need not 
be treated separately as it gives the same result  as 
Oi-  and also obeys the same electrochemical poten- 
tial as Oi- .  

So far, special assumptions have been made as to 
the composition of the in termediate  layer and the 
dominat ing type of charged defect, bu t  the conclu- 
sions can be generalized. As long as the Fermi  level 
in the electrolyte is stabilized by the H202 and the 
pH, the emf across the layer  wil l  be constant  and the 
germanium/ca lomel  voltage wil l  always vary  by  60 
mv per pH unit. In  the most general  case the layer 
consists of GeOmHn and the dominat ing  defects are 
given by (OpHq) r -  and (GeOm-pHn.q) r+. At the in ter -  
face with the germanium the negative defects are 
discharged and they should form a new layer  ac- 
cording to 

2p/m Ge ~ 2 (OpHq) r -  ~ 2p/m GeOmHn + 2r e -  (Ge) 
[12] 

provided p /q  ~ m/n .  The generat ion of negative de-  
fects proceeds by the reaction 

2r OH-2-~ (2p-q-r)  H202 ~ 2 (OpHu) r -  + 2 (p-q)  H~O 
[13] 

and the total reaction of the germanium/ca lomel  cell 
reads 

2r e -  (Ge) ~ 2p /m GeOmHmq/p -]- 2r C1- 
2r Hg ~ 2 (p-q)  H20 ,~ 2r e -  (Hg) W r Hg2C12 

2p/m Ge -b 2r O H -  -~ (2p-q-r )  H202 [14] 

Because the coefficient of the electron terms and of 
the O H -  is the same, the cell voltage varies by  60 my  
per pH unit ,  as long as only one type of charged de- 
fect dominates the layer. More complicated relations 

are found when several  consecutive regions are pres-  
ent in  the layer, each of which is dominated by  a dif- 
ferent  type of charged defect. 

Another  interest ing point is the coefficient in front  
of the H202, which can be positive, negative, or zero, 
according to whether  H202 is consumed, produced, or 
not necessary at all. 

When the concentrat ion of electrons in the ger-  
man ium conduction band is kept  constant  at the sur-  
face by artificial means  and ~ can vary  in  the in te r -  
mediate layer  only, the var ia t ion  of this drop of -I, 
across it will  always be 60 mv  per pH unit .  This is 
the case when  the ge rmanium bands are kept flat 
by means of a voltage applied between the germa- 
n ium and the calomel electrode. 

The insensi t ivi ty  to the high-level  concentrat ions 
of hydrogen-peroxide can be explained in two ways. 
It  is possible that  the oxide/solut ion interface is cov- 
ered completely by OH groups. Then, according to [7] 
and [11] the emf is independent  of [H202], as [4] is 
required at the solution interface only. In  the solution, 
K + and C1- keep ~I, constant, and r is no longer of 
any  interest. An al ternat ive  is excess of the deviation 
from the stoichiometry u l t imate ly  possible in water, 
which would lead to the formation of a second phase, 
oxygen gas. 

Relation to Other Work 
No surface stabilization work on germanium sim- 

ilar to that  described in this paper has so far come to 
the notice of the author. A letter has been published 
on silicon, however  (18). Three objections can be 
raised to the work referred to in this letter. (a) The 
electrolyte was doped by Ce 4+ at pH ~ 0, but  a well-  
defined Fermi  level requires both Ce 4+ and Ce 8+ in  
fixed concentrations. The Ce 4+ state, however, is es- 
sential ly unstable  and decays into Ce 3+ such that  a 
sufficient constant  ICe ~+ ] will  no doubt have been 
obtained to suggest greater stabili ty than the results 
turned out to have. (b) Then the si l icon/calomel 
voltage and ~I,s must  be expected to vary  by 60 my  
for every tenfold increase of ICe4+]. This is cer tainly 
not in accord with the exper imental  results presented 
in the letter. (c) Final ly,  the measured emf was given 
as depending on the doping of the silicon, in contra-  
diction to theory in  general  (19). 

A number  of studies have been made of the ger- 
manium/e lec t ro ly te  interface (20) in  which an ex-  
te rna l  voltage is applied between the germanium and 
the calomel electrodes. The position of the Fermi  level 
in  the electrolyte is never  stabilized in  these experi-  
ments, although anodic polarization prior to the mea-  
surements  might  lead to short- l ived stabi l i ty  at the 
interface. The surface potential  is either derived from 
capacity measurements  or from conduct ivi ty experi-  
ments. It  is possible to determine the applied germa-  
n ium/ca lomel  voltage at which the bands are flat. 
When this voltage is plotted as a funct ion of the pH 
of the solution, a var ia t ion of 60 my  per  pH uni t  is 
found. As the semiconductor is kept space-charge 
free, some sort of double layer  must  be present  at 
the germanium/so lu t ion  interface, and the drop of 
,P across it is pH-dependent .  As the total variat ion of 
the applied voltage necessary for flat bands is 480 my, 
a drop in ~ of at least 240 mv has to be explained. 
None the less, electrokinetic measurements  reveal bu t  
small  fields in the electrolyte (21). I t  is known that  
anodic oxidation forms quite substant ia l  layers, ex-  
ceeding 100A in  a s trongly alkal ine solution (22). 
This can be understood, for the compensation current  
can flow through the external  circuit and the charged 
defects can be t ransported without  opposing fields. 
The exper imental  results can be explained by an in -  
termediate layer  as the carrier  of the double layer. 
As the efficiency of the oxide growth at higher vol t-  
ages is only a few per cent, the greater part  of the 
conduction through the oxide must  be of electronic 
nature.  Then the discharge of O H -  groups could re-  
sult in the local format ion of H~O2 temporari ly.  Im-  
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mediately after cessation of the anodic polarization 
the reaction 

H 2 0 2  -5 2 O H -  ~ 2 Oi-  -5 2 H20 [15] 

results in [Oi-]  ~ [OH- ] .  It is clear that  such a 
proport ionali ty will  also be obtained after a mild 
cathodic t rea tment  but  the ratio [ O i - ] / [ O H - ]  will  
be much smaller. At the ge rmanium/ox ide  interface 
a local equi l ibr ium is established by the reaction 

Ge -5 2 0 i -  ~ GeO2 -5 2 e-  (Ge) [16] 

and when the bands are kept flat or the value [e- 
(Ge)] is constant [Oi-] is also constant. Both dif- 
fusion and an electric field act on Oi- and the mean 
force F (Oi-) equals 4 

F(Oi-) -~ --q grad (~ log [Oi-]/Ni -- "If) [17] 

where Nt is a temperature-dependent constant. When 
the current flow in the fiat-band condition can be 
neglected F(Oi-) ---- 0 and the drop of ,I- across the 
oxide varies by 60 mv per pH unit according to [17]. 
This voltage also depends on the type of pretreat- 
ment, cathodic or anodic. Again the case can be gen- 
eralized to an arbitrary type of layer and defect. It 
is not sufficient that [17] is obeyed for, if the drop 
of ,I, is 240 mv, a certain space-charge carrying ca- 
pacity is required. Excluding interface states, for the 
moment, it is possible to calculate the density of 
singly charged defects necessary at the interface with 
the electrolyte as a function of the width of the layer. 
In the case of accumulation of Oi- the Poisson-Boltz- 
mann equation gives the following approximate re- 
suit (23) 

[Oi-  (o) ] / [Oi(x) ] = ( L + x )  2/L2 [18] 

where x is the distance from the electrolyte/oxide 
interface and L is the Debije-Hiickel  screening dis- 
tance for a fiat geometry. This L is inversely propor-  
t ional to the square root of [ O i - ( o ) ]  and when the 
lat ter  is 1019/cma, L ~ 10A. The product of these 
quanti t ies gives the number  of electronic charges per  
square cent imeter  present  in the space charge layer, 
1012/cm 2 in  this case. At a distance x = 100 L = 
1000A, [ O i - ( x ) ]  has decreased by a factor 104 and a 
drop of about 240 mv is present  across the oxide. 

The 240 mv  drop can also be explained by a den-  
sity of surface states of 1012/cm2 at the g e r m a n i u m /  
oxide interface bu t  such states, if fast enough, would 
cause anomalous capacitance vs. Cs curves and gen-  
erally these anomalies are absent  in the experiments.  

If no in termediate  layer  were present, interface-  
state densities of 1013/cm 2 would be needed and very  
high fields would be the result. There seems to be a 
general  rule in na ture  that  intermediate  compounds 
are formed whenever  the field s trength at a junct ion  
becomes too high, because the mismatch of both Fermi  
levels is excessive. A n u m b e r  of examples can be 
found. When two metals with a large difference of 
work functions are brought  together an in termediate  
intermetal l ic  compound is formed which init iates al-  
loying. A p -n  junc t ion  in germanium, in which Li is 
employed as a donor, tends to bui ld up an  in te rme-  
diate phase of intr insic germanium (24). The in ter -  
mediate layer of the germanium/e lec t ro ly te  system is 
another example. 

When a comparison is made between the work de- 
scribed in  ref. (20) and this paper, the conclusion 
must  be d rawn that only in the presence of H 2 0 2  and 
KC1, the charge exchange between the germanium 
and the solution is intense enough to give a wel l -de-  
te rmined electrode potential  and  only in  this case a 
chemical stabilization of ,I,s can be obtained. 

Conclusions 
A chemical control of the surface potential  of ger-  

man ium can be obtained with a ge rman ium/wa te r  

4 Equation [17] is compatible with [10]. 

junction,  when  the lat ter  contains sufficient H202 and 
KC1 and the pH is stabilized. When the pH is varied 
both the surface potential  and the voltage of the cell 
ge rmanium/ca lomel  change by 60 my  per pH unit.  No 
cur ren t  flows through the interface. The range of 
surface potentials covered is 360 mv. The g e r m a n i u m /  
calomel voltage is a direct measure  of the surface po- 
tential.  Extreme cleaning procedures are e l iminated 
by buffering all essential concentrations.  
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ABSTRACT 

Films of ge rmanium have been grown on single crystal spinel, MgA1204 
grown with excess A1203, via the pyrolysis of germane,  GeH4. The films were 
single crystal when the growth tempera ture  exceeded 500~ but  contained a 
high degree of twinning,  strain, and grain boundaries.  F i lm thicknesses have 
ranged from 0.2 to 49 ~m. The electrical properties of films grown on (100) 
and (111) spinel have been measured as a funct ion of growth temperature.  
The Hall  mobil i ty increased with increasing growth temperature,  up to growth 
temperatures  of about 750~ where island growth began. Mobilities of the 
order of 300 cm2/vsec have been obtained in 7~ thick films. The acceptor con- 
centrat ion increased as the growth temperature  decreased, and  this increase 
in acceptor concentrat ion has been at t r ibuted to increased defect density, the 
defects acting as acceptors. The growth rate of the films was found to increase 
with increasing growth tempera ture  with an activation energy of 47.5 kcal /  
mole. The films and substrate were deformed after growth due to the differ- 
ent coefficients of thermal  expansion between ge rmanium and spinel and this 
deformation has been used to est imate that the films were under  a compres- 
sive stress of about 109 dynes /cm 2. The deformation of Ge on spinel is not as 
great as Si on spinel or sapphire reflecting both the closer match in coefficients 
of thermal  expansion and the decreased tempera ture  change from growth tem- 
pera ture  to room temperature.  

Prompted by the usefulness of epitaxial  s i l icon-on- 
sapphire films in the fabrication of MOS transistors 
(1), the deposition of germanium films on sapphire 
substrates by chemical vapor t ransport  has been s tud-  
ied (2). German ium has been epitaxially grown on 
germanium substrates via the pyrolysis of germane, 
GeH4 (3). The growth of germanium from germane 
has the advantage of being compatible with the  use 
of gaseous hydrides such as arsine, phosphine or di-  
borane as controlled doping agents. In  this paper the 
growth of single crystal  layers of ge rmanium on 
spinel, MgA1204 ~ excess A1203, is reported using the 
pyrolysis of germane. Electrical and mechanical  prop- 
erties of the germanium layers were measured and 
are reported. The ge rman ium-on-sp ine l  system was 
chosen to take advantage of the closer match of co- 
efficients of thermal  expansion as compared with the 
match be tween silicon and sapphire or spinel. F u r -  
thermore, because the growth tempera ture  is lower, 
the strain produced on cooling from growth temper-  
atures to room temperatures  should be less. Instead 
of sapphire, spinel was chosen as the substrate since 
it is a cubic mater ia l  and less lattice mismatch can be 
expected than for sapphire. The use of spinel as a 
substrate for the epitaxial  growth of silicon has been 
reported (4), and the high qual i ty of these silicon 
films prompted the use of spinel as a substrate for 
the ge rmanium growth. 

Experimental Techniques 
The germanium films were  grown in a vertical  re- 

action chamber  similar  to the horizontal  chamber  
previously described (3). The substrate, on a suscep- 
tot  of si l icon-carbide coated graphite, was heated by 
R-F  induction. The walls of the growth chamber  were 
kept  cool to prevent  deposition of germanium on the 
walls. The germane was diluted with hydrogen from 
a pal ladium diffuser to about 0.03% by volume of ger- 
mane in hydrogen. The flow of the hydrogen was suffi- 
cient to assure turbulence  in the reaction chamber. 
Provisions were made to supply diborane, arsine, 
and phosphine to the gas stream for doping of the 
germanium. 

The spinel  was flame fusion magnes ium a luminate  
grown with excess A120~ to produce boules with 
MgO:A1203 ratios between 1:2 1/2 and 1:3 1/2. The 
boules were oriented, cut, and mechanical ly polished 
to a scratch-free surface. Both (111) and (100) ori-  
entations have been used. Pr ior  to growth the spinel  

wafer was prefired in  hydrogen for 10 min  at l l00~ 
This t rea tment  removed a major  portion of the work 
damage resul t ing from the mechanical  polishing op- 
eration without  leading to exsolution of the excess 
A1203 in  the spinel (5). Growth rates were varied 
from 0.1 to 3 ~m/min  by either varying the ratio of 
GeH4 to H2 or by varying  the growth temperature.  
The electrical properties of the films appeared to be 
relat ively insensi t ive to growth rate for growth rates 
between 0.3 and 1 ~m/min.  

The films were grown at temperatures  between 
400 ~ and 900~ The tempera ture  was measured by 
either optical or inf rared pyrometer  focused on the 
substrate and sui tably corrected for emissivity and 
absorption (6, 7). The films grown at temperatures  
below 500~ were polycrystal l ine as determined by 
the presence of rings in Laue back reflection patterns. 
Above 500~ the r ing pat tern gave way to a spot 
pa t te rn  with the presence of stress, twinning,  and 
grain boundaries  becoming evident. Subgrain  bound-  
aries in the substrates were replicated in the ger- 
man ium films and were visible optically as regions 
differing slightly in reflectivity. Above 750~ the for- 
mat ion of unconnected islands of germanium was ob- 
served and, while  those islands observed microscop- 
ically appeared to be good single crystals, the films 
were often electrically discontinuous. The surface ten-  
sion of the films apparent ly  increased with increasing 
growth tempera ture  and increasing film thickness re-  
sult ing in the observed is land formation. (111) ger- 
m a n i u m  was grown on (111) spinel and (100) ger- 
man ium was grown on (100) spinel. A photograph of 
a 20 ~m thick film grown on (100) spinel is shown 
in Fig. l a  along with the etch pat tern  of this film 
after polishing and chemical etching as shown in  
Fig. lb. The Laue back reflection photograph taken 
on this film is shown in Fig. lc, where strain and 
misorientat ion are evident. Diffractometer measure-  
ments  have confirmed the single crystal na ture  of the 
germanium films. 

After  growth, the deformation of the film and the 
substrate was measured  using a light section micro- 
scope (8). A Hall  sample was delineated in  the film 
by masking and etching. The resistivity, Hall  mobil-  
ity, and film thickness were then measured. The film 
thickness was also measured in situ by infrared in ter -  
ference techniques. The carrier  concentrat ion was de- 
r ived from the Hal l  data us ing N -~ 1/p e ~ where N 
is the number  of free carriers, p is the resistivity, e is 
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Fig. lc, Laue back reflection photograph 

Fig. 1. A 20 ~m film of germanium grown on (100) spinel: Fig. 
la, photograph of the surface of the film. 

Fig. lb, Photograph of the film after polishing and chemical 
etching. 

the electron charge, and ~ is the Hall  mobility. The 
sign of the Hall  voltage was used to determine the 
film conduct ivi ty type. 

Exper imenta l  Results 
The growth rate  vs. growth tempera ture  was mea-  

sured using a constant  rat io of germane to hydrogen 
of 0.03% by volume. The films were grown at a con- 
s tant  flow rate of GeIq_~-H~ for a fixed time, and the 
thickness of the films was measured after growth. 
The growth rate was found to increase from 0.1 ~m/ 
min  at 575~ to 0.375 ~m/min  at 750~ as shown in  
Fig. 2. The activation energy associated with the 
growth has been calculated from the data of Fig. 2 
as 47.5 kcal/mole,  which lies between the zero order 
and first order reaction activation energies for the 
thermal  decomposition of GeH4 (9). 

The electrical properties of p - type  films grown on 
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(100) and (111) spinel  are shown in  Fig. 3. The mea-  
sured values of resist ivity and  mobil i ty  are shown in  
Fig. 3a and Fig. 3b, respectively, and values of ac- 
ceptor concentrat ion calculated from these data are 
shown in  Fig. 3c. The Hall  mobil i ty  increased as the 
growth temperature  increased, indicat ive of improv-  
ing crystal  s t ructure  with higher growth temperatures.  
This was confirmed by chemically etching films grown 
at 50,0 ~ and 700~ and not ing that  the edge dislocation 
density decreased for films grown at the higher tem-  
perature.  Is land growth was observed at growth tem- 
peratures above 750~ and while the islands were 
relat ively free of dislocations the films were often 
discontinuous electrically and very  thick layers had 
to be grown to connect  the individual  islands. 

The resistivities of the films were near ly  indepen-  
dent  of growth tempera ture  at about 0.1 ohm-cm 
p- type  as deposited from the GeI-~-H2 mixture.  The 
carr ier  concentrat ion as derived from the Hall  data 
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decreased as the growth tempera ture  increased, but  
was always greater than  the concentrat ion of ac- 
cepters obtained in  germanium films grown epi tax-  
i~lly on bulk  ge rmanium under  similar  conditions to 
those used for growth of Ge on spinel. When  the 
source of germane used to grow these films was used 
to grow germanium films epi taxial ly on bulk  ger- 
manium,  the measured carr ier  concentrat ion varied 
be tween 3.10~6/cc and 6.10~6/cc presumably  due to 
small  quant i t ies  of diborane in the GeI-I4. This con- 
centra t ion is shown in  Fig. 3c as the background 
accepter concentrat ion.  The accepter concentrat ions 
found in  the films grown on spinel, however, were 
much larger, of the order of 1017/cc to 1018/cc. This 
increase in  accepter concentrat ion is a t t r ibuted  to 
crystal l ine defects in  the germanium films acting as 
accepters. That  crystal l ine defects can act as accep- 
ters in  bu lk  ge rmanium has already been shown (10). 

Similar  conclusions concerning the action of defects 
in  ge rmanium films vacuum deposited on CaF2 (11) 
and silicon films grown on sapphire (12) have been 
reported. The increase in accepter concentrat ion ob- 
served in the films grown at about 500~ correlated 
with the increase in  defect densi ty observed by dis- 
location etching of these films. No autodoping of the 
ge rmanium by a l u m i n u m  from the spinel  substrates 
has been observed in these films as has been the case 
in  silicon films grown epitaxial ly on sapphire (13). 
This lack of a luminum autodoping results f rom the 
lower growth tempera ture  used here. 

As the films became thicker, the Hall  mobil i ty in-  
creased as shown in Fig. 3d for films grown on (111) 
spinel. The increase in mobil i ty  was a t t r ibuted  to im-  
provement  in the crystal  s t ructure  and to a lessening 
of the effects of surface scattering in  the thicker 
films. The films grown on (111) spinel  had a some- 
what  higher hole mobi l i ty  than  the films grown on 
(100) spinel as shown in  Fig. 3b. 

The deformation of the ge rmanium-on-sp ine l  films 
was found to be less than  for films of silicon grown 
on spinel, indicative of the closer match in coefficients 
of thermal  expansion of the germanium and  spinel 
and the lower growth temperature  used in the ger- 
man ium growth. The deformation of the germanium 
on spinel films as shown in  Fig. 4a was also found to 
be isotropic, something not  observed in  si l icon-on- 
spinel  films. The displacement of the center  of 0.95 
cm disks of spinel after deposition is plotted in 
Fig. 4b as a funct ion of germanium film thickness. 
Two thicknesses of substrate were used, 0.25 and 0.38 
cm. Since the deformation should vary  as the re-  
ciprocal of the substrate thickness squared (8), the 
deformation on the 0.26 cm substrate should be about 
twice that  on the 0.38 cm substrate. This is approx- 
imately the ratio of the deformations described in 
Fig. 4b. No differences in  deformations on the (100) 
or (111) spinel were observed. 

The stresses in the germanium films have been es- 
t imated from the deformation using the following 
constants: u  modulus for spinel = 3.3-10 TM dyne /  
cm 2, Poisson's ratio for spinel  = 0.25 (14-16). Stresses 
of the order of 109 dynes /cm 2 have been calculated. 
This is approximately the stress that  would be calcu- 
lated using a = E,h,~AT where ~ is the stress, E is 
Young's modulus  of the spinel, Aa is the difference in  
expansion coefficients and AT is the difference be- 
tween growth temperature  and room temperature.  
The films were unde r  compressive stress as expected. 
The expansion coefficient of the spinel is reported to 
be greater than  that  of the germanium,  and we oh- 
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Any discussion of this paper will  appear in a Discus- 
sion Section to be published in the June  1968 JOURNAL. 
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served that  the films were deformed with the ger- 
man ium surface convex. 

Conclusions 
German ium thin  films have been grown epitaxially 

on single crystal  spinel substrates of (111) and (100) 
orientation. The Hall mobi l i ty  increases with increas- 
ing growth temperature  unt i l  island growth sets in 
at growth temperatures  above 750~ The incidence 
of island growth at temperatures  above 750~ is prob- 
ably indicative of a high surface mobil i ty  of the n u -  
cleating atoms. For a constant  GeH4-H2 ratio the 
growth rate increased with growth tempera ture  with 
an activation energy of 47.5 kcal/mole.  The films were 
under  compressive stresses of the order of 109 dynes /  
cm e as determined from the deformation of the films. 
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ABSTRACT 

The d-c polarization technique according to Wagner  was applied for the 
first t ime at elevated temperatures  for the determinat ion of r and ~ in the 

Zr0.s5Ca0.150~.s5 and Th0.85Y0.1501.925 electrolytes over a range of oxygen activ- 
ity and temperature.  The applicabil i ty of the technique and an improved 
method for data analysis are demonstrated.  Exper imenta l  difficulties and l imi-  
tations are discussed. The total conduct ivi ty  of Zr0.85Ca0.15Ol.s5 was determined 
over a range of oxygen activity and temperature.  

Stabilized zirconia with the Zr0.ssCao.l~Ol.s5 compo- 
sition exhibits a high ionic conductivi ty because of 
its CaFe-type s tructure with a high ionic defect con- 
centration. Since the introduct ion of the Zr0.ssCa0.15 
Ol.s~ electrolyte by Kiukkola  and Wagner  (1), i t  
has been used in  about fifty h igh- tempera ture  gal-  
vanic cell, fuel cell, and oxygen pressure gauge in-  
vestigations. Lattice parameter,  density (2-4), and 
x - r ay  diffraction peak intensi ty  (4, 5) measurements  
indicate that  Ca +2 ions substi tute directly on Zr +4 
sites and give rise to a significant fraction (7.5%) of 
vacant  oxygen ion sites. The Po2-independence of the 
total  conductivi ty (1, 6), the corresponding value for 
the oxygen self-diffusion coefficient (6, 7) and the 
numerous  excellent  correlations of galvanic cell volt-  
ages to known  free energy data have served as ev-  
idence that  electrical conduction in  Zro.ssCao.15OLs5 
at elevated temperatures  is pr imar i ly  due to the mi-  
grat ion of doubly charged anion vacancies. The Poe 
range of p redominant  ionic conductivi ty (tion ~ 0.99) 
extends at least from 1 arm oxygen pressure down 
to a moderately  low Po2 which has been estimated 
from several indirect  measurements  (5, 8-10). 

1Presen t  address:  Depar tment  of Metallurgy,  Iowa State Uni-  
versity,  Ames,  Iowa. 

Doping the CaF2-type structure of pure ThO2 w i t h  
Y203 results in an analogous cation subst i tut ion with 
the creation of oxygen vacancies (11-13). For  the 
Tb0.ssY0.1501.925 composition at 1000~ predominant  
ionic conductivi ty with a Po2 independent  total  con- 
duct ivi ty covers a wide Po2 range  between P02 ~ 10 -6 
atm and a very low Po2 which has not yet  been es- 
tablished (9, 14, 15). The predictions from the dilute 
solution theory of Lasker and Rapp (14) indicate that 
a relat ively highly doped electrolyte composition like 
Th0.ssYo.1501.925 should exhibit  a wider  Po2 range  of 
predominant  ionic conduction than  a composition con- 
ta ining less Y203 dopant. 

The total conductivi ty ~r ( o h m - l - c m  -1) of a ma-  
terial containing s independent ly  migra t ing carrier  
species is given by  

S S 

O'T : i ~ l  qi2 Ci S i  : ~ 1 ~ - i  ~ : [1 ]  

where q~ is the charge (coulombs/par t ic le) ,  ci the 
concentrat ion (particles/cm3), Bt the absolute mobil-  
ity (part icles-cm2/sec-volt-coulomb) and ~i the par-  
tial conductivi ty of the i species. The impor tant  car-  
rier candidates for the doped oxides Zr0.ssCa0.15OLs5 
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and Th0.s~Y0.1501.92~ are presumed to be V/j, 6), and 
6), where V8 is a vacant  oxygen ion site and where 
(9 and 69 denote positive holes and excess electrons, 
respectively. Conductance due to the migra t ion of 
cation defects is negligible (16-18). Thus, addit ion 
of 15 mole % CaO to ZrO2 and of 15 mole % YOt.5 to 
ThO2 greatly increases the part ial  anion vacancy con- 
ductivity, i.e., ~v5 ~- q2v5 cv~ Bvo. For sufficiently 
high dopant levels, Cv~ is so large relat ive to elec- 
tronic defect concentrat ions that  the av~ term dom- 
inates ar  of Eq. [1] over wide ranges of Po2 at ele- 
vated temperatures.  

P resumably  the Po2 dependences of the par t ia l  ex= 
cess electron conductivi ty ~ and the part ial  positive 

e 
hole conduct ivi ty ~ are dictated by the local equi-  

l ibria 
1/z Oz(g) + V6 + 2 O =- Oo x [2] 

and 
'/z O ~ ( g )  + V 5  = 2 6 )  + Oo x [33 

where  Oo z is an oxygen ion on its lattice site. If the 
abundan t  dopant cations and the compensat ing op- 
positely charged anion vacancies are sufficiently dis- 
sociated, these species should dominate the neut ra l i ty  

condition, ~ ciqi = 0, with 
i = l  

[V~] = [Cazr 11] for Zr0.s~Ca0.15Ol.s5 [4] 
and 

[ V o ]  = ~Z [Ywh I ]  f o r  Th0.s~Y0.1501.925 [5 ]  

where [VS], [Cazr11], and [Ywh 1] represent  the con- 
centrat ions of the ful ly ionized, dissociated species. At 
a given temperature,  [VS] should be established by 
the dopant  content  and therefore change only slightly 
with Po2, so that  the equi l ibr ium constants for Eq. 
[2] and [3] give c ccPo2-1/4 and c ccPo2+l/4 if a di-  

lute solution of electronic defects is assumed. These 
same dependences extend immediate ly  to ~ and ~ , 

e �9 
respectively, if, as is f requent ly  presumed (1, 14, 19), 
the quanti t ies  B and B are independent  of c and 

C . 

COn the other hand, excessive association of the 
dopant cations and anion vacancy defects to form 
neut ra l  aggregates should cause depar ture  from the 
Po2 -1/4 and Poz TM dependences of ~ and  a if the 

e $ 
concentrat ions of dissociated and charged vacancy de- 
fects and dopant cations were insufficient to dominate 
the neu t ra l i ty  condition. Such a proposal has been ad-  
vanced by KrSger (20) for Zro.ssCa0.tsO1.s5 to explain 
the effect of small  a l iovalent-cat ion addit ions on the 
electronic conduction in Zr0.ssCa0.15Ol.ss. However, the 
agreement  between the dilute solution theory (dis- 
sociated defects) and the exper imenta l ly  determined 
values for ~ in  ThO2 - -  Y203 solutions (14, 15) in -  

dicates the val id i ty  of Eq. [5] even if a significant 
fraction of these species were associated in  neu t ra l  
aggregates. Fur the r  exper imenta l  determinat ions of 
the var ia t ion of r and ~ with Po2 at elevated tem- 

peratures would assist in  establishing the degree of 
dopant=vacancy association. 

The pr imary  objectives of the present  work were to 
measure directly ~ and ~ in  Zr0.s~Ca0.1~O~.s~ and 

Th0.s~Y0.~aOt.925 and aT in  Zr0.ssCa0.~O~.s~ over a 
wide range of Po2 in  the temperature  range 800 ~ 
1000~ The corresponding measurements  of aT for 
Th0.s~Y0.t~Ol.~ have been reported by Lasker and 
Rapp (14). The present  study represents the first a t-  
tempt  to measure electronic conductivit ies in oxide 
electrolytes at high temperatures  using the polariza- 
tion technique as described by Hebb (21) and Wag- 
ner  (19, 22). The h igh- tempera ture  polarizat ion 
studies of oxides by  Danfor th  and Bodine (23) and by 

Vest and Tal lan (24) have not involved the use of a 
reversible electrode. 

Partial Electronic Conductivities frown 
Polarization Measurements 

The d-c polarization techniques employed in this 
investigation have been described elsewhere (19, 22, 
25) and have been used previously to s tudy electronic 
conduction in  the halides of Ag (26, 27), Cu (28), and 
T1 (29). Application of the technique to the oxide 
specimens of this invest igat ion follows the same pr in-  
ciples. Briefly, the cell (I) 

Reversible Electrode ] Oxide Specimen ] 
x = O  x = L  

Nonrevers ible  Electrode (I) 

is subjected to a d-c emf below the decomposition 
voltage of the specimen. The electrode at the right 
(x----L) is made negative so that  anions wi th in  the 
specimen are repel led from the nonrevers ible  (Au, Pt)  
electrode at x = L and  hence migrate  ini t ia l ly  to the 
reversible electrode where they are consumed. The 
reversible electrode must  therefore funct ion s imul-  
taneously as an electronic lead and an oxygen sink and 
at the same time main ta in  a known oxygen chemical 
potential  ~o2 at x =- 0. To perform these functions, 
the chosen reversible electrodes consisted of a metal -  
metal  oxide or metal  oxide (1) -meta l  oxide (2) equi-  
l ibr ium two-phase mixtures.  Because the noble metal  
nonrevers ible  electrode cannot  provide oxygen, the 
local oxygen activity at x = L is reduced during the 
t rans ient  through oxygen ion depletion. Finally,  
steady-state is reached in which the oxygen concen- 
t rat ion gradient  at each position in the oxide repre-  
sents a force on the anions which is equal and op- 
posite to the electrostatic force, so that  net  charge 
t ranspor t  by ionic species vanishes. Because the t rans-  
port of anion species and the consideration of non-  
metal  chemical potentials are involved in  this study, it 
is worthwhile  to review Wagner 's  theoretical t reat-  
ment  (19, 22) in terms of mobile anionic defects as 
follows. 

Local equi l ibr ium at any location wi th in  the oxide 
specimen of cell (I) is presumably  dictated by the re-  
actions [2] and [3]. In  the presence of an  electrostatic 
field, the equi l ibr ia  [2] and [3] are described by the 
equi l ibr ium relationships 

�89 4- ~1 4- 2.1e =- ~ [6] 
02 V~ Oo x 

and 
�89 +~1 =2,1 + ~  [7] 

02 V~ �9 OO x 

where ~1i is the electrochemical potential  of the ap-  
propriate species, and is defined as 

~li = gi + zi  F ~ [8] 

where F is the Faraday  constant,  ~ the electrostatic 
potential,  and /zi and zi the chemical potential  and 
valence, respectively, of the species i. Subtract ing Eq. 
[7] from Eq. [6] 

~ e -.t.- ",q e = ,~e + ~ e = 0  [9] 

Because the dopant  content  v i r tua l ly  fixes the con-  
centrat ion of oxygen ions and oxygen vacancies in  a 
homogeneously doped oxide electrolyte with immobile 
cations, this mater ia l  behaves like a v i r tua l ly  stoi- 
chiometric compound and hence exhibits only a very  
small  fract ional  change in  oxygen content  for large 
changes in/~o2. This condit ion insures tha t  

goo x ---- constant  [10] 
and 

gv5 ---- constant  [11] 

wi th in  the oxide specimen in  cell (I) ,  regardless of the 
local oxygen act ivi ty or the state of polarization. Us- 
ing Eq. [8], [10], and [11] in  Eq. [6] and [7] 
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~/4~o 3 + ~ e  = constant  [12] 

and 

~/4~ ~ = - -  ~ �9 constant  [13] 

The low concentrat ions of excess electrons and  posi- 
tive holes which obtain at any  location wi th in  a doped 
oxide electrolyte may  be described by the laws of 
dilute solutions, viz., 

c = c  ~ exp [ ( ~ e - - ~ ~  [14] 
G 

and 
c = c  ~ e x p [ ( ~  _ ~ o  ) / R T ]  [15] 

For such low concentrations,  the excess electron and 
positive hole mobilities may be regarded as concen- 
t rat ion independent .  Thus, combining Eq. [1] and [12] 
through [15], 

o = ~ o e  exp [-- (~'o2 - -  ~~ [16] 

and 
�9 = a~ e exp [ (~o3 --  ~~ [17] 

where the reference state for each polarization ex- 
per iment  is chosen as the electrolyte at the oxygen 
activity of the reference electrode at x = 0. I t  should 
be noted that  all of the above relations result  from 
the chemical na ture  of the electrolyte, and not  from 
any  consequences of the polarization experiment.  

The part ial  current  density Ii for species i wi th in  
the oxide specimen of cell (I) is given by (22) 

Ii = ~ (~i/ziF) (O~li/OX) [18] 

At steady state in  the polarization exper iment  
Iion = 0 SO that  

(O~lvS/Ox) = 0 [19] 

Then the steady-state current  density I| is due only 
to the migrat ion of excess electrons and positive holes 
so that  

I = I  ~ I  = (1/F)[cr ( O ~ e / O x ) - - ~  (0~ /Ox)] 
oo 0 $ 0 ~ $ 

[20] 

where I and I are the par t ia l  excess electron and 

part ial  positive hole cur ren t  densities. From Eq. [6], 
[7], [10], and [19], it follows that  

- - (O~o/Ox)  = (0~ /Ox) = 1/4 (O~o2/Ox) [21] 

Subst i tu t ing Eq. [16], [17], and [21] into [20] gives 

I ~ = -- (�88 (~ e ~ exp [-- (#02 -- ]~O2 ~ 

+ '~e o exp [ (~o3- -  P.o2~ [22] 

for the s teady-state  current  density at any location 
wi th in  the oxide specimen. However for a specimen of 
uni form cross sectional area, I| is independent  of loca- 
t ion x so that Eq. [22] may be integrated over the 
specimen length L to give 

RT 
I L = - -  - - ~  [~eO(1 - -  exp [--  (~Los - -  ~ozO)/4RT])  

+ r e~ (exp [ ( ~ L o - -  ~~ ] - -  1) ] [23] 

where ~LO2 is the effective oxygen chemical potent ial  
at the nonrevers ible  electrode (x = L) in  cell (I) .  

I n  view of Eq. [6], [10], and  [19] 

~L e -- ~1~ e -= - - �88  (~Os -- #003) [24] 

where ~L e is the electrochemical potential of excess 

electrons at x = L in the oxide specimen. Assuming 
that ~I is essentially constant across the current lead/ 

electrode and specimen/electrode interfaces, Eq. [24] 
r e d u c e s  to 

E = - -  ( � 8 8  (~%2 - -  ~~ [25] 

Substituting Eq. [25] into [23] gives 

I = RT/FL{,~ ~  e x p ( - - u ) ]  -Jr ~rv~ - -  1]} 
ao �9 

[26] 

where ~ o and ~ o are the partial positive hole and 
�9 G 

partial excess electron conductivities (ohm-l-cm-Z), 
respectively, for the oxide electrolyte at the #o2 of 
the reversible electrode, and the dimensionless quan- 
tity u is given by 

u = E F / R T  [27] 

The current  I| in Eq. [26] is positive if positive holes 
migrate  from left to r ight  in cell (I) ,  and the emf E is 
positive if the le f t -hand  (reversible) electrode in  cell 
(I) is positive. As seen, the derivat ion of Eq. [26] 
assumes independent  migrat ion of all species, local 
equi l ibr ium throughout  the specimen, independence of 
B and B on concentrat ions and concentrat ion gra-  

dients of ionic and electronic defects, zero ionic cur-  
rent  at steady state, and negligible specimen decom- 
position. 

All  previous investigations (22, 25, 26-28) involving 
this d-c polarization technique have been restricted to 
exper imental  conditions in which either ~ o or v o 

e 
dominated in an expression analogous to Eq. [26]. In  
these cases, evaluat ion of the predominant  term was 
obtained from either a current  plateau of an I~ vs. E 
plot or from the intercept  of a log I~ vs. E plot. Con- 
sideration of these l imit ing cases for in terpre t ing  
quant i ta t ively  Ioo vs. E d-c polarization data is un -  
successful, however, under  exper imental  conditions 
in  which ~ o and ~ o are of comparable magnitudes.  

The method used in the present  invest igat ion is val id 
in the t imit ing cases ment ioned above as well  as in  
cases where r o and ~ o are comparable. Dividing both 

sides of Eq. [26] by [ 1 -  exp ( - - u ) ]  gives 

R T  
I |  ( - - u ) ]  = ~ - ~ [ ~ ~ 1 7 6  ] [28] 

A "converted" plot of I |  ( - - u ) ]  vs. exp (u) 
according to Eq. [28] should give a straight l ine of 
slope ( R T / F L ) r  and intercept  ( R T / F L ) a  ~ 

All previous investigations have been restricted to 
cat ion-conduct ing electrolytes and negative emfs. For  
this case, the present  method then consists of plot- 
t ing I J [ e x p ( u )  - -  1] vs. exp (--  u) which gives a 
straight l ine of slope = ( R T / F L )  a o and intercept  

= ( R T / F L ) ~  o. Application of this method to the po- 
@ 

lar izat ion curve of I lschner (26) for AgBr in  equi-  
l ibr ium with Ag at 372 ~ and 353~ is shown in  Fig. 1. 
This converted data  plot demonstrates the l inear i ty  
predicted and has been used to evaluate ~ o as well  

as ~ o under  conditions where AgBr decomposition is 
e 

2C 

~ 15 

IC 
T A = 

2 

o'.0= 2 x IO-~(~.,-Icm -=) 

o"~)= 8.5 x I0- m ( ,O,-Ic m-l) 

o'0= 3.4 xlO-S(,~-Icm-=) / T= 353r 

I I I I I 
500  I000 1500 2000  2 5 0 0  3 0 0 0  

exp(-u) 

Fig. 1. Converted data plot of Ilschner polarization curves for 
AgBr in equilibrium with Ag at 353 ~ and 372~ 
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negligible. Proper extrapolat ion of these ~ o values 
@ 

over more than five orders of magni tude  to PBr2 = 1 
atm gives order of magni tude  agreement  with data 
from Raleigh (27). This method for the s imultaneous 
determinat ion of r o and �9 o has been used to in terpre t  

the polarization data of the present  investigation. 

Experimental Materials and Apparatus 
The Zr0.85Ca0.1501.85 polarization specimens were 

prepared from a mechanical  mixture  of --325 mesh 
99.9% pure Wah Chang ZrO2 and 99.86% pure Baker 
Reagent CaCO3. The cold-pressed 1~ in. diameter  by 
1/10 in. thick specimens were calcined in air at 
l l00~ for 4 hr and fur ther  sintered in air at 1600 ~ 
and 1800~ for 4 and  2 hr, respectively. The 
Th0.85Y0.1501.925 polarization specimens consisted of 
ThO2 powder prepared by convert ing 99.9% pure  
Th (NO3)4 and 99.9% pure Y203 powder;  the specimens 
were sintered at 2300~ for 2 hr  in vacuum (P < 10 -4 
Torr) .  After  firing, all  the specimen surfaces were 
abraded and dusted carefully. Each specimen was 
then coated on one side with an electrically cont inu-  
ous layer  of Au applied by vapor deposition in vac- 
uum. 

The reversible electrodes used for cell (I) were pre-  
pared from reagent  qual i ty  materials  to yield two- 
phase equi l ibr ium mixtures  of Cu20-CuO, Cu-Cu20, 
Co-CoO, Fe-FeO, Cr-Cr203, Nb-NbO, and V-VO. With 
the exceptions of the Cu20-CuO and V-VO electrodes, 
the reversible electrode mixtures contained about a 
20:1 weight ratio of metal to metal oxide. The Cu20- 
CuO and V-VO electrodes were prepared to ensure 
the existence of both phases in the temperature range 
800~176 In Table I are listed the equilibrium 
oxygen activities for the various reversible electrodes, 
as calculated from reliable thermodynamic data. The 
nonreversible electrode consisted of a Pt cylinder 
I/z in. in diameter and about 1/10 in. thick pressed 
against the vapor deposited Au layer on the oxide 
specimen. 

In the polarization experiments, the emf was pro- 
vided from a d-c constant voltage supply. Current 
was measured with a Kiethley 153 mierovolt-ammeter. 
The current was recorded on a chart recorder to fa- 
cilitate the prompt detection of steady-state condi- 
tions. An L&N K-2 potentiometer was used to mea- 
sure the applied voltage. Voltages up to about 600 
mv were applied, while the steady-state currents 
ranged from about 0.1 to 100 ~a depending on the 
tempera ture  and the  electrolyte material .  

The a-c conduct ivi ty study was performed on sim- 
i lar ly prepared CaO-doped ZrO2 "H" cells (30) of 
12, 15, 18, and 21 mole % CaO. The prototype cell 

Reversible  CaO-doped ZrO2 specimen I Reversible 
electrode I electrode 

(II) 

(where both electrodes for a given exper iment  are 
of identical  composition) was used for all  the a-c 
measurements.  The a-c .experiments involved the use 

Table I. Equilibrium oxygen activities for reversible electrodes 

-- l og  Po  9 -- l og  Po~ -- l o g  P %  
E l e c t r o d e  (1000 ~ C) ( 900 ~ C) ( 800 ~ C) 

Cu~O, C~O 0.89 1.82 2.89 

Cu,  C u 2 0  6.29 7.43 8.83 

Ni ,  l~iO 10.35 11.99 13.94 

Co, CoO 11.98 13.52 15.10 

Fe ,  F e O  14.89 16.71 18.90 

Cr,  Cr20~ 21.79 24.39 27.48 

Nb ,  N b O  25.10 28.03 31.52 

V, V O  26.40 29.36 32.87 

T i ,  T i O  34.76 38.44 42.81 

of Cu-Cu20, Ni-NiO, Cr-Cr203, Nb-NbO, V-VO, and 
Ti-TiO electrodes, and measurements were made at 
50~ intervals in the temperature range 800 ~ 1000~ 
with the use of a 1592 Hz Wayne-Kerr Universal 
Bridge. 

For both d-c and a-c measurements, the cells were 
held suspended horizontally in a spring-loaded cell 
holder similar to that previously described (30, 31). 
Temperatures were indicated by a calibrated Pt/ 
Pt-Rh thermocouple contacting an electrode. The cell 
temperature was held constant to _ 0.5~ during 
measurements by the manual supply of the cur- 
rent to the tube furnace surrounding the cell. To 
minimize interactions with the surrounding gas, puri- 
fied He of ambient pressure was set at a Po2 approx- 
imating that of the cell by passing the gas over a 
combustion boat filled with the two-phase electrode 
mixture of the cell placed immediately upstream from 
the cell. 

Results and Discussion 
PoLa~atio~ study.--An extensive series of prelim- 

inary experiments  was required to discover and min -  
imize the exper imental  difficulties introduced in this 
ini t ial  application of the Wagner  polarization tech- 
nique to oxides at high temperatures.  In  particular,  
the Ni-NiO mix ture  was found to be unsui table  for 
use as a reversible  electrode in these experiments.  
Apparent ly,  the diffusion of nickel ions in NiO is too 
slow to enable the electrode to funct ion s imul tane-  
ously as an oxygen sink and yet  ma in ta in  Ni-NiO 
equi l ibr ium at the mixed conductor/electrode in ter -  
face. Fur ther ,  re lat ively large open-circui t  emf's (30- 
300 my) persisted for long periods of t ime for cells 
involving the Ni-NiO electrode. 

The "instabil i ty" of the steady-state current  was 
studied under  changing exper imental  conditions. In  
these pre l iminary  experiments,  the steady-state cur-  
rent  was established for a given emf and temperature  
while t h e  He flow rate, total gas pressure, Pyrex  wal l  
temperature,  and cold t rap levels were varied. Because 
all of these changes affected the steady-state  current ,  
the system was redesigned so that  all  greased joints 
were positioned on the upst ream side of the liquid n i -  
trogen cold trap. Fur ther ,  all Pyrex  and mul l i te  tubing  
be tween  the cold t rap and the furnace chamber  was 
thereafter  main ta ined  at 200~176 With these pre-  
cautions and with evacuations between subsequent  
runs,  polarization currents  showed very little insta-  
bi l i ty over long periods of time. Evacuation of the 
furnace chamber  du r ing  steady state seemed to in-  
crease the conductance of extraneous leakage paths 
in  parallel  wi th  the polarized specimen. High-pur i ty  
He was found to provide less instabi l i ty  than  tech- 
nical-grade He. From these experiments,  the use of 
an extremely pure inert  gas atmosphere of ambient  
pressure was found to be essential for d-c polarization 
experiments  at high temperatures.  

For  each type of reversible electrode, I vs. E po- 
larization traverses were conducted at 1000 ~ , 900 ~ , 
and 800~ using specimens of Zro.85Cao.l~O1.85 in one 
series of experiments  and Tho.s5Yo.1501.925 in a second 
series. The resul t ing data were converted to I| [ 1 -  
exp ( - -u ) ]  and exp (u) values and plotted to deter-  
mine the values of both �9 o and r o corresponding to 

o 
equil ibrat ion of the specimen with the ~o2 fixed by the 
reversible electrode. Despite exper imenta l  precau-  
tions, I w.  E transverses for the three electrodes of 
lowest ~o2 did not  correspond to Eq. [28], but  ex- 
hibited ohmic behavior;  these data were not  consid- 
ered significant. Apart  f rom apparent  l inear i ty  of the 
I |  exp ( - - u ) ]  vs. exp (u) (converted data) plots 
for most runs,  an  independent  check on the val id i ty  
of Eq. [26] is available for any traverse in  which 

o is much smaller  than r o (i.e., the converted data  
$ o 

plot extrapolates through the origin) .  The log I ,  w.  E 
plot for sufficiently large E from such a traverse 
should show a straight l ine wi th  the predicted slope 



756 J. Electrochem. Sac.: S O L I D  S T A T E  S C I E N C E  Ju ly  1967 

~" 120 
E 

,..2, SO 

"N  

�9 - .  4 0  

0 l O 0  

o=, T,E 

I t I 
25 50 75 

eXpU 

Fig. 2. Converted data plot for d-c polarization measurements 
with the cell Fe, FeO/Zro.ssCao.z5Oz.ss/Au,Pt at 1000~ 
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Fig. 3. Plot of log I= vs. E for the cell Fe-FeO/Zro.s5Cao.~5Ol.ss/ 
Au,Pt at lO00~ 

F/2.30RT and with an intercept  log ( R T / F L )  ~ o. 

Such a t raverse was provided by the 1000~ traverse 
of the cell 

Fe, FeO [ Zr0.s~Ca0.~50~.85 [ Au, Pt  (III)  

The data f rom this t raverse are plotted as I|  - -  exp 
( - -u ) ]  vs .  exp (u) in Fig. 2 and as log I= v s .  E in  
Fig. 3. The l ine in  Fig. 3 has a slope of 4.0 v -~, which 
is the value of F/2.303 R T  at T = 1273~ This agree- 
ment  between theory and exper iment  serves to con- 
firm the val idi ty  of applying Eq. [26] to describe data 
derived from polarization traverses for an ionically 
conducting oxide at elevated temperatures.  The values 
of a o deduced from the slope of Fig. 2 and the in ter -  

(9  

cept of Fig. 3 are identical. I t  may be noted also that  
since the derivat ion of Eq. [26] presumes Po2 -~/~  and  
Po2 ~/~ dependences of �9 and a the check provided 

by cell (III)  at 1000~ affords addit ional  s t rength 
to the presumption of significant dissociation between 
dopant cations Cazr H and vacancies V~/. 

The values of log a and log a derived from data 
e 

conforming to Eq. [28] were plotted vs .  the value of 
log Po2 corresponding to equi l ibr ium coexistence of 
the reversible electrode constituents.  These results for 
Zr0.s~Ca04sOL~5 are shown in  Fig. 4, and those for 
Th0.ssY0.~OL92~ are given in Fig. 5. The values of log 

shown on these plots are those derived from high 
~B 

Po2 conditions where  minor  side effects are expected 
to have li t t le effect on the intercept  values used to 
calculate log a . On the other hand, values of log 

e 
under  these h~gh Poe conditions have not proved to 
be significant due to background currents.  The data 
for the very low Po2 reversible electrodes exhibited 
ohmic behavior  as well  as other inconsistencies and 
were therefore deleted for the most part. Accord- 
ingly, only 1000~ data appear on the low Po~ region 
of Fig. 4, and these data are not  thought to be 
significant. These observations of ohmic behavior  
for the low Poe electrodes in  conjunct ion with 
Zr0.s~Ca0.z~Oz.s5 have led to the exclusive use of cell 
(III)  and the following cell (IV) for de termining 

o 
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Fig. 4. Plot of log ~e' log # and log ~onic vs. log __Po2 
larization study of Zro.ssCao.15Ol.s5 at 1000 ~ 900 ~ 800~ 
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study of Tho.ssYo.1501.925 at 1000 ~ 900 ~ 800~ 
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The lines for # for Zr0.ssCa0.1501.s5 of Fig. 4 have been e 
drawn with the assumption of a Po2 -I/4 dependence. 
Comparing these polarization values of # for 

Zr0.s5Ca0.1501.s5 with ionic conductivities determined 
from the results of the a-c measurements  given below, 
Schmalzried's (5, 8) P e '  for which #ion ~ #e ' was calcu- 

lated. For  the temperatures  800 ~ 900 ~ and 1000~ 
these values are about 4 orders of magni tude  below 
those deduced solely from the a-c conductivi ty results 
described below. From open-circui t  emf measure-  
ments  with Zro.ssCa0.1501.s5 at 1000~ Schmalzried 
(5) estimated P at 10 -24 atm whereas Steele and 

e 

Alcock (9) reported Pe equal to 10 -23 atm. The work 

of Lasker and Rapp (14), however, indicated a poor 
correlation between tion and Emeas./Ethermod, for cells 
involving meta l /meta l -ox ide  electrodes in  a region 
of mixed conduction. The more recent work of Tret-  
jakov and Schmalzried (10) indicates that  P for 

E~ 

Zr0.ssCa0.isO~.s5 at 1000~ is lower than 10 -~e atm. 
A comparison of the present  polarization mea-  

surements  with those of Vest and Tal lan (24) on 
Zr0.ssCa0.15Ol.s5 would not be meaningful .  In  addition 
to the fact that Vest and Tal lan  did not employ a 
well-defined reversible electrode in their  polariza- 
t ion cell, they did not  report  any  polarization results 
for Zr0.ssCa0.150~.s~ above about 750~ nor  did they 
report  the effect of oxygen potential  on the s teady- 
state current  for this material .  

The values of log ~ for Th0.s~Y0.1501.925 shown in 

Fig. 5 were derived from the appropriate  converted 
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data plots for high Po2 cells. Interest ingly,  these 
values are not sufficiently large to rationalize the rise 
in total conductivi ty (14) observed in  Th0.ssY0.15OL925 
near  Po2 ---- 1 atm at 800~176 The values of log 

derived from the converted data plots are also 
69 

shown in Fig. 5 and appear to exhibit  Po2 indepen-  
dence, which indicates that the actual  values of r in 

69 

Th0.ssY045OL925 are below the limits of resolution for 
the apparatus used in this investigation. In  other 
words, leakage conductances around the specimen ex- 
ceeded the electronic conduction through the bulk  of 
the specimen under  these conditions. P re l imina ry  ex- 
periments in  which a void space (He gas) replaced 
the specimen yielded the same magni tude for this 
leakage conductance. Because the leakage conductance 
showed a positive tempera ture  dependence and in-  
creased on evacuation of the system, electron t rans-  
port via the gas phase is suspected as the principal  
leakage. Despite the precautions which were taken, 
another  possible source of leakage current  at+ steady 
state is a small  ionic contr ibut ion main ta ined  by  the 
reduction of 02 molecules of the gas phase at the non-  
reversible electrode, passage of oxygen ions through 
the electrolyte, and oxidation of metal  at the re-  
versible electrode. This at tempt to resolve r in 

69 

Th0.ssY0.1501.925 indicates that r is at least between 
6~ 

3 to 4.5 orders of magni tude  less than aionic in  
Th0.ssY04501.925 down to Po2 values corresponding to 
Nb-NbO equi l ibr ium between 800 ~ and 1000~ These 
upper  limits on r together with total  a-c measure-  

69 

ments by Lasker and Rapp (14) allow an estimation 
of the max imum low Po2 such that  tion > 0.99. These 
values are Po2 = 10 -84.3 atm at 10O0~ 10 -39.5 atm at 
900~ and 10 -44.~ atm at 800~ 

Although the improved method of data analysis 
should in principle yield values for both ~ and r 

for all  exper imental  conditions, it was found for these 
polarization measurements  at high temperatures  that 
leakage conductances which shunt  the cell general ly 
precluded a meaningful  de terminat ion  of the con- 
ductivity for the minor i ty  carrier. Likewise, experi-  
menta l  dist inction between --+1/4 and -+1/6 slopes 
of log r vs. log Po2 plots of polarization data was not 
possible due to cell- to-cell  exper imental  variat ions 
introduced by the assembly procedure in combinat ion 
with a high level .of ohmic leakage conductances. Con- 
sequently, correlation of log ~ and log r results ob- 

r e 

tained from different electrodes cannot  be used to 
infer defect s tructure models. However, the values of 

in Tho.ssYo45OL925, and values of ~ and r in  

Zro.ssCa0.~5OL35 obtained by the d-c polarization tech- 
nique in this invest igat ion are thought to be signifi- 
cant, despite the difficulties encountered  in the deter-  
minat ion  of the conductivi ty of the minor i ty  carrier  in 
a given run.  

The determinat ion of a significant shunt ing elec- 
tronic conductance in the polarization study of 
Th0.ssY0.1501.92~ suggests an improvement  in the ex- 
per imenta l  setup not only for future  polarization 
studies bu t  also for galvanic cell investigations. Pre-  
suming that  the pr incipal  electronic leakage is a result  
of thermionic emission, this leakage should be con- 
s iderably reduced for polarization studies by the 
placement  a round the cell of a metall ic cyl inder which 
would be mainta ined at some considerable positive 
potential  relat ive to the cell. Such an electron col- 
lector might  also prove impor tant  to galvanic cell 
studies. It is well  recognized that  electronic conduc- 
tion through the electrolyte wil l  resul t  in a t ranspor t  
of mass through the electrolyte under  open-circui t  
conditions. Especially when  meta l -meta l  oxide elec- 
trodes are involved, polarization of the electrodes 
could result  in  electrode potentials below the reversi-  
ble potentials, so that  again low cell voltages would 
result. Thus, minimizat ion of open-circui t  electronic 

leakages through the use of a sur rounding  electron 
collector may also prove impor tant  in galvanic cell 
studies. Guard - r ing  techniques have been used pre-  
viously by Mitoff (32) and Vest et al. (33). 

Total conductivity studies of CaO-doped ZrO2.--The 
results of the total conductivi ty studies of CaO-doped 
ZrO2 are shown in Fig. 6, 7, and 8. Figure 6 shows the 
var iat ion of aT for Zr0.ssCa0.15Ol.s5 as a fUnction of log 
Poe at the temperatures  800 ~ , 850 ~ , 900 ~ , 950 ~ , and 
1000~ The plateaus indicate predominate  ionic con- 
duct ivi ty while the branches at the r ight  may be 
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Fig. 6. Oxygen pressure dependence of total conductivity for 
Zro.ssCao450t,85 at 800~176 I I  and 0 denote separate ex- 
periments. 
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at t r ibuted to the onset of electronic conduction. These 
branches are expected to approach a !/4 slope in ac- 
cordance with the Po~ -L/~ dependence anticipated for 
a . The anticipated V4 slope was not verified from the 

a-c measurements  of this study because the Ti-TiO 
electrodes (at very  low Poe) failed to yield reliable or 
reproducible results despite extended exper imental  
attempts. Although the Zr0.ssCa0.15Ol.s5 specimens 
used for this a-c study were prepared independent ly  
of those used in the polarization study, the results 
of both studies were combined in order to compare 
the relat ive magni tudes  of ionic and electronic con- 
duction in  Zr0.85Ca0.15Ol.85. At t r ibu t ing  the rise in log 
aT for the V - - V O  electrodes to the onset of ~ leads 

E) 

to P values of 10 -34.7 atm at 800~ 10 -~o.2 a tm at 
O 

900~ 10 -26.5 atm at 1000~ 
Other values of P from the l i terature  and from the 

@ 

polarization measurements  have been discussed. The 
difference in P between the a-c and d-c methods may 

e 
he a t t r ibuted ei ther  to differences in  trace impur i ty  
contents in the specimens, or else to contaminat ion of 
Zr0.ssCa0.15Ol.85 by the V - -  VO electrode in the a-c 
study. In  the lat ter  case, P should be lower than 

that  obtained f rom the a-c measurements .  
The effect of CaO dopant  concentrat ion on O'ion for 

doped-ZrO2 at 1000~ is given in Fig. 7. In  Fig. 8 is 
given the empirical  activation energy Q for ionic con- 
duction in CaO-doped ZrO2. The decrease in ~ion and 
increase in Q with dopant  content  above 12 mole % 
CaO is in  agreement  with other investigations (24, 
34-38). 

Conclusions 
From this ini t ia l  use of the Wagner  d-c polarization 

technique for the invest igat ion of electronic conduc- 
t ivi ty in oxide electrolytes at elevated temperatures,  
the following results were forthcoming: 

1. An improved method for plot t ing polarization 
data  was demonstrated which allows the s imultaneous 
determinat ion of both a and �9 from a single ex- 

per imenta l  run ;  
2. Values for ~ and ~ in Zr0.ssCa0.15Ol.s5 and 

O ~9 

in  Th0.ssY0.15Ol.925 were determined for several oxy- 
gen 'chemical potentials at temperatures  of 1000 ~ 900 ~ 
and 800~ 

3. ]~xperimental difficulties were encountered in the 
application of the polarization technique at very low 
oxygen activities and in the determinat ion of the con- 
ductivi ty of the minor i ty  electronic carrier;  

4. The Po2 ranges for predominant  ionic conduc- 
t ivi ty were estimated for the oxide electrolytes. 

The total  conduct ivi ty  for a series of ZrO2 + CaO 
electrolyte compositions was determined over a range 
of Po2 and temperature.  
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Hahn  et al. (1) have made x - r ay  analyses at six 
compositions wi th in  the AgzTe-InfTe8 pseudo-binary  
system and reported that all the materials  crystallized 
in  chalcopyrite structures. Aust in  et al. (2) and Zhuze 
et al. (3) studied the optical and electrical properties 
of AgInTe2 and reported that its energy gap is 0.9 ev. 
O'Kane (4) investigated the electrical properties of 
AgInsTeb. No work has been done on the compound 
AgIn9Te14 which is at the composition 10 mole % 
AgaTe in InfTea. 

Experimental Results 
DTA measurements  have been made on samples 

wi thin  the AgfTe-InfTe8 pseudo-binary  system using 
either the equipment  described by Barnes et al. (5) or 
an Aminco Thermoanalyzer ,  or both. The t ransi t ion 
temperatures  obtained in either apparatus on samples 
of the same composition agreed wi th in  2~ The study 
of the phase diagram indicates that  AgIngTe14 exists 
as a peritectic compound. Electrical conduct ivi ty  and 
Hall  effect measurements  using the circuit described 
by LaBotz et al. (6) have been made on the single- 
phase portion of a zone-refined ingot of this material.  

Phase diagrarr~ o~ the AgfTe-InfTe3 pseudo-binary 
system.--DTA measurements  have been made on 
quenched samples at 0, 2.5, 5, 8, 10 (two samples),  12.5, 
20, 35, 40, 55, 60, 80, and 90 mole % AgfTe; on an-  
nealed samples (450~176 for 4 to 23 days) at 17 
and 50 mole % AgfTe; on both quenched and annealed 
samples at 25, 43, 52, 55, 58, 65, 70, 82, 85, and 95 mole 
% AgfTe; and on zone-refined samples at 10 and 30 
mole % AgfTe. The thermograms of the annealed 
samples did not differ from those of the quenched 
samples. The composition distr ibution of a zone-re-  
fined sample should be different from that of an as- 
cast one and is not  in terpre ted  here. However, it  was 
observed that  the  thermogram of the single-phase 
portion of the 10 mole % Ag2Te alloy was identical 
to the thermogram of the quenched sample, thus in -  
dicating the existence of the compound AgIn9Te14. 

Based on these DTA measurements ,  the tentat ive 
phase diagram shown in Fig. 1 has been constructed. 
In the low AgfTe region, the solid solution of AgfTe 
in In2Te8 (which melts peritectically at 674~ in this 
system) may extend to 3 mole % AgfTe. However, 
this tenta t ive  conclusion reguires confirmation by 
x - r ay  diffraction studies. In  addition, two more peri-  
tectic compounds exist. One at 7.5 mole % AgfTe melts 
at 686~ and the other at 10 mole % AgfTe melts at 
694~ The congruent  compound at 25 mole % Ag2Te 
which melts at 699 ~ ___ I~ has a very  wide homogen-  
eity range. The compound at 50 mole % AgfTe 

1 p r e s e n t  address :  Research  Labora tory ,  Tecumseh  Products  Inc., 
A n n  Arbor ,  Michigan.  

P resen t  address :  Thomas  J.  Watson Research  Center,  IBM Cor- 
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Fig. 1. Tentative phase diagram for the Ag2Te-ln2Te3 pseudo- 
binary system. 

(AgInTef) melts peritectically at 658 ~ • 5~ The 
phase diagram of the high AgfTe region is relat ively 
simple. At 70 mole % AgfTe, there is a eutectic point 
at 649 ~ _ 2~ It appears that the solubili ty of In2Te~ 
in Ag2Te may be high. However, this should be con- 
firmed by x - r ay  diffraction. In  addit ion to the solid- 
solid t ransi t ion at 525 ~ _+ 2~ the AgaTe phase has a 
solid-solid t ransi t ion at 150 ~ -+- 3~ which is not shown 
in the figure. 

Electrical properties of AgIngTex4.--E1eetrieal con- 
ductivi ty and  Hall  coefficient measurements  have been 
made on specimen No. 186(2), a single phase poly- 
crystal l ine port ion of an ingot with the nomina l  com- 
position (AgfTe)(In2Te3)9, which had ten zone-re-  
fining passes. Figure  2 shows a plot of the logari thm 
of the electrical conductivi ty vs. the reciprocal abso- 
lute temperature,  and Fig. 3 shows a plot of the 
logari thm of IRHT3/21 VS. the reciprocal absolute tem- 
perature.  The mater ia l  was n-type.  The composition 
was verified by a DTA measurement  which showed a 
t ransi t ion tempera ture  of 694~ At room temperature,  
the mater ia l  has an electrical conductivi ty of 2.5 x 
10 -6 mho/cm, which increases as the tempera ture  in -  
creases. The intr insic  energy gap of AgIngTe14 esti- 
mated from the slopes of the plots above 330~ is 1.50 
ev from the electrical conductivi ty data and 1.5 ev 
from the Hall  coefficient data. A donor energy level 
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0.95 ev below the bottom of the conduction band  is 
observed at temperatures  below 200~ Log IRaqi is 
plotted against  log T as shown in Fig. 4. The data were 
scattered. A slope of --1.0 is obtained by a least 
square correlat ion for temperatures  above 600~ in-  
dicating that  lattice scattering is probably the dom- 
inan t  scattering mechanism. The Hall  mobil i ty  of 
AgIn9Te~4 is 40 cm~/v-sec at 6O0~ 
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Fig. 4. Logarithm of IRz~l vs. logarithm of absolute temper- 
ature for AglngTel4. 

Discussion 
No x-ray,  density, or Seebeck measurements  were 

made on the compound AgIn9Te4. Hahn (1) reported 
lattice parameters  at 9 mole % and 20 mole % AgeTe 
as a = 6.19 kX, c = 12.38 kX, and c /a  ratio of 2.0. 
According to our phase diagram, these values should 
be characteristic of AgIngTe14. 

The decrease in conduct ivi ty  and the decrease in  
the temperature  at which the activation energy 
changes from 0.95 to 1.50 ev on the second heat ing 
cycle are probably due to the loss of the most vola-  
tile component,  Te. 

The 1.50 ev energy gap of this mater ia l  is greater 
than that  of 1.1 • 0.1 for AgIn~Te~ reported by 
O'Kane (4) and that  of 1.20 _ 0.05 observed for In2Te3 
(7). 
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Vapor Grown SiAs Crystals 
S. W. Ing, Jr., Y.  S. Chiang, and W. Haas 

Research Laboratories, Xerox  Corparation, Webster, New York  

Single crystals of SiAs in  the form of t iny  needles 
have been grown by Wadsten (1) f rom the melt, and 
the crystal  s tructure has been determined. However,  
other properties of the mater ia l  have not  been re-  
ported in  the l i terature.  We have grown SiAs crys- 
tals of sufficient size, using a vapor  t ranspor t  tech-  
nique, to enable us to s tudy some of the SiAs crystal  
physical properties. 

The crystal  growth was carried out in  an evacuated 
quartz tube. E lementary  Si (99.9999% puri ty)  and 
As (99.999% puri ty)  were placed at opposite ends of 
the tube. I2 or AsIs was used as the t ransport  agent  
and was introduced into the tube along with the As 
in an I2-to-As ratio of 0.5 to 1%. The tube was then 
placed in  a two-zone furnace with the Si located at 
the hot zone be tween 1000 ~ and l l00~ and the As 
at the cooler zone around 450~ The tempera ture  gra-  
dient  between the zones was approximately  linear.  In  
24 hr, a mass of SiAs crystals appeared in a region 
where the tempera ture  was measured to be around 
900~ The crystals grew in  a flat r ibbon fashion with 
the larger ones measur ing over 1 cm long as shown 
in Fig. 1. Frequent ly ,  an individual  r ibbon would be 
made up of two or three crystals with grain bound-  
aries r u n n i n g  along the length of the ribbon. 

X- ray  measurements  were made on the vapor-  
grown single crystals. The results showed that  these 
crystals are monoclinic and have the symmetry  of 
the space group C2/m which is in agreement  with 
the findings of Wadsten (1). The growth direction of 
the r ibbons was found to paral lel  the c-axis. The crys- 
tals were analyzed chemically, 1 and the results 
showed a one- to-one ratio of Si- to-As with an ac- 
curacy of determinat ion of 1 a/o (atomic per cent) .  

In some batches, Te was added to the As source in 
the reaction tube; the atomic ratio of Te- to-As was 
1: 2. The resul t ing crystals has the same appearance as 
without  the addit ion of Te. Chemical analyses showed 
that  these crystals contained about 5 a/o of Te. X- ray  
measurements  showed no al terat ion in  the crystal  
s tructure when Te was incorporated. 

The SiAs crystals have metallic, highly reflecting 
surfaces and are completely t ransparen t  in  the yel low- 
red region of the spectrum but  not in the blue region. 
Observation in  polarized light shows that  the crystals 
are s trongly pleochroic. Between crossed nicols, the 
crystals exhibit  straight ext inct ion and in  convergent  
light a biaxial  interference figure. Figure  2 shows two 

z C h e m i c a l  ana ly se s  w e r e  p e r f o r m e d  b y  t he  S e h w a r z k o p f  :Micro- 
a n a l y t i c a l  Laboratory; Woodside, New York.  

Fig. 1. Vapor grown SiAs crystal 

Fig.  2.  L i g h t  t r a n s m i s s i o n  of a S i A s  c rys ta |  b e t w e e n  cross 
nicols;  m a g n i f i c a t i o n  100X. 

faces of a s ingle-crystal  SiAs between crossed nicols 
in the 45 ~ position. A and B are different faces of the 
crystal, and a growth line can be seen r unn i ng  across 
the c rys ta l  

Optical t ransmission measurements  of the Te-doped 
SiAs crystals have also been made using polarized 
light. The measurements  were made with a Perking 
Elmer Model 16U monochromator  which has resolu- 
tions of 25 and 79A at l ight  wavelengths of 4200 and 
7400A, respectively. The relat ive optical densi ty spec- 
tra with the light polarized perpendicular  and paral lel  
to the c-axis of the crystal  are presented in  Fig. 3. 
No reflection measurements  were made. The optical 
density spectra indicate that  the mater ia l  has an op- 
tical bandgap of around 2.2 ev. This value certainly 
represents a lower l imit of the optical bandgap en-  
ergy. The spectra also reveal  a few small  peaks in 
the long wavelength region. A significant amount  of 
shift in the absorption spectrum was observed be- 
tween the light polarized perpendicular  and the light 
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Fig. 3. Relative optical density vs. wavelength for a Te-doped 
SiAs crystal. 
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Fig. 4. Seebeck coef f ic ient  vs. the reciprocal  of  the temper -  

a ture  o f  a SiAs crystal  doped with 5 a / o  Te .  

polarized paral lel  to the crystal c-axis. Several  cross- 
ings of the spectra were observed in the short wave-  
length region: we cannot,  at present, advance an 
explanat ion for these crossings. 

Thermoelectric measurement  indicated that  the 
SiAs crystals were n- type.  A Seebeck coefficient of 
1.9 m v / ~  was obtained near  room temperature.  The 
bulk  resistivities of the undoped crystals at 22~ 
were 107 ohm-cm as measured by using the famil iar  
4-contact technique. The resistivity increased expo- 
nent ia l ly  with increasing reciprocal tempera ture  in 
the tempera ture  range measured (295~176 An  
activation energy of 0.43 ev was obtained. The Te- 
doped crystals were also n- type,  bu t  exhibited lower 
resistivities of a round 1.4 x l0 s ohm-cm. A lower ac- 
t ivation energy, about  0.28 ev, was observed in the 
doped material .  The Seebeck coefficient of the doped 
crystal has been measured as a funct ion of t emper-  
ature in  the range 300~176 The results are plotted 
vs. the reciprocal of the tempera ture  in  Fig. 4. A l in -  

ear relat ionship is observed. By using the simplified 
expression (2), a = - -  ( k / e )  (8 --  E s / k T ) ,  where 
is the Seebeck coefficient, k the Bol tzmann constant, 
e the electronic charge, 8 a constant  depending on the 
carrier  scattering mechanism, E s the Fermi  energy, 
and T the absolute temperature,  the 8 and  the Ef 
have been calculated based on the data obtained, 
to be 3.0 and  0.29 ev, respectively. The value of 3.0 
for 8 indicates that lattice scattering is the controll ing 
mechanism for electron transport.  The calculated 
Fermi  energy agrees closely with the activation en-  
ergy (0.28 ev).  The Fermi  level appears fixed either 
by a set of deep lying donor states or by the nega-  
t ively charged centers located approximately  0.28 ev 
below the conduction band  if the mater ia l  is highly 
compensated. A Ga- In  eutectic was used as the con- 
tacts in  making  the electrical measurements .  These 
contacts are ohmic as indicated by the l inear  cur ren t -  
voltage relat ionship obtained with applied fields in -  
creasing up to 100 v/cm.  

The electrical and the optical properties of SiAs 
clearly characterize the mater ia l  as a semiconductor.  
Since it is a group IV-V compound, the atomic bond-  
ing wi th in  the crystal must  satisfy the valence sa tura-  
t ion rule (3), i.e., m ( ~ - - l )  • xX ,  where m is the 
n u m b e r  of cations and x the number  of anions in the 
chemical formula, ~ the valence of the ca~ion, and X 
the valence of the anion. The term (~--1) indicates the 
formation of a cat ion-cat ion bond for each cation pres-  
ent. These requi rements  are indeed satisfied based on~ 
the crystal s t ructure of SiAs as proposed by Wad-  
sten (1). 
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The Kinetics of Propane Adsorption on Platinum 
in Hydrofluoric Acid 

Elton J. Cairns 1 and Adrian M. Breitenstein 2 

General Electric Company, Research & Development Center, Schenectady, New York  

ABSTRACT 

As a first stage in the investigation of the electrochemical oxidation of 
saturated hydrocarbons on p la t inum in  acid electrolytes, the rate of adsorp- 
t ion of propane on a smooth p la t inum electrode was studied at 90~ in  37 
m o l e  % HF. Using an a l l -PTFE apparatus  and single l inear  voltage sweep 
techniques, the surface coverage by hydrocarbon species was measured  as a 
funct ion of adsorption t ime and potential.  The steady-state coverage resul t ing 
from propane adsorption shows a sharp m a x i m u m  at 0.2v (vs. rhe) .  The 
amount  of the most electrochemically active species is highest at 0.3v. The 
adsorption rate follows Langmui r  kinetics with a th i rd-order  dependence on 
free surface. The rate constant  has b e e n  m e a s u r e d  for 0.2 and 0.3v at 90~ 

During the last few years there has been an  active 
interest  in  the direct anodic oxidation of saturated 
hydrocarbons in  fuel cells (1-10). Exploratory fuel 
cell investigations pointed out the usefulness of s t rong 
acid electrolytes in this connection. The acidic elec- 
trolytes which have received the most a t tent ion in  
hydrocarbon fuel cells are ,sulfuric acid (1), phos- 
phoric acid (2-4), hydrofluoric acid (5-8), and cesium 
fluoride-hydrofluoric acid mixtures  (5, 6, 9, 10). In  
order to unders tand  bet ter  the kinetics and mecha-  
nisms involved in the over-all process of anodic oxi-  
dation of hydrocarbons, it  is desirable to study the 
various individual  steps in the process, s tar t ing with 
the adsorption of the hydrocarbon on a suitable e lec -  
trode mater ia l  in the presence of electrolyte. 

Some work on the adsorption of methane  (11) and 
ethane (12, 13) on p la t inum in perchloric acid has 
been done at temperatures  below those where sig- 
nificant react ivi ty is shown in fuel cells. The results 
of Gi lman (12) on e thane adsorption on p la t inum in 
perchloric acid were interpreted in terms of the ki-  
netics of the adsorption process, the adsorption being 
second order in free surface and first order in ethane 
concentration. Propane adsorption on p la t inum in  
phosphoric acid has been studied (14, 15), but  s ince  
the adsorption process was diffusion-controlled, no 
rate expressions could be derived from those results. 
Butane adsorption on p la t inum in sulfuric acid has 
been measured at steady state by tracer  methods (16), 
and under  uns teady-s ta te  conditions by the use of 
f low-through porous electrodes (17); nei ther  invest i -  
gation yielded quant i ta t ive  kinetic information.  

In  order to study the kinetics of the adsorption proc- 
ess, it is necessary to perform the adsorption experi-  
ments  under  conditions where  diffusion is not  con- 
trolling. This requires that  the product of the concen- 
t ra t ion of dissolved hydrocarbon and its diffusion 
coefficient be large enough (and therefore, diffusion 
fast enough) that  the adsorption step is the slower 
process. It  is known that  hydrofluoric acid enhances 
the solubil i ty of saturated hydrocarbons in water  (18), 
and it is expected that  the fluoride anion is not  ad- 
sorbed on p la t inum electrodes (19, 20). For  these rea-  
sons and because of the fact that  fuel cells using 
hydrofluoric acid electrolyte oxidize saturated hydro-  
carbons at high current  densities, it was decided that  
a study would be made of the adsorption of a saturated 
hydrocarbon on p la t inum in hydrofluoric acid. Pro-  
pane was selected as the simplest typical  saturated 
hydrocarbon because it  is the smallest molecule con- 
ta in ing both CH2 and CH3 groups, and it exhibits 

1 P r e s e n t  address :  Argonne  Nat ional  Labora tory ,  Argonne ,  Ill i-  
nois  60439. 

2 P r e s e n t  a d d r e s s :  Materia ls  & Processes  Labora tory ,  Genera l  
Elec tr i c  Company,  Schenectady,  N e w  York  12309. 
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Fig. 1. Schematic diagrom of PTFE cell, oir thermostat and gos 
supplies. 

good react ivi ty on p la t inum in hydrofluoric acid (5, 
6) .  

Experimental 
A schematic diagram of the PTFE three-compar t -  

ment  electrochemical cell, the air thermostat,  and gas 
supplies is shown in Fig. 1. The working electrode 
compar tment  ( ~  100 cm 3) had provision for bubbl ing  
argon or propane over the p la t inum wire working 
electrode, and provision for s t i r r ing by means of a 
two-bladed paddle st irrer  which could be operated 
at any speed over the range 0-5000 rpm. A p la t inum 
thermocouple well  allowed accurate tempera ture  mea-  
surement  of the electrolyte. Porous PTFE separators 
were used between the compartments.  A PTFE Luggin 
capil lary connected the working  electrode compart-  
ment  to the reference electrode compartment .  The 
re ference  electrode compar tment  contained two plati-  
nized p la t inum flags (2 cm 2) which served as re-  
versible hydrogen reference electrodes. Their  poten- 
tials were observed to remain  wi th in  0.2 mv of each 
other at all  times. The counter electrode was a plat i-  
nized p la t inum flag of 2 cm 2 area. A forced-convection 
air thermostat  controlled the air s tream tempera ture  
to wi th in  •176 control of the electrolyte tempera-  
ture  was better. 

The working electrode consisted of a smooth plati-  
n u m  wire 0.146 cm in diameter  with an exposed por-  
tion 1.034 cm long having a hemispherical  end. The 
surface of the electrode was polished as follows: The 
Pt  wire was mounted  in a chuck on the shaft  of a 
high-speed (20,000 rpm) motor wi th  speed controller, 
and its end was made hemispherical  by the applica- 
t ion of fine emery  paper  as the electrode was rotated 
( ~  2000 rpm).  Next, No. 600A emery paper was used  
to remove the pit ted and mechanical ly damaged (from 
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the wi re -drawing  process) surface. When n o  more 
pits were visible at 50X, the electrode was washed in  
hot chromic acid, r insed in  distilled water, and an-  
nealed careful ly in  a hydrogen-a i r  flame. The elec- 
trode was given a final series of polishing steps using 
spherical-grained A1208 powder in wet velvet. This 
wet-pol ishing proceeded in  3 stages using 20, 1, and 
0.05~ particle sizes in succession, with microscopic 
examinat ion  at 50 and 100X between stages. When  
the surface appeared smooth at 100X after polishing 
with 0.05~ powder, the electrode was rinsed in dis- 
tilled water, annealed, and cleaned by application of 
a l ternate  anodic and cathodic currents  (.~ 10 ma/cm~) 
in purified 37 m/o  HF. The "true" surface area of the 
polished electrode was determined by cathodic hy-  
drogen deposition using a l inear  voltage sweep. The 
t rue area was found to be 0.5467 cm ~, assuming 220 
, cou l / t rue  cm e for hydrogen deposition. This area 
corresponds to a roughness factor of 1.15. 

The electrolyte solution was prepared from quartz 
redistil led water and Mallinckrodt analyt ical  reagent  
grade hydrofluoric acid (48 w/o  HF) containing a 
m a x i m u m  of 5 ppm of heavy metals impurit ies and 
a m a x i m u m  of 100 ppm H2SiF6. The HF and water  
were mixed to produce the 37 m/o  HF azeotrope (boil- 
ing point, 112~ which was then purified by  disti l la- 
t ion in an a l l -PTFE apparatus. The first and last por-  
tions of the distillate were discarded. The center-cut  
(about 60% of the start ing material)  was fur ther  
purified in an a l l -PTFE cell by .an electrochemical 
t rea tment  consisting of a l ternate  potentiostatic ad-  
sorption of impuri t ies  on a large ( ~  50 em 2, r.f. _~ 
1000) p l a t inum electrode and subsequent  electrochem- 
ical oxidat ion at intervals  of 15-20 m i n  for 24 hr at 
90~ The electrolyte was then t ransferred to the al l -  
PTFE cell of Fig. 1 where  final electrochemical pur i -  
fication took place at 90~ for 48 hr, using a 4 cm e 
platinized p la t inum electrode (r.f. --~ 100). All  elec- 
trochemical purification procedures were carried out 
under  an argon atmosphere using Matheson 99.998% 
min imum pur i ty  argon with oxygen removed (Cu 
turn ings  at 800~ 

All gases fed to the electrochemical cell were first 
saturated with electrolyte solution vapor at the cell 
temperature  using Pt  and  PTFE bubblers.  All  tub -  
ing and fittings downstream f r o m  the bubblers  were 
made of PTFE. The propane used was of two grades: 
Phillips Research Grade, 99.99-5 % pure, and Mathe- 
son Ins t rumen t  Grade, 99.5% m i n i m u m  purity.  Both 
yielded identical  results.  The hydrogen was prepur i -  
fled grade, 99.95% min imum,  fur ther  purified by dif-  
fusion through a s i lver-pal ladium tube. 

The electrochemical measurements  were carried out 
with the aid of the ins t ruments  shown schematically 
in Fig. 2. The potentiostat was a Wenking fast-rise, 
model 6301RS, the funct ion generator was a Hewlet t -  
Packard Model 202A, modified for single pulse opera-  
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Fig. 3. Voltage sequence for propane adsorption measurement 

tion, the potent iometer  was an L&N Model K-3, and 
the oscilloscope was a Tektronix  type 555 dual-beam,  
X-Y, with type D preamplifiers. A make-before-break  
wafer switch allowed convenient  switching from one 
signal source to another. It  was necessary to adopt 
very careful shielding, guarding, and grounding prac- 
tices in order  to obtain the very low noise levels de- 
sired (-4- 5 ~a for 1 cm 2 electrodes).  

The electrochemical studies centered around the de- 
te rminat ion  of the amount  of electrical charge re-  
quired either for the anodic oxidation of adsorbed 
species on the electrode, or for the cathodic deposi- 
tion of hydrogen on the electrode, usual ly  in  the pres-  
ence of adsorbed hydrocarbon species. In  these studies, 
it was necessary to prepare a reproducibly clean elec- 
trode surface. This was done by use of the we l l -known 
method of a l ternate ly  passing anodic and cathodic 
currents.  In  this case, the al ternate anodic-cathodic 
t rea tment  was applied potentiostatically using a Kron-  
Hite square wave generator  (Fig. 2) as a signal source 
for the potentiostat. This c leanup cycle is portion A 
of the voltage sequence shown in Fig. 3. Each anodic 
and cathodic potentiostatic pulse was 15 sec in dura-  
tion, and the voltages were set at values such that  
equal  anodic and cathodic charges were passed. Usu- 
ally, 10 pulses were more than  sufficient to prepare 
a clean, reproducible electrode surface. This cleanup 
was performed immediate ly  prior to every experi-  
ment,  and served to remove all species from the elec- 
trode surface which could be oxidized, reduced, and 
repelled from the surface by high and  low potentials 
(about 1.8 and --0.04v vs. rhe) .  The rate of t ransi t ion 

between 1.8 and - -0 .04v was made slow enough that  
surface roughening of the electrode could not take 
place (21). After  the cleanup was completed, the 
electrode and sur rounding  electrolyte were prepared 
for the adsorption step: a protective oxide layer was 
rapidly formed by stepping the potential  up to 1.6v 
for 6 sec (step B, Fig. 3), and the potential  was then  
dropped to 1.2v (step C) to main ta in  the oxide layer 
without  passing any  addit ional  current .  Dur ing  step 
C, the propane (or argon) was bubbled (10 cc/min)  
and st i rr ing was continued at  400 rpm for 60 sec, 
after which bubbl ing  was stopped and st i rr ing con- 
t inued for an addit ional  60 sec to sweep any  gas 
bubbles away from the electrode; the desired mass 
t ransport  s i tuat ion was established: usually, quiescent, 
propane-sa tura ted  electrolyte (120 sec of no bubbl ing  
or s t i r r ing) .  The working electrode was then stepped 
to a potent ial  Ua at which reduct ion of the protective 
oxide layer  took place (within a couple of mill isec- 
onds) and propane was allowed to adsorb on the elec- 
trode surface for a t ime Ta, after which an anodic 
(or cathodic) l inear  voltage sweep of speed dE/dr 
v/sec was applied. The current -vol tage  trace dur ing 
application of the  voltage sweep was photographed 
from the screen of the oscilloscope, giving a perma-  
nen t  record of the oxidation of the species on the 
electrode surface (or a record of hydrogen deposition 
in  the presence of the adsorbed species). Exper iments  
performed as just  described, bu t  in  the presence of 
argon ra ther  than  propane, gave results characteristic 
of the behavior  of the electrode-electrolyte system 
alone, which were used as "blanks" in  data reduction. 
The use of this type of voltage sequence in  connec-  
t ion with adsorption studies has been reported by 
Gi lman (22). 
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The details of the various vol tage sequences used 
and their  application wil l  be clear  f rom the discus- 
sions below. The areas under  the cur ren t -vo l tage  
traces were  measured with a compensating polar  
p lanimeter  and were  used for de termining the amount  
of adsorbed mater ia l  on the electrode surface, as de -  
scribed below. 

Results 
The objec t ive  of this work, as indicated above, was 

to determine  the kinetics of the adsorption process 
for propane on pla t inum in hydrofluoric acid. In order  
to obtain results of sufficient accuracy for a kinet ic  
analysis, it is necessary that  the cur ren t -vo l tage  t race 
in the presence of adsorbed propane be reproducible  
and significantly different f rom the "blank"  t race  in 
the presence of argon and that  this difference be a 
measure of the amount  of mater ia l  adsorbed on the 
electrode surface. A sample trace, together  wi th  its 
corresponding blank is shown in Fig. 4 for 180 sec 
of propane adsorption at 0.3v (vs. the)  and 90~ 
the anpdic sweep speed being 10 v/sec.  The area be-  
tween the two traces (Q) has the units of charge 
(coulombs),  and this charge may be made up of sev- 
eral  contributions: 

Q = QHC -~- AQdl -~- aQo -P Qdiff [1] 

The te rm QHC is the charge requi red  to oxidize the 
hydrocarbon species which were  adsorbed on the 
electrode at the end of t ime ~a (the start  of the sweep) ,  
the numer ica l  value  of  which is desired. The t e rm 
-~qdl is the change in the charge stored by the double 
layer as the voltage sweep is applied. This is a ve ry  
small  t e rm (about 1-2%, usual ly) ,  and can be cor- 
rected for (approximate ly)  by not ing the difference 
in cur ren t  be tween the argon blank trace and the 
propane trace (see Fig. 4) in the potential  range 
0.4-0.6v. The te rm most difficult to correct  for quant i -  
ta t ively  is ~Qo, which is the Change in the charge re -  
quir ing to oxidize the p la t inum surface to the potent ial  
where  the two traces merge  (about 1.7v). This change 
exists because a ve ry  small  amount  of hydrocarbon 
species stays on the electrode surface unti l  higher  
potentials (say, 2v) are  reached (see below),  since 
the rate  of oxidat ion of this small  amount  of residue 
was not high enough to keep up wi th  the vol tage 
sweep. The value  of aQo was always ve ry  small com-  
pared to Qnc (less than 4%),  and was readi ly  deter -  
mined with  sufficient accuracy for use in Eq. [1]. Any  
addit ional  propane which diffuses to the electrode 
surface and is adsorbed and oxidized during the anodic 
sweep is accounted for as Qdiff and causes an increase 
in the charge Q. This effect can easily be avoided by 
proper choice of sweep speed (see below).  Since all 
of the terms on the r igh t -hand  side of Eq. [1] are 
small  compared to QHc under  appropriate  exper i -  

Fig. 4. Sample current-voltage traces for 180 sec of propane 
adsorption on Pt in 37 m/o HF at 90~ and for argon under the 
same conditions. Shaded portion indicates area of type I peak. 

mental  conditions, it is possible to obtain QHc to a 
high degree of accuracy, using small  correction terms 
of only moderate  (percentage)  accuracy. 

Two peaks are present  in the propane trace of Fig. 
4: a sharp one near  0.8v and a broad one near  1.2v. 
It is of interest  to fol low the behavior  of these peaks 
separately, because it is l ikely that  they represent  
different classes of mater ia ls  on the electrode surface. 
The peak at 0.8v wil l  be cal led type I, and represents  
mater ia l  which is rapidly oxidized (high currents)  at 
re la t ive ly  low potentials. The broad peak at 1.2v wil l  
be called type II and represents  mater ia l  which is 
oxidized more slowly ( lower currents)  and over  a 
broader  potential  range. The  separat ion of the total 
area Q (~  QHc) into the two component  areas is in-  
dicated by the shading in Fig. 4. The exact  shape of 
the shaded area in the over lap  region does not have 
much influence on the results, but was d rawn cor re -  
sponding to the boundary expected f rom two over -  
lapping probabil i ty distr ibution curves having the 
shapes of the type I and type II peaks. I t  was observed 
that  the presence of adsorbed hydrocarbon tended to 
modify  the shape of the r is ing portion of the trace 
represent ing the oxidation of the p la t inum surface, 
but  this effect was small. It is possible, however ,  that  
this slight change in shape of the cur ren t -vo l tage  
curve for oxidat ion of the p la t inum surface could 
cause an er ror  in the QI values, amount ing to a few 
per cent of the values quoted. This effect probably 
does not influence the QHC values. 

Steady-state surface coverage as a function of po- 
tential.--Since it was expected that  the ra te  and ex-  
tent  of propane adsorption would  vary  wi th  adsorption 
potential  (Ua), a set of survey exper iments  was per-  
formed to determine  the adsorption potentials to be 
used in the detai led kinetics studies. A fixed adsorp- 
tion t ime (~a) of 300 sec was chosen, since this was 
sufficient for reaching essential ly s teady-s ta te  surface 
coverages (see la ter) .  The value  of 1.%.sQHc, the charge 
required for oxidation o f  adsorbed hydrocarbon species 
in the potential  range 0.5-1.7v, was de termined  as a 
function of potential,  as shown in Fig. 5. Note that  
the results are expressed on the basis of " t rue"  sur-  
face area of the electrode. The  charge under  the type 
I peak, wi th  suitable correct ions for double layer  ef-  
fects, is also presented in Fig. 5. Note that  the largest  
total  amount  of mater ia l  (in terms of charge)  was 
present  at 0.2v, where  only a ve ry  l i t t le  type I was 
present, whi le  the largest  amount  of type I was found 
at 0.3v. 
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Fig. 5. Charge required for the oxidation of surface species 
resulting from the adsorption of propane for 300 sec, as a function 
of adsorption potential. 
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There are several  major  processes responsible for 
the establ ishment  of the m a x i m u m  in the 1"70.5QHc 
curve of Fig. 5, the shape of which is in good agree-  
ment  wi th  the results of B r u m m e r  et al. in H3PO4 
(14). At low potentials, the s teady-s ta te  coverage de- 
creases rapidly  wi th  decreasing potent ial  because of 
hydrogenat ion-desorpt ion of the hydrocarbon species 
(12) [ largely as propane (23, 24)] and because of a 
competi t ion be tween propane and (electrochemical ly 
produced) hydrogen for  surface sites, the hydrogen 
tending to prevent  propane adsorption. The resul t  is 
a low coverage wi th  "propane" at low potentials. At  
the higher  potentials, the  s teady-sta te  value of 1.70.sQHc 
decreases wi th  increasing potent ial  because of the 
fact that  the adsorbed hydrocarbon species are being 
electrochemical ly  oxidized and are leaving as CO2 and 
H20 (24). In addition, the s toichiometry of the ma-  
terial  on the surface is that  of par t ia l ly  oxidized and 
dehydrogenated species, requir ing  less charge for ox-  
idation to C02 and H20 than the mater ia l  which was 
present  at 0.2v (see below).  

The potentials 0.2 and 0.3v were  selected for the 
more detailed adsorption rate  Studies because a com- 
parison could be made between the results obtained 
with  a m a x i m u m  amount  of type I present, and those 
wi th  the m a x i m u m  total adsorption (in terms of 
charge) ,  but  only a small  amount  of type I. 

For  the adsorption ra te  studies, the va lue  of QHC 
was de termined  as a funct ion of adsorption t ime Ta 
for several  sweep speeds between 1 and 100 v/sec.  
By plot t ing the value  of QHc as a funct ion of sweep 
speed for each ~a, a plateau value of Q~c could be 
found, assuring the el iminat ion of any AQ o r  Q d i f f  

contribution, since these contributions are dependent  
on sweep speed. The plots of I ' 7 0 . s Q H c  VS. sweep speed 
for Ua = 0.3v are shown in Fig. 6, where  1.T0.sQHc is 
the charge measured for the 0.5467 cm 2 t rue  area 
electrode. Note that  the values of Q H C  w e r e  constant 
over  the sweep-speed range of 2.5-25 v/sec.  The pla-  
teau values of QHc for both Ua = 0.2 and 0.3v found 
in this way  were  used in all subsequent  analyses of 
results. 

Propane adsorption at 0.3v.--Because of the exper i -  
ences of other  invest igators in finding that  the ad- 
sorption of hydrocarbons was diffusion-limited,  it was 
in order  to establish the conditions under  which the 
diffusion l imitat ion could be avoided in this work  to 
permit  the determinat ion of the adsorption ra te  law 
in the absence of diffusion limitations. The fact  that  
a significant amount  of mater ia l  was adsorbed in only 
50 msec at 0.3v (cf. Fig. 6) indicated that  these results 
should be tested for  diffusion control. If  the adsorp-  
tion process was diffusion controlled, and if 1.v0.sQHc 
is proport ional  to the number  of moles of propane 
diffusing to the electrode surface, then  1.%.sQnc as a 
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Fig. 6. Charge required for the oxidation of adsorbed species 
between 0.5 and 1.7v, as a function of anodic sweep speed, for 
several adsorption times. Propane was Qdsorbed at 0.3v and 90~ 
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function of t ime should fol low the semi-infini te cyl in-  
drical  diffusion equation,  in the absence of convec-  
tion. 

The differential  equat ion for semi-infinite cyl indr i -  
cal diffusion to an electrode of constant potential  in 
the absence of convection has been solved by Rius, 
Polo, and Llopis (25). The solution is 

( D ABt z ~ 
4 nFDAsC| ~" exp o o  ro 2 / dZ 

i -  ")o [,2] ~ro Jo2(Z) + Yo2(Z) Z 

Tables of the integral  have been published by Jaeger  
and Clarke (26). An approximate  solution for short 
times, in tegrated with  respect to t ime to yield cou- 
lombs of mater ia l  t ransferred to the surface after  
t ime t, is given by 

nFDAsC| 
Q =  

To 
t 1 ~2to t 

~l/2D)tB1/2 -{- 2 

or, 

DAB1/2t 3/2 DAB t2 ] 
4 nl/2ro + 8 ro -------T . . .  [3] 

nFDABC| 
Q = i ( t )  [4] 

To 
where  Q = c o u l / c m  2 sec of propane diffusing to the 
electrode; DAB = diffusion coefficient of propane in 
37 m / o  H F  at  90~ cm2/see; n = number  of equ iv-  
alents per propane molecule;  C| = solubi l i ty  of pro-  
pane in 37 m / o  HF  at 90~ moles/em3; ro ~ radius of 
electrode, era; and t = time, sec. 

In order to use Eq. [3] to test for diffusion-l imited 
adsorption, it is necessary to know the va lue  of the 
diffusion coefficient of propane in 37 m / o  HF at 90~ 
Since the physicochemieal  propert ies of 37 m / o  HF 
are very  similar  to those .of water,  the value  for the 
diffusion coefficient of propane in wate r  was used as a 
s tar t ing point. The value  of the group (T/DAB~) used 
by Wilke and Chang  (27) in thei r  correlat ion of l iq-  
u id-phase diffusion coefficients was calculated, using 
the propert ies  of the p ropane-wate r  system. The mea-  
sured value  of the diffusion coefficient of propane in 
water  at 29.9~ is 1.28 x 10 -5 cm2/sec -- 2%, as re -  
ported by Saraf  and Witherspoon (28). This value,  
and the viscosity of water  were  used to calculate the 
value  of the group (T/DAB~), giving 3.05 x 107 
~  sec/cp - -  em 2, in excel lent  agreement  wi th  an 
est imate of this group using Wilke and Chang's  corre-  
lation. Since this group is not  a function of t emper -  
a ture  (27), i t  is only necessary to have  the value  of 
the viscosity of 37 m / o  HF  at 90~ in order  to calcu- 
late the diffusion coefficient of propane in this elec-  
t ro lyte  at 90~ The viscosity of the electrolyte  was 
measured at 24 ~ and 96~ using an al l -PTFE Ost- 
wald- type  viscometer  cal ibrated wi th  water at each 
temperature. The values  obtained, and that calculated 
for 37 m / o  HF  at 90~ are g iven in Table  I, along wi th  
the calculated diffusion coefficients, using the va lue  of 
(T/DAs~) given above. The value  of the diffusion co-  
efficient for C3Hs in 37 m / o  HF, 3.516 x 10-5 em2/sec 
at 90~ was  then used in Eq. [3] to calculate the 
values  of the bracketed expression, designated S(t) in 
Eq. [4]. 

Using the calculated values of S(t) for each adsorp- 
tion time ~a up to 1 sec, the plateau values of 1"70.5QHc 
from Fig. 6 and some additional data for 10 v/sec 

Table I. Properties of 37 m/o HF 

Temperature  

Property  24~ 90~  96~  

Viscosity,  centipoise  0.9492 - -  0.3175 
Density ,  g / c m  3 1.148 1.076 
DC3tIs_IIF , c ln2/sec 1.026 • 10-~ 3.516--X 10-~ - -  
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Fig. 7. Plot of I'70.SQHC vs. f ( t )  for cylindrical diffusion, indi- 
cating that the adsorption of propane at 0.3v from 37 m/o HF at 
90~ is diffusion controlled for about the first second of the ad- 
sorption period. 

were plotted against f ( t )  as shown in  Fig. 7. The 
l inear i ty  of this plot indicates that  the adsorption 
process is diffusion-l imited for times shorter than 1 
sec, and that  s must  be proport ional  to the total 
amount  of propane adsorbed on the electrode. For 
values of T~ greater than 1 sec, 1.70.sQHc falls below the 
expected curve, indicat ing that  some other process is 
l imit ing for Ta > 1 sec. The proport ionali ty between 
1.~0.sQHc and f ( t )  for small  ~a gives support  to the 
use of QHc as a direct measure of surface coverage, 
even under  conditions where  diffusion does not hap-  
pen to be rate limiting. The value of the slope of 
the line in  Fig. 7 is directly related to the solubili ty 
of propane in  the electrolyte as indicated by Eq. [3]. 
The calculation of the solubil i ty f rom the slope re-  
quires a knowledge of the ratio of z.T0.sQHc to the 
total amount  of charge required to oxidize all of the 
propane which arrives at the electrode surface. This 
ratio was found to be 0.685 (see la ter) ,  and was used 
together with the value 17 for n (see later)  to give a 
solubili ty of 8.13 x 10 -8 moles C3Hs/cm 3. This solu- 
bi l i ty  corresponds to 0.145 m-mol /1-a tm as the Henry 's  
law constant,  and is in  the same range as the values 
exper imenta l ly  determined for C3H8 in  water  and 
aqueous HzP04 at 90~ (30). 

The plateau values of 1.T0.sQHc for all adsorption 
times at Ua = 0.3v are shown in Fig. 8, together wi th  
the component  values 1.~0.sQi and 1.T0.sQn. The rate of 
adsorption at 0.3v was diffusion-limited for less than  
1 sec, the rate decreasing to a kinet ical ly determined 
one as adsorption proceeded. In  less than  100 sec, the 
electrode adsorbed about  90% of the amount  that  it 
adsorbed in  104 sec, which value it  seemed to ap- 
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Fig. 8. Plateau values of =o.sQHc, I'7o.sQHC, l'%.sQI, and 
=o.sQIs as a function of adsorption time for propene on Ptin 37 
m/o HF at 0.3v, 90~ 

proach asymptotically. The values of 1-70.~Qi and 
1.70.5Qii were obtained by in tegrat ing the type I and 
type II peaks separately, as indicated in  Fig. 4, and 
the plateau values were determined from plots of 
QI and QII against  sweep speed. These plateau values 
are the ones plotted in  Fig. 8. It  was found that  the 
type I species was formed (and oxidized) rapidly, 
hence the higher sweep speeds (20-100 v/sec) were 
required to establish its plateau values. Note that  the 
type I mater ial  starts appearing only after the sur-  
face is largely covered with type II. 

In  order to learn  more about the species on the 
electrode surface, it is necessary to have not only a 
measure of the n u m b e r  of coulombs required to ox- 
idize the mater ia l  on the surface, bu t  also a measure 
of the fractional  coverage, or its equivalent.  This in -  
formation would then allow the calculation of the 
number  of electrons per monolayer,  or per surface 
site, required to oxidize the carbonaceous species; 
hence, some informat ion about  stoichiometry and ox- 
idation state of the surface species would be obtained. 

The fractional surface coverage by carbonaceous 
species was measured by the blockage of the surface 
for hydrogen deposition and for oxygen evolution. In  
the case of hydrogen deposition, a l inear  cathodic 
sweep was used to measure the amount  of hydrogen 
which could be deposited on that port ion of the sur-  
face not blocked by adsorbed hydrocarbon species. 
The usual  pre t rea tment  and adsorption steps A 
through D of Fig. 3 were used, followed by a l inear  
cathodic sweep. The n u m b e r  of coulombs required to 
saturate the remain ing  free surface with hydrogen 
was measured by integrat ion of the area under  the 
cathodic curves in  the range 0.3-0.0v, except at the 
highest sweep speeds where integrat ion to somewhat 
lower potentials was required in order to include all 
of the hydrogen deposited before rapid hydrogen evo- 
lut ion set in (29). 

The relationship for the fraction of the surface cov- 
ered by hydrocarbon species (and therefore not avail-  
able to hydrogen) is expressed by 

O.Oo.3QsH --  O.Oo.3Q H 
0.00.3eric = [5] 

0-00.3QsH 

where 0"0o.zQsH is the number  of coulombs required for 
cathodic hydrogen deposition star t ing at 0.3 vs. rhe, 
in the presence of argon (or for Ta ----- 0), corrected 
for double layer charging. ~176 is the number  of 
coulombs required for cathodic hydrogen deposition 
star t ing at 0.3v in  the presence of adsorbed hydro-  
carbon, corrected for double layer charging. 

As with the QHC experiments,  complete sets of 
0-00.~OHc values were determined for the full  range of 
sweep speeds for each value of Ta. The values of 
~ were plotted against  sweep speed, and the 
results showed two plateaus for each value of ~a. At 
low sweep speeds ( ~  3 v/sec) the plateau value of 
~176 indicated the coverage by mater ia l  which was 
not readily hydrogenation-desorbed.  This mater ia l  can 
be identified as type I from the propane adsorption 
work of Grubb and Lazarus (24) and from the ethane 
work of Gi lman and co-workers (12, 13), in which it  
was found that  type I mater ia l  is very difficult to hy-  
drogenate-desorb,  while type II does so very readily, 
even at only 60~ In  addition, the t ime of appearance 
and rate of increase of 0"00.30HC at low sweep speeds 
( L  0.3 v/sec)  corresponded very  well  to l'7o.sQz in  
Fig. 8. For  these reasons, the plateau values of 0.00.88HC 
at low sweep speeds were assigned to the type I 
species. 

The plateaus of 0'~ at high sweep speeds ( >  30 
v/sec) were taken to correspond to the total amount  
of adsorbed material ,  because the cathodic sweep 
depositing hydrogen was so fast that no detectable 
hydrogenat ion-desorpt ion took place. The plateau val-  
ues of 0.00.3ei (low sweep speeds) and ~176 (high 
sweep speeds) are plotted in  Fig. 9. The data points 
for 0-0o.30~c for t imes less t han  5 sec were not  mea-  
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Fig. 9. Fractional surface coverage of all species as a function 
of adsorption time for an adsorption potential of 0.3v. 

sured directly by means of the cathodic sweeps be-  
cause the plateau values of 0 for short adsorption 
times had not  been reached at the fastest sweep speeds 
used in this study (100 v/sec) .  The curve of ~176 
for short times was calculated from the corresponding 
QHc values, using the number  of electrons per surface 
site determined below. 

The fractional  surface coverage of the small  amount  
of carbonaceous residue present  at 1.9v dur ing  the 
anodic sweep was measured by its blockage of oxygen 
evolut ion in a m a n n e r  s imilar  to the blockage of hy-  
drogen deposition dur ing  a cathodic sweep. This d im-  
inut ion  of oxygen evolution current  by adsorbed spe- 
cies was taken as a direct measure of the fractional 
surface coverage 

1.giAr- 1.9iHc 
1.S0HC - -  [6] 1.9iAr 

where LSiAr is the cur ren t  at 1.9v with argon present  
instead of propane (this is the same as 1.SiHC at Ta 
---- O) and i.9iHC is, the current  at 1.9v in  the presence 
of adsorbed propane, as read from the voltage-sweep 
oscillogram. The value  1.9v was chosen because it  was 
located in  the l inear  region of the Tafel plots for ox- 
ygen evolution. The d iminut ion  of oxygen evolution 
was accepted as a quant i ta t ive  measure of the frac- 
t ional surface coverage by hydrocarbon species be-  
cause plots of the plateau values of 1.90HC VS. ]( t)  from 
Eq. [3] gave good straight lines for adsorption times 
of up to 1 sec. This, coupled with the informat ion of 
Fig. 7, is evidence for the val idi ty  of Eq. [6]. 

The values of 1.90HC for various adsorption times, 
calculated using Eq. [6], plotted against  sweep speed 
show two plateaus for each ~a. At the low sweep 
speeds, essential ly all of the type II mater ia l  was ox-  
idized before the potent ial  reached 1.9v, and  only a 
small  amount  of a very refractory residue, called type 
III, remained.  This type III  mater ia l  was much more 
difficult to oxidize than  either type I or type II, but  it 
was completely removed by the c leanup procedure 
employed between experiments.  At  the high sweep 
speeds, a small  amount  of type I I  mater ia l  was left 
on the surface, in  addit ion to the type III. The small  
amounts  of type II mater ia l  left on the surface at 
high sweep speeds correspond to the slight decreases 
of l'T0.sQHc which were found at the high sweep 
speeds. The max i mum accumulat ion of type III, which 
was found at long times, was less than 0.1 monolayer,  
as shown in  Fig. 9. 

The values of 0.%.S0H in  Fig. 9 were obtained from 
the expression 

O'00.3OII ~--- S'00.30HC -- 0'00.30I- 1.90hi [7] 
Now that  values of Q and 0 as a funct ion of t ime 

for types I and II are known,  it  is possible to calcu- 
late the n u m b e r  of electrons per H site obscured re-  
quired for the oxidation of these species. This wil l  

give some informat ion about the state of oxidation of 
these materials.  The stoichiometry of type I can be 
established from a plot of 1.7o.5Qi vs. ~176 the slope 
of which is the n u m b e r  of electrons requi red  for the 
oxidation of type I to CO2 and H20, per  H site ob- 
scured 

1.~o.sQi 
ni  = [ 6 ]  

0.00 .q01QsH 

Figure 10 shows the plot, which indicates that  the 
stoichiometry is constant  with surface coverage over 
the ful l  range of t ime and coverage. The slope cor- 
responds to 2.95 electrons per I-I site, indicat ing a par -  
t ial ly oxidized species. This is consistent with other 
kinds of studies which also led to the conclusion that  
type I was par t ia l ly  oxidized (13, 24). Such a spe- 
cies, consistent with 3 e - / H  site, could be 

O H 

C 
I 

M 

A plot similar to Figure 10 was prepared for the 
type II species, wi th  the result  that  ~ii ---- 3.47, which 
could correspond to a par t ia l ly  dehydrogenated pro-  
pane molecule, which obscures 5 H sites after dehy- 
drogenation. If 3 hydrogen atoms are lost by the de- 
hydrogenation,  then  there are 17 e - / a d s o r b e d  "pro- 
pane," yielding nii  ---- 3.40 in  good agreement  with the 
exper imental  result. Such an a r rangement  could be 

H H H 
H C - - C - - C H  

I I I 
M M M M M  

The value n I I  = 3.47 is also in good agreement  with 
a value of 3.71 found by  Grubb and Lazarus (24) at 
a lower temperature  and a lower potential;  the dif-  
ference is in  the expected direction. Now that  nH is 
known, it is possible to make a small  correction for 
the type II mater ia l  not  completely oxidized at the 
intermediate  sweep speeds used to obtain 1.%.5QII. 
This correction was calculated from 

1.9Qn = 1.90iinHQs,~ [9] 

and was added to 1.70.5QH to give ~0.sQH, as shown in 

( | 1 7 6  used earlier for the Fig. 8. The ratio of I'%.5QHc 

calculation of the propane solubil i ty was obtained 
from the | values, wi th  an addit ive correction 
for the type III  species on the surface, using the es- 
t imated value of 3.9 for nzH. 

In  addit ion to the calculation of the oxidation stoi- 
chiometry of the surface species, Fig. 9 can be used 

~  

I ' I ' I ' I ' I ' I ' I ' I ' t ~ , f  
C3H I (Pt) /37 '/o HF, 90"C 

T Y P  T SPECIES O O 

= . - 

.02 .04 .06 .08 .10 .12 .14 .16 .r8 .20 
o.o 
e.581 

Fig. 10. Determination of the charge required for oxidation of 
type I material, per hydrogen site obscured. 



770 J. Electrochem. Sac.: E L E C T R O C H E M I C A L  S C I E N C E  A u g u s t  1967 

CsH| (Pf} / 37 m/D HF, 90 r 

90C Ue=OZV 

COULOMBS OF TyPE K 

T5( 

.;o, =% 

1,5( 

OI O I {.O I0 I O0 IOOO 
r , , s l c .  

Fig. 11. Charge required for the oxidation of type II species 
resulting from propane adsorption at 90~ and 0.2v. 

for  the determinat ion  of the kinetic law fol lowed by 
the adsorption of propane. This wi l l  be done later,  
a f ter  the results  for U~ = 0.2v have  been presented.  

Propane adsorption at 0.2v.--Propane adsorption was 
studied at 0.2v, because ve ry  l i t t le type I mater ia l  was 
formed at this potential ,  and because the largest  total  
amount  of propane was adsorbed (in terms of cou- 
lombs for  its oxidation) at this potential.  The expe r i -  
menta l  procedures were  the same as those used for 
Ua = 0 . 3 v ,  with  the except ion that  the potent ia l  was 
held at 0.2v vs. rhe dur ing the  adsorption t ime z~. The  
sweep speed was var ied  f rom 1 to 100 v/sec ,  and the 
adsorption t ime covered the range 0.01 to 180 sec. 

As above, all 1.70.5QHc results were  plotted against  
sweep speed, and the plateau values were  used for 
the preparat ion of Fig. 11. Note that  in the ear l ier  
stages of adsorption, 1.~o.sQHc is smaller  for Ua = 
0.2v than for Ua = 0.3v, indicat ing that  adsorption is 
s lower at 0.2v, and probably  not diffusion limited, 
even  at the shortest  t ime studied; thus all  of the data 
for Ua = 0.2v can be used in the kinetic analysis to 
be per formed below. 

Cathodic sweep exper iments  yielded informat ion 
about  O.%20HC in the same manner  as described above, 
but  wi th  a slight modification. Because some hydro-  
gen is present  on the electrode surface at 0.2v, it is 
necessary to include this in the calculations cor-  
responding to Eq. [5]. The modified equat ion is 

ZQH, ~=o - -  ~QH 
~176 = [ 10] 

~QH, T=o 

where  ZQH = ~176 ~ ~ It  is necessary to 
sum all  of the charge requ i red  for saturat ing the free 
surface wi th  hydrogen,  not just  that  which is de-  
posited below 0.2v, in order  to obtain the fract ional  
total  surface avai lable  to hydrogen deposition. The 
value  of ~QH, r=0 is the same (within a few per  cent)  
as 0-00.4Qss, measured for purposes of surface area 
determinat ion.  

The  results for o-o0.eOnc were  plot ted against  sweep 
speed for  each Ta, and the high sweep-speed plateau 
values (absence of hydrogenat ion-desorpt ion)  were  
then  used to prepare  the curve  for 0-00.~0HC shown in 
Fig. 12. Note that  a complete  monolayer  is not formed 
for t imes approaching 10 s sec, even  though O.Oo.eOHc 
----- 0.5 is achieved in less than 4 sec. Clearly, the  rate  
of adsorption depends s t rongly on surface coverage. 

The surface coverage of type III  mater ia l  was de-  
te rmined in the same manne r  as described above for 
Ua = 0.3v, using the low sweep-speed plateau values 
f rom the z.90ac vs. sweep speed plots. The z.90zn curve  
thus obtained is shown in Fig. 12. As for Ua = 0.3v, 
1.90izz stays v e r y  low, even  at long adsorption times. 
The va lue  of 1.90zz reaches somewhat  higher  values at  
Ua = 0.2v than it did for Ua = 0.3v, as might  be ex-  
pected f rom the fact  that  the total  number  of cou- 

C;Hi IP~I/ST t& HF,90 ~ 
O o = 0.2 Y 

- -  8 v~ r e SUMMARY 

azSHc 

0 ~ 

OI ~ oa~ONr FROM CATHODIC SWEEPS 

o0~Ruc CALC FROM O VALUES 

0.4 

E j.s8 x 

L i 

.OI ~ O~ - - I.O IO I00 IOOO 
r a , set 

Fig. 12. Fractional surface coverages of the species resulting 
from propane adsorption at 90~ and 0.2v. 

lambs of mater ia l  on the surface is greater  at 0.2v, 
and essentially all  of this mate r ia l  is type II, which 
oxidizes less readi ly  than the type I present  at 0.3v. 

A correction for the type  II mater ia l  left  on the 
surface above 1.7v was made according to Eq. [9], 
using the nn va lue  obtained f rom a plot  of 1.7o.~Qiz vs. 
1-%.50H as was done for Ua = 0.3v. This corrected curve  
~0.sQz, is shown in Fig. 11. The value  of niz was 4.50 
e - / H  site, h igher  than that  for 0.3v, as would be ex-  
pected for a surface species less oxidized and less de- 
hydrogenated,  because of the  lower  value of Ua. 

The curve  for  ~176 for short  t imes was completed 
using the relat ionship 

1.70.5Q n 
0.20HC ~-  - -  ~ -  1.90ii  -~  1.901n [11] 

~IIQsH 

as was done for 0.3v. Now, wi th  the curves  of 0HC 
avai lable  for both 0.2 and 0.3v, over  the ful l  range 
of adsorption times, it is possible to pe r fo rm an 
analysis of the kinetics vf  adsorption. 

Adsorpt ion kinet ics  at 0.2v and 0.3v.--Because the  
0HC curves of Fig. 9 and 12 are smooth, we l l -behaved  
functions of time, it  seemed l ikely that  the data  were  
amenable  to a s t ra ight forward  kinetic analysis. The 
general  character  of the 0HC VS. log ~a curves is sug- 
gest ive of Langmui r  kinetics, because of the ve ry  dis- 
t inct  decrease in adsorption ra te  as the  fract ion of 
f ree  surface (OF = 1 - -  0HC) decreases. The Lang-  
muir  rate  law may  be wr i t t en  as 

d0HC 
~--- k a d s C H C  ( 1  - -  0 H C )  m [ 12] 

dt 

where  m is the order  of react ion with  respect  to free 
surface, and represents  the number  of surface sites 
involved  in the ra te -de te rmin ing  step of the ad- 
sorption process. The problem is to de termine  if Eq. 
[12] fits the observed rates, and if so, to evaluate  m 
and kads. Taking the log of both sides of Eq. [12] 
yields 

log ~ / ~ log kads CHC -~ Tn. log (1 - -  0HC) [13] 

By plot t ing log (d0Hc/dt) against  log (1--Onc), the 
value  of m can be found f rom the slope, and the value  
of kads CHC can be de te rmined  f rom the intercept  on 
the log (dOric~dr) axis. T h e s e p l o t s  were  made, using 
graphical ly  de termined  values of dOric~dr f rom the 
data  of Fig. 9 and 12. Both sets of data  gave s t raight  
lines wi th  rn = 3.0. The values  of kadsCHC were  1.3 
for ETa = 0.3v and 0.35 for Ua = 0.2v. 

Knowing  the va lue  of m, Eq. [12] was integrated,  
y ie ld ing 

( 1 1 ) = 2 k a d s C H c ( t _ _ t o )  [14] 
Or e Or, to ~ 

where  oF. to is the f ree  surface at some reference  t ime 
to. Equat ion [14] was used for a final consistency 
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Fig. 13. Longmuir adsorption kinetic plot For tee odsorption of 
propone on Pt in HF ot 90~ The odsorption potentiols were 
0.2v ond 0.3v vs. rke. 

check on the fit of the data to the th i rd-order  rate law. 
A plot of log (1/0F 2 - -  1/eF.to 2) VS. log (t w to) should 
yield a straight l ine of un i t  slope, the intercept  of 
which is 2kadsCHO This plot is shown in  Fig. 13, from 
which it  can be seen that  a very good fit was obtained 
for both sets of data, over the ful l  ranges of t ime and 
surs coverage. The value of to for Ua = 0.3v was 
set at 0.5 sec because for shorter times, the absorp- 
t ion process was diffusion-controlled, as indicated by 
the results of Fig. 7. 

Discussion 
The rate of adsorption for propane on p la t inum in 

37 m/o  HF for Ua ---- 0.2 and 0.3v vs. the  at 90~ has 
been found to be proport ional  to the third power of 
the fraction of free surface available for adsorption. 
This suggests that  three p la t inum surface sites are 
involved in  the ra te -de te rmin ing  step of the adsorp- 
t ion o~ propane. It is possible that not  all of these three 
sites are involved in a direct bonding to the adsorbate; 
one or two may be sterically obscured from involve-  
ment  in the adsorption of other propane molecules. 
Since the Langmuir  expression for adsorption kinetics 
is followed over a wide range of surface coverages, 
it is l ikely that  the heat  of adsorption changes li t t le 
with surface coverage. An example of the type of ad- 
sorption which may take place ini t ia l ly is given by  

hydrogen, which is consumed. The addit ional  bonding 
causes s t ra ining of the carbon-carbon bonds, leading 
to fracture of the molecule. This may be indicated 
schematically, as follows 

H H H - -H  H H H 
H C - -  C -- CH + M ) H C - -  C - -  CH 

I H H Fast 1 I H [ 15a] 
M M M M M 

H H H - - H  H H H 
H C - -  C - -  CH + M > H C - -  C - -  CH 

I I H Fast I I I 
M M M M M M M  

[15b] 

H H H H H H 
HC--C--CH + M )HC --C + CH 

I I I I IX I X  
M MMM M MM MM 

[15c] 

All of the products of the progressive dehydrogenation 
indicated above should y i e l d  saturated hydrocarbons 
on hydrogenation-desorption. All of the above frag- 
ments are considered to comprise the type II material 
on the electrode surface, which is oxidized over a 
broad range of potentiais centered around 1.2v. 

The product of reaction [15b] obscures 4 surface 
sites and yields 17 electrons on oxidation to COs and 
H20, or about 4.25 e-/H site, in reasonable agreement 
with the experimental result of 4.5 e-/H site for U~ 
= 0.2v. The products of reaction [15c] yield 3.40 
e-/H site, compared to the value of 3.47 observed for 
type II at Ua = 0.3v. These comparisons are not in- 
tended as an identification of species, but merely serve 
to show that the suggested reactions are not incom- 
patible with the experimental results. 

In addition to dehydrogenation and carbon-carbon 
bond cleavage, partial oxidation takes place at poten- 
tials above about 0.15v (24, 13), yielding a product 
which is not hydrogenation-desorbed, and requires 
less than 4 e-ICO~ for Rs oxidation to CO~ and H20 
(24). The oxidation of the type I species was found 
to require 2.95 e-IH site, suggesting the following 
reactions 

H H H 0 \ / /  
C + H~O , ) C -5 2 M  + 3H  + -5 3 e -  [16a]  

/ \  I I 
M M M M 

H H H s O  H H O 
, , , \ / /  

H C  -5 C + ) H C  -5 C 
1 / \  I / \ I 

M M M  M M M M 

-5 M -5 2 H  + -5 2 e -  
[16b]  

s l o w  H H H H 
C3Hs -5 3M ) H C  - -  C - -  C H  -5 I > H § -{- e -  [15] 

I H H M 
M M 

The adsorption process has an activation energy in 
the range of 15-20 kcal/mole (31) indicating a disso- 
ciative chemisorption, producing hydrogen atoms, 
which are quickly oxidized at Ua = 0.2 and 0.3v. The 
M which is not bonded to the propane in Eq. [15] in- 
dicates the possibility of steric hindrance. The rate of 
adsorption is affected by potential, being a factor of 
3.7 higher at 0.3v than at 0.2v, which effect is ex- 
pected on the basis that more rapid removal of the 
product Hads increases the rate of adsorption. The 
values of kads a r e  1.6 x 107 cm3/mole-sec for Ua = 0.3v 
and 4.3 x 106 cm3/mole-sec for Ua = 0.2v a t  90~ 
using a va lue  of 8.13 x 10 - s  moles /cm ~ for the concen-  
t ra t ion of propane in  the electrolyte. 

After  the ini t ia l  ra te -de te rmin ing  adsorption step 
(e.g., Eq. [15]), the adsorbate is probably  easily (and 
rapidly) dehydrogenated further,  resul t ing in  the bond-  
ing of the propane to more p la t inum sites, yielding 

where the HCO species requires 3 e - / H  site for its ox- 
idation, in agreement  with the value found for the 
type I species. The type I species is the most easily 
oxidized, yielding high current  densities at relat ively 
low potentials. It  is probably the type I species which 
is responsible for the high current  densities obta in-  
able at low overvoltages from hydrocarbon fuel cells. 

In  paral lel  with reactions [16a] and [16b], a fu r -  
ther  dehydrogenat ion of the products of reactions 
[15a], [b], and [c] can take place, yielding a carbon-  
rich residue which is not rapidly oxidized, and re-  
mains on the surface at potentials as high as 1.9v 
under  anodic voltage sweep conditions. This mater ial  
is expected to behave like what  has been called type 
III  above. 

Conclus ions 
Propane adsorbs on p la t inum from a 37 m/o  HF 

solution at 90~ at a rate which is th i rd-order  in 
free surface, at potentials of 0.2 and 0.3v vs. rhe. The 
kinetic expression is 
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d~HC 
- - -  kadsCHc ( 1 -  eriC) 3 

dt  

The adsorption rate constant  is a funct ion of poten-  
tial, having the values 4.3 x 106 cm3/mole-sec at 0.2v 
and 1.6 x 107 cm~/mole-sec at 0.3v vs. rhe, both at 
90~ This adsorbed propane, called type II requires 
3.5 - -  4.5 e - / H  site for its oxidation, depending on 
adsorption potential. 

The adsorbed propane yields a part ial ly oxidized 
surface species (type I) which is much more electro- 
chemically active (oxidized more rapidly at lower 
potentials) than  the ini t ia l ly adsorbed propane and 
requires 3 e - / H  site for its oxidation to CO2 and H20. 
In  a process concurrent  with (and presumably parallel  
to) the formation of type I, a relat ively unreact ive 
residue (probably carbon-r ich  material)  is formed, 
which is oxidizable at reasonable rates only at po- 
tentials significantly above 1.7v vs. rhe. This material ,  
called type III, is present  in only small  amounts  ( ~  
0.1 monolayer  accumulates in hundreds  of seconds) at 
90~ 
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Correction 
In  the paper "Permeat ion of Isolated Anodic Zir-  

conium Oxide Films by Potasium Nitrate" by A. H. 
Mitchell and R. E. Salomon which appeared on pages 
599 to 602 of the June  1967 issue of the Journal ,  the 

apparent  activation energy for 27v films listed in  Table 
IV, page 601 should be 9 kcal mole -1 instead of 1 kcal 
mo l e -  1. 
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ABSTRACT 

The electrooxidation of formaldehyde and methanol  on p la t inum in  sul-  
furic acid solution is catalyzed by rhen ium heptoxide. The process requires 
that  the rhen ium species remain  adsorbed at the p la t inum surface throughout  
the cycle. Studies have been carr ied out to define the mechanism and com- 
parisons made with the previous results with molybdates.  

As a resul t  of recent  widespread interest  in  the de-  
velopment  of hydrocarbon fuel cells, a substant ia l  ef- 
fort has been devoted to studies of the mechanisms of 
adsorption and electrooxidation of low molecular  
weight fuels such as methanol,  formaldehyde,  and 
formic acid (1-6). These studies, many  of which have 
been directed at p la t inum surfaces in  strong acid me-  
dia, have contr ibuted substant ia l ly  to a general  un -  
ders tanding of the electrooxidation of carbonaceous 
fuels and the concommitant  improvement  of practical 
fuel cell systems. In  a previous paper (7) the useful-  
ness of soluble molybdates in improving the electro- 
chemical oxidation of methanol  and formaldehyde 
on p la t inum has been reported. In  that study it was 
shown that the observed improvements  were a result  
of catalytic enhancement  through chemical reduc-  
tion of adsorbed molybdate  by the fuel  and subsequent  
electrochemical reoxidation. This "surface redox" (as 
it was termed in the previous paper) substant ia l ly  
improved the electrical efficiency of methanol  and 
formaldehyde oxidation provided that  overpolariza- 
tion and loss of adsorbed molybdate were avoided. 

In  the present  study, it has been observed that  small  
quanti t ies of heptavalent  rhen ium display similar  ef- 
fects on the electrooxidation of formaldehyde and 
methanol  on p la t inum in H2SO4. A series of investiga- 
tions has been carried out to define the advantages 
and l imitat ions of this system and to determine if in 
fact a catalytic mechanism similar  to that  observed 
with molybdate  is operative. 

Experimental Techniques and Equipment 
Electrodes used in this study were of two types. 

For performance studies (polarization-log current )  of 
CH3OH and HCHO in rhen ium-con ta in ing  electro- 
lytes, the electrodes were prepared by pressing pow- 
dered p l a t inum black into p la t inum screens. The p la t -  
inum, prepared by the reduct ion of H2PtC16 by NaBH4 
in aqueous solution, was found to have high surface 
area and to provide high activity for this purpose. In  
the chronopotentiometric studies on this system, small  
platinized p la t inum electrodes of about  0.25 cm 2 ap-  
parent  area were used. All  electrochemical measure-  
ments  in these systems were carried out in convent ional  
glass "H" cells with anode and cathode compartments  
separated by glass frits. Voltage measurements  were 
made against  commercial  saturated calomel reference 
electrodes through Luggin capillaries conta in ing 
H2804 of concentrat ion equal to that  in  the cell proper. 

Due to the practical necessity of high conductivi ty 
for fuel  cell electrolytes, studies were carried out in  
3.7M H2SO4, a solution exhibi t ing nea r -op t imum con- 
ductivity. High-pur i ty  rhen ium heptoxide was ob- 
ta ined from the Univers i ty  of Tennessee (8) and used 
without  fur ther  purification. Other per t inen t  experi-  
menta l  details wil l  be found in  the previous publ ica-  
t ion (7). All  polarizations in this s tudy are referred 
to the saturated calomel electrode (SCE), measured 

difference in  this reference vs. NHE being 0.194v at 
25~ in  the systems involved. 

Oxidation of Formaldehyde and Methanol 
in the Presence of Perrhenate 

The electrochemical oxidation of formaldehyde and 
methanol  in acid media is a highly irreversible proc- 
ess. Despite a computed difference of about 0.14v in 
theoretical potential,  both fuels react on p la t inum 
electrodes at about  the same potential  level. This s im- 
i lar i ty  has led to the belief that  oxidation of both fuels 
involves a common slow step, possibly the "reduced 
CO2" intermediate  described by Giner  (9). The prod- 
uct of the electrooxidation of either fuel in  acid is 
essentially 100% CO2 at steady state (4-6). Tafel 
slopes of about 0.06 v/decade are commonly observed 
on p la t inum catalysts (Fig. 1). 

As in  the case of molybdate,  the addit ion of low 
concentrat ions of rhen ium heptoxide to the acid elec- 
trolyte prior to fuel addit ion was found to result  in  
substant ial  changes in the electrochemical perform- 
ance curves (Fig. 1). In  the range of 1-100 ma/cm2 
polarization for HCHO oxidation decreased by near ly  
0.3v. Methanol showed substant ia l  differences from 
HCHO with polarization decreases of 0.15-0.20v. Tafel 
slopes were general ly somewhat curved, with b values 
of the order of 0.10-0.14 v/decade. In  contrast  to the 
observations previously made with molybdate,  the 
polarization curves were cont inuous and unbroken  
to current  levels beyond several hundred  ma / c m 2. As 
in  the case of direct electrooxidation on plat inum, the 
observed product was carbon dioxide (evolved).  The 
polarization curves showed no hysteresis dur ing  re-  
peated cycling up to the highest cur rent  levels. Occa- 
sionally, after severe overpolarization, t rans ien t  re -  
sponses typifying oscillation be tween two stable states 
would be observed on slowly decreasing the current  
load. While addit ion of per rhenate  to the electrolyte 
prior to fuel addit ion gave guaranteed improvements  
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Fig. I. Best observed performance on NoBH4-reduced platinum 
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Fig. 2. Effect of Re20T concentration on CH30H performance on 
NaBH4-redaced platinum, 3.7M H2S04, 82~ 

i t  was generally observed, in  contrast  to molybdate,  
that  the system would a t ta in  the low polarization level 
of performance under  load cycling regardless of the 
order of addit ion of fuel and perrhenate.  

A series of experiments  designed to test the concen- 
t ra t ion dependence on perrhenate  indicated opt imum 
performance for CH3OH at a perrhenate  concentra-  
t ion of about  10-3M. This concentrat ion dependence 
was somewhat less critical at low cur ren t  densities as 
shown in Fig. 2. There is reason to believe that this 
perrhenate  concentrat ion corresponds roughly to the 
value necessary to produce m a x i m u m  coverage of 
the p la t inum surface (Appendix I) .  I t  is not known,  
however, to what  extent, i.e., in terms of monolayer  
coverage, the adsorption exists. 

The effect of temperature  on the electrochemical 
reaction of CHsOH in the presence of perrhenate  was 
investigated in  the range  25~176 on an electrode po- 
tentiostat ted at 0.4v polarizat ion (from E~ CH3OH). 
The Arhennius  plot showed a straight l ine re la t ion-  
ship over the range with a slope indicative of an ac- 
t ivat ion energy of about 10.2 kcal/mole.  This value 
is substant ia l ly  less than that  normal ly  found for the 
direct electrooxidation of CHsOH on p la t inum black 
(15-18 kcal /mole)  while  at the same t ime much too 
high to indicate any  diffusion effects involving a re-  
duced rhen ium species. 

Nature of the Perrhenate Reduction 
With these indications of catalytic currents,  steps 

were taken  to determine the na ture  and extent  of 
perrhenate  reduct ion in  the 3.7M H2SO4 system. It 
was observed that no visible reaction took place be- 
tween CHsOH or HCHO and perrhenate  in  H2SO4 so- 
lu t ion  in  the absence of plat inum. If  a p la t inum black 
electrode was immersed in  0.002M Re20~ - -  3.7M H2SO4 
and fuel added, a small  quant i ty  of gas evolution from 
the electrode was observed. This was taken to repre-  
sent  that  quant i ty  of fuel oxidized to CO2 in  reducing 
the perrhenate  adsorbed on the p la t inum surface. 
Since this CO~. evolution was simply a t rans ient  phe-  
nomenon  it is assumed that  the reduced rhen ium spe- 
cies remains  adsorbed and undergoes no fur ther  in te r -  
actions under  open-circui t  conditions in the presence 
of fuel. 

Using the p la t inum black microelectrode, a system 
was assembled to study the reactions of perrhenate  in  
the voltage range of interest  for fuel oxidation. Chro- 
nopotent iograms obtained on the p la t inum black mi -  
croelectrode in  0.002M Re20~ --  3.7M H2SO4 (25~ 
showed the presence of a well-defined anodic wave 
after polarization to 0.0v SCE (Fig. 3). This oxidation 
wave showed a half  wave potential  of about  +0.4v 
(S.C.E.) under  the high current  conditions used, and 
the reduct ion potentials (El/2 ~ + 0.2v SCE) neces- 
sary to produce the species oxidized dur ing  this wave 
are still substant ia l ly  positive to the computed theo- 
retical  potentials for HCHO and CH3OH. Thus, on 
thermodynamic  considerations alone, both these fuels 

Fig. 3. Anodic chronopotentiogram on platinized platinum micro- 
electrode in 0.002M Re20~ - -  3.7M H2SO4, following cathadiza- 
tion to 0.Or 5CE. Top 0.0v SCE, 300 mv/div (positive downward), 
I sec/div left to right, 40 ma/cm 9, 25~ 

would be expected to chemically reduce the adsorbed 
perrhenate,  producing an  Re (VI ) /Re  (VII) ratio in  
accord with the s tandard free energy change for the 
respective reactions. 

While for the purposes of the fuel cell study pre- 
sented here, the exact valence change in the init ial  
perrhenate  reduction need not be known, a series of 
coulometric and chronopotentiometric studies was car- 
ried out to determine this parameter .  These invest iga-  
tions have been reported elsewhere (10, 11). The re-  
sults indicate that  the ini t ia l  reduct ion involves a un i -  
valent  change to the Re(VI)  state. Under  long- term 
coulometric analysis on plat inum, however, it was 
found that  this state was capable of disproport ional-  
ing to Re(IV) and Re(VII)  states. The reader is re-  
ferred to the or iginal  publicat ions for details of these 
studies. 

Chronopotentiometry on Platinized Platinum 
Since it was apparent  that  the over-al l  react ion of 

fuel and perrhenate  did not  involve the rhen ium spe- 
cies in solution, a study of the factors involved in 
per rhenate  adsorption and interact ion wi th  fuel  was 
made using the anodic str ipping technique of Pavela  
(12). In  this method, the precondit ioned electrode was 
placed in the solution of adsorbate for a desired in-  
terval,  removed rapidly to a rinse solution to remove 
excess bu lk  solution, then placed in  a cell containing 
3.7M H2SO4 and the anodic str ipping t rans ient  re- 
corded. While this technique suffers the drawback of 
permit t ing the determinat ion of strongly adsorbed ma-  
terial only, it nevertheless allows the separation of the 
independent  factors in perrhenate  and fuel adsorption. 

The 0.25 cm 2 plat inized electrode used for this study 
was preconditioned by evolving H2 and 02 successively 
a few times in H2SO4 solution with final equi l ibra t ion 
(potentiostatted) at 0.0v (SCE) before removal  to the 
adsorbate solutions. Anodic transients,  with the ex- 
ception of Fig. 8, were recorded in pure 3.7M H2SO4. 
While the general  behavior  of HCHO and CH8OH is 
equivalent,  the s tronger adsorption of HCHO makes 
the effects with that  fuel  somewhat  more pronounced, 
and t ransients  obtained with HCHO have been used 
to i l lustrate the behavior.  

It  was found that  a few seconds immersion of the 
p la t inum electrode in  3.7M H2SO4 - -  0.0251V[ RedO7 
was sufficient to produce a tenaciously held layer  of 
perrhenate  which oxidized (after potentiostat t ing at 
0.0v SCE) at about the same potent ial  levels ob- 
served previously in  perrhenate  solution (Fig. 4). The 
b lank  transient ,  shown in Fig. 4a, clearly shows the 
ini t ial  regions of pseudocapacitance from oxidation of 
chemisorbed hydrogen atoms, the steep so-called 
double layer region, followed by p la t inum oxide for- 
mat ion at more posiUve voltages. By comparison, the 
electrode with adsorbed perrhenate  shows loss of 
about  one-half  the hydrogen pseudocapacitance, in-  
dicating that  the rhen ium species is blocking hydro-  
gen chemisorption sites. The tenacity of the per-  
rhenate  adsorption is indicated in Fig. 5, which shows 
the t rans ient  obtained after four cycles from 0.0-1.2v 
SCE on the adsorbed layer  of Fig. 4b. The approx- 
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Fig. 4. Chronopotentiograms on platinized platinum in 3.7M 
H2SO4: (a) blank, (b) following 2-min dip in 0.025M Re2Or 
3.7M H2SO4 and rinse. Conditions as in Fig. 3 except 160 ma/cm 2. 

Fg. 5. Transient obtained after four cycles from 0.0 to 1.2v 
SCE on electrode of Fig. 4b; conditions as in Fig. 4. 

imate equivalence of these t ransients  indicates that  
the rhen ium species remains  s trongly adsorbed in  both 
valence states over a wide potential  range. It  was 
found that  this single chemisorbed layer of perrhenate  
was capable of producing marked ly  improved steady- 
state electrooxidation of HCHO in a subsequent  test in 
1M HCHO - -  3.71V[ H2SO4 up to cur ren t  levels of sev- 
eral  hundred  m a / c m  2. 

Immersion of the platinized electrode in 3.7M H2SO4 
--  1M HCHO with no perrhenate  resul ted in the rapid 
formation of a t ightly bound  layer  of HCHO with  an 
oxidation t rans ient  as shown in Fig. 6. The absence of 
pseudocapacitance in  the range 0.0-0.25v SCE is in -  
dicative that  formaldehyde occupies the major i ty  of 
the surface, including these sites normal ly  held by 
adsorbed hydrogen atoms. Oxidation of this s trongly 
held HCHO appears to occur only at or near  voltages 
at which p la t inum oxidation occurs. 

If the electrode is immersed in perrhenate  solution, 
rinsed, then immersed in HCHO solution, both spe- 
cies occupy parts of the surface s imultaneously  as 
shown by the presence of both characteristic waves 
in the t ransient  of Fig. 7a. The quant i ty  of perrhenate  
appears comparable to that observed in  the absence of 
formaldehyde, and absence of hydrogen pseudocapaci- 

Fig. 7. Chronopotentiograms on platinized platinum in 3.7M 
H2SO4: (a) after 2-min dip in acid-perrhenate solution, rinse, 2- 
min dip in acid--formaldehyde solution and rinse; (b) first subse- 
quent transient on same electrode; conditions same as in Fig. 4. 

tance suggests that  the HCHO is present  on these hy-  
drogen-type sites not occupied by the perrhenate.  As 
was reported earlier for molybdate,  it was again rec- 
ognized that the strongly adsorbed HCHO apparent ly  
does not interact  with the adsorbed perrhenate.  Thus, 
no significant catalytic enhancement  of the rhen ium 
oxidation wave by strongly held HCHO is observed, 
as evidenced by the fact that  HCHO remains  on the 
surface unt i l  electrooxidized (Fig. 7a). As indicated in  
Fig. 7b, however, the direct electrooxidation of HCHO 
near  p la t inum oxide levels does have a substant ia l  ef- 
fect on the adsorption of the rhen ium species. The 
single t ransient  (of Fig. 7a) serves to remove a sub-  
stantial  part  of the adsorbed perrhenate.  This effect is 
less severe in the case of coadsorbed methanol  with a 
major  fraction of the perrhenate  surviving after meth-  
anol is oxidized from the surface. 

In  accord with the suspected catalytic mechanism, 
anodic str ipping of a preadsorbed layer  of perrhenate  
in a solution containing 1M HCHO --  3.7M H2804, 
showed a sustained interaction. As shown in  Fig. 8, 
the catalytic enhancement  of the rhen ium oxidation 
wave by HCHO solution is to all  appearances sus- 
tained indefinitely at the normal  rhen ium oxidation 
potential. Noting that these t ransients  were obtained 
at 160 ma / c m 2, the high current  capabil i ty of the cata- 
lytic interact ion is confirmed. 

Discussion 
Based on the foregoing observations, the P t -pe r -  

r h e n a t e - f u e l  interact ion appears to closely resemble 
that observed previously for molybdate  in  H2SO4 so- 
lutions. Thus, in brief 

A dsorpt~en 
Re (VII) (soln) ~ Re (VII) (Strongly Adsorbed) 

Chemical Reaction 
( HCHO ~-~ 

h i r e  (VII)ads] ~ \ C H 3 O H /  n [Re (VI)ads] 

~- CO2 "t- ( n - - l )  t I20 (fast) 

Fig. 6. Chronopotentiogmms on platinized platinum in 3.7M 
H2SO4: (a) blank, (b) after 2-min dip in 1M HCHO - -  3.7M 
H2SO4 and rinse; conditions as in Fig. 4. 

Fig. 8. Chronopotentiogram on platinized platinum in 1M HCHO 
- -  3.7M H-~SO4 after 2-min dip in acld--perrhenate and rinse; 
conditions as in Fig. 4 except 2 sec/div. 
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Electrochemical Reaction 
Re (VI)ads -'> Re (VII)ads ~ e -  (potential  determining)  

Since the complete chemical  and electrochemical re-  
actions occur only for the strongly adsorbed rhen ium 
species it would appear that  the term "surface redox" 
is applicable to this case as well as molybdate.  

Based on the observations to date, the slow step in  
this mechanism differs f rom that observed for molyb-  
date. It  would appear, based on the high current  ca- 
pabil i ty of HCHO and CH3OH on high area p la t inum 
electrodes in  perrhenate  solution (Fig. 1), that  the 
chemical reaction rates of both fuels with perrhenate  
adsorbed in p la t inum are substant ia l ly  high. At the 
same time, however, the difference in reducing power 
of the two fuels is evident  in  the observed polariza- 
tion differences dur ing  operation. In  addition, the 
Tafel slopes of 0.10-0.14 v/decade tend to indicate that 
we are actually observing the one-electron charge- 
t ransfer  l imited reoxidat ion of Re(VI) .  The observed 
tempera ture  dependence does li t t le to clarify the is- 
sue since it lies in a range possibly applicable to 
either a chemical or electrochemical l imitation. Since 
the observed polarization differences in HCHO and 
CH3OH operation correspond reasonably well  with 
the computed theoretical potential  difference it is per-  
haps best to accept the view that  the charge- t ransfer  
l imitat ion is observed, with the surface Re(VI) concen- 
t rat ion fixed by the relat ive reducing power of the fuel. 
This condition simply requires that the perrhenate  re-  
action with HCHO exhibit  the expected free energy 
advantage over CH3OH reaction, but  that  the rate of 
approach to chemical equi l ibr ium be rapid for both 
fuels. This differs from the molybdate  case in that 
a slow chemical reaction step is observed relat ively 
clearly in that  instance. 

In this scheme no pretense of knowledge is made as 
to the exact na ture  of the adsorbed rhen ium species. 
It  seems clear, however, based on the residual  hydro-  
gen pseudocapacitance and transients  with coadsorbed 
fuel that  strongly adsorbed perrhenate  occupies no 
more than  half the surface. As in  the molybdate case, 
it seems highly significant that catalytic enhancement  
of the Re(VI)  oxidation does not occur with strongly 
adsorbed fuel. Thus, catalytic interact ion is observed 
only when the per rhenate-conta in ing  electrode is ano-  
dized in  the presence of dissolved fuel. I t  is not meant  
to imply, however, that interact ion with a weaker, 
perhaps physically adsorbed, fuel state is precluded. In  
a recent paper (13), the suggestion has been advanced 
that efficient direct electrooxidation of fuels such as 
HCHO and CH3OH is precluded near  the expected 
potentials due to an excessively strong adsorption and 
blockage of low polarization water-discharge proc- 
esses. The fai lure of s trongly adsorbed HCHO and 
CH3OH to react catalytical ly with adsorbed molybdate  
and rhenate  species, while less strongly adsorbed 
fuel does react, would seem to provide some implica- 
tions along those same lines. 

Summary 
The use of perrhenate  as a cocatalyst in the com- 

plete oxidation of HCHO and CH3OH on p la t inum in 
acid electrolyte results in a substant ia l ly  higher effi- 
ciency for the reaction. The improvement  results from 
the catalytic chemical reaction of the fuel with an 
adsorbed perrhenate  species with subsequent  electro- 
oxidation of its reduced form. This surface redox re- 
action is quite similar in many  respects to that  pre-  
viously reported for molybdate,  but  differs in  that  
the adsorption of perrhenate  is apparent ly  much 
stronger and rates of HCHO and (part icular ly)  
CH8OH chemical reaction with perrhenate  are substan-  
t ial ly higher. Since loss of perrhenate  f rom the elec- 
trode under  normal  operat ing conditions appears to 
be minimal ,  this redox system shows a substant ial  ad- 
vantage over p la t inum alone for the operation of 
practical methanol -a i r  cells. 
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Fig. 9. Adsorption isotherm for Re20~ on platinized platinum, 
derived from capacitance data, 25~ 
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APPENDIX 
It is stated above that the apparent  opt imum in 

Re2Ov concentrat ion corresponds closely to that  which 
produces max imum surface coverage. This conclusion 
was derived from a study of the effect of Re207 on the 
capacitance of a p la t inum black electrode. Studies 
were carried out in  which the ini t ia l  ( l inear)  voltage- 
t ime response to a square wave current  pulse was re- 
corded from a platinized p la t inum electrode potentio- 
statted at voltage levels in the range 0.0-1.2v SCE. The 
square wave current  was derived from mercury  relay 
switching between parallel  potentiostatic and constant  
current  circuits. The switch was actuated by a Tek-  
tronix pulse generator  at 40 Hz. Voltage deviations 
from the potentiostatted level were not allowed to ex- 
ceed 20 mv. Under  those conditions the potentiostat 
was easily able to r e tu rn  the potential  to its prear -  
ranged value prior to the next  current  pulse. Tran-  
sients were recorded and photographed from the os- 
cilloscope display. 

It was found that  the addit ion of Re~O~ to the acid 
solution had a substant ial  effect (decrease) on the ca- 
pacitance of the p la t inum electrode in the range 0.2- 
0.6v SCE. This capacitance decrease at 0.by was 
treated in terms of the famil iar  paral lel  plate eapaci- 
tor model (14) to derive a surface coverage param-  
eter. Thus, 

Cmeas ~ ~COpt--Re -~ (I -- ~) C~ 

where C~ is taken as that capacitance level which 
is not changed by further additions of Re2OT. 

The isotherm (25~ derived from this treatment is 
shown in Fig. 9. It is clear that the adsorbed Re2OT 
layer is substantially complete in the concentration 
range 1-3 x 10-SM Re2OT. This level corresponds very 
well with that observed to produce optimum per- 
formance. As pointed out previously, however, it 
should be kept in mind that this is an approach to 
maximum "functional" coverage, and gives no quan- 
titative measurement of the extent of coverage in 
terms of the true surface area. The apparent decrease 
in performance at higher Re2Oz concentration may 
reflect the further blocking by Re2OT of surface sites 
normally occupied by fuel in the optimum case. 
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Galvanic Corrosion Characteristics of Aluminum 
Alloyed with Group IV Metals 
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ABSTRACT 

The electrochemical behavior  of a l u m i n u m  alloyed with selected Group 
IV elements has been investigated in  0.1N sodium chloride solution. Of 
the group IV elements studied only t in  had a major  effect on a luminum;  
A1-Sn alloys carried surface oxide films of very low ionic resistance, ex-  
hibited potentials more active than --1.0v on the hydrogen scale and gave 
very large galvanic currents  when  coupled to mild steel cathodes. The con- 
ditions permit t ing ent ry  of a group IV al loying addit ion from the metal  into 
the surface oxide film have been par t ly  clarified. 

Considerable effort has been directed by the wri ters '  
laboratory to clarifying the manner  in which various 
aqueous electrolytes modify the electron and ion con- 
ductivities of the th in  film of 7-A1203 that is always 
present on essentially pure a luminum in near ly  neu-  
tral solutions. The frequency dispersion of the loss 
tangent  of the film has been one of the main  experi-  
mental  values measured. Electrolytes that  have been 
studied include the corrosive sodium halides (1-5) and 
sodium sulfate (5) together with passivating sodium 
chromate solutions (6). Halide ions from solution ap- 
pear to be able to enter  the s tructure of the surface 
~-A1203 film and to create addit ional cation vacancies 
in the film without  necessarily changing its thickness, 
crystallographic structure,  or topography. The addi- 
t ional cation vacancies, so produced, lower the ionic 
resistance of the ~-A1~O3 film but  do not change its 
electronic resistance. The relat ive effectiveness of the 
halide ions in  enter ing the a lumina  lattice and lower- 
ing ionic resistance is in the order F '>CI '>Br '> I '  (1). 
Simple immersion of oxide-covered a luminum in 
aqueous sodium sulfate solutions does not appear to 
result  in any defect s t ructural  modification of the film, 
and so the ion and electron resistances remain  un-  
changed (5). The defect s t ructural  aspects of passive 
films formed in chromate solutions are more compli-  
cated and include an increase in electronic resistance 
(compared with thermal  ~-A1203) combined with a 
decrease in ionic resistance (6). The former has been 
ascribed to the inclusion of a small  concentrat ion of 
protons in  the film replacing a luminum ions and the 
lat ter  to the presence of low ionic resistance crystal-  
l ine ~-A1203 located in  the outer port ion of the pas- 
sive film. 

With the exception of some limited study of a lu-  
m inum puri ty  at levels above 99.997% (1) none of the 
foregoing studies were concerned with modification of 
surface film defect s t ructure  resul t ing from al loying 
the base a luminum.  The work described in this paper 
is accordingly concerned wi th  this la t ter  variable. 
Group IV elements appeared to be of part icular  in ter -  
est when  alloyed with a luminum.  If they were able to 
enter  the cation lattice of the na tu ra l  oxide film in 
the quadr ivalent  condit ion and replace t r ivalent  a lu-  
m inum ions, they should result  in  the creation of ad- 

dit ional  cation vacancies and lowered ionic resistance 
much in the fashion of halide ions previously studied. 
Such alloys could well  have interest ing electrochem- 
ical properties. 

Accordingly, in the present work, the electrochem- 
ical properties of a luminum alloyed with silicon, ger- 
manium, t i tanium, zirconium, and t in were studied. 
Because a significantly lowered ionic resistance of 
the surface film will  result  in  a displacement of cor- 
rosion potential  in the active direction, these alloys are 
potential ly interest ing in the field of sacrificial protec- 
tion. Accordingly, the electrochemical method used to 
study these alloys pr imar i ly  involved invest igat ion of 
their galvanic behavior  when  coupled to mild steel in 
sodium chloride solution. The electrochemical studies 
were augmented by impedance studies of the surface 
oxide films in sodium chloride solution only when  sig- 
nificant improvement  in cur ren t  output  was observed 
in the galvanic experiments.  Of the above alloys of 
a luminum with group IV elements, only the A1-Sn 
system, in certain s t ructural  conditions, deviated 
markedly  from the galvanic behavior  of pure alu-  
minum. The invest igat ion has thrown new light on 
the metal lurgical  and associated defect s t ructural  re-  
quirements  in the surface oxide film that  must  be 
met  before significant changes can be made to the 
electrochemical behavior  of an a luminum alloy carry-  
ing a stable surface oxide film. 

Experimental and Results 
Materials.--All alloys were prepared with high- 

puri ty  (99.992%) a luminum as a base. The h igh-pur -  
i ty a l u m i n u m  was induct ion melted, in  air, in  a lu-  
mina  crucibles. All  b inary  and te rnary  al loying addi-  
tions were added to the melt  at a temperature  of 730~ 
and thoroughly stirred to ensure  homogeneity. The 
melts were degassed with gaseous chlorine for 10 rain, 
the melt  tempera ture  lowered to 670~ and the alloys 
poured into massive copper chill  molds having in terna l  
dimensions of 2.5 x 2.5 x 15.0 cm. Group IV alloying 
additions were evaluated at a level of around 0.1 
to 0.2% by weight (Table I) .  A l u m i n u m - t i n  alloys 
of a wider compositional range from 0.02-0.3% by 
weight were prepared for more extensive investiga- 
tion of this system. All  a l u m i n u m - t i n  alloys had 
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Table I. Chemical composition and number of coulombs 
flowing in 48 hr in galvanic cells of aluminum alloys with 

mild steel in 0.1N NaCI solutions 

% G r o u p  IV C o u l o m b s  f lowing  
a l l o y i n g  addi t ion~  % Fe % Si  in  48 h r  

0.12 Sn  0.004 0,003 726, 868, 983 
0.10 G e  0.004 0,003 7, 7 
0.20 Si  0.004 - -  9, 44 
0.10 Ti  0.004 0.003 25, 11 
0.17 Z r  0.008 0.003 4, 0 
- - +  0.001 0.001 20, 21 

B y  w e i g h t .  
+ 99.997% p u r e  a l u m i n u m .  

Table II. Chemical composition of mild steel cathodes 

C P Mn Cr Ni  Mo Si Cu 

0.016 0.002 0.019 0.021 0.021 ~0 .03  ~0.01 0.09 

0.004% iron and 0.003% silicon as the major  im-  
purities. 

The mild steel cathodes were cut from commercial  
mild steel sheet 0.11 cm thick having the chemical 
composition shown in Table II. All  solutions were 
made up from A.R. reagent  grade chemicals and dis- 
tilled deionized water. 

Material preparation.--Mild steel cathodes were cut 
as specimens 1 cm wide having 5 cm in length (10 
cm 2) exposed to the sodium chloride electrolyte. Prior  
to the galvanic experiments  the cathodes were de- 
greased in benzene, etched in 50% by volume hydro-  
chloric acid, washed, dried in acetone, exposed to dry 
air over phosphorus pentoxide for 24 hr, and weighed. 

A luminum alloy specimens were machined from the 
castings in the form of square rods having dimension 
of 0.5 x 0.5 x 8.0 cm. In  the galvanic experiments  only 
5 cm of the rod (10 cm 2) were immersed in  the elec- 
trolyte. The machined specimens were degreased in 
benzene, etched in 1.0N NaOH for 5 rain, washed, 
dried in acetone, exposed to dry air over phosphorus 
pentoxide for 24 hr, and weighed. 

Selected A1-Sn alloy castings were given a thermal  
treatment.  This t rea tment  involved heating in  air  at 
620 ~ • 3~ for 16 hr  and immediate ly  quenching in 
still water. Thereafter  samples were machined and 
prepared for the galvanic experiments  in the s tand-  
ard manne r  described above. Alloys treated in this 
fashion will  be referred to as "homogenized" alloys 
in the text. 

Certain of the homogenized A1-Sn alloys were given 
a subsequent  thermal  t rea tment  designed to ensure 
precipitat ion of t in f rom solid solution. This thermal  
t rea tment  comprised reheat ing for 24 hr  at 400~ and 
quenching in still water. A l u m i n u m - t i n  alloys re-  
ceiving this precipitat ion t rea tment  wil l  be described 
as "heterogenized" alloys in  the subsequent  text. 

Experimental methods.--Galvanic experiments.--  
Galvanic couples of 10 cm 2 of the appropriate a lu-  
m i n u m  alloy coupled to 10 cm 2 of mild steel were in -  
vestigated using the cell and the exper imental  method 
described earlier by two of the authors (7). Experi-  
ments  were conducted at least in  duplicate and usual ly 
in  triplicate. Briefly the cell is a glass uni t  with an 
electrolyte capacity of 100 ml. In  the present  work 
0.1N NaC1 solution was used throughout  at a temper-  
a ture  of 25 ~ _ 0.05~ The cell, which is closed, pro- 
vides electrical connections for the dissimilar elec- 
trodes, mounted  rigidly 2.0 cm apart, together with 
one for a saturated calomel reference electrode. The 
two metals were connected together through a 1-ohm 
external  resistor across which the potential  drop and 
accordingly the galvanic cur ren t  could be measured 
continuously.  Connection of the reference electrode 

with the anode through a high impedance recorder 
permit ted the closed circuit  cell potential  I to be mon-  
itored. 

The galvanic currents  and cell potentials were re- 
corded cont inuously for 48 hr, the s tandard durat ion 
of all galvanic experiments  in this paper. After  any 
exper iment  had been terminated  the a l u m i n u m  anode 
was freed from corrosion product by t rea tment  in 2% 
chromic-5% phosphoric acid at 85~ rinsed, dried, and 
reweighed., The steel cathode was s imilar ly cleared in 
1:1 HC1 inhibi ted with Rhodine 41, rinsed, dried, and 
reweighed. From the above measurements  the follow- 
ing impor tant  electrochemical informat ion could be 
obtained: (i) whether  the a l u m i n u m  alloy completely 
protected the steel cathode; (ii) the n u m b e r  of cou- 
lombs flowing; (iii) the weight loss of the anode and; 
(iv) f rom a combinat ion of 2 and 3 the anodic effi- 
ciency of galvanic corrosion of the a l u m i n u m  alloy 
anode. Correlation of these variables with alloy com- 
position and structure could then be carried out. 

Capacitance-dielectric loss studies.--The specific re-  
sistance of the surface oxide film was measured by 
a minor  modification of the a-c technique described 
earlier by two of the authors (3). Measurements  were 
confined to a f requency of 1 kc only because ionic 
resistivity was of pr imary  importance in this study 
(4, 5). Unlike previous studies the measurements  were 
made in 0.1N NaC1 instead of in a chromate solution 
because the interact ion of defects produced by t in in  
the alloy and chloride in the env i ronment  was of 
p r imary  interest. Specimens having an exposed area 
of 0.8 cm 2 with t in  contents f rom 0.02-0.08%, were 
immersed in 0.1N NaC1 at 25~ for 30 min. At this 
time series capacitance and dielectric loss were mea-  
sured directly by a General  Radio 716-C capacitance 
bridge by application of a 50 mv  p-p signal across the 
oxide covered specimen and a large concentric plat-  
inum grid counter  electrode. Paral lel  resistivity was 
calculated from the two measurements  using an analog 
for the film of a capacitor with a simple paral lel  re-  
sistance as had been uti l ized in previous studies (2-6). 
Measurements were conducted in  the homogenized and 
heterogenized conditions. 

Results.--The n u m b e r  of coulombs flowing in  48 hr 
in galvanic couples of steel coupled to a l u m i n u m  al-  
loyed with the five group IV elements are shown in 
Table I. Also included are results for unal loyed high- 
pur i ty  a luminum coupled to mild steel. Table I shows 
that only t in produces any major  effect in  increasing 
the current  flow in these couples. However, the differ- 
ence between the A1-Sn alloy and the other alloys, 
including pure a luminum,  is very large. The steel was 
completely protected by pure a luminum and A1-Sn 
alloys but  not by the other alloys. 

Accordingly, a t tent ion was focused main ly  on the 
A1-Sn system. A series of b inary  alloys containing 
from 0.02-0.3% Sn was subjected to the same elec- 
trochemical investigation in the "as-cast" condition. 
The effect of Sn content  on anodic weight loss, n u m -  
ber of coulombs flowing, anodic efficiency, and closed 
circuit cell potential  is shown for triplicate specimens 
in  Fig. 1, 2, 3, and 4. It  may be seen from these figures 
that, in the as-cast condition, t in  raises the number  of 
coulombs flowing significantly as well  as the anodic 
weight loss. The effect of t in  becomes readi ly  apparent  
at a concentrat ion of a round 0.1% by weight and 
above. Fur thermore,  t in  reduces anodic efficiency and 
lowers the closed circuit cell potential  from around 
--0.5v to around --1.0v on the hydrogen scale at t in  
levels of 0.1% or more. 

However, the results for as-cast specimens are 
highly erratic, and no clear t rend exists, at least in 
anodic weight loss and n u m b e r  of coulombs flowing, 
at t in  contents be tween 0.1-0.3%. This behavior  is 
related to the consti tution of the A1-Sn b inary  system 
(13). The solid solubil i ty of t in in a l u m i n u m  at the 

1 A l l  p o t e n t i a l s  in  th i s  paPe r  are  e x p r e s s e d  on  t he  s t a n d a r d  h y -  
d r o g e n  scale.  
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Fig. 1. Effect of tin content of aluminum on anodic weight 
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Fig. 2. Effect of tin content of aluminum on coulombic output 
when coupled to steel in 0.1N NaCI for 48 hr. 
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Fig. 3. Effect of tin content of aluminum on anadir efficiency 
when coupled to steel in O.1N NaCI for 48 hr. 
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Fig. 4. Effect of tin content of aluminum on stable closed-circuit 
potential (vs. H2) when coupled to steel in 0.1N NaCI far 48 hr. 

eutectic temperature  (228.3~ is very low being only 
around 0.02%. However, a small  solubil i ty loop exists 
a round 620~ where the t in solubili ty is greater. The 
m a x i m u m  solubil i ty of t in  in  a luminum at this tem- 
perature  is still somewhat  doubtful.  Hardy et aL (8) 
has' found a value of 0.10% by weight, but  Samuels 
(9), using some identical samples, reported a higher 
value of 0.11%. Irrespective of the actual ma x i mum 
value of solid solubil i ty at this temperature,  it is 
clear that  nonequi l ib r ium solidification in this type of 
phase d iagram wil l  t end  to leave somewhat variable  
amounts  of t in  in solid solution in  the as-cast condi-  
tion. This contention is supported by the photomicro- 
graph of an as-cast A1-0.08% Sn alloy in  Fig. 5(a) .  
Here it  is evident  tha t  the microstructure is very  
heterogeneous. The small  discrete black spherical par-  
ticles are metall ic t in  whereas the deeply etched bands  

Fig. 5. Microstructures of aluminum-0.08% tin alloy in various 
metallurgical conditions. Magnification approximately 340X. (a) 
(left) As-cast, showing cored solid solution (tin-rich areas are 
darkened) and tin particles in grain boundaries; (b) (center) 
homogenized (620~ for 16 hr) and quenched, showing uniform 
salid solution; (c) (right) heterogenized (400~ for 24 hr follow- 
ing homogenization), showing precipitated tin particles. 

may either represent  concentrat ions of t in  in solution 
or very fine t in  particles. The difficulty of dist inguish- 
ing between these conditions accounts for much of 
the disagreement in locating the phase boundary  in 
the a luminum-r i ch  end of the A1-Sn equi l ibr ium 
diagram. 

With the obvious heterogeneity of the A1-0.08% Sn 
alloy in  the as-cast condition, and with the observa- 
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t ion from ref. (13) that  this amount  of t in  could be 
taken into solid solution at 620~ a series of A1-Sn 
alloys was homogenized at 620~ as described earlier. 
The homogenized castings were quenched to re ta in  the 
t in  in solid solution. The microstructure  of the A1- 
0.08% Sn alloy after homogenizing is shown in  Fig. 
5(b) ,  which is a typical  solid solution microstructure 
showing none of the gross heterogeneity found in the 
as-cast condition. The galvanic experiments  conducted 
earlier in the as-cast condit ion were repeated in  the 
homogenized condition. Results are also shown in Fig. 
1-4. Reproducibil i ty of results, in triplicate specimens, 
was markedly  improved, and well-defined t rends  in 
electrochemical behavior  became apparent.  Anodic 
weight loss and coulombic output  now rose sharply 
at about 0.05% Sn and reached a p la teau at around 
0.1% Sn or slightly above (Fig. 1 and 2). Anodic effi- 
ciency was lessened in  the homogenized condit ion 
(Fig. 3) and closed circuit  cell potential  was around 
0.1v more active above 0.1% Sn than  in the as-cast 
condit ion (Fig. 4). 

The results of impedance studies of the oxide film 
stable on A1-Sn alloys in  0.1N NaC1 are shown in 
Fig. 6. 7-A1203 films on pure a luminum have an a-c 
resist ivity of around 1010 ohm cm at 1 kc (3). T in  dis- 
solved in solid solution markedly  lowers this value to 
around 7 x 107 ohm cm at 0.08% Sn. This exper iment  
represents the combined effects of t in and chloride 
ions in reducing resistivity at a f requency of 1 kc. 
Previous work (3) has shown that  chloride ions alone 
reduce 1 kc resist ivity to around 2 x 109 ohm cm only. 
It  is clear, therefore, that  the major i ty  of the much 
larger decrease in resistivity seen in Fig. 6 is due to 
t in in the alloy al though the possibility of a synergistic 
interact ion between the t in and chloride ions cannot  
be ruled out. A l u m i n u m - t i n  alloys containing from 
0.02-0.08% t in were also heterogenized at 400~ as 
described earlier to precipitate most of the t in  from 
solid solution. A typical photomicrograph of a hetero- 
genized A1-Sn alloy is shown in  Fig. 5(c) and it is 
evident  that  the precipitat ion t rea tment  was quite 
effective. Despite the numerous  leakage paths that  
must  exist in  the surface oxide film from this amount  
of elemental  second phase carrying, at best, a very 
poorly protective and low resistance film, Fig. 6 shows 
that average film resist ivity in the heterogenized con- 
dition is significantly higher than in the homogenized 
single phase condition. Fur thermore,  precipitat ion of 
t in  from solid solution destroys completely the bene-  
ficial effect that t in  in solid solution will  exhibit  in 
greatly raising the level of cur ren t  output  in a 
galvanic couple with iron in sodium chloride solution 
(Fig. 7). 

Discussion 
The effect of tin on the galvanic behavior  of A1-Sn 

alloys coupled to mild steel in  sodium chloride solu- 
t ion is quite remarkable  as shown in  Fig. 1-4. T in  in 
a luminum can debase the closed couple circuit poten-  
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coulombic output when coupled to steel in 0.1N NaCI for 48 hr. 

tial by as much as 0.6v and can increase galvanic 
output  by over 30 times that  of pure a luminum in the 
same couple. The results in  Fig. 6 show that  1 kc a-c 
resistivity of the surface oxide film is lowered by over 
two orders of magni tude  compared with that  figure 
obtained previously for -r-A1203 films on pure a lumi-  
n u m  (3). Here it does appear that  Sn 4+ ions have 
been able to enter  the surface oxide film on a luminum,  
replacing a luminum ions and thus creating addit ional  
cation vacancies. Were t in  to be present  in the oxide 
film as Sn + +, the marked drop in  resist ivity at 1 kc 
(Fig. 6) would not  be observed; nei ther  would the 
marked changes in  electrochemical behavior be ex- 
pected. It  is possible that some very small  concentra-  
tions of Sn + + may exist in the oxide film immediate ly  
adjacent  to the metal  interface, because of thermody-  
namic considerations. However, from Fig. 6 their  im- 
portance, if present, is quite minor  and the bulk  of 
the t in  surface oxide film is clearly doped wi th  Sn 4+ 
ions and controls the behavior  of the a l u m i n u m  alloy 
as an anode. 

The form in  which t in  is present  in the metal  is 
quite critical in enabl ing the alloying addit ion to enter  
the surface oxide. Figure 7 shows clearly that  tin, as 
a series of e lemental  particles, wil l  produce vi r tual ly  
no enhancement  of galvanic current  output. Likewise, 
despite the obvious presence of many  low resistance 
leakage paths in  the surface oxide film on hetero- 
genized A1-Sn alloys [Fig. 5(c) ]  the average film re-  
sistivity is higher on heterogenized A1-Sn alloys than  
on similar single phase homogenized alloys. Evident ly  
t in  will  only reduce the resist ivity of the a luminum 
oxide film if it is dispersed relat ively un i formly  in 
the a luminum solid solution substrate. Despite the 
fact, that  only  around 0.1% t in can only be retained in 
a metastable solid solution, at room tempera ture  it 
still appears to be dis t r ibuted sufficiently un i formly  
so as to permit  relat ively reproducible doping of the 
surface oxide film with the a t t endant  decrease in  ionic 
resistivity. 

The form of the weight loss and coulomb flow 
curves in Fig. 1 and 2 as a funct ion of t in  content  
fur ther  emphasizes the importance of the amount  of 
t in  re ta ined in  metastable  solid solution at room tem- 
perature.  Quanti t ies of t in  up to around 0.04% have 
li t t le effect on the electrochemical properties of A1-Sn 
alloys despite the fact tha t  they lower the oxide film 
resist ivity (Fig. 6). The effect of these small  quant i -  
ties of t in  is not  sufficient from Fig. 4 to debase the 
potential  of the couple (or the a luminum alloy) suffi- 
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ciently to permit  evolution of hydrogen from a steel 
cathode. Accordingly, galvanic corrosion of these alloys 
with thin surface films only moderately doped with 
Sn 4+, is cathodically controlled by dissolved oxygen 
reduction at the steel cathode in the same fashion as 
with pure a luminum as an anode (10). Quite simi- 
lar  cur rent  outputs must  be anticipated with a similar 
cathode, electrolyte, and cell geometry, under  these 
conditions. As the t in content  is fur ther  increased, the 
anode potentials and the cell potentials are debased 
into the potential  region where hydrogen may be 
freely evolved from the steel cathodes (11). Brisk hy-  
drogen evolution from the steel cathode (and from the 
A1-Sn anodes) characterizes all galvanic experiments  
conducted on homogenized alloys containing 0.08% 
Sn and more. The current  output  is no longer l imited 
by diffusion of dissolved oxygen and now increases 
sharply with increasing t in content  as long as t in can 
be added and retained in  metastable solid solution. 
Galvanic corrosion is still however, l ikely under  ca- 
thodic control. From Fig. 1, 2, and 4 it  appears that  the 
max imum solid solubil i ty of t in  in  a luminum is be-  
tween 0.10 and 0.12% with the form of the curves 
suggesting that  the max imum solubil i ty is slightly in  
excess of 0.1% at  620~ as had been found by Samuels 
(9). Indeed, in the A1-Sn system galvanic experiments  
or potential  measurements  are probably a more effec- 
tive method of locating the phase boundary  than con- 
vent ional  optical metallography. Fur the r  increases in 
t in  content  above 0.12% result  only in  the presence of 
more e lemental  t in out of solid solution. It  follows 
from the above that  this extra  e lemental  t in produces 
no increase in galvanic cur ren t  output  (Fig. 2), but  
does result  in some fur ther  decrease in anodic effi- 
ciency (Fig. 3) presumably  due to the provision of 
low resistance local cathodes. 

As-cast A1-Sn alloys exhibit  var iable  galvanic be- 
havior in termediate  between that  of homogenized and 
heterogenized A1-Sn alloys. Because the t in  retained 
in solid solution is highly dependent  on uncontrol led 
variables dur ing  solidification, max imum solid solu- 
bil i ty is seldom obtained and the t in distr ibution is 
nonuni form [Fig. 5 (a ) ] .  Variable galvanic results are 
therefore not surprising. 

The curves of anodic efficiency vs. t in  content  in  
the homogenized condition (Fig. 3) do not match com- 
pletely the weight loss, cur rent  flow, and cell potential  
curves. The la t ter  all become relat ively insensit ive to 
t in content  above 0.10-0.12% Sn whereas the former 
does not show a plateau till  around 0.2% Sn. Pure  
a luminum general ly shows a very  high efficiency of 
anodic dissolution of a round 85% or more in sodium 
chloride solution (7, 10). This is due to its single 
valency and due to the fact that, in  chloride solutions 
at a potential  of around --0.5v, a l u m i n u m  itself is a 
poor cathode due to the high electronic resistance of 
its na tu ra l  oxide film (11). In  the above potential  
range only 1-5% of an oxide covered a luminum cath-  
ode is active at any given t ime at cur rent  densities 
below 10 ~a/cm 2. In  galvanic corrosion under  similar 
conditions an a luminum anode should also be reluc-  
tant  to act as an effective local cathode, this fact re-  
sult ing in  high anodic efficiencies. When  sufficiently 
small  amounts  of t in  in  solid solution have been added 
(up to 0.04%) so that  galvanic corrosion is still con- 
trolled by oxygen diffusion to the steel cathode, no 
change in anedic efficiency is seen. This argues that  
these small  amounts  of t in  do not reduce the electronic 
resistance of the oxide film despite the fact that  they 
lower ionic resistivity (Fig. 6). This is in  accord with 
the previously expressed views on the form in  which 
t in  is present  in  the oxide. Such is clearly not  the 
case in  the as-cast condit ion (Fig. 3) where  the  ele- 
menta l  t in  that  is present  out of solution [Fig. 5 (a ) ]  
reduces average electronic resistance of the film by  
providing low resistance local cathodes. In  this case 
even small  quanti t ies  of t in  reduce anodic efficiency. 
As more t in  is added in solid solution and the potential  
of the couple moves into the range where  hydrogen 

can be evolved both from the cathode and the anode, 
anodic efficiency decreases. P resumably  the addit ional  
dr iving force for the local cell reaction overcomes 
to some degree the effect of the high electronic re-  
sistance oxide film permi t t ing  it to funct ion as a more 
effective local cathode. As the solid solution becomes 
saturated with t in and now contains second phase par-  
ticles of elemental  tin, anodic efficiency continues to 
drop presumably  due to the second phase t in  particles 
acting as low resistance local cathodes. The lower 
values of anodic efficiency in the homogenized con- 
dition are a t t r ibuted to the fact that  the t in  particles 
are smaller  than  in the as-cast condit ion and so ex- 
hibit  a greater ratio of spherical surface area to vol- 
ume as the corrosion advances into the metal.  

The fashion in  which the A1-Sn anodes corrode is of 
some interest. As-cast alloys with their  heterogeneous 
dis tr ibut ion of t in corrode nonuni formly  and often 
in tergranular ly .  Typical ly corrosion follows the dark 
etching bands shown in Fig. 5(a) .  Homogenized A1-Sn 
alloys containing 0.1% Sn or less also corrode some- 
what  nonun i fo rmly  and by shallow pitting. P resum-  
ably completely uni form distr ibut ion of t in  was not 
achieved despite the homogenizing t reatment .  Since 
t in is known  to be strongly clustered in a l u m i n u m - t i n  
solid solutions (12) this result  is in  accord wi th  the 
anticipated metal lurgical  s t ructure of the metastable 
solid solution. Homogenized A1-Sn alloys containing 
0.12% Sn or more corroded quite uni formly  when 
coupled to steel. P resumably  the numerous  small local 
cathodes are beneficial in ensur ing  uni formi ty  of an-  
odic corrosion despite the fact that  their presence 
results in the loss of some anodic efficiency. 

There is finally the question remaining  as to why 
t in is so effective in reducing the ionic resistance 
of oxide films on A1-Sn alloys while  other group IV 
elements are v i r tua l ly  without  effect. Ti, Zr, Si, and 
Ge have solid solubilities at least as high as that of 
t in  and in most cases higher. Yet they do not signifi- 
cant ly  increase current  output. It  is believed that  these 
dissimilar effects can be rationalized by more detailed 
considerations of the "y-A1203 crystal lattice. ~-A1203 
is a pseudospinel and has a close packed fcc oxygen 
lattice. The structure of the cation lattice is poorly 
understood, but  it  doubtless contains a number  of cat-  
ion vacancies at stoichiometry. Accordingly, a foreign 
cation can l ikely assume one of two types of positions 
in the v-A12Os cation lattice: (A) it may replace an 
a luminum ion in a filled cation position in the lattice 
or (B) it  may enter  an already vacant  position in  the 
cation lattice. 2 

Al ternat ive  (A) will  tend to create addit ional  cation 
vacancies and (B) will  tend to annihi la te  preexist ing 
cation vacancies (and increase electronic conduct iv-  
i ty) .  It  is evident  f rom the present  work that  t in  
enters the a luminum lattice in  the quadr ivalent  con- 
dition in replacement  for a l u m i n u m  ions, i.e., Sn 4+ 
ions substi tute by al ternat ive (A).  However, the 
oxides of Si, Ti, Zr, and Ge all have very  strong 
tendencies to form highly stable, high mel t ing point 
compounds with alumina.  A na tu ra l  precursor to the 
formation of such components  would be for the 
foreign cations to enter  vacant  sites in  the ~-A1203 
cation lattice. In  this case ionic resist ivity would not  
be lowered nei ther  would high galvanic outputs be 
observed. Accordingly, it is considered that  wi th  de- 
fect spinels such as v-AI=Oa classic subst i tut ion and 
doping effects will  only be obtained when  the oxide 
of the doping element  is free from strong chemical 
interact ion with the defect spinel itself. 
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ABSTRACT 

The current  flow for a local electrolytic cell with rec tangular  anode and 
cathode is calculated as a funct ion of a polarization parameter ,  electrolyte 
thickness and conductivity,  anode and  cathode size, and zero current  poten-  
tial difference. The total cur ren t  is obtained from the numer ica l  computa-  
tion (with error analysis) of a series solution of Laplace's equation assuming 
a l inear  polarization relat ion at the electrode-electrolyte interface. For  high 
values of the polarization parameter  and sufficiently thick electrolytes an  
asymptotic formula obtains for the current  approximately proportional to the 
anodic fraction, as was found by Waber  et al. However, in general  the cell 
geometry greatly influences the amount  of current  flow, especially for anode 
shapes near  to l inear  ra ther  than  near  to square. This effect can be greater 
than an order of magnitude.  The calculated results are compared with ex- 
per imental  data obtained by Ogburn  and Schlissel and are shown to be in  
good agreement.  Corrosion currents  in randomly  pitted surfaces may be es- 
t imated from the above results. 

Local electrolytic cells occur f requent ly  in  cor- 
r o s i o n - w h e r e v e r  pi t t ing occurs. Whether  they are due 
to local breakdowns of passivity, imbedded impurities,  
or imperfections of metal  coatings they lead to pits 
and corrosion damage and have been the subject of 
many  investigations. By making  appropriate approxi-  
mations, a theoretical analysis of such local cells can 
be carried out. 

Using a model of an a l ternat ing array of infinitely 
long coplanar electrodes, Waber et al. (5) calculated 
the galvanic cell cur ren t  in terms of the thickness of 
the electrolyte layer, the sizes of the electrodes, the 
conductivi ty of the electrolyte, ~, and the polarization 
parameter,  k ( k  = oJde/dj[, where de/dj is the slope of 
the potent ia l -current  densi ty curve) .  In  this paper we 
carry out a similar calculation for the current  due to 
a rectangular  lattice of cells assuming that  the cath- 
odes and smaller anodes are rectangular  and lie in  
one plane. This model comprises a generalization of 
the one dimensional  geometry employed by Waber  
et al. (1-7). Although in  some cases the total corrosion 
current  is independent  of cell geometry, being a func-  
tion only of the anodic fraction (the ratio of anodic 
area to total area),  it is shown that in general  the cell 
geometry may influence the corrosion current  by more 
than one order of magnitude.  This effect is especially 
pronounced for thin electrolytes and low polarization. 
In  addit ion to permi t t ing  calculation of the cur ren t  
due to a lattice of cells, the rec tangular  model may 
also be used to determine the current  in an isolated 
rectangular  corrosion cell. Currents  calculated for 
such cells are shown to be in good agreement  with the 
exper imental  results of Ogburn and Schlissel (8). 

There are certain assumptions which are implici t  
in this treatment.  The cell geometry, electrolyte com- 
position, surface conditions of the electrodes, and so 
forth, are assumed to be unvary ing  and uniform. (For 

example, we do not consider the effects of local cells 
wi thin  the cathodic or anodic areas.) Fur thermore  we 
assume, as did Waber et al., that  the polarization pa- 
rameter,  k, is the same for both electrodes of a cell 
and is independent  of current  density. For many  cells, 
this requi rement  of a single polarization parameter  is 
not too severe. For  instance, in  the case of pi t t ing cor- 
rosion where the cur ren t  densities of the small  anode 
are general ly much higher than those of the cathode, 
the polarization behavior  of the cathode is of little 
consequence and only that  of the anode is of signifi- 
cance. Further ,  although a logarithmic polarization 
law or more accurate empirical ly determined law is 
certainly better, a judiciously chosen approximat ing 
l inear  law still  can be expected to represent  m a n y  of 
the salient features of corrosion behavior. 

The ensuing derivat ion and discussion wil l  be in  
terms of an anode embedded in a cathode. The mathe-  
matics is equally applicable to the reverse situation, a 
cathode embedded in an anode, if one recognizes that 
the direction of the current  will  change, bu t  not its 
magnitude.  

The corrosion current  due to a random array  of pits 
is of considerable practical interest. Our results apply 
directly to a regular  rec tangular  array of pits, but  
such an array can be used to approximate a random 
array.  

Derivation of Corrosion Current 
In this section we derive an equat ion for the total  

electric current  I for the corrosion cell whose geom- 
etry is i l lustrated in Fig. 1. The cell is a rec tangular  
parallelepiped with sides of length 2a, 2b, and c. We 
choose our coordinate system so that the x, y, and z 
axes are parallel  to those cell edges of length 2a, 
2b, and c, respectively. The origin of the coordinate 
system is taken so that  the eight corners of the cell 
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Fig. 1. Cell geometry with coplanor electrodes on the plane z 
- -  c and origin located on the top surface of the electrolyte. 

are located at ( _ a ,  _b ,  0) and ( _ a ,  _ b , - - c )  as in-  
dicated in Fig. 1. For  mathemat ica l  convenience,  the 
surface containing both the anodic and cathodic areas 
is placed in the plane z = --c.  The  corrosion pit  which 
acts as the anode is assumed to be a rectangle  centered 
at x = 0, V =  0, wi th  sides of length 2a and 2~ para l le l  
to the x and y axes, respectively.  The  cathode sur-  
rounds the  anode and consti tutes the rest  of the cell 
surface lying in the plane z = --c.  The remain ing  5 
sides of the corrosion cell  are taken  to be perfect  in-  
sulators. 

To find the total current  which governs the ra te  
of corrosion we shall  solve first for  that  potential  dis- 
tribution, P (x, y, z) ,  in the whole cell induced by the 
emf  difference of the two electrodes as modified by a 
l inear  polarizat ion at the meta l -e lec t ro ly te  interface. 
The local current  flow at the interface is obtained f rom 
the potential  distr ibution by Ohm's law 

OP [1] 
I ( x , y , - - c )  =--~ Oz (~.~.-c) 

where  v is the conductivity.  Since all cell  faces are  in-  
sulators except  the anode and cathode surfaces, the 
total current  flowing in the system can be obtained 
by in tegra t ing the local cur ren t  distr ibution over  
ei ther  of the electrodes. Thus we  shall  obtain the 
total cur ren t  in the corrosion cell  by integrat ing over  
the anode surface the local current  distr ibution de-  
duced f rom the cell  potent ial  distribution. 

The potential  dis tr ibut ion P in the cell is given by 
the solution of Laplace 's  equation 

V ~ P = 0 [2] 

subject  to the boundary  conditions (9) 

OP I OP OP 
~x I~=• 0Y ~=• 7z ==0=0 [3a] 

0P 
P ( x , y , - - c )  = E  + k  

z =  ~ C 

f o r [ x [ < a a n d [ y ] < ~  [3b] 
and 

P (x, y, c) k OP - -  = f o r l x i > a o r l y [  > ~  [3c] 
Oz z= -c 

Equat ion [3a] describes the fact that  there  are in-  
sulating walls  at x = __a, y = ___b, and z = 0. In Eq. 
[3b], E is the potential  for zero cur ren t  flow, and k is 
the l inear  polarizat ion constant  arising f rom the as- 
sumed l inear  polarizat ion law at the meta l -e lec t ro ly te  
interface. 1 We have also taken  both electrodes to have  

1 A s  ind i ca t ed ,  for  example ,  by  W a g n e r  (9) or  W a b e r  (7) f e w  
e l ec t ro ly t i c  ce l l s  a re  t r u l y  l i n e a r l y  po la r i zed .  I n  g e n e r a l  t he  g r a p h  
of  c u r r e n t  dens i ty ,  j ,  vs.  su r face  po ten t i a l ,  e i s  c u r v e d  r a t h e r  t h a n  
s t r a i g h t  a n d  in t e r sec t s  t he  j = 0 ax i s  a t  Ec, t h e  open  c i r cu i t  s ing le  
e lec t rode  po ten t i a l .  H o w e v e r  w h e n  a l i n e a r  a p p r o x i m a t i o n  of  s lope 
IVI is u sed  fo r  the  p o l a r i z a t i o n  c u r v e  of  an  e lec t rode ,  the  v a l u e  of 
e c o r r e s p o n d i n g  to  j = 0 i s  no t  Eo b u t  some  o t h e r  c o n s t a n t  Ec'. I t  
i s  the  v a l u e  of r t h a t  is  used  as t he  c o n s t a n t  k for  bo th  elec-  
t rodes ,  �9 v h e r e  M is  t he  s lope a t  t he  o p e r a t i n g  c u r r e n t  dens i t i e s  of 
the  p o l a r i z a t i o n  c u r v e  for  t h e  c o n t r o l l i n g  e lec t rode  (or t he  bes t  
a p p r o x i m a t i o n  t he re to ) ,  and  t he  v a l u e  of [Ec' (anode)  --Ec" (ca th-  
ode) t h a t  is  used  as the  c o n s t a n t  E] .  
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the same l inear  polarizat ion constant, k, as previously  
discussed. 

We solve Laplace 's  equat ion by using the method 
of separat ion of variables,  i.e., we let  Q (x, y, z) be a 
par t icular  solution of Laplace 's  equat ion of the form 

Q (x, y, z) = X (x) Y (y) Z (z) [4] 

F r o m  Eq. [21, X, Y, and Z, satisfy the fol lowing equa-  
tions 

d2X 
_ _  + ~2X = 0 [5a] 

dx 2 

~Y 
_ _ +  ~ 2 y = 0  [Sb] 

dy2 
and 

d2Z 
~2Z = 0 [5c] 

d z  2 

where  k, ~,, and K are in general  complex numbers  and 
K2 = ~2 ~_ ~2. The solutions to Eq. [5] are 

X ---- cl sin (Xx) + c2 cos (Xx) [6a] 

Y = c3 sin (~y) -~ c4 cos (~y) [6b] 
and 

Z = c5 exp (Kz) + c6 exp (--Kz) [6c] 

where  cl . . . .  c6 are constants. We may  assume wi th-  
out loss of general i ty  that  each of the functions, X, Y, 
Z satisfies the boundary conditions given in Eq. [3a] 
and that  X (x) and Y (y) are symmetr ic  about x = 0 
and y = 0, respectively,  so that  

Q(x,y,z) = Clm cos (~Ix/a) cos (~my/b) cosh (rz/a) 
[71 

and t ry  an expansion for 

P(x,y,z) = ~ ~ C~mcOS (~Ix/a) 
/ = 0  m=O 

cos (~my/b) cosh (~z/a) [8] 

where  I - ak/~ and m -- b~/~ are posit ive integers or  
zero, r 2 = a2~S[k2/a 2 + m2/b 2] and Clm are the ex-  
pansion coefficients to be de termined  f rom Eq. [3b] 
and [3c]. 

It  is convenient  to define a step funct ion Sa~ such 
that  

S ~ = ~ l , x ,  < a a n d  ]y, < ~  [9] 

L0 Ix[ > ao r  [yl > 

The boundary conditions given in Eq. [3b] and [3c] 
may  then be wr i t ten  as 

k 0P 
P(x ,y , - -  c) = ESa~ -t- -~z z=-c [10] 

Combining Eq. [8] and [10] we obtain 

~ ~ ClmcOS(~Ix/a) cos(~my/b)  
/ = 0  m=O 

[cosh (rc/a) + (kr/a) sinh (vc/a) ] = E S ~  [111 

Mult iplying both sides of Eq. [11] by cos (~l'x/a) 
cos (~m'y/b) and in tegra t ing over  x and y f rom - -a  
to a a n d - - b  to b, respectively,  we  find that  

C~m = 4Eg~lg~m {(1 ~ 8o~) (1 + g e m )  
[cosh (rc/a) -b (kr/a) sinh (rc/a) ]) -1 [12a] 

where  

gel = (1 - -  5o~) (~l) -1 sin (~l~/a) -b Sol (a/a) 

g~m = (1 -- 6ore) (~m) -1 sin (nm~/b) + 8om(fl/b) 
[12b] 

and 

6 0 = {  1;~=j;i=fij 
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In  order to demonstrate  tha t  the series expansion 
given in  Eq. [8] for P(x ,  y, z) is sufficiently general  
to satisfy the mixed boundary  condit ion given by 
Eq. [10], it suffices to show that  the series for P(x ,  
y, z) converges and that  the series for OP/Oz obtained 
by differentiation of Eq. [8] converges uni formly  in the 
region Ix[ ~ a, [y[ ~ b, --c ~ z >-- 0 (10). The series 
given for P may easily be seen to converge un i formly  
and absolutely throughout  this region. Using a simple 
generalization of Dirichlet 's convergence cri ter ion (10) 
it is possible to show that OP/Oz converges uni formly 
on all closed sets of the region which do not  intersect  
the l i n e z = - - c a n d  [xl : a o r z = - - c a n d l y ]  = ~. 
On these anomalous lines the series for OP/Oz con- 
verges, but, due to the na tu re  of the step function oc- 
curr ing  in  Eq. [1O] nonuni fo rm convergence appears 
at the anode boundaries.  Fur thermore,  due to the 
separation of variables technique the region of non-  
uni form convergence is projected along the l ines 
bounding the anode but  extending beyond the anode 
in  the x and y directions. However, since 8P/Oz con- 
verges everywhere,  it is evident  that  changing the 
polarization behavior  on a system of lines produces 
no effect in the cur ren t  flow density and hence the 
series given by Eq. [8] and [12] correctly represents  
the solution to Eq. [2] and [3]. 

The local current  distr ibution at the metal  elec- 
trolyte interface, I (x, y, - -c) ,  may now be obtained 
from Eq. [1] by 

I = ( r / a )  c,,, ,  cos 
I=O m=O 

cos (~my/b) sinh (rc/a) [13] 

where Cl,~ are given in Eq. [12]. The total cur ren t  
flowing in the corrosion cell is obtained by in tegra t -  
ing I (x, y, - -c)  over the anode surface, so that  

Subst i tut ing Eq. [13] into Eq. [14], in terchanging 
the order of summat ion  and integration,  2 and car ry-  
ing out the explicit  in tegra t ion gives 

I : (16aEab) ~ Z [ga~2gBm2/ (1 + 5oD(1 + bom)] 
1=0 m = O  

[k + (a / r )  coth ( r c / a ) ]  -1 [15] 

To evaluate I explicitly we first make use of an 
upper  bound for I which is, in fact, an asymptotic ap-  
proximat ion for I when  

k /a  > > 1 
k /b  > > 1 
c /a  ~> 1 [16] 
c/b > 1 

such as the case of a thick electrolyte layer  and very  
high values of k. In  this case the hyperbolic terms 
in the denominator  may be ignored and we have 

I~ IA=- -  ( 1 6 a E a b / k ) ~  ~ [ga~2g~m2/ 
t=O m=O 
l~ + rn~> O 

(1 + ~o~) (1 + ~o~)] [17] 

In  general, even when the conditions [16] are not  
satisfied one sees that  

I ~ IA [18] 

The expression for [A may be evaluated explicit ly 
us ing the ident i ty  

I n t e r c h a n g e  of s u m m a t i o n  a n d  i n t e g r a t i o n  ~ a y  e a s i l y  be  seen  
to  be  v a l i d  w h e n  t h e  l i m i t s  of  i n t e g r a t i o n  l ie  i n s i d e  t h e  a n o d e .  
C o n t i n u i t y  of  t h e  s u m  os t h e  i n t e g r a l s  as  t h e  l i m i t s  t e n d  to a ,  B 
o n  t h e  a n o d e  s u r f a c e  g u a r a n t e e  a c o n s i s t e n t  d e f i n i t i o n  f o r  t h e  t o t a l  
c u r r e n t  o v e r  t h e  e n t i r e  anode .  

A u g u s t  1967 

• {[sin 2 ( jo ) ] / j  2} = 1/2 o ( ~ - - e )  [19] 
j = l  

to yield 
IA --~ (4~Eap/k) [1 - -  ap/ab] [20] 

It  does not seem possible to obtain an analyt ic  ex- 
pression for the general  cur ren t  I, bu t  I may be com- 
puted numerical ly  as discussed below. 

Numerical Evaluation 
To facilitate the calculation of I numerical ly ,  we 

make use of the asymptotic expression IA as given by 
Eq. [17] and write 

I ~- IA - -  ( I A  - -  1 )  = I A  ~ ( 1 6  aEab /k )S  

= (4 cEap/k) [1 - -  (afl/ab) ~ 4 (ab/a~)S] [21] 

where  the sum 

S= d:r ~ gal2g~m 2 [ (1 -+- 8oi) (1 -+- 5am) 
l = 0  m=O 
12 + m2> O 

{1 + (kr /a)  tanh (cr /a)}]  -1 [22] 

on the r ight  hand  side of Eq. [21] becomes vanish-  
ingly small  for conditions approaching those given in  
Eq. [16]. Since Ia is given in closed form by Eq. [20] 
we need only evaluate the sum, S. This has been 
done numer ica l ly  on a 7094 computer  by summing 
over a finite region in  the l, ~n plane. To fur ther  
simplify the calculations and economize on computer 
t ime we have restricted the physical constants a, b, a, p 
in such a way that  the parameters  

A -1 - (a/a) 

B -1 --- (b/E) 

s -1 - (b/a)  [23] 

are integers. This restriction imposes some l imitat ion 
on the problem geometry, but  may be removed if de- 
sired. On insert ion of Eq. [23] into Eq. [21], we have 

I = (4~Eap/k) [1 - -  AB -- (4S /AB)  ] [24] 

where, since r ---- n ( l  2 + s2m2) 1/2 and since both ga~ 
and g~m depend only on A and B, respectively, the 
computed sum, S, and the normalized current  

I* - (kI/4~Eap) [25] 

depend only on the parameters  A, B, c/a, k/a,  s. 
In order to make the numerica l  results meaningful ,  

we must  derive an error bound for the remaining  
terms which are not  included in  the numerica l  sum. 
Such a bound is derived in the Appendix.  

Results and Discussion 
In  this section we give the results for numerica l  

calculation of the corrosion cu r ren t  emphasizing the 
case when  a = b and  a = p and  present  a comparison 
of the theory with exper imental  results of Ogburn  
and Schlissel. 

Case 1: a = p and a = b . - - In  Tables I-IV, the corro- 
sion currents  are summarized for a series of values 
a/a between 10-~ and 0.5 and k /a  between 10 -4  and 

Table I. Computation of I*  for various values of a/o, and 
k/a (when a = p and a ~- b); c/a = 1.0 

I *  
k /a~  ula 0.5 10-1 10-2 10 ~ 10-4 10-~ 

10 ~ 0.75 0.99 1.00 1.00 1.00 1.00 
101 0.73 0.98 1.00 1.00 1.00 1.00 
100 0.61 0.92 1.00 1.00 1.00 1.00 
10 -1 0.26 0.60 0.92 1.00 1.OO 1.OO 
10 -2 0.054 0.18 0.61 0.92 1.00 1.00 
10 -~ 0.0084 0.033 0.18 0.61 0.92 1.60 
10 -'~ 0.033 0.18 0.61 0.92 
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Table II. Computation of I *  for various values of a/a,  
and k/a (when a ~ fl and a = b); c/a ~ |0 -~ 

k / a ~  a / a -  0.5 10-1 10 -~ 10 4 10 -~ 10-~ 

102 0 . 7 4  0 . 9 9  1 .00  1 .00  1 .00  1 .00  
101 0 . 7 0  0 . 9 6  0.99 1 .00  1 .09  1 .00  
I 0  ~ 0 . 4 7  0 . 8 9  0 .98  l .OO 1 .00  1 .00  
10 -1 0 . 1 7  0 .56  0 . 9 2  1.00 1.00 1.00 
1 0 -  ~ 0 , 0 4 0  0 . 1 7  0 .61  0 .92  1 .00  1.O0 
10 ~ 0,0068 0.031 0.18 0.61 1.OO 1.00 
10-4 0.033 0.18 0.61 1.00 

Table I Ih Computation of I *  for various values of a/a,  and 
k/a (when a = fl and a = b); c/a -~ 10 - ~  

] *  

k l a ~  u / a -  0 .5  10  -1 i 0  -~ 10  -~ 10  -4 10-5  

10~ 0.70 0.90 0.99 1.00 1.00 1.00 
101- 0.48 0.91 0.99 1.00 1.00 1.00 
10o 0 . 1 9  0 . 6 5  0 . 9 8  0 . 9 9  1 .00  1 .00  
10 -1 0.061 0.28 0.89 0.98 1,00 1,00 
1 0 -  ~ 0.018 0.088 0.56 0 .92  1,00 1.00 
10 ̀3 0 . 0 0 4 1  0 . 0 2 0  0 . 1 7  0 .61  0 .92  1.00 
10 -4 0 . 0 3 1  0 . 1 8  0 .61  0 .92  

Fig. 3. Normalized current as a function of polarization param- 
eter and cathode size with c/a = 1. Extrapolated points are 
indicated by large dots. 

Table IV. Computation of I *  for various values of a /a ,  and 
k/a (when ~ ~ fl and a ~ b); c/a = 10 - 3  

I �9 

k / a ~  a/a 0 .5  10  -1 10 -~ 10-~ 10  -~ 10-5  

10~ 0.48 0.91 0.99 0.99 1,00 1.00 
101 0.19 0.65 0.99 0.99 1,00 1.00 
lOo 0 . 0 6 2  0 . 2 8  0,91 0 . 9 9  1 . 0 0  1 .00  
10 -1 0.020 0.097 0 .65  0.98 0.99 1 .00  
I 0 - ~  0 . 0 0 6 2  0 . 0 3 1  0 . 2 8  0 . 8 9  0 . 9 8  1.OO 
10 "~ 0.0018 0,0092 0.088 0.50 0,92 1.00 
10-~ 0 . 0 2 0  0 , 1 7  0.61 0.92 

102 fo r  f o u r  o r d e r s  of m a g n i t u d e  of c/a. Mos t  of t h e  
r e s u l t s  a r e  a c c u r a t e  to  w i t h i n  2% a l t h o u g h  a f e w  m a y  
h a v e  i n a c c u r a c i e s  of as m u c h  as 5%.  

T h e  r e s u l t s  of T a b l e s  I a n d  I V  a r e  i l l u s t r a t e d  in  
Fig. 3 a n d  4. A d d i t i o n a l  e x t r a p o l a t e d  p o i n t s  h a v e  b e e n  
a d d e d  to fill  o u t  t h e  c a l c u l a t e d  su r f ace .  A s  m a y  b e  s een  
fo r  a/a ~ c/a a n d  a/a ~ k /a ,  I* ~ IA*, w h e r e  
IA* = 1 - -  ( a / a )  2 is t h e  n o r m a l i z e d  a s y m p t o t i c  c u r -  
r e n t ,  a n d  IA* ~ 1 e x c e p t  w h e n  ,~/a ~ 0.1; in  f a c t  t h e  
g r a p h  of IA* is t h e  s a m e  as t h e  f r o n t  c o n t o u r  c u r v e  of  
t he  I* s u r f a c e  in  Fig. 3 on  w h i c h  k / a  = 100 a n d  
c/a  = 1. T h u s  t h e  e x t r a p o l a t i o n  f o r  s m a l l  v a l u e s  of 
,~/a i n  t h e s e  f igures  is c l e a r l y  jus t i f ied .  T h e  two  p o i n t s  
fo r  w h i c h  k / a  = 10 - 4  a n d  ,~/a = 0.1 o r  0.5 on  e a c h  of  
t h e  t w o  s u r f a c e s  r e q u i r e  exces s ive  m a c h i n e  t i m e  to 
c a l c u l a t e  a n d  h a v e  b e e n  i n t e r p o l a t e d  g r a p h i c a l l y  u s i n g  
t h e  a d d i t i o n a l  f ac t  t h a t  I* = J*A -~ 0 w h e n  ,~/a = 1. 
C a l c u l a t i o n s  u s i n g  c/a ~ 1 a p p e a r  to b e  u n n e c e s s a r y ,  
a t  l e a s t  w h e n  a/a ~ 0.5, s ince  t h e  u se  of  l a r g e r  c 's  
g ives  n e g l i g i b l e  effect  on  I*.  

Fig. 4. Normalized current as a function of polarization param- 
eter and cathode size with c /a  = 10 -3 .  Extrapolated points are 
indicated by large dots. 

As seen  f r o m  Eq.  [25],  I* d e p e n d s  o n l y  on  t h e  r a t i o s  
~/a, c /a ,  a n d  k / a ;  T a b l e s  1- IV h a v e  b e e n  m a d e  u p  
acco rd i n g l y .  To r e n d e r  t h e s e  t a b l e s  m o r e  use fu l ,  t h e  
s e p a r a t e  d e p e n d e n c e  of  I* o n  a, w h e n  ~, c, k a r e  h e l d  
fixed, is g i v e n  in  T a b l e  V fo r  a se r i e s  of  v a l u e s  of c 
a n d  k w h e r e  ~ h a s  b e e n  f ixed  a t  10-2  cm.  D u e  to t h e  
d e p e n d e n c e  of I* o n  t h e  r a t i o s  a/a, c/a, k /a ,  f ix ing  a 
i m p o s e s  no  r e a l  l i m i t a t i o n  on  t h e  r a n g e  of  a p p l i c a b i l i t y  
of t h e  resu l t s .  I t  is c l e a r  f r o m  T a b l e  V t h a t  ~ / a  h a s  
t h e  g r e a t e s t  e f fec t  on  I* w h e n  c/a  a n d  k / a  a r e  l a rge ,  
i.e., w h e n  I* m_ I*A. T h u s  w e  m a y  c o n c l u d e  t h a t  w h e n  
a / a  ~ 0.1 t h e  e r r o r  i n t r o d u c e d  b y  a s s u m i n g  a ~ oo is 
less  t h a n  1%. T h i s  f ac t  h a s  b e e n  u s e d  to s i m p l i f y  t h e  
c a l c u l a t i o n s  of T a b l e  1 - IV;  e.g., I* fo r  c ~ 10 - 2  cm,  
a = 10 - 2  cm, a = 1.0 cm,  k ~ 10 - 2  c m  is t h e  s a m e  as  
I* fo r  c = 10 - l c m ,  a = 10 -1  cm,  a = 1.0 cm, k 

Table V. Dependence of I (in amperes) on cathode size for various values of c and k. In all cases ~ - =  10 - 2  cm, 
E = 0.31v and ~ = 0.25 X 10 - 4  ohm - 1  cm - 1 .  Values are accurate to 0 .1% except where indicated, and when 

k = 102 all computed values of I coincide with those of IA to within 0.1% 

c \  k 1 0  -~ c m  10-~ c m  10  ~ c m  

10-~ c m  a / a  = 2 0 . 2 8  x 1 O - ~  0 . 8 7 9  X I 0  - s  0 . 2 3 2  X 10 -z~ 
3 0 2 8 x   rror 0.881 x 0 .274 • 1 0 - "  
6 0 . 2 8  x 1 0 - e | -  0 , 8 8 1  X 10 -8 0 . 2 9 9  x 10-1o 

10  0 . 2 8  • 1 0 - ~ J  0 . 8 8 1  • 1 0 - s  0 . 3 0 3  • 10  - lo  
100  0 , 8 6 1  X 10  - s  0 . 3 0 5  • 10  - lo  

10-1 c m  a / a  = 2 0 . 9 7 7  X 1 0 -  e 0 . 2 2 2  x 1 0 -  7 0 . 2 3 2  X 10  -1~ 
3 0 . 1 0 0  X 10  -5 0 . 2 6 0  X 10  -7 0 . 2 7 6  x 1 0 -  lo 
6 0 . 1 0 1  X 10  4 ( 0 . 5 %  E r r o r )  0 . 2 8 1  x 1 0  -7 0 . 3 0 1  • 1 0  -zo 

10  0 . 1 0 1  x 1 0 -  5 ( 1 . 5 %  E r r o r )  0 . 2 8 4  x 1 0 -  v 0 . 3 0 7  x 1 0 -  TM 

100  0 . 2 8 6  x 10-- ~ 0 . 3 1 0  X 1 0 -  ~~ 
1 0  e c m  a/cl = 2 0 . 9 7 7  • 1 0 -  a 0 . 2 2 2  X 10-7  0 . 2 3 2  x 1 0  - lo 

3 0 . 1 0 0  x 10  - s  0 . 2 6 0  X 10  -7 0 . 2 7 6  X 10-1o 
6 0 . 1 0 1  x 10  ~ ( 1 %  E r r o r )  0 . 2 8 1  x 1 0 -  ~ 0 . 3 0 1  X 10  - lo  

l 0  0 . 1 0 2  • 1 0 -  ~ ( 2 %  E r r o r )  0 . 2 8 4  • 1 0 -  ~ 0 . 3 0 7  X 10-1o 
100  0 . 2 8 6  x 1 0 -  �9 0 . 3 1 0  x 10  - lo  
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10 -1  c m  s ince  r e p l a c e m e n t  of a = 10 c m  b y  a = 1 
c m  in  t h e  s e c o n d  case  p r o d u c e s  n o  effect.  

As  p o i n t e d  ou t  b y  v a r i o u s  a u t h o r s  (2, 9, 11, 12) t h e  
size of t h e  p o l a r i z a t i o n  c o n s t a n t  k a f fec t s  t h e  n a t u r e  
of t h e  c u r r e n t  d i s t r i b u t i o n  as w e l l  as t h e  m a g n i t u d e  
of t h e  c o r r o s i o n  c u r r e n t .  As  i n d i c a t e d  in  Fig.  3 a n d  4 
a n d  as e x p r e s s e d  i n  Eq.  [24],  f o r  l a r g e  k / a  a n d  s m a l l  
~/a t h e  effect  of k is e s s e n t i a l l y  t h a t  of a r e s i s t a n c e  

w h e n  r is h e l d  c o n s t a n t .  H o w e v e r ,  w h e n  k / ~  ~ 1 t h e  
i n f l uence  of k b e c o m e s  less  p r o n o u n c e d  u n t i l  ( f o r  e x -  
ample ,  w h e n  c /a  = 1 a n d  a/a  = 0.5) c h a n g e  of  k / a  
b y  a f a c t o r  of  10 f r o m  10-2  to 10 -3  p r o d u c e s  a n  i n -  
c r e a s e  in  I of o n l y  a b o u t  1.5. T h i s  l a t t e r  ef fec t  is  a 
c o n s e q u e n c e  of t h e  b e h a v i o r  of  t h e  se r i e s  r e p r e s e n t a -  
t i on  g i v e n  b y  Eq.  [15] f o r  I. H e r e  i t  m a y  b e  s e e n  t h a t  
as k --> 0, t h e  q u a l i t a t i v e  b e h a v i o r  of  t h e  s e r i e s  is  of  
t h e  t y p e  I _~ O ( l n  k)  as  1 / k  -> oo. T h u s  I* --~ O ( k  in  
k)  w h i c h  t e n d s  to ze ro  as k t e n d s  to  zero.  

Case 2: ~ ~ p and /or  a ~ b . - - C u r r e n t s  p r o d u c e d  b y  
c o n f i g u r a t i o n s  w h e r e  a r ~ or  a ~ b i n v o l v e  too  m a n y  
p a r a m e t e r s  to p e r m i t  a g e n e r a l  c o m p i l a t i o n  of r e su l t s .  
H o w e v e r ,  c e r t a i n  t r e n d s  a r e  r e l a t i v e l y  c lea r .  Thus ,  as 
o b s e r v e d  a b o v e  w h e n  a = 8, a = b, t h e  d e p e n d e n c e  of 
I* on  a a n d  b fo r  a/a, fl/a, a/b,  a n d  /~/b a l l  <0 .1  m a y  
b e  e x p e c t e d  to b e  n e g l i g i b l e ;  t h i s  h a s  b e e n  ve r i f i ed  in  
a n u m b e r  of  spec ia l  cases.  T h e  ef fec t  of c h a n g i n g  t h e  
r a t i o  a/~ w h i l e  m a i n t a i n i n g  t h e  a n o d e  a rea ,  a/~, c o n -  
s t a n t  p r o d u c e s  s ign i f i can t  effects  o n  t h e  c o r r o s i o n  c u r -  
r e n t  as i n d i c a t e d  i n  Fig.  5 w h e r e  I* vs. [~/a is g r a p h e d  
fo r  t h e  s ix  pos s ib l e  c o m b i n a t i o n s  of c / a  = 10 - s  or  
1.0 a n d  k / a  = 10 -3,  10 -2  , o r  100. H e r e  a = b a n d  t h e  
a n o d i c  f r a c t i o n  a . ~ / a . b  = 1/1296. I t  s h o u l d  b e  n o t e d  
t h a t  w h e n  one  of t h e  a n o d e  d i m e n s i o n s ,  s ay  /~, is 
t a k e n  e q u a l  to t h e  c o r r e s p o n d e n t  c a t h o d e  d i m e n s i o n ,  
i.e., b, t h e  m o d e l  e m p l o y e d  h e r e  r e d u c e s  to  t h a t  e m -  
p l o y e d  b y  W a b e r  et aL a n d  Eq.  [21] b e c o m e s  e q u i v a -  
l e n t  to t h e i r  e x p r e s s i o n  f o r  t h e  c o r r o s i o n  c u r r e n t .  F o r  
r a t i o s  of /~/a b e t w e e n  1 a n d  2 t h e  a m o u n t  of  c o r r o -  
s ion  c u r r e n t  is s een  to  v a r y  b y  less  t h a n  a b o u t  10%. 
T h i s  r e s u l t  is  r e l a t i v e l y  i n d e p e n d e n t  of  t h e  a n o d i c  

f r a c t i o n  fo r  a n o d i c  f r a c t i o n s  < 0 . 5 %  a n d  h o l d s  f o r  a l l  
c o n f i g u r a t i o n s  w h e r e  ~/a, ~/b,  [3/a, a n d  [3/b, a r e  a l l  less  
t h a n  0.1. Thus ,  in  t r e a t i n g  p r o b l e m s  i n v o l v i n g  r a n d o m  
c o r r o s i o n  p i t s  w h e r e  t h e  p i t s  a r e  a p p r o x i m a t e l y  c i r -  
c u l a r  in  shape ,  i.e., t h e  r a t i o  of t h e  m a x i m u m  d i a m e t e r  
to  m i n i m u m  d i a m e t e r  is less  t h a n  2, e r r o r s  of  ~ 1 0 %  
m a y  b e  e x p e c t e d .  F u r t h e r ,  t h e  m o r e  o b l o n g  pi ts ,  w h i c h  
p r o d u c e  t h e  g r e a t e s t  c o r r o s i o n  c u r r e n t  a n d  t h u s  t h e  
g r e a t e s t  r a t e  of co r ros ion ,  s h o u l d  h a v e  t h e  f a s t e s t  
g r o w t h  r a t e  a m o n g  v a r i o u s  a n o d e  shapes .  

I n  Fig.  5 w h e n  9/a = 1296, i.e., w h e n  /~ = b = 1, 
t h e  g e o m e t r y  is t h a t  of t h e  one  d i m e n s i o n a l  s t r i p  
mode l .  As  m a y  b e  s een  fo r  s m a l l  v a l u e s  of  k a n d  s m a l l  
e l e c t r o l y t e  t h i c k n e s s ,  v a r i a t i o n  in  t h e  a n o d e  s h a p e  
f r o m  a s q u a r e  to a o n e - d i m e n s i o n a l  s t r i p  p r o d u c e s  as  
m u c h  as  a f a c t o r  of 13.5 in  t h e  c o r r o s i o n  c u r r e n t  w h i l e  

I , , i ' ' ' r . . . .  i , , i , 
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Fig. 5. Dependence of normalized current on anode geometry for 
various values of c/a and k/a.  In all cases a = b and the anodic 

f r a c t i o n - -  = 1/1296. 
a . b  

% 

fo r  l a r g e  v a l u e s  of  k a n d  t h i c k  e l e c t r o l y t e s  t h e  a n o d e  
g e o m e t r y  p r o d u c e s  no  s ign i f i can t  effect.  T h e  effects  
d u e  to a n o d e  g e o m e t r y  s h o w n  in  Fig.  5 a r e  e x p e c t e d  
to b e  m a g n i f i e d  fo r  s m a l l e r  a n o d i c  f r a c t i o n s ,  ( p r o v i d e d  

t h a t  k / a  ~< 1) a n d  t h i n n e r  e l ec t ro ly t e s .  O n  t h e  o t h e r  
h a n d ,  w h e n  k a n d  c a r e  suff ic ient  l a r g e  I ~ IA ( t h e  
a s y m p t o t i c  c o r r o s i o n  c u r r e n t  v a l u e )  w h i c h  is i n d e -  
p e n d e n t  of a n o d e  g e o m e t r y .  

Exper imen ta l  compavison . - -Us ing  t h e  c o m p u t e r  
p r o g r a m  d e v e l o p e d  fo r  d e t e r m i n i n g  t h e  c o r r o s i o n  c u r -  
r en t ,  c a l c u l a t i o n s  h a v e  b e e n  m a d e  fo r  c o m p a r i s o n  w i t h  
e x p e r i m e n t a l  d a t a  of  O g b u r n  a n d  Sch l i s s e l  (8 ) .  F i g -  
u r e s  6 a n d  7 t a k e n  f r o m  ref .  (8)  s h o w  t h e  e x p e r i -  
m e n t a l  a n d  c a l c u l a t e d  r e s u l t s  f o r  t h e  case  of  N i - F e  
e l e c t r o l y t i c  cel ls  w i t h  s y n t h e t i c  r a i n  w a t e r  e l e c t r o l y t e  
in  w h i c h  t h e  ( i )  a n o d e  d i a m e t e r  a n d  ( i i )  e l e c t r o l y t e  
t h i c k n e s s ,  r e s p e c t i v e l y ,  h a v e  b e e n  v a r i e d .  I n  b o t h  e x -  
p e r i m e n t s  a = 2.5 cm,  b ----- 0.5 cm,  a n d  t h e  o p e n  c i r c u i t  
p o t e n t i a l  of 0.3v w a s  u s e d  as  a n  e s t i m a t e  of E. F o r  
Fig.  6, c = 100 cm,  ~ ---- 53 x 10 - e  o h m  -1,  a n d  k w a s  
e s t i m a t e d  to be  95.4 x 10 - 4  cm.  T h e  anodes ,  w h i c h  
w e r e  c i r c u l a r  i n  shape ,  h a v e  b e e n  a p p r o x i m a t e d  b y  
s q u a r e s  of e q u a l  a r ea :  a = g = 0.00225, 0.00675, a n d  
0.01 cm.  F o r  Fig.  7, r = 105 x 10 - s  o h m  -1  c m  -1,  k w a s  
e s t i m a t e d  to  b e  189 x 10 - 4  cm,  a n d  a = ~ = 0.01 c m  
fo r  a s q u a r e  of a r e a  e q u a l  to  t h a t  of t h e  c i r c u l a r  anode .  
T h e  e l e c t r o l y t e  t h i c k n e s s  r a n g e d  f r o m  0.004 to  0.015 
cm. A l t h o u g h  t h e s e  d a t a  s h o w  e x t e n s i v e  s c a t t e r  d u e  
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to exper imen ta l  difficulties (6) and  comprise  a v e r y  
l imi ted  check on the  t heo ry  p resen ted  in this paper ,  
they  are  in reasonable  agreement  wi th  ~he theore t ica l  
calculations.  
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A P P E N D I X  
Analysis o] Numerical Error Bound 

We consider  a rec tangu la r  region in the  l, m plane,  
0 ---- l--~ l*, 0 --~ m -~ m*, where  l*/m* = s as i l lus-  
t ra ted  in Fig. 2. The magni tude  of l* is u l t ima te ly  de -  
penden t  on e i the r  ava i lab le  computer  t ime or  the  de-  
gree of accuracy desired.  The expression for the error ,  
which consists of the sum over those mesh points  ly -  
ing outs ide the  summing  rectangle,  m a y  be ca lcula ted  
by  b reak ing  up the e r ror  sum into two regions,  l ~ ms, 
I --~ ms  sepa ra t ed  by  the d iagonal  l ine I = ms. The 
methods for  comput ing  the  e r ror  bound for  these two 
regions are  the  same, so we  shal l  discuss only  the  r e -  
gion ms ~ I. 

We  shal l  fu r the r  subdivide  the  region ms ~ 1 by  
def in ing  the  blocks 

~ n ~ - - m B < n - 5  1 , n = O ,  1 , 2 . . .  
Sn : l* ~--l [26] 

We shal l  bound the e r ror  in each of the  blocks S,.  
The set of points  inc luded  in  the  union of the  blocks 

S ,  includes the  en t i re  region s m -  l ly ing  outs ide the  
summing rec tangle  and a considerable  por t ion  of the  
region l ~ ms as seen in Fig. 2. However ,  the  cont r i -  
but ion of the  over lap  por t ion to the er ror  has been 
shown to be un impor t an t  and is only  included for  
s impl ic i ty  of the  final e r ror  expressions.  

In  each of the  blocks Sn, we use the  fo l lowing ap-  
p rox imat ions  

s in(~y)  --~ 4y(1 - - y )  0 -~ y --~ 1 

(~b/a) t anh  (cr/a) ~--v - (~k/a) t anh  (~cl*/a) 
1 + (rv/n) ~ 1 4- lv [27] 

The bound for  So, which contr ibutes  the  ma jo r  error ,  
m a y  be separa te ly  ca lcu la ted  by  showing  

~o B-1 tanh (cr/a)]} - ~ j -  (4By) 2 ( 1 - - B y )  2 ( n y ) - e  dy 

�9 (~x) -3  (1 -5 xv)  -1 dzc [26] 

so tha t  
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Fig. 2. Schematic representation of summing regions for error 
analysis. 

- - - v l n { 1  + Err  So ~ (16B/3n 4) [ ( l* )  1 (v l*) - l }]  [29] 

To bound the e r ror  sum for  the  remain ing  blocks, we 
observe  

Er rS" - -~ (16 /~4)  [ ~=~*+1 l - 2 ( 1 - 5 v l ) - 1  i X 

(B2/n 2) __ ( B i n - - n )  2 [1 - -  ( B m - -  n) ] 2 
m=(n/fl) 

~-- (16B2/n4n2){[ (1/30B) -5 (1/16)]  • 

[ ( 1 " ) - 1 - -  v In {1 -5 (v l*)- l } ]}  [30] 
so tha t  

~ E r r  Sn ~--- (16B 2 s2/n 4) {[(1/30B) -5 (1/16)]  X 
n = l  

[ ( l * ) - l - - v l n { 1 - 5  ( v l * ) - l } ] }  [31] 
where  

s2 - ~ n -2  --'~ 1.645 
n = l  

Thus the e r ror  for  m s  ~ I is bounded  by  

(16B/~)((l*) - 1  _ v In [1 Jr ( v l * ) - l ] )  • 

{ ( 1 / 3 )  + ( s 2 /30 )  -5 (Bs~/16)} [32] 

and the to ta l  e r ror  in the approx imat ion  to S is 
bounded  by  the inequa l i ty  

E r ro r  (l*) ~ (16/n 4) ~ + (As + B) 

} + ~  (ASs + B 2) X 
16 

{ ( l * ) - l - - v l n [ l +  ( v l * ) - l ] )  [33] 

The values  of m* ut i l ized ranged  f rom 5 to 1400 and 
Er ro r  (/*) was genera l ly  t aken  at  2%. 
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ABSTRACT 

The oxidation behavior  of Fe -Cr  alloys containing 25-95% Cr has 
been studied over  the tempera ture  range of 1000~ Near-parabol ic  
kinetics were  observed,  but  detai led s t ructural  analysis indicated tha t  the 
scaling kinetics cannot be in te rpre ted  solely in terms of diffusion t ranspor t  
mechanisms. St ructura l  characteris t ics  of the scale and the scale-al loy in ter -  
face must  be considered. The tendency to spall  increased with  increasing Cr 
content;  spalling behavior  is analyzed in terms of the mechanical  propert ies 
of both the oxide and the alloy. The Wagner  analysis relat ing interdiffusion 
in the alloy to oxidation rates was applied to the Fe -Cr  system, and qual i ta-  
t ive agreement  wi th  exper imenta l  results was found. The observat ion that  
parabolic rate constants decreased with  decreasing Cr content  is discussed. 

The extensive l i te ra ture  concerning the oxidat ion 
behavior  of i ron-chromium binary alloys is pr imar i ly  
oriented toward alloys containing up to about 26% Cr. 
(All  compositions are  repor ted  in weight  per cent.) 
Very l i t t le  work  has been directed to compositions 
r icher  in Cr. 

The oxidat ion behavior  of alloys containing less than 
13% Cr is ve ry  complicated;  scales form consisting of 
spinels and various other  Fe and Cr oxides. Seybolt  
has shown, however ,  that  when the Cr concentrat ion 
at  the meta l -ox ide  interface exceeds 13% Cr2Oa is the 
stable oxide (1). Many of the Fe -Cr  b inary  alloys 
which form Cr203 scales have oxidation kinetics con- 
trolled principal ly by cation diffusion through the ox- 
ide, al though other  factors such as surface preparat ion,  
scale adherence and blistering (2, 3), and oxide vola-  
t i l ization (4-6) may cause the kinetics to exhibi t  de- 
par ture  f rom parabolic behavior.  Differences in the 
thermal  expansion coefficients of metal  and its oxide 
may also give rise to spalling tendencies. Tylecote  has 
r ev iewed  and summarized some of the factors which 
influence the adherence of oxides on metals  (7, 8). 

Another  factor which must  be considered when ana-  
lyzing the oxidation behavior  of Fe -Cr  alloys is the 
gradual  deplet ion in the Cr content  of the alloy which 
occurs during oxidation. The in terdependence of dif-  
fusion processes in the metall ic and the oxide p h a s e  
has been t reated theoret ical ly  by Wagner  (9). Wood 
and Whit t le  have exper imenta l ly  demonstra ted that, 
in the range of Cr contents of 28-68%, replenishment  
of Cr to the alloy oxide interface increases wi th  de-  
creasing bulk Cr content  (10). This effect was at-  
t r ibuted to the observation that  the self-diffusion co- 
efficients for Cr in Fe -Cr  a lpha-phase alloys increase 
wi th  decreasing Cr content  (11, 12). 

There is a widespread technological  need for new 
high- tempera ture ,  oxidat ion-res is tant  alloys. For  cer-  
tain applications at e levated tempera tures  where  sig- 
ma-phase  embr i t t l ement  is not a problem, binary Fe-  
Cr alloys rich in Cr are of interest. It  was the purpose 
of this invest igat ion to survey the h igh- t empera tu re  
oxidation behavior  of Fe -Cr  binary alloys in the com- 
position range of 25-95% Cr, and to a t tempt  to eluci-  
date the effects of such parameters  as bulk alloy 
composition, t empera ture  of oxidation, thermal  expan-  
sion of alloys and oxides, and diffusive processes in 
the alloy and the oxide. 

Experimental 
Sample preparation.--Alloys in the  range of 25-70% 

Cr were  made f rom Ferrovac  i ron (vacuum-mel t ed  
electrolytic iron).  F i f ty  and 100g buttons were  arc-  
mel ted under  purified argon; the buttons were  re -  
mel ted 5 times to insure homogeneity.  They were  then 
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hot - ro l led  at about 600~ to a final thickness of about  
0.08 cm. For  compositions containing more  thart 70% 
Cr, the procedure was the same except  that  samples 
were  cut from the as-cast  buttons. 

Oxidation experiments.--Rectangular samples were  
obtained having a surface area of about 5 cm 2. All  
samples were  surface ground and polished through No. 
400-grit SiC paper  and degreased and cleaned in tolu-  
ene and acetone immedia te ly  before insert ion into the 
spring balance furnace. With  the except ion of one set 
of experiments,  all we igh t -ga in  data repor ted  were  
obtained f rom samples having abraded surfaces. Since 
s u r f a c e  preparat ion has been demonstrated to have  an 
effect on the scaling rates of certain Fe -Cr  alloys (13, 
14), a set of exper iments  was carr ied out on the Fe-  
45% Cr alloy in which various polishing and etching 
procedures were  used to prepare  the sample surface. 

Isothermal  weight -ga in  data were  obtained using a 
helical  quartz spring; the sample was hung on a sap- 
phire  rod that  was suspended f rom the spring. The 
system was evacuated and the furnace brought  to t em-  
perature.  The desired a tmosphere  (dry 02 at 100 Torr)  
was introduced into the furnace and the run was com- 
menced. Sample tempera ture  was measured with  a 
P t /P t -10Rh  thermocouple  located in an Alundum tube, 
wi th  its junct ion about 1/4 in. f rom the center  of the 
sample. Tempera ture  control  was about • 5~ Sam-  
pie weight -change  was de termined  by following a 
fiducial mark  on the sapphire rod with  a cathetometer.  
The sensi t ivi ty was about • 30 ~g/cm '2. When a run  
w a s  completed, the furnace was turned  off and the  
system was evacuated. 

Thermal expansion measurements.--The coefficients 
of thermal  expansion for alloys in the composition 
range of 13-100% Cr were  measured using a Cheve-  
nard mechanical  di latometer.  Differential  measure-  
ments were  made against a fused SiO2 standard. Both 
heating and cooling cycles were  recorded. All  tests 
were  carr ied out in an argon atmosphere.  

Electron microbeam probe measurements.--Samples 
of Fe-45% Cr and Fe-80% Cr alloys were  oxidized for 
51 hr  at l l00"C in pure O2. The oxidized samples were  
then mounted in an electr ical ly conducting base of 
copper-fi l led dial lyl  phthalate  for examinat ion in the 
microprobe. Scans for both elements  were  car r ied  out 
in a Cambridge  Mark  II unit, which had been modified 
(15) so that  the sample could be t ranslated under  a 
static beam in 4~ increments.  The data at each point 
were  collected on a scalar for a 10-sec counting period. 
The operat ing conditions were  30 kv  wi th  a specimen 
current  of 0.1 ~a, which resul ted in 2000-9000 counts 
being recorded in the 10-sec interval ,  depending on 
the alloy and the component  being scanned. Standard 
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data were taken at the beginning and  the end of the 6=|0 s 
r un  to correct for ins t rumenta l  drift. Corrections were 
also made for background radiat ion and counter - tube  
dead time. The corrected relat ive intensi t ies  were con- 
verted to compositions using the Poole and Thomas 
atomic number  correction (16), Phi l ibert ' s  absorption 
correction (17), and Castaing's fluorescence correction %J0s 
as modified by Green to correct for overvoltage (18). $_ 
Using these procedures, the accuracy of the data is 
believed to be -+- 5% of the total amount  present. ~1~ 

Auxi l iary  measurements .~Meta l lographic  and x - r a y  
data were obtained using s tandard procedures. Debye- 
Scherrer pat terns of oxide scale were made for various 
alloy compositions and oxidation temperatures; fat- i0' 
tice parameters  were also calculated. On several sam- 6,K>,0,f 
ples, the extent  of metal  recession and the thickness 
of the oxide scale were determined metal lographical ly 
as a check on the weight -gain  data. 

Results 
Kinet ic  measurements . - -Grav imetr ic  runs  on sam- 

ples of various compositions were r u n  over the tem-  ~0' , 
perature  range of 1000~176 Typical weight-gain  
vs. t ime data, plotted on logarithmic coordinates, are 
presented in  Fig. l a  through le. A slope of �89 would  
indicate parabolic kinetics. It  is apparent  that most 
of the alloys exhibited rates which were approxi-  
mately  parabolic, al though the 1100~ data for the "~ 
lower Cr compositions are less consistent. Some of the ~. l0 ~ 
runs  were repeated to check the reproducibi l i ty  of ~J~" i 
the data; general ly  fair  agreement  was found. For  �9 
example, the ll00~ data plotted in Fig. le show about I �9 ~ 
the best reproducibility obtained in these experiments 
at that temperature. Consequently, there resulted con- 
siderable scatter in rate constant data, which will be 
discussed later. 
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Fig. le. Typical gravimetric data for Fe-95% Cr alloys for 
the temperatures indicated. 

It has been established that oxide volatilization, 
probably occurring by the reaction 

3 
CrsO3(s) + -~-O~(g) -> 2CrO3(g) [1] 

can influence the oxidation kinetics of Cr and Fe-Cr 
alloys (4-6). However, volatilization losses are usually 
negligible for short-time oxidation runs such as re- 
ported here (6), and indeed the amount of metal-re- 
cession measured on several samples was found to be 
consistent with the corresponding gravimetric data. 
For data that fit the relation 

Am 
= (kpt) 1/3 [2] 

A 
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Fig. 2. Temperature dependence of the parabolic rate constant 
for the oxidation of various Fe-Cr binary alloys. 

the parabolic rate constant, kp, was determined.  In  Eq. 
[2], 2m/A  is the weight-gain  per un i t  area, g-cm -9-, 
and t is the oxidation t ime in seconds. The tempera-  
ture  dependence of these data is shown in  Fig. 2. The 
solid l ine indicates the tempera ture  dependence of 
h igh-pur i ty  (iodide-grade) Cr, as given by the ex-  
pression (4) 

kp (g2 cm-4  s e e - l )  = 0.111 exp (--59,000 ___ 1800/RT) 
[3] 

It  is obvious that  there is considerable scatter in the 
variat ion of the rate constant  data for a given com- 
position at various temperatures,  which obviates the 
possibility of de termining  the dependence of an  ac- 
t ivation energy for oxidation on alloy composition. A 
possible exception to this is the Fe-30% Cr alloy data, 
which plot on a straight l ine approximately  paral lel  
to the l ine for the iodide Cr. It  is evident, however, 
and impor tant  to note, that most of the rate constant  
data for almost all alloys lie below the curve for pure 
Cr. 

The compositional dependence of kp is shown in 
Fig. 3. There is a clear t rend of decreasing parabolic 
rate constant  with decreasing Cr content  of the alloy. 
The l l00~ data show the most scatter, which is not 
unexpected in view of the corresponding gravimetric 
data shown in  Fig. 1 for this temperature.  The values 
for pure Cr were obtained from ref. (4). 
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Fig. 3. Composition dependence of the parabolic rote constant 
of Fe-Cr binary alloys. 
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Fig. 4. Effect of surface preparation on the oxidation rate of 
Fe-45 w/o Cr alloy at 1100~ Symbols: E.P., Electropolished in 
a 1:20 solution of 70% perchloric acid in ethyl alcohol for 60 sac. 
at 40v; E.E., electrolytically etched in a 1:20 solution of 48% HF 
in water for 50 sac at 3.2v; C.E., chemically etched in a 1:20 
solution of 48% HF in water for 15 sec. 

Figure  4 presents gravimetric  data for samples of 
Fe-45% Cr that  had various different surface prep-  
arations prior to oxidation. All  the data exhibited es- 
sential ly parabolic kinetics, and there was a negligible 
difference in  the kinetics for samples tha t  had been 
abraded, electropolished followed by chemical etching, 
or just  electropolished. The sample which had been 
electropolished and then electro-etched oxidized con- 
siderably faster, however. Possible reasons for this 
effect will be discussed later. 

Thermal expansion coefficients.--The compositional 
dependence of the coefficient of thermal  expansion, 
at l l00~ for the range of 13-100% Cr is shown in 
Fig. 5. The data for Fe-26% Cr include values ob- 
tained for several  lots of commercial  Type 446 stain-  
less steel (Fe % 25-27 Cr). There is a fairly wel l -de-  
fined maximum in the curve in  the vicini ty of 23% 
Cr. At 1100~ the thermal  expansion coefficient for 
Cr20.~, obtained by extrapolat ion of data presented by 
Tylecote (7), is about 7.5 x 10-6/~ The mismatch in  
thermal  expansion between the oxide and metal,  which 
may be as much as a factor of 2, will  cer ta inly give 
rise to stresses in the oxide and local shear stresses in  
the metal  adjacent  to the metal-oxide interface when 
the sample tempera ture  is changed, for instance, dur -  
ing cooling to room tempera ture  after a run.  

Metallographic observations.--Two general  kinds of 
metallographic observations were made. First,  the ex- 
ternal  surfaces of "as-oxidized" samples were ex- 
amined at both low and high magnification. Thus 
topological features of the oxide scale could be ob- 
served, along with other s t ructural  characteristics 
such as oxide grain size and texture.  Transverse cross- 
sections were then  made, in  order to examine other 
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Fig. 5. Thermal expansion coefficient vs composition for the 
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Fig. 6. Micrograph of the external surface of an Fe-30 Cr alloy 
sample oxidized at 1000~ for 53 hr. Magnification approximately 
500X. 

properties such as scale density, adherence to the 
metal, and the na ture  of the metal /oxide  interface. 

As is often the case with thermal ly  grown oxides, 
the grain size was quite small, with the largest grains 
being about 50~ in diameter. There was no apparent  
dependence of oxide grain size on either oxidation 
temperature  or bulk  composition of the alloy. 

The surface topology of the oxidized samples was 
quite interesting, in tha t  the scales were usual ly  quite 
wrinkled and irregular.  Figure 6, for example, is a 
photomicrograph of the surface of a sample of Fe-30% 
Cr alloy oxidized for 53 hr at 1000~ The oxide scales 
formed on alloys of this composition were usual ly  
quite adherent.  At this ra ther  high magnification (ap- 
proximately  500X) it is readi ly apparent  that the scale 
is quite wrinkled.  The surface appearance of the oxide 
scales did not  depend on oxidation temperature,  bu t  
was sensitive to bulk alloy composition. An example 
of this is presented in Fig. 7, which is a low magn i -  
fication (14X) photomicrograph of a sample of the 
Fe-70% Cr alloy. Blistering, ridges, and other sur-  
face irregulari t ies are obvious and spalled regions are 
also present. In  fact, alloys of this composition o r  
richer in  Cr spalled very badly;  this par t icular  sample 
was mostly spalled, and the region shown is one of the 
few places where the scale was at least par t ia l ly  
intact  and adherent.  Note the difference in  magnifica- 
tion be twen Fig. 6 and 7; at 14X, the surface of the 
sample shown in  Fig. 6 would appear smooth and 
uniform. 

In  addition to the nonuni fo rmi ty  of the scales, there 
was oxidation attack at grain  boundaries.  This was 
most evident  when examining  the surface topology 
of spalled samples, as is shown for an Fe-70% C r  
sample in Fig. 8. This sample was oxidized for 50 hr  
at 1000~ An  addit ional  example of this grain bound-  
ary attack is shown in  Fig. 9, which is a t ransverse 
cross section of a sample of Fe-30% Cr alloy oxidized 
for 30 hr  at 1300~ Note that  where each grain 
boundary  in  the metal  terminates  at the oxide, there 
is excessive attack. There is also an area of acceler- 
ated attack where there is no metal  grain boundary  
termination.  Possibly the grain  boundary  responsible 
for this effect does not intersect the p lane  of the 
photomicrograph. 

No obvious correlation could be found between 
grain boundary  attack and spalling or be tween com- 
position and grain boundary  attack. The presence of 
voids in the scale near  metal  grain boundary  junctures  
was common. 

A general  observation was that spalling dur ing  cool- 
ing became more severe as the Cr content  of the alloy 
increased. As a first approximation,  alloys containing 
less than  50-60% Cr showed considerably more spall-  
ing resistance than those alloys richer in Cr. This is 
opposite of what  would have been anticipated from 
the considerat ion of the thermal  expansion mismatches 
of the oxide and the alloys. From Fig. 5, it might  be 
expected that spalling would be most severe in  the 
range of 25-40% Cr, where the thermal  expansion co- 
efficients of the alloys are near ly  a factor of two 
greater than  that  of the scale. Since spalling was most 
severe for alloy compositions where thermal  expan-  

Fig. 8. Micrograph of the external surface of Fe-70% Cr alloy 
oxidized for 50 hr at 1000~ Note grain boundary attack in 
spalled area. Magnification approximately 250X. 

Fig. 7. Micrograph of the external surface of Fe-70% Cr alloy Fig. 9. Micrograph of transverse cross section of Fe-30 Cr alloy 
oxidized at 1300~ for 27 hr. Magnification approximately 14X. oxidized for 30 hr at 1300~ Magnification approximately 500X. 
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sion mismatch was the least, i t  is apparent  that  some 
other explanat ion for the spalling tendencies is neces- 
sary. This point will  be discussed later. 

X-ray investigat~ons.--Debye-Scherrer pat terns 
were taken from the scales found on all alloy com- 
positions. Room temperature  lattice parameters  were 
calculated, and values of ao = 4.960 • 0.001A and 
co = 13.590 • 0.003A were obtained, regardless of the 
bulk composition of the alloy on which the scale 
formed, which implies that  the amount  of Fe dissolved 
in  the Cr203 was very small. DiCerbo and  Seybolt 
have reported lattice parameter  data for the Fe203- 
Cr203 system (19). At the Cr203-rich end, the com- 
positional dependence of the ao parameter  may be 
approximated by the re la t ion 

ao (A) = 4.959 + 0.001 (% Fe203) [4] 

This relation is valid to Fe203 concentrat ions of about 
30%. The lattice parameter  data at tained in this study 
therefore indicate that  the Fe203 content  in  the Cr203 
scales is less than 1%. This is in agreement  with Sey- 
bolt 's results (1). 

Chromium-depletion at the metal oxide inter~ace.-- 
As was shown by the above results and by the work 
of Seybolt (1), the oxidation product of Fe-Cr  b inary  
alloys containing more than about 13% Cr is Cr203 
which contains little or no Fe. Therefore, as the alloy 
oxidizes, the metal  mat r ix  becomes depleted in Cr. If 
depletion reaches the point  that the Cr composition at 
the metal /oxide  interface becomes less than 13%, then 
formation of a nonprotect ive oxide will  ensue (1). 
Consequently,  it is of considerable practical interest  
to have knowledge of the rate and extent  to which Cr-  
depletion occurs in an alloy as oxidation proceeds and, 
in particular,  to know the alloy composition at the 
metal /oxide  interface. 

A theoretical analysis  of the problem has been pre-  
sented by Wagner  (9). He considered the case of a 
b inary  alloy of components A and B, in  which only A 
oxidizes, and derived expressions which gave the 
composition of A as a function of distance from the 
metal /oxide  interface and time. Of part icular  interest  
is his expression for the alloy composition at the in-  
terface. Using Wagner 's  notation, the mole fraction 
of A at the metal /oxide  interface is given by 

F(u)  - -  NA(b) 
NA(O ~- [5] 

F(U) -- 1 

w h e r e  NA(b) is the mole fraction of A in the bulk,  i.e., 
the init ial  concentrat ion of A. The term F(u)  is given 
by 

F(u)  = n 1/2 u[1 - -  e r f (u ) ]  exp (u 2) [6] 

where the general  a rgument  u is defined by the equa-  
tion 

( k c )  1/2 
u = - - ~  [7] 

In  Eq. [7], kc is the Wagner  "corrosion rate constant" 
(cm 2 sec-X), defined by the relat ion 

AXmetal = (2kct) 1/2 [8] 

where AXmetal is the amount  of metal  consumed dur ing 
oxidation. The term D in  Eq. [7] is the interdiffusion 
coefficient of the alloy (assumed by Wagner  to be 
composition independent ) .  Note that  as defined by  
Eq. [5]-[8] 

NA(i) = JC(kc, D, NA(b)) [9] 

Thus, in order to calculate the interface composition, 
only the oxidation rate constant, the interdiffusion co- 
efficient, and the bulk, or initial composition of the 
a11oy are required. Unfortunately, the interdiffusion 
coefficient D for the Fe-Cr system is composition-de- 
pendent (12, 20), so there is ambiguity as to which 
value of D should be used in the calculation of the 
interface composition. A conservative estimate of the 
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Fig. 1O. Interdiffusio. data for Fe-Cr system at temperatures 
indicated. �9 Ref. (12); [ ]  ref. (16); A Gorbunov et al. [token 
from ref. (16)]; O calculated from ref. (17) and (18). 

interface composition may be made in the following 
manner .  By subst i tut ing Eq. [6] and [7] into Eq. [5], 
it can be seen that the m i n i m u m  value of NA(~) pos- 
sible for a given bulk  concentrat ion NA(b) will  be de- 
termined by the m i n i m u m  value of D for the com- 
position range of interest. This is in tui t ively  reason- 
able, since as it becomes more  difficult for Cr atoms to 
move to the interface from the interior  of the alloy, it 
would be expected that  NA(i) would decrease. The sub-  
st i tution of Eq. [6] into [5] can be greatly simplified 
by the approximation 

F(u) - -  ~1/2 u, u < <  1 [10] 

As an example of how the calculation of a m i n i m u m  
value of NA(i) is carried out, consider an Fe-30% Cr 
alloy. The m i n i m u m  value of NA(D possible for this 
alloy will be determined by the mi n i mum value of D 
that exists in the composition range of 0-30% Cr. 
Obviously, values of D for Cr contents greater  than 
30% are of no interest  in this case. Therefore, by 
choosing the m i n i m u m  value of D that  exists in the 
composition range of interest,  i.e, the range 0% Cr 
to NA(b), it is possible to calculate the m i n i m u m  value 
of NA(~) for the alloy that  could occur at a given tem- 
perature.  

Figure 10 presents all of the interdiffusion data for 
the Fe-Cr  system that  the author  was able to find. It 
is surpris ing that  for a system of such practical inter-  
est as Fe-Cr there are so few data. 

Values of kp for 1250~ were estimated by in ter -  
polation from the data shown in Fig. 1. The relat ion-  
ship between the "corrosion rate constant," kc, and the 
"parabolic rate constant," kp, as used in  this study is 
given by 

1 [ Mcr2ozCr __ ]2 
kc = - -  �9 Vcr �9 kp [11] 

2 2~rc r203 O 

where ~//cr203 Cr and Mcr203 ~ are the grams of Cr and O 
per mole of Cr203, respectively, and Vcr is the specific 
volume of Cr. 

Using data as outl ined above, the mi n i mum value 
o f  NA(1) a s  a funct ion of NA(b) w a s  calculated for 
1000" and 1250"C oxidation. The values used in the 
computations are given in Table I. 

It  should be remembered that  the values of D pre-  
sented in Table I are the m i n i m u m  values that occur 
in the composition range of 0% Cr to NAfb). The re- 
sults of the calculation are shown in Fig. 11. 

Because of the uncertaint ies  in the values used in 
the calculation, especially in  D, the curves shown in 
Fig. 11 can be interpreted in semiquant i ta t ive terms 
only. They do, however, b r ing  out several salient lea-  
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Table I. Values used in calculation of NA(D 

T = 1 0 0 0 ~  

N., l (b) D m i ~  k c  :NA(~) 
( C r )  ( c m  e s e c - D  ( e m e  s e e - Z )  F ( u )  ( C r )  

0 . 3 0  4 . 0  X 1 0  - l o  1 . 5  X 1 0  -13 2 . 4  X 1 0  -2  0 . 2 6  
0 . 4 5  1 . 6  • 1 0  -1~  2 , 6  • 1 0 -  ~3 6 . 2  X 10--" 0 . 4 2  
0 . 6 0  6 . 6  • 1 0 -  u 1 . 9  x 10-13  6 . 7  • 1 0  --2 0 . 5 7  
0 . 8 0  6 .6  • 1 0 -  u- 8 ,7  • 10 -13 1 , 3  • 10 -1 0 . 7 7  
0 . 9 5  5 . 6  • 10 -11  5 . 7  • 1 0 -  TM 1 . 0  • 1 0 - ~  0 . 9 4  

T = 1 2 5 0 ~  

0 . 3 0  3 .0  • 10  -9 6 .8  x 10  - :~  6 .0  x 10-~ 0 .25  
0 . 4 6  3 . 0  x 1 0 -  9 9 . 4  • 1O ~ 7 . 0  x 1 0 -  2 0 . 4 1  
0 . 6 0  1 . 2  • 1 0  - e  7 . 1  x 10-- TM 9 . 6  • 1 0  -~  0 . 5 7  
0 . 8 0  5 . 5  x 1 0  -zo 2 . 0  • 1 0 -  n 2 . 0  x 1 0 - ~  0 . 7 5  
0 . 9 5  5 .6  • 1 0 -  zo 3 . 4  • I0  - n  2 . 5  x 10-- ~ 0 . 9 3  

tures. The calculations predict  that  the amount  of Cr 
deplet ion at the meta l -ox ide  interface  will  be quite  
small, on the order of a few per  cent. This means that  
the replenishment  of Cr to the meta l -ox ide  interface 
should take place at rates that  are fast compared to 
the ra te  of Cr loss m oxidation. Because the amount  of 
deplet ion is expected to be small, Cr203 should always 
be the stable oxide in these alloys, regardless  of the 
extent  of oxidation, as long as the Cr content  in the 
center  of the sample is mainta ined at NA(b). 

It  is of interest  to compare  the predicted values of 
Cr deplet ion with  exper imenta l  observations. The re -  
sults of the probe scans are presented in Fig. 12. Traces 
for both elements are presented. Within exper imenta l  
error,  the compositions sum to 100%. No gradient  could 
be observed in the Fe-45% Cr alloy, al though scans 
were  made at several  points along the specimen, and 
consequent ly the composit ion near  the interface is es- 
sential ly the same as the bulk composition. A depleted 
zone was observed in the Fe-80% Cr alloy, wi th  the 
interface composit ion being about  68%. Since the ac- 
curacy of the probe data is bel ieved to be about  • 
5% of the total amount  present, the er ror  in de te rmin-  
ing the Cr content  at the interface would be about 
_ 3.5%. 

It should be ment ioned that  considerable difficulty 
was experienced in measur ing alloy compositions ac- 
curate ly  and reproducibly  at distances wi thin  about 
10~ from the meta l /ox ide  interface. The most probable 
reason for this is that  the difference in hardness be- 
tween the oxide scale and the alloy inevi tably  leads to 
some rounding-off  of the meta l  near  the interface, 
even when  using the best metal lographic procedures,  
such as v ibra tory  polishing. This rounding-off  of the 
meta l  can lead to an at tenuat ion of the emit ted x-rays.  
Fur thermore ,  wi th  the best focussing conditions, the 
incident e lec t ron-beam intersects a sample area of 
about 1# 2 . The amount  of excited mater ia l  in the alloy 
will  therefore  be several  cubic microns, represent ing a 
vo lume that  can be a few microns in diameter.  Hence, 
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indicated. 
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as the meta l /ox ide  interface is approached to wi thin  
2 or 3~, the excited volume emit t ing x - rays  could in-  
clude part  of the scale, which in general  has a different 
composition than  the alloy. Using very  great  care, re -  
l iable composition data might  be obtained as close as 
5~ f rom the interface;  a more reasonable distance 
would  be about 10~. Of course, if  the me ta l /ox ide  in-  
terface is i rregular ,  the si tuation becomes all the more  
complicated. 

Discussion 
Although parabolic kinetics were  general ly  observed 

for all compositions and temperatures ,  it is apparent  
f rom the s t ructura l  features of the scales and the var i -  
ations in rate constant data that  other  factors besides 
diffusive t ransport  mechanisms must be considered in 
a t tempt ing to unders tand the oxidation of Fe -Cr  al- 
loys. The fact that  the gravimetr ic  data plot in a 
smooth, continuous manner,  wi th  essential ly parabolic 
kinetics, suggests that, at the tempera ture  of oxidation, 
the scales which form are s t ructura l ly  integral  and 
grow pr imar i ly  by ionic diffusion. It  is reasonably wel l  
established that  in Cr~O3, cation diffusion (with ap- 
propriate  concurrent  electronic diffusion) proceeds 
much faster than anion diffusion (1, 4, 10, 23) and, 
therefore,  wi l l  be rate-control l ing.  It  is not  known at 
this point whe ther  the bl is ter ing and other  s t ructural  
i r regular i t ies  in the scales formed dur ing isothermal  
oxidation, during cooling, or both. The smooth appear-  
ance of the data suggests that  scale deformat ion oc- 
curred during cooling. Scale porosity of the type shown 
in Fig. 9, however ,  could have formed at temperature .  
If the porosity in the scale of this alloy (Fe-30% Cr) 
did form under  conditions of isothermal  oxidation, 
then  the t rue area for oxidat ion would be less than 
the apparent  geometr ic  area of the sample (assuming 
mass t ransport  across the voids is negl igible) ,  and 
seemingly slower kinetics would result. However ,  if 
blister volume is small  and the blisters form at r an -  
dom times, then parabolic kinetics would still  obtain. 
The cause of the accelerated a t tack at grain boundaries  
is not  known, al though it  could be induced by im-  
purit ies which segregated there. 

It  is reasonably cer ta in  that  spalling occurred during 
cooling. In support  of this is the observat ion that  
spalled surfaces were  fair ly bright  and untarnished.  
Since the samples cool slowly in the furnace, this im-  
plies that  spalling probably occurs below 600~ Pre -  
sumably there  is some min imum stress requi red  to 
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cause spalling. The value of this stress will  depend 
on many  factors, such as the amount  of porosity in 
the scale, the na ture  of the metal /oxide interface, rela-  
tive strengths of the scale and the alloy, and the thick- 
ness of the scale. Specimen geometry will  also be im-  
portant.  In  any case, however, the stress required for 
spalling will  be equal to the sum of the stresses 
generated dur ing  isothermal oxidation (al) plus 
stresses arising dur ing a thermal  conditions (~A), i.e., 

as ~ :~al "~ .]~'A [12] 

Cohen and his co-workers have observed the formation 
of highly i r regular  scales on both pure Cr and Fe-Cr  
alloys (2, 14, 24, 25), and concluded that  the defects 
in the scales formed dur ing  the isothermal oxidation. 
The origin of the defects was believed to be associated 
with compressive stresses generated in  the scale dur -  
ing growth (14). If that  were the case, then the iso- 
thermal  contr ibut ion to as in Eq. [12] would be small, 
since stress relief is occurr ing at temperature.  Other 
evidence that  the isothermal stress contr ibut ions wil l  
be small  are the observations by Westbrook (26), who 
has shown that the hardness of most common oxides 
decreases rapid ly  at temperatures  above about  one-  
half  the absolute mel t ing point. For Cr203, 0.5 Tm 
860~ so it is reasonable on that  basis to expect Cr203 
to be capable of plastic deformation at temperatures  of 
1O00~ or higher. 

The strong dependence of spalling behavior on com- 
position in  these alloys cannot  be accounted for by the 
mechanical  properties of the oxide, however. Since 
Cr203 scales have essentially stoichiometric composi- 
tions, independent  of the bulk  composition of the al-  
loy, it would be expected that  the mechanical  proper-  
ties of the oxide ought to be independent  of the bulk  
alloy composition. Of course, it is possible that  the 
defect concentrat ion of the scale could vary  with alloy 
composition, in which case the mechanical  properties 
would vary  in  a related manner .  However, there is no 
evidence to support  this. 

Some insight into this problem may be gained by 
considering the compositional dependence of the high- 
tempera ture  s trength of Fe-Cr  b inary  alloys, which is 
presented in Fig. 13 (27). The h igh- tempera ture  
s t rength of the alloys increases rapidly with increas- 
ing Cr content;  for example, at 100•176 the hardness 
increases by more than  a factor of 4 as the Cr content  
is increased from 50 to 100%. It is suggested, there-  
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Fig. 13. Hot-hardness vs. composition for Fe-Cr binary alloys 
at temperatures indicated, after ref. (27). 

fore, that  the Fe-r ich alloys have more resistance to 
spalling because their relat ive lack of h igh- tempera-  
ture  s trength permits them to accommodate by plastic 
flow the stresses arising dur ing  cooling from mismatch 
in thermal  expansion coefficients. These data provide 
support  for the hypothesis that  stress relief by plastic 
deformation of the metal  adjacent  to the scale is an 
impor tant  factor in prevent ing  or reducing spalling. In  
summary,  then, the principal  contr ibut ion to the 
spalling stress arises dur ing a thermal  conditions. 
Stresses generated under  isothermal conditions, d u ~ n g  
scale growth, are relieved by plastic deformation of 
both the scale and the metal. During cooling, how- 
ever, the yield stress of the oxide increases and the 
scale is no longer capable of rel ieving stress by flow. 
Consequently,  stress relief will  depend on the capabil-  
ity of the metal  adjacent  to the scale to flow. Alloys 
rich in  Cr have higher strengths at  a given tempera-  
ture  than alloys rich in Fe; consequently they cannot  
deform as easily and therefore spall more readily. 

The results from the interface-deplet ion exper iments  
and calculations may be considered to be in fair ly 
good agreement.  The results of the microprobe scans 
are in excellent  agreement  with the data of Wood and 
Whipple (10). It  is evident, at least from the data 
obtained from the Fe-80% Cr alloy, that  somewhat 
greater Cr depletion occurs in the alloy dur ing oxida- 
t ion than was predicted from the calculation. The Cr 
concentrat ion near  the interface was observed to be 
68 • 3.5%, indicat ing a depletion of about 12%, 
whereas the predicted depletion would be about 4% 
(obtained by interpolat ion of the data in  Table I) .  A 
more refined method of calculating interface composi- 
tions from Wagner 's  equat ion may be possible, but  is 
probably not war ran ted  at this t ime because of the 
lack of good data, par t icular ly  interdiffusion coeffi- 
cients. 

The decrease in rate constant, kp, with decreasing 
Cr content  (Fig. 3) is of interest. If Fe +2 ions were 
present  in solid solution in  the scale, a decrease in 
Cr +3 diffusion would be expected, according to the 
model of Hauffe (28). However, only amounts  on the 
order of the Cr203 cat ion-vacancy concentrat ion are 
required, so it is not obvious why an extended depen- 
dence on Fe concentrat ion is observed. An al ternat ive  
explanat ion is that, as the over-al l  Cr content  of the 
alloy is decreased, the Cr content  at the meta l /oxide  
interface is decreased. In  the tempera ture  range of 
1200~ the Fe-Cr  system is near ly  thermodynamical ly  
ideal (29, 30), hence the Cr activity at the interface 
is essentially numer ica l ly  equivalent  to the mole frac- 
t ion of Cr at the interface. As the Cr content  of the 
alloy is decreased, the Cr content  and therefore the 
Cr activity at the meta l /oxide  interface decreases. For 
oxidizing conditions where the par t ia l  pressure at the 
gas/oxide interface remains  invar iant ,  a decrease in  
Cr activity at the metal /oxide  interface wil l  decrease 
the chromium activity gradient  across the oxide, re-  
sult ing in slower oxidation kinetics. This a rgument  
is very  similar to that  used by Pha ln ikar  et al. (31) 
to explain their results for the Co-Cr system. 

Finally,  it is of interest  to speculate on the sensit iv- 
i ty of oxidation kinetics to surface preparation.  Caplan 
et al. (13) have demonstrated a pronounced depen-  
dence of surface preparat ion on the oxidation of pure 
Cr and Fe-Cr  alloys in  the range of 0-26% Cr. In  
particular,  they found that  Fe-Cr  alloys wi th  electro- 
polished surfaces had a markedly  higher ini t ia l  reac-  
t ion rate dur ing  h igh- tempera ture  oxidation than sam- 
ples with other surface preparations. It has been sug- 
gested by Wood (3) that  such an effect could be caused 
by the presence of a thin film which contained Cr +6 
ions. The presence of these ions in the scale dur ing  
the ini t ia l  stages of oxidation would lead to an in-  
creased cation vacancy concentrat ion and  hence in -  
creased oxidation rates. In  this study, the sample pre-  
pared by electropolishing did not exhibit  kinetic be-  
havior markedly  different from the sample that  had 
an abraded surface or an electropolished-chemically 
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etched surface. I t  is possible that  the sample  which  
had  been given an e lec t ro-e tch  pr ior  to oxida t ion  did 
have  on i t  a th in  film containing Cr +~ ions, in which 
case Wood's  a rgumen t  would apply.  

Conclusions 
The oxidat ion  behavior  of F e - C r  al loys in the com- 

posi t ion range  of 25-95% in d r y  O2 has been s tudied  
and found to be composi t ion-dependent .  Essent ia l ly  
parabol ic  kinet ics  were  observed over  the ent i re  range  
of Cr concentrat ions;  parabol ic  ra te  constants  de-  
creased wi th  decreas ing Cr content.  Al loys  containing 
less than  about  50-60% Cr had  super ior  res is tance to 
spal l ing than  d id  al loys r icher  in  Cr. Al though  severe  
mismatch  exists  in the  coefficients of t he rma l  expan-  
sion of  the  al loys and Cr203, it  is suggested tha t  stress 
re l ief  by  plast ic  flow of the  meta l  near  the sca le /a l loy  
interface  plays  a dominan t  role  in reducing spal l ing 
tendency.  The Wagner  analysis  r e l a t ing  meta l  in te r -  
diffusion in al loys to oxida t ion  ra tes  of the  al loys was 
appl ied  to the  F e - C r  system. I t  was concluded tha t  Cr 
deplet ion at  the me ta l /ox ide  in ter face  wi l l  not  be a 
significant problem.  
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ABSTRACT 

The effects of ul t rahigh vacuum anneal ing on thin  oxide films grown to a 
l imit ing thickness at room tempera ture  on {100} and {110} iron surfaces were  
studied using an ell ipsometer.  Af ter  vacuum anneal ing at 400~ or above 
these films, which showed essential ly no change in optical properties,  grew 
when reexposed to 1 x 10 -5 Torr  of oxygen at 25~ This process could be 
repeated several  times, wi th  the film each t ime exhibi t ing a greater  l imi t ing 
thickness unti l  a thickness was reached which could not be appreciably in-  
creased by fur ther  annealing. The thermal  regenera t ion  of oxide covered  iron 
can be explained by a phase change of the oxide film from Fe~O4 to FeO on 
anneal ing at about 400~ or above. Cooling to room tempera tu re  causes the 
reappearance  of FesO4. Thin areas in the oxide film and some enr ichment  of 
iron in the film are the results of the phase changes. Concurrently,  the ad- 
sorbed monolayer  of oxygen anions is incorporated in the oxide dur ing an-  
nealing. 

When some metal  surfaces are exposed to oxygen at 
room temperature ,  an oxide film grows unt i l  a l imit ing 
thickness is reached. If this oxide covered metal  sur-  
face is then annealed in vacuum, the oxide film which 
had previously ceased growing wil l  s tar t  to grow 
again when reexposed to oxygen at room temper -  
ature. This effect was called " thermal  regenera t ion"  
by Dell (1) who studied the oxidat ion of cobalt, 
nickel, and copper. Thermal  regenerat ion,  or a process 
resembling it, has also been studied by Zet t lemoyer  
and co-workers  (2) (copper, nickel, and cobal t ) ;  Dell 
and Stone (3) (nickel) ;  Anderson and Klemperer  (4) 
(nickel) ;  and Burshtein and co-workers  (5) ( iron).  

Severa l  possible mechanisms have been proposed 
by these authors to explain thermal  regenerat ion:  (i) 
the incorporation of the monolayer  of oxygen anions 
into the oxide during heating in vacuum, and then 
the subsequent  adsorption of a new monolayer  of ox-  
ygen anions on readmission of oxygen at room tem-  
pera ture  (1, 2, 4);  (ii) the dissolution of the oxide 
into the bulk of the metal  in some systems [i.e., Cu] 
(1); (iii) the recrystal l izat ion of the oxide film into 
th icker  crystall i tes which cover  part  of the surface 
leaving bare metal  exposed in be tween  (1, 4);  and 
(iv) the diffusion of meta l  to the oxide-gas  interface 
(5). 

This study is a continuat ion of previous work  done 
in our laboratory on the early stages of oxidation of 
polycrystal l ine iron (6). In the present  study, the oxi-  
dation of {10O} and {110} iron surfaces is investigated, 
and the effects of thermal  regenerat ion on oxide films 
formed on these surfaces are  studied. 

The present work  differs f rom that  of previous 
workers  in several  respects. The changes produced by 
anneal ing were  fol lowed by observing variat ions in 
film thickness and propert ies with an el l ipsometer  ca- 
pable of detecting changes as small  as 0.5A in film 
thickness (7). Anneal ing  tempera tures  f rom 25 ~ to 
700~ were  investigated. This was an extension of the 
tempera ture  range studied by Burstein and co -work-  
ers (5) for iron (25~176 and its importance wi l l  
be discussed later. The emphasis in this study was on 
direct surface measurements  of well-defined single 
crystal  surfaces prepared in u l t rahigh vacuum. This 
was not the case for previous work  in the l i tera ture  
except  for the photoelectric measurements  on evap-  
orated, polycrystal l ine nickel  films by Anderson and 
Klempere r  (4). Our work  also included the use of a 
mass spectrometer  to detect possible evaporat ion or 
desorption of oxygen from the oxide film during an- 
nealing. 

796 

Experimental Procedure 
Vacuum system.--The ul t rahigh vacuum system was 

an ion pumped, bakeable, stainless steel system. Pure  
hydrogen or oxygen could be introduced by diffusion 
through nickel or si lver thimbles  (8), respectively.  
Precise control ( _  5%) of the oxygen pressure was 
obtained by al lowing the oxygen from the si lver dif- 
fusion leak to build up behind a precision mechanical  
leak valve  before admission to the system. The am-  
bient pressure after  a 325~ bake for 8 hr was 5 x 
10 -10 Torr  1 as measured by a t r iggered cold cathode 
discharge gauge. The gauge produced no detectable 
contamination. Gases in the system were  analyzed by 
a bakeable 90 ~ magnetic deflection mass spectrometer  
capable of detecting part ial  pressures of 10 -18 Torr. 
The specimen chamber  contained s t ra in- f ree  quartz 
windows positioned perpendicular  to the el l ipsometer  
l ight beam, which was at a 66 ~ angle of incidence wi th  
the iron surface. 

Specimen preparation.--Smooth, flat, s t ra in- f ree  (as 
de termined by x - r a y  diffraction),  and clean (mono-  
layer  or less of adsorbed gas) {100} and {llO} surfaces 
(about 1 cm 2 surface area) were  prepared f rom float- 
ing-zone refined iron 2 obtained f rom the Bat tel le  Me- 
moria l  Institute. The preparat ion of these oxide free 
specimens is described elsewhere (9). 

The tempera ture  of the specimen was determined 
by an infrared pyrometer  which had been cal ibrated 
previously using a thermocouple  attached to a dummy 
specimen. The infrared pyromete r  removed  the pos- 
sibility of contaminat ion to the specimen by a ther-  
mocouple. 

Oxidation and thermal regeneration.--All oxidation 
was done at an oxygen pressure of 1 x 10 -5 Torr  and 
25~ The kinetics of oxidation of clean iron {100} 
and {110} surfaces were  studied by admit t ing oxygen 
to the system af ter  the specimen had been cleaned by 
using the procedure ment ioned earlier.  Ell ipsometric 
measurements  were  made during the film growth to 
determine  film thickness. The method used to eval -  
uate these results is described elsewhere (10). 

Af te r  a l imit ing oxide thickness 3 was reached, the 
oxygen was pumped out of the system and a pressure 
of 5 x 10 -10 Torr  was obtained. The  specimen was 

1 Tor r  = 133.32 n e w t o n / m e t e r  ~. 
2 As  r e c e i v e d - - g a s e o u s  i m p u r i t i e s  (ppm by  w e i g h t ) :  02 ( v a c u u m  

fus ion ) ,  2.1; S ( eo lo r ime t r i e ) ,  4 • 3; C ( c o m b u s t i o n - c o n d u c t o -  
m e t r i c ) ,  3 ----- 3; N~ ( v a c u u m  fus ion ) ,  0.5; H2 ( v a c u u m  fus ion ) ,  0.3. 
M a j o r  m e t a l l i c  i m p u r i t i e s  ( p p m ) :  A1, 15; Cr, 5; Co, 5; Cu,  7; Ni, 
20; P, 9; Si,  10. 

8 G r o w t h  ra te  less t h a n  10 - ~  cm/s .  
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the rmal ly  regenera ted  by heat ing to a given t emper -  
ature using R.F. induction heat ing and then cooling to 
room temperature .  During anneal ing the mass spec- 
t rometer  was used to analyze the gases being evolved. 
Thermal  regenera t ion  was studied using anneal ing 
tempera tures  f rom room tempera tu re  to 700~ and 
various anneal ing times. El l ipsometr ic  measurements  
were  repeated to detect any changes in the film that  
resulted f rom heat ing in vacuum. Oxygen was read-  
mit ted to the system at a pressure of 1 x 10 -5 Torr,  
and ell ipsometric readings were  taken during oxida-  
tion of the the rmal ly  regenera ted  surface at 25~ 

After  a new l imit ing thickness was reached the sys- 
tem was evacuated to 5 x 10 - lo  Torr. The  specimen 
was thermal ly  regenera ted  a second t ime by anneal ing 
at a given tempera ture  and then cooling to room tem-  
perature.  Oxygen was readmit ted,  and the regenera ted  
surface oxide grew again. This cycle was repeated 
several  times. 

Results 
Initial oxidation of {100} and {110} iron sur faces . -  

Figure  1 shows the growth kinetics of the ear ly  stages 
of oxidation of the unregenera ted  {100} and {110} sur-  
faces of iron. The data for the la ter  stage of the 
oxidation of the {100} and {110} surfaces of iron fol-  
lows ei ther  a direct logari thmic growth rate (Fig. 2) 
or an inverse logari thmic growth rate. These results  
are given here  to show that  growth kinetics of the 
film that  is to be the rmal ly  regenerated.  They are in 
agreement  wi th  our ear l ier  work  (9) where  a de-  
tailed discussion of the results for polycrystal l ine iron 
is given. There have been several  proposed mechan-  
isms for oxidation such as this at  room tempera tu re  
in the thin film region (<10flA) (12-16). 
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Fig. 1. Early stages of oxidation on unregenerated {100} and 
(110} surfaces of iron at 25~ and 1 X 15 -~  Torr of oxygen. 
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Fig. 2. Direct logarithmic plot of the oxidation of unregenerated 
{100} and {110} iron surfaces at 25~ and 1 X 10 -5  Torr of 
oxygen. 
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Thermal regeneration of oxide covered {100} and 
{110} iron surfaces.--After the init ial  oxidation, the 
film was annealed at var ious tempera tures  in a vac-  
uum. This annealing, which al tered the film so that  
fur ther  film growth could occur on the readmit t ing  of 
oxygen at room temperature ,  caused very  lit t le change 
in the el l ipsometer  readings, no more  than 0.1 ~ in the 
polarizer  or analyzer  values. In Fig. 3 the kinetics of 
the ear ly  stages of oxidat ion of an oxide film so regen-  
erated one t ime at 500~ for 1 rain on both {tfl0} and 
{110} iron surfaces are shown. The rates are less than  
those for the oxidation of the unregenera ted  surfaces. 
Also, the init ial  (nonlogari thmic)  portion of the curves 
involves less film growth for the regenera ted  case. 
The data for the regenera ted  surfaces also followed a 
logari thmic growth in the lat ter  stages of oxidation 
as can be seen f rom Fig. 4. 

The increases in oxide thickness on each t h e r m a l  
regenerat ion and oxidation (&X) decreases wi th  suc- 
cessive thermal  regenerat ions unt i l  hX reaches a con- 
stant low value of about 2-3A at an over -a l l  oxide 
thickness of approximate ly  100A. Figure  5 shows ~X 
for successive regenerat ions at 600~ 

Figure  6 shows the effect of annealing t empera tu re  
(all anneals shown are 30 sec at t empera tu re ) ;  hX 
does not decrease as shown in Fig. 5, but  tends to in-  
crease, when the t empera tu re  is raised in the 400 ~ 
700~ range. This is in spite of the fact tha t  the • 
values shown here for successive t empera tu re  changes 
are smaller  than they would be if each regenera t ion  
at h igher  t empera tu re  were  made  on a ~'new unregen-  
erated film. Thus, the increase is damped due to the 
decreasing effect of successive regenerat ion.  

Anneal ing  in the 200~176 range  produced AX's of 
only 2-3A, while  hX's greater  than this could only be 
produced by anneal ing at t empera tures  greater  than  
roughly 400~ It should also be noted in Fig. 6 that  
&X decreases as expected f rom Fig, 5 when  the t em-  
pera ture  is held  at 485~ for two successive regen-  
erations. Room tempera tu re  anneal ing for periods as  

4 5  
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Fig. 4. Direct logarithmic later stage of the oxidation of an iron 
surface twice regenerated at 500~ The (100} and (110} regen- 
erated surfaces were oxidized at 25~ and 1 X 10 - 5  Tort of 
oxygen. 
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Fig. 3. Early stages of the oxidation of an iron surface once 
regenerated at 500~ the {100} and {110} regenerated surfaces 
were oxidized at 25~ and 1 X 10 -5  Tort of oxygen. 
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Fig. 5. Variation of the increase in oxide thickness on each 
thermal regeneration and oxidation (AX) with successive thermal 
regenerations at 600~ and oxidation cycles at 25~ and 1 X 
10 .-5 Torr of oxygen. 
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Fig. 6. Effect of annealing temperature in the 250~176 
range on .XX for a {I1~} surface. 

long as two weeks in ul t rahigh vacuum produced no 
detectable regeneration..XX also appeared to be inde-  
pendent  of anneal ing t ime for t imes greater than  
about 30 sec (shortest time studied) to the longest 
time studied (15 min  at 375~ 

Figure 7 shows electron micrographs of the {100} 
surface with about 25A of oxide before thermal  re-  
generat ion and with about 100A of oxide after 12 
cycles of oxidation and thermal  regeneration. The re-  
generated surface is noticeably roughened compared 
to the unregenera ted  surface. 

During anneal ing  from room temperature  to 700~ 
no detectable amounts  of oxygen were evolved. How- 

Fig. 7. Electron micrographs of the {100} surface before 
thermal regeneration and after 12 thermal regeneration and oxida- 
tion cycles. C-Pt replica. (a) (left) Before regeneration, 25• ox- 
ide; (b) (right) after regeneration, 100A oxide. 
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ever, anneal ing specimens contaminated wi th  carbon 
did produce CO, along wi th  a noticeable reduction 
in the film thickness as de termined ellipsometrically. 
This problem did not occur for specimens with low 
carbon content  (10 ppm).  After  anneal ing  "carbon 
free" specimens the film thickness appeared to remain  
constant  or to decrease very  slightly ( <  3A); an  in -  
crease in film thickness never  occurred dur ing  an-  
nealing. 

Discussion 
These data can be used to construct a plausible ex-  

planat ion of thermal  regenerat ion which depends on 
the phase t ransformat ion that occurs in FeaO4 on 
heat ing above about 400~ The importance of this 
phase t ransformat ion on the thermal  regenerat ion of 
i ron was not detected by Burs te in  and co-workers 
(5) in their iron powder studies, because they worked 
below 300~ The t ransformat ion tempera ture  usual ly 
quoted is 570~ but  this is in equi l ibr ium with 1 
a tm of air. Transformat ion  of Fe804 to FeO in  vacuum 
below 570~ was reported by Haase (18). Also, re -  
cent (low angle-high energy electron diffraction) 
work on iron in the same type of system by Mitchell 
and Sewell (19) shows this t ransformat ion to occur 
at about 450~ in ul t rahigh vacuum. They state that  
this t ransformat ion appears to be time, temperature,  
and oxide thickness dependent.  Finally,  low energy 
electron diffraction studies of a {100} i ron surface by 
Pignocco and Pellissier (20) have also shown that  
for coverages of oxygen in  the monolayer  or less 
range, an FeO type s t ructure  is stable in ul t rahigh 
vacuum at 25~ 

These t ransformations will  produce two changes 
in the film: (i) an increase in its i ron content  and 
(ii) thin areas. The first change occurs because iron 
from the bu lk  wil l  diffuse into the oxide to supply 
the iron needed for the following reaction: 

heat in  vacuum 
Fe304 + Fe (bulk)  . ) 4Fe O 

x < l  
(cation deficient) 

On cooling, the FeO will  t ransfer  back to FeaO4 re-  
sul t ing in an i ron rich film 

cooling in vacuum 
4FeO ) FeaO4 + Fe (precipitated) 

As Fig. 7 shows, the second change due to recrys-  
tall ization init iated by the t ransformation produces a 
film that  is much less uniform in  thickness ( thin  areas 
and roughening) .  Since large values of AX occur only 
above about 400~ (the average of several experi-  
ments) ,  the phase change which occurs at about the 
same temperature  is indicated as being responsible 
for the roughening.  

Since the ellipsometer readings were almost con- 
stant  both before and after annealing,  this roughen-  
ing can be a t t r ibuted  to a rea r rangement  of oxide 
and not a removal of oxide from the surface. On re-  
admission of oxygen at room tempera ture  these th in  
areas should grow back to a l imit ing thickness first 
following l inear  and then logarithmic kinetics. 

Besides the possible product ion of th in  areas by  
the phase t ransformat ion as described above, i ron 
enr ichment  in  the Fe304 lattice by diffusion, or the 
presence of precipitated i ron produced after the t rans-  
formations may be the ma in  reasons for the abil i ty of 
the film to grow after cooling. The fact that  the op- 
tical measurements  after annea l ing  change very  little 
indicates, however,  that  drastic changes in the film 
composition have probably  not taken place. 

The decrease in  AX with  successive regenerat ion 
cycles is consistent with the explanat ion described 
because as the film roughens and thickens with each 
cycle, • decreases. This occurs because the possibility 
for producing areas by recrystal l izat ion th in  enough 
to be below the l imit ing thickness decreases as the 
over-al l  film thickness increases. Thus, AX should 
finally become zero when  the th in  areas in the film a r e  
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no longer regenerated to less than the l imit ing thick- 
ness. The fact that hX is never  reduced to zero, bu t  
always remains  about 2-3A is probably  due to two 
causes: readsorption of a monolayer  or less of oxygen 
on the surface, and a slight film growth due to the 
Fe304 being richer in iron after the t ransformat ion 
from FeO. 

The small amount  of growth observed when oxygen 
is admitted at room temperature  after anneal ing  at 
temperatures  below 400~ can be a t t r ibuted  to the 
above-ment ioned readsorption of a monolayer  or less 
of oxygen and its subsequent  incorporat ion upon an-  
nealing. This is probably the first step in every in-  
stance of growth after anneal ing and cooling. 

The effect of increasing temperature,  which in-  
creases ~X in the 400~176 range, is consistent with 
the explanat ion given for thermal  regenerat ion in 
one or both of the following ways: (i) FeO (wiistite) 
has a variable  composition with the oxide becoming 
richer in iron as the temperature  is increased. This 
will  result  in an iron rich Fe304 whose composition is 
dependent  on the anneal ing  tempera ture  of the FeO; 
(ii) higher temperatures  could produce rougher sur-  
faces due to enhanced grain growth of FeO dur ing  
annealing.  

In  summary,  these data thus suggest that  the fol- 
lowing two steps, either together or separately, are 
involved in  the thermal  regenerat ion of iron: (a) in -  
corporation of the adsorbed monolayer  of oxygen into 
the oxide from 250~ to the highest tempera ture  s tud-  
ied, 700~ (b) a phase change from Fe304 to FeO on 
anneal ing from 400 ~ to 700~ and a phase change 
back to Fe304 on cooling. Thin  areas in  the oxide 
films and enr ichment  of i ron in  the oxide are a re- 
sult of these phase changes. 
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ABSTRACT 

The act ivi ty  of zinc has been measured  in di lute l iquid lead alloys con- 
taining small  additions of a third element.  The study which was conducted in 
the t empera tu re  range 450~176 employed a galvanic cell  wi th  a l iquid  
chloride electrolyte.  The concentra t ion cell  was 

Zn (Pure  Liquid) Zn + + (In Fused Zn 4- Third  Element  in Pb 
KC1 4- LiC1 Electrolyte)  ( l iquid alloy) 

The act ivi ty  of zinc in the di lute lead-zinc binary shows Henry ' s  law behavior  
at concentrat ions up to 0.0375 mole fract ion zinc. The act ivi ty of zinc in lead 
exhibits  a strong posit ive deviat ion f rom Raoult 's  law, the act ivi ty  coefficient 
at infinite dilution being 11.4 at 550~ Measurements  have  been made of the 
influence of antimony, bismuth, and cadmium on the act ivi ty  coefficient of 
zinc in l iquid lead. Ant imony  marked ly  decreases the act ivi ty  coefficient., 
whi le  cadmium and bismuth sl ightly decrease the act ivi ty coefficient of zinc 
in l iquid lead. These results have  been summarized in terms of f i rs t -order  
interact ion parameters  which can be expressed as a function of t empera tu re  
by the relat ions 

884O 
�9 zn sb . . . .  + 2.84 

ToK 

2 9 5 0  
,zn Bi ---- - -  4- 2.81 

TOK 
1000 

~ z n  c d  = - -  + 0.68 
TOK 

The thermodynamic  interact ion be tween elements  
dissolved in l iquid metal l ic  solutions is of both scien- 
tific and engineer ing interest.  An adequate  representa-  
tion of the equil ibria  encountered in systems involving 
l iquid metall ic solutions is only possible if the effects 
of one solute on the ac t iv i ty  coefficients of other  sol- 
utes are taken into account. The determinat ion  of these 
mutua l  thermodynamic  influences, or interact ion 
parameters ,  has been a t tempted on both theoret ical  
and exper imenta l  grounds. 

The theoretical ,  or more often empirical,  considera-  
tions employed in an effort to de termine  a general  ap- 
proach to predict ing interact ion parameters  have been 
the subject of several  contributions to the scientific 
l i terature.  Severa l  approaches have been a t tempted 
including correlat ion wi th  the electron to atom ratio 
(1), or re la t ive  e lectronegat ivi ty  (2-4). A systematic 
var ia t ion of interact ion parameters  on the basis of 
periodici ty wi th  atomic number  has been noted by 
several  invest igators including Ohtani  and Gokcen 
(5). Alcock and Richardson (6) have used a chemical  
approach in considering solvent-solute  and intersolute 
binding energies to der ive  a semiquant i ta t ive  expres-  
sion for predict ing interact ion parameters .  Similar  con- 
cepts have been employed in other  investigations (7, 
8). 

The p r imary  goal of these investigations has been 
t o  develop a method for predict ing intersolute effects 
based on information re la t ing to the physical  s t ructure  
and general  thermodynamic  propert ies of l iquid meta l -  
lic solutions. The theoret ical  progress has been limited, 
largely because of the lack of exper imenta l  results on 
which  theoret ical  models could be based. Al though a 
number  of investigations have t reated interactions be-  
tween solutes, much of the research has been l imited 

t P r e s e n t  a d d r e s s :  D e p a r t m e n t  of  M e t a l l u r g y ,  N a g o y a  U n i v e r s i t y ,  
N a g o y a ,  Japan. 

P r e s e n t  a d d r e s s :  I n l a n d  S t e e l  C o m p a n y ,  E a s t  Chicago ,  I n d i a n a .  

to interst i t ia l  elements in l iquid iron (9), and to cer-  
tain nonferrous alloys in more  concentrated solutions 
(10). Some recent  work  (4, 11-15) has been directed 
toward a systematic invest igat ion of intersolute effects 
in dilute metall ic solutions. 

An estimation of the act ivi ty  coefficient of a solute 
in a l iquid metall ic solution can be made based on the 
act ivi ty  coefficient in a dilute binary, if addit ional  
terms are added which relate  to interactions wi th  any 
additional dilute solute elements.  Wagner  (16) has 
suggested an expression for calculating the act ivi ty  
coefficient of a di lute solute based on the Taylor  series 
expression for the logari thm of the act ivi ty coefficient 

InTi_~In~o+ [x~(Oin~ 
\ ~/x~=xj=O 

] 
+ xj \ o-"g~j/~=~j=o J 

1 021n7____~ ~ 021n7, 

] 
+ yx j2  \ Oxj~/=~==j=o + . .  .1 + " ' "  

[11 

where  i = p r imary  solute, j = added solute(s) ,  k 
= solvent, and xi, etc = concentrat ion in mole  f rac-  
tion. The higher order terms of the expansion take 
into account the effects of the interact ion of every  
dilute solute and thei r  combined effect on the ac t iv-  
ity coefficient of the pr imary  solute. The small  contr i -  
bution of these terms in di lute solutions can be ac- 
counted for by extrapolat ion to zero concentration. 
The  par t ia l  der ivat ives  in  the resul t ing f i rs t -order  ex-  
pression are of the fo rm 

800 
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�9 / 01n-v~ h 5 w/o  zinc chloride. These electrolyte salts were J. T. 
) self- interact ion parameter  [2] Baker reagent grade chemicals. The eutectic potas- 

'~ = ~ ~=0'  s ium l i thium chloride salt was vacuum refined in  the 
1n '~ )  l iquid state, and the zinc chloride was dried at 200~ 

e~J = ~ x ~ = x j = o '  t e rnary  interact ion parameter  prior to use. The metals were supplied by The Amer-  
ican Smelt ing and  Refining Company and  were of 

[3] 99.999% m i n i m u m  puri ty.  
and are customari ly given the shorthand notations After assembly the cell was held at 500~ for 36 hr 
e~i, the self- interact ion for solute i, and e~i, the indi -  to permit  homogenization of the l iquid phase. After 
vidual  interact ion parameter  relat ing the influence of 24 hr, 4 or 5 readings were taken at 15-min intervals  
various solutes, j, on the logari thm of the  activity to insure that the system had reached steady state. 
coefficient of solute i. Since these expressions form a For the ternary  alloys, the emf measurements  were 
convenient  means for handl ing  data on solute interac-  made over the tempera ture  range 450~176 at 
tions, the available l i terature was surveyed (17, 18) roughly 50 ~ intervals.  After  each change in  temper-  
for the purpose of presenting exper imental  data in ature, approximately 3 hr  were allowed for thermal  
this form. This survey of the l i terature  revealed lira- equi l ibr ium to be established in the cell before read-  
itations of the available data. The purpose of the ings were taken again. All  runs  lasted a m i n i m u m  of 
present  invest igat ion was, therefore, to evaluate ex- 72 hr. 
per imental ly  the interact ion between several al loying A temperature  var ia t ion of less than _ I o C  was 
elements and zinc dissolved in l iquid lead. It  is hoped main ta ined  dur ing  the period lasting from 45 to 60 
that  this investigation will  extend present  data and min, in which 4 or 5 separate cell potential  measure-  
expand the possibilities for addit ional  theoretical work ments  were made. Data were compiled for each case 
in  this area. by taking averages of these separate measurements.  

The interactions studied in this invest igat ion were Experimental Results 
those between an t imony  and zinc, b ismuth and zinc, 
and cadmium and zinc in dilute solution in  l iquid Binary lead-zinc syste~n.--The activity coefficient 
lead. Other re la ted studies (19, 20) have been dis- of zinc in  l iquid lead has been measured in  the tern- 
cussed elsewhere, pera ture  range 450~176 and at zinc concentrations 

ranging up to 0.05 mole fraction zinc (20). The ac- 
Experimental Technique t ivity coefficient shows a strong positive deviation 

The galvanic cells employed in this invest igat ion from Raoult 's  law, having a value of 11.4 at 550~ 
can be represented by The results of 28 independent  experiments  involving 

140 indiv idual  measurements  of the zinc activity in  
Pure  Zn KC1 + LiC1 + ZnC12 Zn + Third this composition and tempera ture  range were analyzed 
(reference (electrolyte) Element  in  Pb statistically. The results of this analysis showed that  
s tandard)  (liquid alloy) e~ ~ is of such magni tude  that substant ia l  deviations 

from Henry 's  law are apparent  at zinc concentrat ions 
The reversible cell potential  was determined over a round 0.05 mole fraction, bu t  deviations from Henry 's  

the range 450~176 and the activity coefficient of law are small  enough to be neglected at concentrat ions 
zinc in  the alloy was calculated relat ive to the s tand-  up to and including 0.0375 mole fraction zinc. In  the 
ard of pure zinc by employing the relationship Henry 's  law region, the activity coefficient of zinc 

in dilute solution in liquid lead is given by the ex- 
1 - ~E /Rr  pression 

�9 za ~- ~ e [4] log -~~ 1215 
Xzn zn = TOK - -  0.418 [5]  

where F : Faraday 's  constant, E : measured emf, This correlat ion is in  good agreement  with the results 
n : valence of zinc, taken as 2. The interact ion of Kleppa ( 2 1 ) a n d  Kozuka et aZ. (22). 
parameters  were then  determined from the l imi t ing 
slopes of plots of ln'vzn vs. concentrat ion of the solutes. 

The exper imental  apparatus and procedures have 
been described previously in detail (4, 11, 12). Re- 
crystallized a lumina  crucibles, 1 in. high by % in. in  
diameter, were used as containers for the zinc ref- 
erence electrode or lead-base alloy electrodes. Either  
four or five electrode crucibles were held in a larger 
recrystallized a lumina  crucible which contained the 
fused chloride electrolyte. In  the runs  with the cad- 
mium and b ismuth  additions one of the five alloys in  
each cell was a b inary  zinc-lead alloy, while the re -  
maining  four electrodes were te rnary  alloys conta in-  
ing the same mole fraction zinc plus various amounts  

Lead-zinc-ant imony sys tem.- -Sixteen di lute te rnary  
alloys in  the lead-r ich corner of the system were 
studied. These alloys represented a 4 by 4 mat r ix  of 
4 levels of zinc and ant imony:  0.015, 0.0250, 0.0375, and 
0.050 mole fraction. In  addition, previous measure-  
ments  (20) on the  lead-zinc b ina ry  system were used 
in  evaluat ing the interact ion parameters.  

The emf- tempera ture  relationships were l inear  and 
near ly  paral lel  for all compositions studied in the 
temperature  range 450~176 The exper imental  re -  
sults are summarized in  Table I. 

The thermodynamic interact ion parameter  defined 
as (16) 

of a given th i rd  element. In  these experiments  the 
electrode potentials could be measured relat ive to the 
pure zinc standard,  or relat ive to the b inary  alloy of 
the same zinc content.  In  the course of this and related 
studies (19,20), data were accumulated on a large 
number  of b inary  electrodes, thus permit t ing an ac- 
curate determinat ion of the activity of zinc in  dilute 
b inary  solution wi th  lead. 

The galvanic cell assembly was enclosed in  a gas- 
tight Vycor tube which was provided with a Pyrex  
head through which the electrode leads and thermo-  
couple were passed. The electrode leads were 18 gauge 
t an ta lum wire. An  L&N Type K-3 potentiometer  was 
used to measure the emf of the galvanic cells and  of 
a chromel-a lumel  thermocouple. 

The electrolyte was the eutectic mixture  of potas- 
sium chloride and l i th ium chloride plus approximately 

�9 ( 01n'v~ ] 
~P -~ \ Ox~ /x~=x~=o [6] 

was determined by plot t ing the na tu ra l  logari thm of 
the zinc activity coefficient vs. the mole fraction of 
an t imony at each constant  composition of zinc. The 
l imit ing slope of each plot gave the value 

( Olnn, z~ "~ 

~XSb/Xsb=O; X Z n  ~ c o n s t .  

This graphical technique is i l lustrated in  Fig. 1 at a 
zinc mole fraction of 0.015. Plot t ing these slopes 
against the zinc concentrat ion and extrapolat ing to 
xz~ ---- 0 yielded the t e rna ry  interact ion parameter  
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Table I. Experimental results for ternary lead-zinc-antimony system 

xzn 

XUb* = 0.0 XUb = 0.015 XSb = 0,025 XSb = 0.0375 X~b = 0.050 

E m f  a t  E m f  a t  E m f  a t  E m f  a t  E m f  a t  
5 5 0 * 0  550~ 550~ 550~ 550~ 

0.015 62.57 0.222 67.0~ 0.23z 69.90 0.21~ 72.60 0.21~ 70.3~ 0.21~ 
0.025 44.41 0.200 48.9~ 0.19s 53.1~ 0.19~ 55.0~ 0.19= 57.7e 0.19~ 
0.375 29.9~ 0.18~ 34.6~ 0.17s 36.40 0.17~ 40.1o 0.17~ 43.07 0.17~ 
0.050 21.2t  0.157 24.9~ 0.16z 27.48 0.15~ 30.8~ 0.15s 33.3~ 0.15e 

* V a l u e s  f r o m  c o r r e l a t i o n  of  28 e l e c t r o d e s .  
E m f  in  my;  (OE/OT) in  m v / ~  

Table II. Experimental results for ternary lead-zinc-bismuth system 

XZn 

XSl = 0.0 Xm = 0.015 x m  = 0.025 XBi = 0.0375 XBI = 0.050 

E m f  a t  E m f  a t  E m f  a t  E m f  a t  E m f  a t  
5 5 0 ~  5 5 0 ~  5 5 0 ~  5 5 0 ~  5 5 0 ~  

0.015 61.97 0.244 - -  -- 62.0o 0.242 63.40 0.24~ 64.49 0.24-7 
- -  -- 61.47 0.222 62.26 0.21s 63.7s 0.22~ 62.90 0,22z 

0.025 43 .% 0.19G - -  44.25 0.19~ 45.5~ 0.19G 46.1~ 0.19s 
-- -- 44.1o 0~-95 44.5s 0.196 45.6t  0.19~ 45.76 0.197 

0.0375 29.9~* 0.183" 30.9~ 0.1% 31.77 0.17s 32.64 0.17s 32.03 0 .1% 
0.050 22.2~ 0.15~ - -  22.9~ 0.15= 23.33 0.152 24.2o 0.153 

-- -- 23.09 0~-67 23.67 0.156 24.3o 0.167 24.3x 0.165 

* V a l u e  f r o m  c o r r e l a t i o n  of  28 e l e c t r o d e s .  
E m f  in  my;  (OE/OT) i n  m v / ~  

as shown in Fig. 2. 
A n  a l t e rna te  method also can be used to de te rmine  

the in terac t ion  parameter .  This consists of p lot t ing 
lnTza vs. Xzn for constant  mole fract ions of an t imony  
and then plot t ing the  in tercept  (lnTzn)=zn=0 vs. XSb. 
The in terac t ion  p a r a m e t e r  (eznSb)xsb=0 obta ined  by  

Xzn=O 
the  first method is ma themat i ca l ly  equiva len t  w i th  
the in terac t ion  p a r a m e t e r  (eznSb)xzn=0 de te rmined  by  

x s b = O  

3.0 

?-9~ ~ XZ. : 0.015 

2 8 -  

27 i 

26  

2.5 
( 

.~n ~'Zn 23 

22_ ( 

2J 

2s 

1.9 

18 

' %  ' o . ; ,  o ; 2 '  ' ' ' o,o3 o . ~  ' o ~  
XSb, mole froctlon 

Fig. 1. Logarithm of zinc activity coefficient vs. mole fraction 
antimony at 0.015 mole fraction zinc. 
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Fig. 2. Slope of zinc activity coefficient-antimony relation at 
infinite antimony dilution vs. mole fraction zinc. 

the  second method.  
The in teract ion p a r a m e t e r  can be shown over  r ea -  

sonably  small  t empera tu re  ranges  to va ry  l inear ly  
wi th  reciprocal  t empe ra tu r e  in the form (17) 

8 e i - - - - ~  = 1 ( 02H ) [7] 

O (1/T)  R OxiOx~ z~=z~=0 

This re la t ionship  was  appl ied  to the presen t  resul ts  
and the in terac t ion  pa ramete r s  were  p lo t ted  against  
the  rec iprocal  absolute  t empera tu re s  as shown in Fig. 
7. A str ict  l inear i ty  was observed,  imply ing  a constant  
value  of the second der iva t ion  of molar  en tha lpy .  The 
equat ion represen t ing  this re la t ionship  is 

884O 
eZn Sb ~-  - -  + 2.84 [8] 

TOK 

Lead-z inc-bismuth  s y s t e m . - - I n  this  system, mea -  
surements  were  ca r r i ed  out  on s ingle-phase  l iquid 
solutions in a t empera tu re  range  f rom 450~176 The 
emf was measured  both wi th  increas ing t e m p e r a t u r e  
and with  decreas ing t empera tu re .  A 4 by  4 composi-  
t ion ma t r i x  at  b i smuth  and zinc solute concentrat ions  
of 0.015, 0.025, 0.0375, and  0.05 mole  f rac t ion  was  
studied. In  addit ion,  repl ica te  exper iments  were  ca r -  
r ied out a t  b i smuth  and zinc mole  fract ions of 0.015, 
0.025, and  0.05 mole fraction.  Fur the rmore ,  in eva lu-  
a t ing the in terac t ion  parameters ,  da t a  on the lead-z inc  
b ina ry  sys tem were  used to define the in tercepts  a t  
0% bismuth.  

The e m f - t e m p e r a t u r e  re la t ionships  were  l inear  and  
near ly  pa ra l l e l  for  al l  composit ions studied. Expe r i -  
menta l  resul ts  are  summar ized  in Table  II. Employ ing  
the same method  out l ined above for the  l ead-z inc -  
an t imony  system, ln~zn vs. XBi re la t ions  were  p lo t ted  
as shown for e xa mp le  in Fig. 3 at  a zinc mole  f ract ion 
of 0.025. The l imi t ing slopes of plots  of the  type  shown 
in Fig. 3, t aken  at  XBI = 0, were  p lo t ted  agains t  Xzn. 
The values at  Xzn = 0 define the in terac t ion  p a r a m -  
eters,  ezn Bi, as shown in Fig. 4. The in terac t ion  p a r a m -  
eters,  eZn Bi ,  thus obta ined are  p lot ted  agains t  rec iprocal  
absolute  t empera tu re  in Fig.  7. A str ict  l inea r i ty  was  
found which may  be represen ted  by  the re la t ionship  

2950 
eZn Bi  -~- - -  + 2.81 [9] 

TOK 

The z inc-b i smuth  in terac t ion  p a r a m e t e r  is s l ight ly  
negat ive  and shows a modera te  dependence  on t em-  
pe ra tu re  over  the  range  s tudied in this invest igat ion.  
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Fig. 6. Slope of zinc activity coefficient-cadmium relation at 
infinite cadmium dilution vs. mote fraction zinc. 
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Fig. 5. Logarithm of zinc activity coefficient vs. mole fraction 
cadmium at 0.015 mole fraction zinc. 

Lead-zinc-cadmium system.--The alloy composi- 
tions studied and the exper imental  results are sum- 
marized in  Table III. The emf- tempera ture  relat ion-  
ships for these alloys were linear. Using the same pro- 
cedure outl ined above for lead-z inc-ant imony and 
lead-z inc-bismuth  systems, the interact ion parameter,  
eZn Cd, w a s  evaluated over the tempera ture  range 450 ~ 
650~ The var ia t ion of the na tu ra l  logari thm of the 
activity coefficient of zinc with cadmium concentrat ion 
is shown in Fig. 5 at a zinc mole fraction of 0.015. The 
l imit ing slopes of plots of this type, taken at XCd = 0, 
were plotted against  mole fraction zinc. The values at 

-2 

-3 

] -4 
Ezn -5 

-6 

-7 

-8 

-9 

-IC 
" " ' ' ' ~  Sb 

I I I I I I L I I 
I I 1.2 1.3 1.4 

Q,o, 
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15 

Fig. 7. Interaction parameters vs. reciprocal temperature 

xzn = 0 define the interact ion parameters,  eza cd, as 
shown in  Fig. 6. 

The interact ion parameters,  ezn cd, thus obtained are 
plotted against reciprocal absolute temperature  in  
Fig. 7. The var ia t ion  of the interact ion parameter  with 
reciprocal t empera ture  is given by the relationship 

1000 
eZn c d  = ~- 0 . 6 8  [I0] 

ToK 

A comparison between the interact ion parameters  of 
the lead-zinc-ant imony,  lead-zinc-bismuth,  and leado 
z inc-cadmium systems is shown in  Fig. 7. The zinc- 
an t imony interact ion parameter  is negative and shows 
a strong tempera ture  dependence over the range of 
temperatures  studied for this investigation. The zinc- 
b ismuth and z inc-cadmium interact ion parameters  are 
much less negative and not as dependent  on tempera-  
ture. 

Discussion 
In the s tudy of di lute solutions by the galvanic cell 

technique, the  cell should be reversible, conduction in  
the electrolyte should be purely  ionic, the valence of 
the active e lement  in the electrolyte must  be known,  
and there should be no significant displacement reac- 
tions tak ing  place. 

The reversibi l i ty of these cells was inferred by the 
consistent behavior  of the cell emf which was stable 
dur ing the exper imental  observations and drifted very 
li t t le over prolonged periods of operation. The emf- 
temperature  relations were linear, and the b inary  
data were consistent with the galvanic cell results of 
other investigators at higher concentrations of zinc 

Table III. Experimental results for ternary lead-zlnc-cadmium system 

XZn 

XCd = 0.0 

5 5 0 ~  

XCd = 0.015 XCd = 0.025 XCd = 0.0375 

E m f  a t  E m f  a t  E m f  a t  
550~ 550~ 550~ 

xcd -- 0 .050  

550~ 

0.015 62.38 0.22o 
0 .025 44.6o 0.18s 
0 .0375 31.97 0.177 
0 .050  17.67 0 . 1 ~  

62.5~ 0.228 - -  ~ 63,78 0.228 63.8s 0 .22 t  
45.1o 0.188 45 .3z  0,16O 46.17 0.187 
32.50 0 .1% - -  ~ 33.11 0.174 3 3 - ~  0.175 
18.6O 0.157 19.4s 0.15s - -  - -  20.38 0.15e 

E m f  in  m y ;  (aE/aT) i n  m v / ~  
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(21, 22). Consideration was given to the possible error 
caused by displacement reactions. Emf measurements  
in the lead-zinc system are possible at low zinc con- 
centrat ions because of the relat ively large difference 
in the s tandard free energy of formation of the respec- 
tive metal-chlorides. A consideration of displacement 
reactions was made based on the analysis of Wagner  
and Werner  (23, 24) and an  est imation made of the 
extent of error  to be expected in the exper imenta l  
systems examined in this investigation. The order of 
magni tude of such displacement errors on the mea-  
sured cell potential  at 500~ was estimated for the 
lead-zinc system to be well below 1% for a zinc con- 
centrat ion of 0.01 mole fraction. The errors caused by 
displacement reactions involving the added third ele- 
ments, ant imony,  bismuth,  and cadmium, in the dilute 
te rnary  alloys were shown to be of the same order of 
magnitude.  

Summary 
The galvanic cell method has been used to deter-  

mine the interaction parameter  of zinc in te rnary  
lead-zinc-j  alloys containing the added third elements 
ant imony,  bismuth, or cadmium. The interact ion pa-  
rameters  were shown to vary  l inear ly  with reciprocal 
absolute temperature,  the effect of an t imony being to 
markedly  decrease, whereas b ismuth  and cadmium 
slightly decrease, the activity coefficient of zinc. The 
variat ions of these interact ion parameters  with tem- 
perature  are given by the following relations 
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ABSTRACT 

The electr ical  resistances of ~-rhombohedraloand te t ragonal  polycrystal l ine 
boron were  measured at temperatures  f rom 25 to 300 C a n d  pressures from 
1 atm to 60 kb (ki lobars) ;  the thermoelectr ic  power was measured to 13 kb. 
Pressures were  applied with  an anvil  press. With increasing tempera ture  the 
resistance, R, cont inual ly  decreased and the thermoelect r ic  power, Q, at first 
increased and then level led off. The shapes of the log R vs. 1 /T  and Q. vs. T 
curves are explained by intrinsic conduction at high tempera tures  going to 
extr insic conduction at the lowest  tempera tures  studied. In the intrinsic re-  
gion an increase in pressure causes a reduct ion in the resistance, energy gap, 
and thermoelectr ic  power  of boron. For  the l ow- t empera tu re  extrinsic region 
pressure lowers the resistance and hardly  affects the thermoelectr ic  power. 
These effects are discussed. 

The effects of pressure on the band gap have  been 
studied for several  e lements  such as the group IV 
semimetals,  phosphorus, selenium, and iodine (1-3). 
Al though quite  a number  of electr ical  measurements  
have been made on boron at atmospheric pressure, 
work  at e levated pressures is sparse. Hamann (4) has 
reported the electr ical  resistance of a boron sample at 
room tempera ture  and pressures up to 40 kb, and 
Vereshchagin et aI. (5) have measured the resistance 
of boron at room tempera ture  f rom 25 to 250 kb. The 
crystal  form of the boron in both of the above studies 
was unspecified, but both studies revealed a decrease 
in resistance with  increasing pressure, as wel l  as an 
absence of any phase transitions. Studies of boron are 
made difficult by the fact that it has several  crystal  
modifications, the s tructures of which are all  qui te  
complex (6), and only one of which appears to be 
commercia l ly  available. Fur thermore ,  the mel t ing 
point of boron is ve ry  high (2300~ which makes 
purification of it difficult (especially since the forms 
other than ~-rhombohedra l  crystall ize to f l-rhombo- 
hedral  upon being mel ted and recrystal l ized) (6). 

In the present  work  the effects of pressure and tem-  
pera ture  on the electr ical  resistance and thermoelect r ic  
power of three polycrystal l ine boron samples have 
been studied. The three materials  studied were  f l-rhom- 
bohedral  and a te t ragonal  modification of boron, both 
prepared in this laboratory,  and a commercia l ly  avai l -  
able ~-rhombohedra l  boron. Since the two types of 
crystals prepared here appeared to have similar  im- 
pur i ty  content,  which was at least an order  of magni -  
tude lower than that  of  the commercia l  p- rhombo-  
hedral  boron, the study was intended to serve also as 
a comparison of the importance of s t ructural  vs. puri ty  
differences on electrical  propert ies of boron. 

Preparation and Identification of Boron 
Being unable to purchase te t ragonal  boron, we pre-  

pared it, as wel l  as some p- rhombohedra l  boron, using 
the hot filament technique (7) in which BBr8 was re-  
duced by H2 on a glowing Ta filament. The conditions 
of prepara t ion (8) were  identical  for the two modifi- 
cations except  for the filament t empera ture  which 
measured 1250~ in the case of the te t ragonal  boron 
and 1575~ for the ~-rhombohedral .  The actual  fila- 
ment  tempera tures  may  have  been a li t t le higher  than 
those measured since the tempera tures  were  measured 
with  an optical pyrometer  of the disappearing filament 
type wi thout  correction for the cell not being a black 
body. The flow rate of H2 was 200 cm 3 rain - I ,  the total 
pressure was 1 atm, and the tempera ture  of  the BBr3 
( through which H2 was bubbled) was --2O~ Reac-  
tion times were  up to 30 hr  during the ear ly  stages 
of which E-tantalum diboride was formed on the fila- 
ment  surface with  boron growth later  (after a few 

hours) cont inuing on the t an ta lum diboride. The only 
control of pur i ty  was through selection of the start ing 
materials.  The Ta wire  (0.05 mm diameter)  was 
99.9+% pure, the BBr3 was 99+% pure, and 99.99% 
H2 was passed through act ivated alumina for fur ther  
purification. Emission spectrographic qual i ta t ive  analy-  
sis of the deposited boron (with carbon electrodes) 
showed only traces (up to a few hundredths  per cent 
total) of  Si, Cu, Mg, Ag, and Ta. The commercial  fl- 
rhombohedra l  sample was obtained f rom U. S. Borax 
Research and was of 99. + % purity. 

Identification of the deposited boron was made by 
means of x - r ay  diffraction using a Guinier  focusing 
camera  (9). Details of our identification and x - r ay  
results (as well  as the details of the prepara t ion of our 
te t ragonal  boron) are listed here  because (i) several  
te t ragonal  modifications of boron have been prepared,  
all f rom somewhat  similar  exper imenta l  conditions 
(6), (ii) the te tragonal  boron we prepared  was de- 
posited on tantalum, which is a different substrate 
than this modification has previously been deposited 
on, and (iii) the use of the focusing camera gives bet-  
ter l ine positions than would seem to have been ob- 
tained using previous methods. The  crystal l ine sam- 
ples showed crystal  faces, but these were  too small and 
imperfect  to use in making microscopic identifications 
(8). Diffraction d-values  and visual ly est imated in- 
tensities for the te tragonal  boron are shown in Table I 
along with  the determined cell  constants and hkl va l -  
ues. The x - r a y  pat terns were  indexed using a com- 
puter  p rogram (8) which utilizes a modified version of 
Ito's method (10). The powder  pat tern  of our te t rag-  
onal samples matched closely to the te t ragonal  pat tern  
of Tal ley et al. (11), ASTM Card No. 11-617. Their  
sample was prepared  by the reduction of BBr8 with  
H2 using W and Re filaments at 1267~ Their  d- 
spacings were  computed f rom patterns recorded wi th  
a diffractometer  using filtered Co and Cu radiations. 

The x - r a y  powder  pa t te rn  of our f l -rhombohedral  
sample (the d-spacings of which were  also obtained 
with  the Guinier  focusing camera)  was in close agree-  
ment  wi th  that  of Hughes et al. (12), ASTM Card No. 
11-618. 

The densities of the prepared te t ragonal  and ~-rhom- 
bohedral  samples, as de te rmined  by the flotation 
method, were  2.345 ___ 0.020 and 2.356 g / c m  3, respec-  
tively. 

Experimental Procedure 
The boron to be studied was finely powdered and 

formed into cylindrical  pellets. Each pellet  was then 
pressed into an annular  pyrophyl l i te  re ta ining ring of 
approximate ly  the same thickness as the pellet  and 
approximate ly  1/32 in. in wal l  thickness. The sample-  
containing pellet  was pressed be tween two opposed 
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Table I. Powder diffraction data for deposited tetragonal boron 
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R e l a t i v e  
d ( A )  h k l  i n t e n s i t y  

7.9215 lOl  lO 
7.155 110.002 10 
6.416 111 10 
5.816 102 lO 
5.038 200,112 100 
4.679 201 30 
4.3265 211,103 30 
4.133 202 40 
3.957 113 30 
3,829 212 30 
3.469 221,203 20 
3.2875 301,203 10 
2.856 223,005 10 
2,760 321,303 30 
2.658 313,115 30 
2.524S 400,224 10 
2,449 410,304 10 
2.424 411,323 20 
2.386 330,314 40 
2.2445 420,332 IO 
2.317 421,403 10 
1.763 441,425 10 
1.549 337 10 
1.613 623 15 
1.481 535 i0 
1.4545 624 iO 
1.442 700 lO 
1.393 641 10 
1.375 642 40 
1.336 723 10 

ao = 1O.12A; c. = 14.14A 

anvils which der ived their  thrust  f rom a hydraul ic  
ram. The re ta ining r ing acted to prevent  the extrusion 
of the boron f rom the pressurized region. The over -a l l  
pel le t  d iameter  was V4 or �89 in. wi th  a final thickness 
of about 1/25th the pellet  diameter.  

During the resistance measurements  the sample was 
heated by means of a split furnace, and a thermocouple  
against  the sample served to measure  the temperature .  
For  thermoelectr ic  power  masurements ,  heat ing tapes 
were  used to control the t empera tu re  of each anvi l  in-  
dividually,  such that  the desired t empera tu re  differ- 
ences be tween the two boron-copper  contacts could 
be obtained. Thermocouples,  which were  in contact  
wi th  each junction, served to detect  the requi red  t em-  
peratures  which differed by about 25~ The mean of 
the two tempera tures  was taken as that  of the sample. 
Sufficient insulation was placed around the anvils and 
sample that  gradients  did not exist  be tween the the r -  
mocouples and sample, and the heat ing ra te  of about 1 
deg /min  was adequate  to assure tempera ture  equi l ib-  
r ium as shown by the agreement  of resistance readings 
during heat ing and cooling cycles. Since boron oxidizes 
in air at several  hundred  degrees, some runs were  
made in an N2 atmosphere,  by encasing the ent i re  press 
in an N2-inflated polyethylene sack. Since the results 
in N2 were  in agreement  wi th  those in air, it appeared 
that  the pyrophyl l i te  rings, alone, p revented  oxidation. 

Di rec t -cur ren t  resistance measurements  were  made 
by passing current  through the anvi l  faces and measur -  
ing the potent ial  drop across them with  a Kei th ley  
e lec t rometer  ( the resistance of the pyrophyl l i te  was 
several  orders of magni tude  greater  than that of the 
boron and could hence be neglected) .  The Seebeck 
voltages were  measured with  a Kei th ley  e lec t rometer  or 
wi th  a potent iometer  coupled wi th  a ve ry  sensit ive 
galvanometer .  These voltages were  due only to the 
boron as shown by the lack of  potentials  of the ob- 
served order  of magni tude  for  pyrophyl l i te  alone. Re -  
sistance measurements  were  made  both at constant 
pressure wi th  vary ing  tempera ture  and at constant 
t empera tu re  wi th  increasing pressures. The recorded 
pressures were  computed direct ly  f rom the gauge pres-  
sure and the anvi l  area. Al though pressure gradients 
exist  across flat anvi l  faces, the expected errors  f rom 
these would  not affect the present  discussion. Samples  
were  first subjected to the m a x i m u m  exper imenta l  
pressure, and then the pressure was slowly released. 
Pressure  was increased again s lowly to the desired 
pressure and held constant while  measurements  were  
made. This compaction of the sample minimized ex-  

t rusion during the experiments .  Also, the resistance at 
the low pressure end of the first pressure cycle was 
higher  and that  at the high pressure end usually 
sl ightly lower than for subsequent  cycles. 

Experimental Results 
Evidences that  the measured resistance changes were  

due to the boron, itself, and not to boron-meta l  con- 
tacts, boron-boron contacts, or space charge are (i) 
the measured resistance was ohmic for potentials 
across the sample of f rom 1 to 90v, (ii) electr ical  re-  
sistance readings rapidly  came to equi l ibr ium upon 
application of current,  (iii) various meta l  contacts 
(Cu, Pt, etc.) gave identical  resistance readings, and 
( iv)  powdered samples of various part icle size (--100 
to --300 mesh) gave the same results. Fu r the rmore  the 
resistances, energy  gaps, and thermoelectr ic  power  
values f rom this work  at low pressures (as wel l  as 
f rom other  work  on polycrystal l ine boron) are in 
agreement  wi th  the values found in single crystal  work  
for mater ia l  of comparable  purity.  

F igure  1 shows that  the resistance for all the samples 
cont inual ly  decreases wi th  increased pressure, which 
supports the ear l ier  findings (4, 5). The curves for 
boron at higher  tempera tures  (up to 300~ are simi- 
'l~r in shape to those of Fig. 1 and are shifted succes- 
sively to lower R values ( they are  not  necessari ly 
paral le l) .  Equat ion [1] was used to obtain the exper i -  
menta l  act ivat ion energy, E a c t ,  for conduction. 

1 
p = - -  = A' exp (Eact /kT)  [1] 

ff 

Here  p is the resistivity,  ~ is the conductivity,  A '  is a 
te rm which varies much more slowly wi th  T than  does 
the exponential ,  and k and T are Bol tmann 's  constant 
and the temperature .  Details of the terms in [1] wil l  
be given later. Since R = p L / A  where  L and A are 
the length and area of the sample, then 

Eact = k 0 l n R /  ( l / T )  [1] 

Plots of log R vs. 1 / T  are shown in Fig. 2 f rom which 
it  is seen that  the slope (i.e., the act ivat ion energy)  
increases wi th  increasing tempera ture ,  and appears to 
reach a l imit ing value. 

The thermoelectr ic  power is defined as 

Q = --aV/AT [3] 

where AV is the potential difference (Seebeck voltage) 
and AT the temperature difference between the two 
boron-metal junctions. The thermoelectric power, for 
the various boron samples studied, is shown in Fig. 3 
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Fig. 3. Thermoelectric power, Q, vs. T at various pressures for 
boron samples. 

as a funct ion of the average sample tempera ture  and 
at various pressures. The pressures employed were 
lower than in the case of the resistance studies, since 
larger sample thicknesses and hence anvil  diameters 
(1/2 in. instead of 1/4 in.) were required in order to 
separate the junct ions sufficiently for accurate tem-  
perature  measurements.  Since the thermoelectric 
power, as well  as the relat ive potential  of the cold 
junction,  has the same sign as the major i ty  carrier  
(for extrinsic semiconductors) or the carrier of high- 
est mobil i ty (for intr insic  semiconductors),  it is seen 
that  the samples studied are all p-type. 

Discussion 
The shapes of the resistance and Seebeck curves as 

functions of tempera ture  are consistent with the idea 
that  the boron conducts extr insical ly in  the low- tem-  
pera ture  region going smoothly to intr insic conduction 
at the highest temperatures  at ta ined (30O~ 
Pure ly  extrinsic conduction was seemingly not  at-  
tained at our  lowest temperatures  as shown by the 
rapidly changing curva ture  of the log R vs. 1 /T  
curves. Higher impur i ty  contents or lower tempera-  
tures would have been required for this limit. On the 
other hand  these curves are l inear  (or near ly  l inear  
in  the case of the less pure commercial  ~-rhombo-  
hedral  boron) in  the exper imenta l  h igh- tempera ture  
limit, and the samples thus appear to behave in-  
trinsically. Other resistance studies of polycrystal l ine 
boron, made only at atmospheric pressure bu t  with 
wider tempera ture  var iat ion or impur i ty  variation, 

have shown the intrinsic region to be reached near  
200~ for samples with pur i ty  comparable to that  in  
the present study (13, 14). Likewise, the thermoelec-  
tric power curves show level ing at the highest tem- 
peratures which indicates the onset of intr insic prop- 
erties with the accompanying decrease in thermoelec- 
tric power (cf. Eq. [6]). Thermoelectric power mea-  
surements  on single crystal  boron (of pur i ty  com- 
parable to ours) at 1 atm have shown Q to rise, then 
level out and finally decrease with increasing tem- 
perature  (15-17). In  the above studies the tempera-  
ture at which Q reached a plateau was 125~176 
and the ma x i mum Q values were 550-750 ~v deg -1, in  
satisfactory agreement  with the present  work. The 
polycrystal l ine boron in the work of Uno (21) did not 
yield a max imum in the Q vs. T curve. This is perhaps 
due to the presence of impuri t ies  as evidenced by 
lower resistivities obtained compared to other work-  
ers. In  ref. (15) the thermoelectric power vs. T curves 
for n -  and p- type  boron join at T ~_ 50O~ but  the 
n-  boron was very  impure. The "typical" p - type  boron 
gave a ma x i mum thermoelectric power value at ap- 
proximately 250~ 

Intrinsic Region 
We assume in this discussion that  at the highest 

temperatures  studied the boron is intrinsic and that  
its properties may be formulated accordingly. The 
energy gap is large enough that  Fermi-Dirac  statistics 
may be replaced by Bol tzmann statistics (assuming 
the Fermi  level to lie half way between the conduction 
and valence bands) .  In  this region the density of holes 
in the valence band, •h, is equal  to the density of elec- 
trons in  the conduction band, he. We then have for the 
conductivity,  er, (19) 

( 
= [e](/zu -[- /Ze)2 \ T  / 

(m*em*h) 8/4 exp ( - - E J 2 k T )  [4] 

Here e is the electronic charge, #u and ~e are the mo-  
bilities of holes and electrons, m*h and m*e are the 
effective masses of the holes near  the top of the va-  
lence band and the electrons near the bottom of the 
conduction band;  Eg is the energy gap between the 
bottom of the conduction band, Ec, and the top of the 
valence band, Ev; k, T, and h have their usual  signifi- 
cance. Since Eg ---- 2Eact from Eq. [1] and [4], Eg is 
readily obtained from Fig. 2 (assuming the mobili ty,  
~, varies more slowly with T than  does exp (--Eu/  
2kT) ), and is shown in  Fig. 4 for the highest tempera-  
tures studied, 300~ If ~ ~ T -~/4 as was found by 
Hagenlocher (20) for polycrystal l ine /~-rhombohedral 
boron, then [ d ( - - E g / 2 k T ) / d ( 1 / T ) l  is more than  ten  
times larger then Id In ~ /d (1 /T ) I .  

From Fig. 2 it is noted that  the log R vs. 1 /T curves 
for the commercial  ~-rhombohedral  boron (especially 
for 2.9 kb) have not reached a l imit ing slope as evi- 

i ~ , , i i .~ -o-o- Telragonal B 1.2 ~-~ -- -- Prepared ~-rhombohedral B 

IJ " ~  

I.C 

.9C 

.8C 

,; 2b ~ ~o sb go 
P (kb) 

Fig. 4. Energy gap, Eg, vs. P for boron samples at 3 0 0 ~  
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denced by the fact that  the three highest  t empera ture  
points do not lie on a s traight  line. This is due to the 
high concentrat ion of impuri t ies  giving appreciable 
extrinsic conduction, even at the highest temperature .  
Thus it may be assumed that  the energy gap vs. pres-  
sure curve  for intrinsic /~-rhombohedral boron more  
closely follows that  for the prepared mater ia l  than 
that  for the commercial  boron. The Eg values ex t rapo-  
lated to 1 a tm in F igure  4 (i.e. 1.2-1.3 eV),  are in fair  
agreement  wi th  other  workers  in the field for te t rag-  
onal (14, 16, 18, 21, 22) and /~-rhombohedral boron 
(13, 17, 20, 23-30). The energy gap values of the above 
workers  range from 1.1 to 1.6 eV, which is a consider-  
able spread of values for the energy gap of one ma-  
terial. Al though the present work  cannot solve the 
problem of this variation,  it is noted f rom the above 
l i tera ture  that  no obvious energy gap differences exist  
be tween/~- rhombohedra l  and te t ragonal  boron, or be- 
tween single crystal  and polycrystal l ine material .  The 
present results show that Eg for g- rhombohedra l  and 
tetragonal  boron are about the same at low pressures 
while  Eg for the lat ter  is greater  at high pressures. 
The explanat ion of this result  must  await  x - r a y  data 
for boron at e levated pressures. Impurit ies,  which in 
the present  study are seen to lower  the act ivation en-  
ergy for conduction at T --~ 300~ are probably re-  
sponsible for a sizeable portion of the var ia t ion of Eg 
observed in the l i terature.  Since intrinsic and extrinsic 
conduction are paral le l  mechanisms, the production of 
proport ionately many intrinsic carr iers  is requi red  in 
order  to observe bulk intrinsic properties.  This is usu- 
al ly accomplished by e levat ing the temperature .  F ig-  
ure 4 shows that  the same result  apparent ly  can also 
be obtained by increasing the pressure as shown by 
the convergence of Eg for the /~-rhombohedral boron 
samples of different purity. It is seen that  dEJdP for 
tetragonal  boron decreases f rom --6 x 10 -3 e v / k b  at 
3 kb to --2.5 x 10 -3 e v / k b  at 60 kb; the corresponding 
values for /~- rhombohedra l  boron are --9 x 10 -~ e v / k b  
at 3 kb a n d - - 6  x 10 -~ kb at 60 kb. This order of band 
gap deformation with pressure is often found for 
semiconducting elements and compounds which have 
been studied (1), though dEJdP has been found to be 
ei ther positive or negat ive depending on the material .  

The thermoelectr ic  power, Q is obtained f rom inte-  
grat ing the Thomson relat ion 

aT = T dQ/dT [5] 

where  aT, the Thomson coefficient, is obtained f rom 
the thermal  and electr ical  current  density expressions 
(31). A direct expression for the thermoelectr ic  power  
of an intrinsic semiconductor has been der ived by 
Johnson and Lark-Horowi tz  (32) under  the assump- 
tions tha t  (a) Fermi  statistics may be replaced by 
classical statistics, (b) the conduction electron and 
hole densities are equal, and (c) the only impor tant  
scattering of carr iers  is due to the covalent  lattice. 
Assumptions (a) and (b) were  a l ready used in wr i t -  
ing expression [4] and appear  justified from the size 
of Eg and the evidence that  the intrinsic region had 
been reached. Q is given by (32) 

k ( c - - 1 )  ( Eg ) 
Q - le]  (c + 1) ~ + 2 [6] 

where  
c = ~ /~ ,h  [7] 

From energy gap values interpolated f rom Fig. 4 
and the max imum Q values  of Fig. 3, c was calculated 
from Eq. [6], the results of which are shown in Fig. 5. 
F rom the results it can be seen that  the hole mobi l i ty  
is greater  than the electron mobili ty,  and that  the 
difference decreases wi th  an increase in pressure. The 
decreases in the resistance and thermoelectr ic  power  
wi th  increasing pressure may both be explained by the 
energy bands broadening with  a decrease in latt ice 
parameter ,  such tha t  the  upper  edge of the va lence  
band and lower  edge of the conduction band approach 
each other. If car r ie r  scat tering were  due to some 
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Fig. 5. Rotio of electron mobility to hole mobility, r os a func- 
tion of pressure for boron samples ot 275~ 

cause other than the covalent  lattice (e.g., an ionic 
impur i ty ) ,  the 2 in Eq. [6] would be replaced by some 
other small integer.  However  such an effect would 
hardly  affect c since EJ2kT  ~-- 10. 

From Fig. 5 one observes that  the mobil i ty  ratio and 
its var iance with  pressure are the same for all  the 
boron samples independent  of crystal  s t ructure  or 
purity. From Fig. 4 we see that  impuri t ies  significantly 
affected the energy gap. This would indicate that  the 
mobil i ty  (the scattering mechanism) is due to the 
lattice vibrat ions and not to the impuri t ies  which 
produce extrinsic carriers.  Differences in Eg wi th  
s t ructure  increased with pressure, being compara t ive ly  
small at 13 kb, the highest pressure at which thermo-  
electric power  measurements  were  made. 

Extrinsic Region 
In the low- tempera tu re  region (25~ of the present 

study the intrinsic conductivit ies ext rapola te  to re-  
sistance values more than twenty  t imes larger  than 
the measured resistance (except  for p repared /~- rhom-  
bohedral  boron at 58 kb, for  which Rintrin > 6Rmeas); 
the activation energies are also only a small  fract ion 
of those for the intrinsic region. Thus the room tem-  
pera ture  electrical  propert ies  would seem to be domi- 
nated by extrinsic carr iers  f rom one or several  sources, 
the la t ter  being l ikely  as evidenced by the changing 
slopes of the log R vs. 1/T plots. Because these slopes 
are changing wi th  T it is not  possible to isolate act iva-  
tion energies for a given process. However  the fol low- 
ing observations can be made for the extrinsic region: 
(a) the resistance decreases wi th  increasing t empera -  
ture, (b) as the tempera ture  is decreased the the rmo-  
electric power  becomes less positive, ext rapola t ing  to 
negat ive values at t empera tures  a l i t t le below room 
temperature,  (c) the resistance decreases wi th  in-  
creasing pressure, and (d) increasing pressure de-  
creases the thermoelectr ic  power  when the la t ter  is 
positive, the effect of pressure diminishing as Q and 
T decrease. 

The low- tempera tu re  thermoelect r ic  power  results 
indicate that  donor and acceptor levels  are  both 
operat ive below and near  room tempera tu re  with the 
p- type  conduction predominat ing  as T increases. Such 
an effect has been observed previously at atmospheric 
pressure (16, 17). The thermoelectr ic  power  under  
these conditions is given by 

Qhnht~h Jr Qene#e 
Q = [ 8 ]  

nh#h  ~- ~e#e  

and accordingly Q X 0 for Qhnl~#h <> Qene#e. As the 
tempera ture  is increased f rom some value  less than 
275~ excitation of electrons f rom the valence band 
to an acceptor level  causes an increase no, and this 
increase is the dominat ing factor in causing a and Q 
to increase. 

The continued increase in Q with T up to 500~ 
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may be explained as the result  of a fur ther  increase in 
nl~ with respect to n~,, with Qu being greater than the 
max imum Q value recorded in Fig. 3. In this case 
holes and electrons both insignificantly contr ibute  to 
Q at all temperatures  studied, Q again decreasing at 
T > 600~ because of ne (cf. Eq. [8]) catching up with 
nh as intrinsic conduction occurs. Any decrease in  
ionization energy for carrier  production, caused by 
increasing pressure, would result  in large increases in 
the numbers  of carriers. Thus P would affect both Q 
and ~ through n+ and n - .  

An al ternat ive interpreta t ion for the data can be 
given which involves the production of so many  posi- 
tive carriers, with increasing temperature,  that  above 
about 350~ Q~,m~nh >> Qe~nc. Based on this model 
Eq. [8] reduces to 

eQT ,-~ eQhT = EF -- Ev Jr A k T  [9] 

Here Ev is the Fermi energy and A is a constant  which 
depends on the t ransfer  of kinetic energy by the car- 
riers from the-hot  to the cold junction.  For reasonable 
values of A (4 or less), d ( e Q T ) / d T  as obtained from 
the present  data is an order of magni tude  larger than 
d ( A k T ) / d T ,  so the Fermi  level increases with respect 
to the valence band as T increases. This model, with 
the present data, leads to the conclusion that nh varies 
slowly with tempera ture  while ~l, increases by  about 
the same factor as r It  then follows from Eq. [9] and 
Fig. 3 that pressure causes a decrease in EF -- Ev, and 
hence increases the number  of carriers, n~,, and also 
the conductivity.  The latter is given by 

( . 2 n m * k T  y / 2  
= lelnh#f~ = le'l~ 2 

\ h 2 
exp( - -  (EF -- Ev ) / kT )  

= l e]#hN exp ( - -  (Ea - -  Eo) /kT)  [I0] 
Here EF is the Fermi  energy, Ea is the energy of the 
acceptor level, and N is a function of the effective mass 
of the carriers and the impur i ty  density-of-states.  The 
major  effect of pressure on r from the above model, is 
to decrease the ionization energy, Ea -- Ev. The effect of 
pressure in decreasing the ionization energy for car-  
rier production has previously been observed for sili- 
con (33) and thallous halides (34). 

If the second model is correct, boron may then be 
thought of as a hopping semiconductor similar to NiO 
doped with l i th ium (35). In  the lat ter  case the in -  
crease of conductivi ty with temperature  is due to an 
increase in mobility. Uno et al. (13) have interpreted 
their thermoelectric power data on various impure  
boron samples in  terms of a single t rapping level, and 
deduced that  ~ increased exponent ia l ly  with tempera-  
ture while n was about constant. On the other hand, 
Hagenlocher (20) found # to be proport ional  to T -7/4, 
which is more near ly  classical semiconductor be- 
havior; ~ decreases with tempera ture  due to lattice 
scattering. Such discrepancies are difficult to reconcile 
since impurit ies and their effects on the electrical 
properties are very difficult to control in  boron, and 
hence problems such as opposite, compensat ing car- 
riers are not under  control. Thus the energy level 
scheme for the present  extrinsic samples could be 
much more complicated than the discussion depicts, 
with an in terplay  of several donors and acceptors 
(and perhaps more than  one charge-carrying band)  
yielding the observed results. 
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ABSTRACT 

The nonl inear  different ia l  equat ion for  the  t ime var ia t ion  of overpoten t ia l  
dur ing  galvanosta t ic  charging is solved by  in t roducing  a close approx ima t ion  
for  the second te rm of the ra te  equat ion.  The resul ts  ob ta ined  are  in close 
agreement  wi th  known  solutions, cover ing al l  values  of t r ans fe r  coefficient, 
and are  s imple in  form. Fur ther ,  potent ia l  dependent  capaci tance is r ead i ly  
t rea ted  and is shown to have a cons iderable  effect on the  overpo ten t ia l  t r a n -  
sient. 

A s imple and useful  re la t ion descr ibing the t ime 
var ia t ion  of overpotent ia l ,  , ,  fol lowing the switching 
on of a constant  cu r ren t  densi ty,  JT, has been de te r -  
mined. In  the absence of mass t r anspor t  effects (ac-  
t iva t ion overpoten t ia l  only) ,  two separa te  react ions  
t ake  place s imul taneous ly  at  the  e lec t rode-e lec t ro ly te  
interface:  

1. the normal  Fa rada ic  relat ion,  involv ing  cu r ren t  
densi ty  J ; 

2. charging of the double  layer  capacity,  C, using 
cur ren t  dens i ty  Jc. 
I t  is we lNknown  tha t  (for a cathodic react ion)  

J 
F , j~  exp ( aZF~I ( l - - a )  ZF~I 

- -  ~ "  ) - -exp(  + - ~  .) [1] 

Jc  = C d~l  [2] 
dt 

�9 7 T = + 

The different ia l  equat ion obta ined f rom the above  r e -  
lat ions is nonl inear ,  because of the terms ar is ing in Eq. 
[ I ] ,  and cannot  be integrated.  In  the  most  genera l  
case, C is a function of 0, and the re la t ion  be tween  t 
and ~i is thus fu r the r  complicated.  Two types  of s im-  
plification can be made  for  the solut ion of Eq. [1], [2], 
[3]. 

1. The capaci tance may  be considered to be i nde -  
penden t  of potent ial .  This has  been  done b y  some au-  
thors (1-3) who can u l t ima te ly  obta in  the re la t ion  
be tween  t ime and overpotent ia l ,  bu t  on ly  for  pa r t i cu -  
la r  values  of the  t ransfe r  coefficient, a, i.e., ~ = 0; 
0.5; 1. 

2. The Fa rada ic  component  of the  current ,  JF '  may  be 

approximated ,  i.e., Eq. [1] is modified by  (a) l i nea r -  
izat ion of the exponent ia ls  by  series expansion,  which  
gives the  w e l l - k n o w n  resul t  

n = 1--exp �9 t [4] 

limited, however, to small values of ~]~. (/9) Tafel ap- 
proximation obtained at high overpotentials when the 
second exponential term of Eq. [i] is negligible in 
comparison with the first term. The Tafel approxima- 
tion has been used for the decay transient by Frum- 
kin (4), but the application of the Tafel relation for 
the charging transient has never been used, owing 
to the fact that this approximation does not pass 
through the origin of ~l- J coordinates, which leads 
to very important errors at small times. 

Modi f ica t ion  of Rate Equat ion 
The present  approach  consists of modi fy ing  the ra te  

express ion (Eq. [1] ) to a form which  is reasonable  as 

an approx imat ion  of the n - - J  re la t ion and which  is 
s imple enough to be integrated.  The procedure  con- 
sists of set t ing the  second exponen t ia l  t e rm  of Eq. [1] 
equal  to unity.  The effect of this step is best  seen in 
Fig. 1 as a ver t ica l  shif t  of the  Tafel  approx imat ion  so 
as to begin  at  the  ~ -  J or ig in  as does the  fu l l  r a te  
equat ion (Eq. [1]) .  In  a g raph ica l  sense, the  new ap-  
p rox imat ion  appears  to be only a fa i r  r epresen ta t ion  
of Eq. [1]; however ,  f i t t ing at  the  or ig in  of ~ - - J  
proves to be advantageous  for  t rans ien t  ~ -  t com-  
putat ion.  Using the modified Eq. [1] toge ther  wi th  
Eq. [2] and [3], the re  is obta ined  
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CATHODIC OVERPOTENTIAL IN mV 

Fig. 1. Comparison of exact and approximate ~ - -  J relations 

A Full rate equation: 

- -exp + R r 

B Tafel approximation: JT/Jo = exp [ ] ~ZF 

C Tafel modified to go through the origin (~1 = O, J = 0): 

[ ,,ZF ] 
JT/Jo=exp [ - - ~ l  --1 

For all curves: ~ = 0.5; Z = 1; T = 300~ 
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JT = Jo exp RT - -  1 + C dt [5] 

Equat ion [5] may readi ly  be in tegrated to yield a 
relat ion between t ime and overpotent ia l  (for constant 
C) as 

C RTC 

Jo + JT aZF(Jo  -~- JT) 

Jo [1 ( ))] 
The form of Eq. [6] for small  time, i.e., n small, is 
such that  the logari thmic t e rm becomes negligible;  
the remaining first te rm is identical  with the small  
t ime resul t  for  Eq. [4] if J r  > >  Jo. I t  is to be ex-  
pected that  Eq. [6] wil l  be an increasingly accurate 
description of the ~ - -  t t ransient  as the approximated  
region of low overpotent ia l  is more  rapidly t raversed,  
i.e., when the total  cur ren t  density is ve ry  much 
greater  than the exchange current  density, JT > >  Jo. 

It is useful to compare  previously obtained analytic 
results with the present  solution given in Eq. [6]. For  
the special case of ~ = 1.0, Karasyk  (3) obtained the 
expression 

[ - -ZF(Jo  + JT) t  ] Jo 
RT exp , RTC ' + 

: In [7] 
ZF  1 + Jo/JT 

In  the present  study, the form of the approximat ion  
used in Eq.  [5] may  also be considered as a special 
case of a = 1. It may  be shown by rea r rangement  
of Eq. [6] that  the exact  form of the special result  of 
K~rasyk (3) (Eq. [7]) for a = 1 is obtained. 

A graphical  check of Eq. [6] has been made in Fig. 
2 using an analytic solution due to Roj te r  et al. (1) 
and also Karasyk (3) for the special case of a = 0.5. 
This special resul t  is val id  if  Jo/Jz  ~ 0.15 and is 

R T  l n [  J o  ( Jo) [ --aZFJT, ]] 
- a z ~  ~ + 1 - y ~  exp RTC 

[8] 

J i i I I 

357500 -- --~0 

> E 
_z 
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~: dv / do = IO t-- IOO /r 
~ I I I I 

2 40 60 80 I00 
TIME IN MICROSECONDS 

Fig. 2. Comparison of present integrated solution (Eq. [6J, full 
line) with the analytic result of Karasyk (Eq. [8] ,  dotted line). 
For both curves: a = 0.5; Z = 1; C = 20 ,~F c m - 2 ;  T = 3 ~ ~  
JT = 10 -1  amp cm -2.  
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As shown in Fig. 2, Eq. [8] is closely matched by Eq. 
[6] wi th  improving  accuracy as the steady state over -  
potent ia l  increases. As pointed out above, exact  agree-  
ment  between Eq. [6] and complete ly  correct  analytic 
results exists at ~ = 1.0 and graphical  correlat ions in= 
dicate excel lent  agreement  for a = 0.5, even though 
Eq. [6] is based on an assumption equiva len t  to set- 
t ing a = 1. Mattsen (2), using analog computer  solu- 
tions to Eq. [1], [2], [3] has concluded that  the n - -  t 
t ransient  does not  depend strongly on the value of a. 
Thus, Eq. [6] and the we l l -known  Eq. [4] can be used 
to bracket  all practical  cases of act ivation overpoten-  
tial t ransient  since, a l though the accuracy of Eq. [6] 
as ~ approaches zero may become poor, most real  cases 
of electrode reactions are associated wi th  a t ransfer  
coefficient close to 0.5. 

Potential Dependent Capacity 
The interest ing fea ture  of Eq. [5] is that  it can be 

integrated even in the most general  case of an inter-  
facial capacitance which is itself a function of po-  
tential. For  practicality,  a polynomial  series repre -  
sentation of C = $(~1) is suitable. For  a simple l inear  
dependence of capacitance wi th  overpotent ia l  given as 

C(~) = Co + 2C1~1 [9] 

equat ion [5] may be integrated using a series summa-  
tion based on the binomial  expansion for the denom- 
inator of the overpotent ia l  integral.  The resul t  is 

1 
[ -- Co~ + Ci~ 2 

t --~ (JT "~ Jo) 

+ (--1) m Co--:-. exp (--mbn) 
m = l  ~nb 

oo 

+ ~ ~ ( _ l ) m  2c~P_____~ (--mb~ -- 1) exp ( -mb~)  
m = 1 ~ 2 6 2  

(co 2Cl )] 
- -  ( - - 1 )  mZ~ [10] 

'm=l  ~ '~262 

Jo aZF 
where I = and b = 

Jo + JT RT 

and the boundary condition ~ = 0, t = 0 has been 
used. The form of Eq. [10] is apparently complicated, 
but the series terms are rapidly convergent because 
of the alternating sign. The first two terms in the 
brackets of Eq. [10] are already the m = 0 terms of 
the summation. Thus, for polynomial representation of 
C = f(~) involving higher order terms than shown 
in Eq. [9], it should be expected that the correspond- 
ing zero order summation terms which will arise, 
analogous with Eq. [10], will consist of the poly- 
nomial coefficients of the equiva len t  of Eq. [9] in as= 
sociation wi th  the nex t  h igher  order  of overpotential .  

A p p l i c a t i o n  
Two hypothetical cases of capacitance variation with 

potential have been treated: 

Case 1: Capacitance increasing with cathodic over- 
potential C(n) = 4.0 -- 53.4n, ~F cm -~ 

Case 2: Capacitance decreasing with cathodic over- 
potential C(~) ---- 20.0 + 53.4~, ~F cm -~ 

Case 3: C = 12 ~ F e m  -~ 

For  the numerica l  coefficients chosen for Case 1 and 
2, a typical set of conditions has been chosen in 
which the s teady-sta te  overpotent ia l  is at tained wi th in  
the physical ly meaningfu l  domain indicated by the 
capaci tance-overpotent ia l  functions. In part icular ,  
substi tution of the appropriate  C = f(~]) coefficients 
in Eq. [10] for Jo = 10 - z  amp cm -2, JT = 0.1 amp 
cm -~, a = 0.5, Z = 1, T ---- 300~ leads to a steady= 
state overpotent ia l  of 238 mv  in all cases, but  the 
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~0 20 30 

TIME IN MICROSECONDS 

Fig. 3. Galvanostatic transient as described by Eq. [10]  for 
three different capacitance-overpotential relations: 

1. C(rl) = 4.0 - -  53.4 ~1, ~F c m - 2  

2. C(q) = 20.0 ~ 53.4 q, ~F c m - 2  

3. C = const. = 12 ~F cm - 2  

In cases I and 2, the dotted lines represent the contribution of 
the zero order terms only from Eq. [10] .  
For all curves: a = 0.5; Z = I ;  T = 300~ 

Jr = 0.1 amp c m - 2 ;  Jo = 10 - 3  amp cm -2 .  

transients are considerably different. The results for 
the three cases are shown in Fig. 3 both for the ap- 
plication of Eq. [10] in its ent i re ty  and also for the 
zero-order  terms of Eq. [10]. It may be seen that  zero-  
order  terms alone are a good approximat ion al lowing 
a rapid est imation of t he  transient.  Practically,  in the 
case chosen, the t ime error  made by using only the 
zero-order  terms amounts  to 10% only for potentials 
greater  than 75% of the s teady-sta te  potential  in 
Case 1 and grea ter  than 93 % of the s teady-s ta te  poten-  
t ial  in Case 2. Thus, in most cases, the summation terms 
in Eq. [10] may be omit ted since they are associated 
with the final convergence to a steady value  and the 
initial behavior  of the t - -  n t ransient  may  be readi ly  
est imated f rom C - -  ~ curves of the type shown in the 
present  examples.  Fur thermore ,  it is ev ident  in Fig. 
3 that  the curves for Cases 1 and 2 have  a nonnegl ig-  
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ible curva ture  in the vicini ty of t ~- O (due to the oc- 
currence  of quadrat ic  overpotent ia l  in the zero-order  
summation terms) .  It is clear  that  caution should be 
exercised in the procedure of ex t rapola t ing  ~ - -  t t r an-  
sient curves to obtain the capacitance f rom the slope 
at zero time. In particular,  good resolut ion of po- 
tential  and t ime is needed near  to the beginning of 
the transient.  In principle, it should be possible to 
analyze overpotent ia l  t ransients  to de te rmine  the na-  
ture of the capaci tance-potent ia l  variat ion.  The pres-  
ent results may  readi ly  be shown to conform, at least 
at small  times, wi th  the general  cr i ter ion for non-  
constant capaci t ive systems devised by Budewski  and 
Stoinoff (5). 
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LIST OF SYMBOLS 
J Faradaic cur ren t  density, amp cm -2 

F 
Jo exchange current  density, amp cm -2 
J r  total current  density, amp cm -2 
Jc capacit ive cur ren t  density, amp cm -2 
C double layer  capacity per unit  area, ~F cm -g  

overpotent ia l  (sign according to IUPAC recom- 
mendat ions) ,  mv  

Z number  of electrons invo lved  in the e lectro-  
chemical  reaction, eqt  �9 mo1-1 

F Faraday constant, 96,500, amp �9 sec �9 eqt -1 
R gas constant, 8.314, Jou le  ~ -1 �9 mo1-1 
T absolute temperature ,  ~ 
t time, sec 

ZF amp �9 sec 
b ~ - - ,  

RT erg 
t ransfer  coefficient 
Jo/ (Jo -b J r )  

m summation subscript 

Impurity Effects in High Current Density CI2 Electrodes 
D.  A .  J. S w i n k e l s  

Electrochemical Laboratory, GeneraI Motars Corporation, Indianapolis, Indiana 

ABSTRACT 

The development  of high current  density porous electrodes (~1  a m p / c m  2) 
places increasing demands on the pur i ty  of the  gas fed to the electrode. The 
concentrat ion polarizat ion associated with iner t  impuri t ies  in the electroact ive 
gas is t reated for the C12 electrode in fused LiCl. The Cl2 electrode consists of 
porous carbon or graphi te  which is not wet ted  by fused LiCI. 

The presence of e lec t ro- inact ive  impuri t ies  in the 
gas feed to a porous gas electrode can resul t  in the 
rapid bui ld-up of considerable polarizat ion due to the 
accumulat ion of these inact ive impuri t ies  in the pores 
(1). This is par t icular ly  t rue  for high cur ren t  den-  
sity systems such as the C12 electrode in fused al-  
kali  halides. Commercia l  grades of C12 typical ly  con- 
tain 0.5% of iner t  impuri t ies  such as N2 and CO2. 

When the rate at which  CI~ is supplied to the elec-  
t rode is exact ly  sufficient to mainta in  the electrode 
reaction (i.e., the electrode is dead ended) these in- 
ert  impuri t ies  rapidly  accumulate  at the electrode-  
e lectrolyte  interface. The impuri t ies  can leave the in-  
terface by dissolution in the e lect rolyte  and diffusion 
into the bulk or by back diffusion against  the flowing 
C12 stream. 
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The first of these is negligible because of the low 
solubility and low diffusion coefficients involved.  If  
we assume that  the impur i ty  has the same solubili ty 
and diffusion coefficient as C12 (2) then the m a x i m u m  
rate  of diffusion through the electrolyte  at 1 atm (j) 
is typically 

-~C 
j = - - D - -  [1] 

~x 

0_10-6 
= - - 4 x 1 0  - S x - N i = 4 x l 0  -uNi  [2] 

1 

where Nt = mole fraction of impurities at the inter- 
face. 

This assumes that  the impur i ty  concentrat ion is zero 
at a distance of 1 cm from the Cle electrode (due to 
reaction with  Li for example)  and has a solubil i ty of 
10 -6 moles /cm 3 at 1 atm. 

At current  density of 3 a m p / c m  2 the flux of C12 is 
i / 2 F  ~ 1.5 x 10 -5 moles/sec.  Hence, the m a x i m u m  
concentrat ion of impuri t ies  in the CI~ feed which can 
be removed by this process is 4 x 10 -~1 NJ1.5  x 10 -~ 
= 2.67 x 10 -6 N~. Since N~ must be less than uni ty  the 
impur i ty  level  must be less than 2.67 ppm. 

However ,  as current  is drawn from a Li-CI.z cell 
more electrolyte  is generated at the electrodes which 
can dissolve 10 -6 N~Pr moles of impur i ty  per  cubic 
cent imeter  of electrolyte,  where  P r  is the total  pres-  
sure. Since the t ransport  number  of Li + in LiC1 is 
0.75 (3) then 0.75 of the new electrolyte  is genera ted  
at the C12 electrode. One mole of C12 wil l  then pro-  
duce 1.5 moles of LiC1 at the C12 electrode which can 
dissolve 43 x 10 -6 N~Pr moles of impuri ty.  For  typical  
values of PT ---- 5 a tm and N~ = 0.05 an impur i ty  level  
of ~ 11 ppm can be tolerated. 

Much larger  quantit ies of impuri t ies  can be removed  
f rom the electrode by flowing excess Cl., ei ther 
through the porous electrode or behind the porous 
electrode. A study of the lat ter  type of electrode (a 
"f low-by" electrode) is repor ted  here. 

Theory 
Back diffusion of impurit ies in the pores against 

the flowing C12 gas can be t reated as a l inear diffusion 
problem and is described by Eq. [3]. 

8C ff'-C O (Cv)  
---- D - -  [3] 

Ot Ox 2 Ox 

where  C = concentrat ion of impur i ty  gas, v = veloc-  
ity of gas flow, and x = l inear  dimension in the direc-  
tion of net  flow. 

The t ransient  problem described by Eq. [3] has r e -  
cent ly been treated (4). Since under  most  conditions 
steady state is reached in a few seconds all  exper i -  
ments were  done under  s teady-sta te  conditions, i.e., 

dC 
- - ~ 0  
Ot 

Equat ion [3] after in tegra t ing once with  respect  to x 
becomes 

dC 
D - - -  Cv = j [4] 

dx 

where  j is the net  flux of impur i ty  through the pore 
under  s teady-sta te  conditions. 

We now assume that  the impur i ty  does not react  or 
dissolve at the gas- l iquid interface in which case 
j = 0 .  

Hence 
dC 

D - - - -  Cv  = 0 [5] 
dx 

The solution of Eq. [5] is 

V X  
in C ( x )  ----- ~ + constant [6] 

If at x = 0 the impur i ty  content  is kept  at a constant  
value Co by flowing gas past the electrode Eq. [6] be- 
comes 

VX 
C(x)  = Co exp ~ [7] 

D 

Since fused LiC1 does not wet  porous graphite,  the 
total length (L) of the diffusion path  is equal  to the 
thickness (t) of the porous electrode t imes the tor-  
tuosity (x) of the pores wi thin  the porous material .  

The concentrat ion of impur i ty  at the gas- l iquid in-  
terface is then 

vL 
Cs = Co exp ~ [8] 

D 

The velocity of gas flow within  the pores in the x di-  
rection is given by 

iRT 
v ---- - -  [9] 

nFPT~ 

where  i = current  density per geometr ical  cm 2, ~ = 
porosity, and PT = total  pressure. 
Hence 

C s ( i ) - - - - C o e x p (  iRTTt  ~ 
nF--PrcD / [10] 

or in terms of the impur i ty  pressure 

Ps (i) = Po exp nFPT~D [11] 

where  Po = impur i ty  pressure in the incoming gas, 
and Ps(i)  = impur i ty  pressure in the gas at the gas- 
l iquid interface at current  density i amp/cm~. The 
concentrat ion polarizat ion of such an electrode dur ing 
discharge compared to the potential  of the same elec- 
trode at open circuit  consists of two parts: the polar-  
ization in the gas-phase (rig) and the polarizat ion in 
the electrolyte  (~e) 

R T  Pcl2 (Bulk) 
ng(i) = - -  in 

nF PcI2 (Elect rolyte  interface) 

[12] 
R T  P T  - -  P o  

nF P T  - -  Ps (i) 

R T  Pcl2 (Elect rolyte  interface)  
ne (i) = - -  In 

nF Pc12 (Electrode surface) 

R T  iL [13] 
= - -  In 

nF  {L - -  i 
w h e r e  iL  = l imit ing current  density for the given Clz 
pressure at the gas- l iquid interface 

in = K [ P T  - -  Ps (i) ] [14] 

The m a x i m u m  cur ren t  which can be d rawn for a given 
value  of P r  and Po is given by 

iL -~ K [ P T  - -  Ps (/L) ] [15] 

In Eq. [14] and [15] K is a constant for a g iven porous 
graphi te  equal  to the l imit ing current  density which 
could be obtained f rom the given mater ia l  wi th  abso- 
lu te ly  pure  CI~ at 1 atm. 

It  is assumed here  that  the pressure drop across the 
electrode is negligible under  the test conditions. The 
total concentrat ion polarization at a g iven current  
density is then the sum of ~g(i) -t- ~le( i )  = ~ l t ( i ) .  
It  should be noted that  this polarizat ion is the differ- 
ence be tween  the electrode at a cur ren t  density i 
compared to tha t  same electrode at open circui t  not  
compared to that  same electrode in pure C12. To re fer  
the electrode potential  back to a pure C12 electrode 
Eq. [12] should be 

R T  PT 
~lg ( i )  = - -  In [12A] 

P T  - -  P s ( i )  
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Fig. 1. Cell used in impurity effect studies 

All  polarizations used in  this paper are referred to 
the OCV with  impure  C12 gas. 

Exper imental  
The ceLL and accessories.--A schematic diagram of 

the cell used in these studies is shown in  Fig. 1. 
Li th ium chloride electrolyte is contained in a graph-  
ite crucible, the bottom of which consists of a piece 
of porous graphite (Pure  Carbon Company Grade FCm 
11). This porous graphite was the working electrode 
to which C12 or mixtures  of CI~ and Ar could be fed. 
The quartz feed tube  below the electrode was flanged 
in order to insure  uni form chlorine flow past the en-  
tire inner  electrode surface. A thermocouple placed in  
the gas stream was used to control the tempera ture  
of the system. A quartz insert  inside the graphite cru-  
cible exactly defined the useful  area of the working  
electrode. 

The reference and counter  electrodes were mounted  
concentrically. The reference electrode electrically iso- 
lated by a quartz tube was slipped inside a hollow 
counter  electrode which was grooved to give max-  
imum surface area. 

To prevent  the development  of a pressure difference 
between the inside and the outside of the counter  
electrode vertical  slots were cut to above the electro- 
lyte level. The entire assembly was placed inside a 
Vycor tube and was heated by means of clamshell  
heaters outside the Vycor container.  The reference 
electrode was fed with commercial  chlorine which 
was passed through a sulfuric acid dry ing  bubbler .  
The chlorine and argon which were fed to the test elec- 
trode were also obtained from commercial  cylinders. 
They were passed through concentrated sulfuric acid 
dry ing  bubblers  and introduced into a mixing  cham- 
ber  which consisted of a 500 ml flask filled with ceramic 
beads. The gases effectively mixed in  this manne r  then  
flowed into the cell. 

Gas analysis .mAfter  flowing past the electrode, the 
gas mix ture  passed through an exit tube  which was 
adapted for taking syringe samples for analysis by 
means of gas chromatography. A Barber-Coleman,  
Series 5000 gas chromatography was used to deter-  
mine the amount  of argon in  the sample. A soda- 
l ime absorption columm was used to remove the C12 
from the sample so that  only the impur i ty  entered the 
detector. The impur i ty  level  of the gas sample was 
determined by comparing the amount  of argon de- 
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tected in  a sample of known  volume to an equal vol- 
ume  of pure argon. 

Procedure.--Cells were assembled in air and heated 
in an argon or he l ium atmosphere to 650~ overnight  
to make sure the graphite parts were clean and dry. 
LiC1 was previously purified by mel t ing  under  vac- 
uum and bubbl ing  HC1 through the melt  which was 
contained in a graphite crucible. The melt  was then 
allowed to solidify and  was stored ir~ a He drybox 
unt i l  needed. LiC1 was crushed in  the drybox and 
introduced into the cell by momentar i ly  removing the 
reference electrode and pouring the salt down the 
counter  electrode tube. 

After  the salt melted the reference electrode was 
introduced and connected to its CI~ supply. A mix-  
ture  of Ar  and  C12 was  then  supplied to the working 
electrode, and samples of the exit gas were analyzed 
unt i l  a constant  composition was reached. 

A current  sweep was then applied to the working 
and counter  electrodes. Voltage vs. current  plots were 
recorded on a Var ian F-80 x - y  recorder. The current  
sweep rate was such that  the current  densi ty changed 
by about 0.1 amp/cm2/min.  The sweep rate  was de- 
te rmined by sweeping in  both directions ( increasing 
and decreasing currents)  at various rates un t i l  the 
hysteresis in the I -V plot was less than 5%. Several  
plots at vary ing  degrees of recorder sensit ivity were 
obtained for each impur i ty  level. 

Electrode thickness var ied from 1/16 to 3/4 in., but  
all  electrodes were cut f rom a single block of FC-11 
to give ma x i mum uni formi ty  of electrodes. 

Results and Discussion 
Each set of plots, obtained in  the m a n n e r  described 

above, was used in conjunct ion with IR measurements  
obtained from pulse t ransients  to determine the po- 
larization of the electrode under  study. A set of curves 
was obtained for each thickness and impur i ty  level at 
different recorder sensitivities. Thus, an  average value 
of the polarization at each cur ren t  density was ob- 
tained. Reproducibil i ty of the polarization for a given 
set of conditions was better  than  •  except at 
very  low polarizations ( <  10 my) .  

These average polarizations plotted vs. current  den-  
sity for various thicknesses and impur i ty  concentra-  
tions are shown in Fig. 2 to 6 (solid l ines) .  
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Fig. 2. Polarization vs. current density for am in. thick electrode. 
(Solid line, experimental; dashed line, theoretical; % impurity 
indicated on curves.) 
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Fig. 3. Polarization vs. current density for Vz in. thick electrode. 
(Solid line, experimental; dashed line, theoretical; % impurity in- 
dicated on curves.) 
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Fig. 5. Polarization vs. current density for ~ in. thick electrode. 
(Solid line, experimental; dashed line, theoretical; % impurity 
indicated on curves.) 
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Fig. 4. Polarization vs. current density for �88 in. thick electrode. 
(Solid line experimental; dashed line, theoretical; % impurity in- 
dicated on curves.) 

Using Eq. [12] and [13] theoret ical  polarizat ion vs. 
current  density curves were  calculated for the exper i -  
menta l  conditions used. These are  shown as dashed 
lines on Fig. 2 to 6. In these calculations the fol low- 
ing constants were  used: K = l imi t ing current  den-  
sity which  could be obtained on FC-11 with  pure C12 
at 1 atm; K = 1.2 a m p / c m  2. This va lue  is wi th in  the 
range of values previously  repor ted  for FC-11 (1), 
but is significantly h igher  than the average  va lue  
previously obtained. This is due to variat ions in the 
FC-11 mater ia l  as we l l  as the fact  that  the previous 
data were  for impure  C12. The va lue  of K = 1.2 
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Fig. 6. Polarization v s .  current density for 1/16 in. thick elec- 
trode. (Solid line, experimental; da.shed line, theoretical; % im- 
purity indicated on curves.) 

a m p / c m  2 has not been observed exper imenta l ly  since 
sufficiently pure  C12 was not available.  It  is ra ther  the 
present  best es t imate of what  could be obtained. 

The diffusion coefficient D for a binary gas mix ture  
may be calculated (5) f rom 

O.O0185 T3;2 [ Ml -I- M2 ] 1/2 
M1 M2 

D =  
P~212~D 

where  T = tempera ture  ( ~  M1,M2 = molecular  
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ous graphite as a function of electrode thickness and total pres- 
sure at a 1% impurity level. 

weights of the two gases; ~12 = Vz (~1 -t- a2); al, a2 --- 
collision diameters;  and I~D = collision integral  avai l -  
able from tables (5). 

For  argon and chlorine we have: M1 = 39.95, M2 -~ 
70.91, al = 3.418A, a 2 ~ 4.115A, i~D ~ 0.8652 and 
hence, D = 0.842/P cm 2 sec - I  where P is total pres- 
sure in atmospheres. 

Another constant used is the porosity ~ ~ 0.22. This 
value of the porosity only takes into account the 
larger pores in FC-II,  i.e., the pores between particles. 
It does not include the much smaller pores within the 
particles since these pores do not contribute appre- 
ciably to the flow of gases through the porous body. 

The tortuosity �9 is calculated as before ( i)  from 

T = 0.765 ~-0.65 [14] 

It  is clear  f rom Fig. 2 to 6 that  the agreement  be-  
tween  theory and expe r imen t  is excel lent  at the low 
polarizations shown. One shortcoming of the present  
t rea tment  is that  the theoret ical  t rea tment  predicts 
ve ry  l i t t le increase in current  density beyond n = 0.2v, 
whereas  exper imenta l ly  a 10-20% increase is observed 
in going f rom n = 0.2v to n ---- 1.0v. This wi l l  be 
t reated in more detai l  in a future publication. Figure  
7 shows what  is predicted for various pressures and 
electrode thicknesses at a fixed impuri ty  level  of 1%. 
Increasing the total pressure has beneficial effects only 
for thin electrodes. 

F igure  8 shows the m a x i m u m  cur ren t  density which 
can be obtained at 5 a tm as a function of impur i ty  
level  for various thicknesses. For  a 0.5 cm thick elec- 
t rode an impur i ty  level  of less than 1000 ppm is neces-  
sary to reach a current  density of 3 a m p / c m  2. The 
same current  density can be reached with  a 0.1 cm 
thick electrode with over  10% impuri t ies  in the C12. 

loo io 1. o 0.1 

r~ I M P U R I T Y  IN CL 2 (;AS 

. /  

/ 
/ 

Fig. 8. Maximum current density (iL) at a total pressure of 5 atm 
as a function of electrode thickness and impurity level. 

Thus, electrode thickness has a large effect on the 
performance of this type of electrode. 

Final ly  it is clear f rom Eq. [14] that  the pe r fo rm-  
ance at a given impur i ty  level  is re la ted  to the poros-  
ity and pore size distr ibution of the graphi te  since 
these determine  the va lue  of K. 

Conclusion 
The effect of iner t  impuri t ies  in CI~ on the per-  

formance of f low-by electrodes has been demonstra ted 
exper imenta l ly  at 1 atm. The data have been com- 
pared wi th  a theoret ical  t r ea tment  of the diffusion 
processes involved and good agreement  was obtained. 

The results indicate that  at high current  densities 
iner t  impuri t ies  can quickly poison porous electrodes 
unless some means of removing the iner t  gas is pro-  
vided. 
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The Double Layer Capacitance in Aqueous Solution 
1. Polycrystalline Silver 

N. A. Hampson, D. Larkin, and J. R. Morley 

Chewtis~ry Department, Loughborough University of Technology, Leicestershire, England 

A number  of studies of the double layer capacitance 
of polycrystall ine silver in aqueous solution have  been 
reported (1-9). Agreement  among observed values is 
poor, and the values of the parameters  which are re-  
quired by the Stern theory (10) to adjust  for changes 
in electrolyte type and concentrat ion are improbable.  
There has been considerable disagreement regarding 
the position of the point of zero change (pzc), values 
have ranged from 0.51v (NHE) to the more probable 
value, --0.7v. 

There is however general  agreement  that dur ing  the 
earl;/ stages of electrode/electrolyte contact, pro- 
nounced capacity changes occur. Wagner  (4) observed 
a rapid reduction of double layer capacity on a freshly 
formed silver surface in contact with KC1 solution. 
Gerischer and Fischer (11) found that the double layer 
capacity on silver fell to one half of its ini t ial  value in 
about 5 min  at room temperature.  Although certain 
results might be explained by the adsorption of im-  
purit ies from solution on to the electrode in general  
impur i ty  levels have been satisfactorily controlled. 
Moreover ini t ial  changes in electrode activity have 
been reported for other metals, e.g., zinc (12), lead 
(13), and copper (14), and it is l ikely that  pronounced 
changes in double layer s tructure occur on all metals 
dur ing  the early stages of electrode/electrolyte contact. 

The purpose of this note is to present  recent experi-  
menta l  findings of the double layer capacity of silver 
in  sodium perchlor~te solution. 

Experimental 
The Schering bridge, electrolytic cell, and purifica- 

tion procedure have been described elsewhere (12). 
For the present experiments  the bridge was polarized 
using a potentiometer  symmetr ical ly  applied across 
the bridge in series with a 40 henry  choke. Potentials 
were measured with an electrometer (Wayne-Ker r  
precision-type M141) against an HgO/Hg reference 
electrode. The silver electrode was prepared from sil- 
ver wire (2.553 X 10 -2 cm ~ superficial area; 99.9999% 
supplied by Johnson-Mat they  and Company) sheathed 
with polyethylene (this mater ial  was shown to be sui t-  
able for electrode construction by adding it to electro- 
lyte in  which the capacity of a sit t ing mercury  drop 
electrode conformed to established data-addi t ion pro- 
duced no capacity change).  Water was twice distilled 
from deionized stock, all chemicals were of A. R. 
quality. 

The flat X-section of the silver wire formed the 
working electrode. Electrodes were polished mechan-  
ically on roughened glass lubricated with water. Etch- 
ing (10% HNO3 or 10% HC104) was carried out either 
chemically (30 sec) or electrochemically (10 m a /  
cm-2) .  Electrodes were thoroughly washed with water  
before introduct ion (wet) into the cell. 

Results 
Electrometric measurements  indicated that the elec- 

trode was readi ly polarizable in the region 0.5v to 

--1.1v (NHE). Outside this region faradaic current  
flowed par t icular ly  at the more positive potentials. 

Some init ial  change in double layer capacity mea-  
surement  were observed, but  provided that the polar-  
izable region was swept f rom potentials more negative 
than 0.4v (NHE) capacity readings quickly stabilized 
and differential capacity curves reproducible over 
many  hours were taken as indicative of a clean silver 
surface. For example a mechanical ly polished and 
chemically etched electrode in  1M NaC104 at 23~ 
held a t - - 0 . 1 v  NHE gave a double layer capacity (212 
c/sec) after 1 min  of 108 ~F/cm -2 and a stable value 
of 84 ~F/cm -2 after 30 rain. Changes of double layer 
capacity were general ly more pronounced with elec- 
trodes which had only been mechanical ly polished. 

Figure i shows differential capacity curves typical 
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Fig. 1. Differential capacity curves for I~lycrystalline silver in 
NaCIO4 solutions at 23~ pH, 6.5-7. Curve A, 0.01M NaCIO4; 
held at- -0.3v (NHE) for 1 hr; swept from negative potentials; 
212 c/sec. Curve B, 0.01M NaCIO4; held at --0.3v (NHE) for 
1 hr; swept from negative potentials; 1000 c/sec. Curve C, 0.01M 
NaCIO4; held at --0.4v (NHE) for 1 hr; swept from 0.4v (NHE); 
212 c/sec. Curve D, IM NaCIO4; held at --0.3v (NHE) for 1 hr, 
swept from negative potentials; 212 e/sec. 
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more init ial  capacity change than a chemical ly  etched 
(part ial ly equil ibrated)  surface is in agreement  wi th  
this suggestion. 

A small  dispersion of f requency is shown clearly in 
Fig. 1. Since the possibility of crevices be tween the 
electrode and sheath was absent in this work, disper-  
sion must be ascribed to surface roughness as dis- 
cussed by De Levie  (15). 

Summary 
Differential  capacity curves for clean si lver surfaces 

in dilute and 1M sodium perchlorate  solution are re -  
corded. The differential  capacitance is dependent  on 
e lec t rode/e lec t ro ly te  contact time. 

Manuscript  received March 20, 1967; revised  manu-  
script received Apr i l  4, 1967. 

Any  discussion of this paper wi l l  appear  in a Discus- 
sion Section to be published in the June  1968 JOURNAL. 
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of a clean surface determined at 212 and 1000 Hz. Gen-  
eral ly capacity values were  wi thin  • 20% of the values 
shown. Figure  1 also shows a capacity curve swept 
from potentials more positive than 0.4v. The sharp 
min imum at --0.7v, indicating the position of the pzc, 
is absent (in all cases), and curves were  not repro-  
ducible; at tempts to reestablish differential  capacity 
curves typical  of a clean si lver surface by cathodic 
polarization were  not successful. Capacity curves in 
which the min imum at --0.7v was absent were  often 
obtained wi th  electrolyt ical ly etched electrodes. 

For comparison a typical  differential  capacity curve 
obtained with  a clean silver surface in re la t ively  con- 
centrated (IM) electrolyte is also included in Fig. 1. 

Discussion 
The position of the capacitance min imum in the dif-  

ferent ia l  capacity curves obtained with dilute solutions, 
--0.Tv (NHE),  indicates the pzc, and confirms Russian 
work  (5, 9). A capacitance min imum is not a satisfac- 
tory cri terion for the position of the pzc if potential  
dependent  adsorption, e.g., of H or O on Pt or Pd. In 
the case of Ag (also Sn, Cd, Pb) in the polarizable 
region the adsorption of these species is not a compli-  
cation ( re la t ively  small  f requency dispersion-pseudo- 
capacitance, high hydrogen overpotent ia l  s imilar  to 
Hg, absence of hysteresis effects in the range 0.38 to 
--1.1v [NHE] ). 

The ease wi th  which electrodes became i r revers ibly  
affected at potentials posit ive to 0.4v (NHE) suggests 
that  this might  be the reason for conflicting double 
layer capacitance data par t icular ly  with e lect rolyt-  
ically etched surfaces where  the potential  is much 
more posit ive than 0.4v. The disappearance of the 
capacity min imum under  these conditions indicates the 
influence of adsorbed reaction products. 

The form of the differential  capacity curve in molar  
e lectrolyte  is very  similar  to that  of mercury  confirm- 
ing the work  of Ramaley and Enke (8). Since impur i ty  
levels were  satisfactorily controlled the re la t ive ly  high 
value of the differential  capacity in the more concen- 
trated electrolyte indicates that the surface of the 
si lver electrode is re la t ive ly  rough. Time dependence 
is very  pronounced and appears to be a simple equi l i -  
brat ion process. That a simple mechanical  polished 
(surface layers s t ructura l ly  disturbed) should show 

A Specimen Holder for Precise Electrochemical Polarization 
Measurements on Metal Sheets and Foils 

W. D. France, Jr. 
Chemistry Department, Research Laboratories, Genera~ Motors Corporation, Warren, Michigan 

Exper imenta l  difficulties often arise when sheet- 
metal  electrodes are exposed for precise e lect rochemi-  
cal polarization measurements .  Both solution contami-  
nation and crevice effects, which cause marked  data 
distortion (1), must  be avoided, and a solderless elec- 
trical contact  that  is insulated f rom the electrolyte  
must  be provided. Our laboratory evaluations of sheet 
specimens that  were  masked by tape, paint, or resin 
encapsulat ion have caused us to lose confidence in 
these procedures. Therefore,  we have designed the 
rapidly  assembled sheet specimen holder i l lustrated 
in Fig. 1 for use in convent ional  polarizat ion cells. The 
polycarbonate and Teflon combination provides the 
strength, compressibil i ty,  and solution resistance neces-  
sary for this application (2, 3). Circular  specimens, cut 
wi th  a die and punch, are positioned on the replaceable 
Teflon gasket wi thin  the holder, fol lowed by a copper 

disk contact whose electr ical  lead wire  passes through 
a Teflon insulator. The threaded Teflon bolt is t ight-  
ened with  sufficient torque to compress the sheet 
against  the gasket. The exposed specimen pictured in 
Fig. 2 exhibits a typical, distinct demarcat ion between 
the corroded and the protected areas that  demonstrates  
the effectiveness of the seal. Accumulat ion  of corrosion 
products and evolved gas at the specimen face is 
avoided by an oblique entrance angle. 

F igure  3 shows two potent iodynamic anodic polar-  
ization curves for an annealed stainless steel (Fe-18Cr-  
12Ni-0.08C) in hydrogen-sa tura ted ,  1.0N H2SO4 at 25 
~ Following a s tandard procedure, we polished speci- 
mens on 600-grit SiC, degreased them in boiling ben-  
zene, r insed them in distil led water,  and immersed  
them in the test solution 1 hr before automat ical ly  
plott ing the exper imenta l  semilogar i thmic curves at 
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Fig. I .  Specimen holder for metal sheets and foils (side view) 

Fig. 2. Photomicrograph of exposed sheet-metal specimen. Mag- 
nification 3.SX. 

1.2 v /hr ,  using apparatus similar to that  described 
earlier (4, 5). 

Curve A represents the results for a sheet specimen 
exposed in  the described holder, and curve B repre-  
sents the results for a bulk  specimen of the same alloy 
mounted on a Stern-Makrides  assembly (6). The sheet 
specimen curve effectively duplicates the s tandard 
curve, showing no evidence of crevice effects or shield- 
ing of the specimen electrode. 

This sheet specimen holder is easily fabricated and 
has the advantage of rapid and effective assembly. 
Besides providing a known and reproducible exposed 

1.40 . . . . . . . .  ~ i = I 

1.20 ~ D  
i.oo ......................... 

r 
~-i 0.80 ER 

0.60 [ B. ---" BULl(SPECIMEN ON STERN- 
t~ ..,_, 

0.40 ~ \  MAKRI DES(standard Curve)ASSEMBLY 
.~ 0.20 " ~ .  _ \ Fe-Lsc - N i-~176 
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- 0 . 6 0  . . . . . . . .  I . . . . . . . .  I . . . .  I l ' I . . . . . .  
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CURRENT DENSITY ( ~a/cm '2) 
Fig. 3. Potentiodynamic anodic polarization curves for Fe-18Cr- 

12Ni-0.08C Alloy in N H2S04 at 25~ Curve A, sheet specimen 
mounted in holder; curve B, bulk specimen mounted on Stern- 
Makrides assembly. 

area for each experi'ment, t edge effects are completely 
avoided, and a geometrically equivalent  surface is ex- 
posed, as recommended elsewhere (7). Laboratory 
experiments  have demonstrated that  this mount ing  
technique provides an efficient means for exposing any 
sheet specimen, including polished, coated, or plated 
surfaces as well  as thin foils. 
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Comments on the Paper "Transport Processes in 
the Thermal Oxidation of Silicon" 

P. J. Jorgensen 
General Electric Company Research and Development  Center, Schenectady, New York 

The paper "Transport  Processes in the Thermal  Oxi-  
dation of Silicon" by Raleigh (1) is actual ly  a discus- 
sion of the paper "Effects of an Electric Field on Silicon 
Oxidat ion" (2). Raleigh concludes that  at the present  
t ime it is not possible to de termine  whether  an ionic 
t ransport  process or a molecular  t ransport  process pre-  
dominates. He begins by asserting " that  the externa l  
application of an electric field per se cannot provide 
a s teady-sta te  dr iv ing force for a diffusion-controlled 
process such as the thermal  oxidation of silicon" and 
fur ther  that the voltage at which oxidation ceases is 
"unrelated to the free energy of formation of 8i02." 

The first assertion has been adequate ly  t reated by 
Collins and Nakayama (3) in their  recent  paper  on 
"Transport  Processes in the Thermal  Growth  of Metal  
and Semiconductor  Oxide Films." These authors point 
out that  the application of an electric field using in- 
sulating electrodes, which do not provide an externa l  
path for electron flow, does not cause an increase in 
the flux, in accordance with  Raleigh's  assertion. How-  
ever  the use of electrodes which are in ohmic contact 
wi th  the oxide film provides an ex te rna l  path for elec-  
trons and an increase in the ionic flux is to be ex-  
pected. In the silica oxidation exper iments  discussed by 
Raleigh, electrodes in ohmic contact were  used, and 
therefore  an increase in ionic flux is to be expected. 

The second assertion in Raleigh's paper concerning 
the so-called halt  vol tage being unre la ted  to the free 
energy of formation has recent ly been discussed by 
Krbger  (4). Wagner  (5) has also wr i t ten  an excel lent  
t reat ise on the effect of an externa l  electric field ap-  
plied to a growing oxide layer. In this unpublished 
memo Wagner  treats  the si tuation in which corrosion 
is stopped by a potential  difference across the growing 
film. 

The a rgument  briefly stated is as follows: The flux 
of a given species J~, in mo l / cm 2 sec, may be expressed 
a s  

Z~2F 2 ~ + ZiF [1] 

where  ai is the conductivi ty due to the ith species, Z~ 
is the valence, F is Faraday 's  constant, ~ is the chemi-  
cal potential,  and �9 is the local electr ical  potential.  
F rom the principles of e lectrochemistry the difference 
in potential  ( .~ )  across an oxide film is 

7]e" ~ ~le' 
~ = [2] 

F 

where  he" and ~e' are the electrochemical  potentials 
of the electrons at the oxide-gas  and meta l -ox ide  in- 
terfaces, respectively.  

Since ~e ---- ~e - -  Fr Then 

(~E'  - -  ~ ' )  
~ =- + r --  r  [3] 

F 

from [1], if Ji = O, then 

[4] 
@X ZiF @X 

The term (r -- r  in Eq. [3] is equal  to the integral  
of Eq. [4]. Now considering the case where  only the 
anions are mobile, and using the definition for the 
chemical  potential  of oxygen atoms ~0 ---- m -}- Zl~e 
where  the subscript 1 refers to anions and Z~ ----- --2, 
then the chemical  potential  of the molecular  oxygen 
is ~02 = 2~0 ---- 2~1 --  4~e and one obtains 

P,0 t ~ P.0" P02"  ~ P02" 
'A~b ( J 1  = 0 )  = - -  = [ 5 ]  

Z1F 4F 

which i l lustrates the relat ionship between the change 
in free energy, and the voltage at which a reaction 
can be stopped. Hence the stopping voltage is related 
to the change in free energy. 

The conclusion that  available data do not allow one 
to decide whether  an ionic or a molecular  type process 
predominates  during the oxidation of silicon meri ts  
discussion. 

The voltage necessary to stop an oxidation reaction 
wil l  be Eo regardless of the magni tude  of the electronic 
t ransport  number,  where  

~G = --nFEo [6] 

and .~G is the change in f ree  energy, n is the number  
of equivalents  involved in the reaction, F is Faraday 's  
constant, and Eo is the theoret ical  cell voltage. If  a 
molecular  transport  process occurs simultaneously,  the 
value of Eo might  be lowered in value somewhat  as 
discussed by Schmalzried (6). However ,  this reduct ion 
in the value of Eo is not expected in the case of the 
oxidation of silicon since the t ransport  of oxygen 
through the silica layer  is ra te  determining,  and equi-  
l ibr ium can most probably be established at the oxide 
interfaces. 

The application of a voltage equal  and opposite in 
sign to Eo across the growing oxide layer would  stop 
any ionic transport,  but  a fu r the r  increase in voltage 
would be necessary in order to establish a decomposi-  
tion rate  of the oxide which would be equal  to the 
formation rate  of oxide by a simultaneous molecular  
and ionic t ransport  process. 

Exper iments  (7) on approaching the stopping vo l t -  
age f rom voltages greater  than Eo, i.e., reducing the 
oxide wi th  an electric field have shown a correlat ion 
wi th  Eo of • 5-10 my, indicating, wi th in  exper imenta l  
error,  a negligible amount  of oxygen t ransport  by a 
molecular  process. 

Some of the effects of an applied electric field on 
the rate of permeat ion of oxygen through fused silica 
have also been invest igated (8). A schematic represen-  

820 
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of the permeation cell: 

tation of the permeat ion cell which was used is shown 
in Fig. 1. 

Corning 7940 fused silica having a negligible alkali  
ion content  was used for the membrane  and GE 204a 
fused silica tubing was used for the outside walls of 
the cell. The system was baked at 1000~ under  a 
vacuum for several  weeks to remove  the hydroxyl  
content  in the Corning 7940 silica. Other details of 
the exper imenta l  apparatus have been previously de- 
scribed (8). The application of a pressure of 10 -7 mm 
of oxygen on the mass spectrometer  side of the cell 
and 323 mm of oxygen on the opposite side at 1000~ 
under  open-ci rcui t  conditions yielded a permeat ion  
ra te  of 1.68 X 10 -12 cm 3 gas (STP) per sec for a 1 mm 
thick membrane,  per cm 2 area per cm Hg gas pressure 
difference. Interpolat ing Norton's  (9) oxygen permea-  
tion data through fused SiO2 to obtain a rate  of per-  
meation at 1000~ yielded a value  of 1.85 X 10 -12 wi th  
the above quoted units. These values are in excel lent  
agreement  and indicate the placing of sputtered pla t i -  
num electrodes on the SiO2 does not measurably  in- 
terfere  wi th  the permeat ion process. 

Open circuit  potentials were  developed when an 
oxygen pressure difference was applied across the 
silica. The calculated ionic t ransport  numbers  ranged 
between 0.40 and 0.53 varying with  the magni tude of 
the pressure difference. These voltages again indicate 
an ionic transport.  

The application of 6 Torr of oxygen to one side of 
the permeat ion cell and 10 -7 Torr  to the other  side, 
i.e., the mass spectrometer  side (see Fig. 1), yielded 
an ionic transport  number  of 0.40. Using this value 
and Faraday 's  laws, the amount  of oxygen due to ionic 
t ransport  was calculated at zero volts. The amount  
calculated per second was 8.2 X 10 -1~ g equiv, and 
the amount  measured using the mass spectrometer  was 
7.2 X 10 -13 g equiv. The difference between these va l -  
ues is wi th in  exper imenta l  error. Again indicating a 
negligible molecular  t ransport  compared to the ionic 
transport.  

Final ly  there  are many small  points in Raleigh's  
paper which are incorrect,  but are beyond the scope 
of this communication.  However ,  two of these minor  
points should be commented  o n :  

1. The  s ta tement  that  "oxygen ions ~vere involved 
in the oxidation of zinc" (10) is misleading in that  it 
infers that  diffusion of oxygen ions through ZnO is 
the ra te -de te rmin ing  step in the oxidation of zinc. The 
effects of an electric field on the oxidation of zinc place 
no restrictions on which ion is rate  l imit ing and the 
oxide may  form either at the zinc-zinc oxide interface 
or the ox ide-p la t inum electrode interface. 

2. An impure  SiO2 exhibits pure ionic conductivity,  
as the pur i ty  increases, the fraction of the ionic con- 
duct ivi ty  decreases. The h igh-pur i ty  SiO2 used in the 
permeat ion exper iments  and the SiO2 formed on the 
silicon had ionic t ransport  numbers  near  0.40. This 
fact causes Raleigh 's  model  for the stopping voltage to 
predict  a value greater  than 3v, which is unrealistic. 
Hence his model  to account for the stopping voltage 
is suspect. 

In conclusion, the application of an electric field 
across growing oxide layers can affect the rate  of oxi-  
dation. The voltage at which a react ion can be stopped 
is direct ly re la ted to the free energy of formation, and 
avai lable exper imenta l  evidence indicates that an 
ionic process could be the predominant  t ransport  
mechanism for oxygen through SIO2. However ,  the 
l inear  pressure dependence on the permeat ion and 
oxidation rates argues strongly for the diffusion of 
oxygen molecules, and this fact must  be proper ly  ac- 
counCed for in terms of ionic and electronic transport,  
before the conclusion can be made that  the prevai l ing 
mechanism of oxidation of silicon involves only ionic 
and electronic t ransport  processes. 
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The Anodic Dissolution of Electrodeposited Nickel 
P. A. Brook, D. B. Jenkins, and M. Saleem 

Department of Metallurgy, The University of Nottinflha~n, University Park, Nottingham, England 

The anodic dissolution of electrodeposited metals  
should revea l  details of their  s t ructure;  this note r e -  
ports some such observations. All  init ial  deposits were  
made on polycrystal l ine copper strip f rom a standard 
Watts nickel bath as described previously (1) except  
that  a current  density of 20 a m p / f t  2 for 2 hr was used. 
Af ter  preparat ion the deposits were  anodically dis- 
solved for various t imes at 20 a m p / f t  2 in an electrolyte  
of 100 g/1 NiSO47H20 or 100 g/1 NiCl~6H20 or N / l l . 9  

I4C1. After  dissolution the surface was examined by 
electron microscopy of carbon replicas. 

The as-plated surface showed the typical  pyramidal  
s t ructure previously  reported (1,2) .  For  the sulfate 
electrolyte,  the at tack appears as a general ized pit t ing 
for times of up to 1 min (Fig. 1), but wi th  increasing 
t ime the pits coalesce to form steps which run  paral le l  
to the basal edges of the pyramids (Fig. 2). Another  
fea ture  of the dissolution is the coalescence of the pits 
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Fig. 1. Nickel surface after 1 min dissolution. Magnification 
8000X. 

Fig. 2. Nickel surface after 2 min dissolution. Magnification 
8000X. 

across one pair of opposite pyramidal  edges causing 
the original pyramid to become more ridgelike. After  
10 rain the step spacing has increased to form ledges, 
and the breakdown of the pyramids has reached an 
advanced stage although in many  cases ridges are still 
clearly visible (Fig. 3). 

Dissolution in the chloride electrolytes produces 
similar effects, but  ledge formation is less well  defined. 

I t  appears that  dissolution does not  take place from 
the emergent  screw dislocation and the ini t ial  attack 
is, apparently,  random. However, at about 2 min  the 
process has assumed a crystallographic characteristic 
since the steps are parallel  to the pyramid basal edges. 
Hulett  and Young (3) have discussed step formation 

Fig. 3. Nickel surface after 10 rain dissolution. Magnification 
8000X. 

dur ing  the dissolution of (111) copper faces, and  they 
suggest that there is a threshold step spacing of about 
500-700A beyond which there is no interact ion between 
steps. The earliest discernible steps on the dissolving 
nickel faces occur after about 2 rain and their spacing 
is about 600A. This takes no account of the incl inat ion 
of the pyramidal  faces, but  for normal  values the step 
spacing will  be changed only to a small  extent. Once 
formed the steps interact  to form the ledges shown in 
Fig. 2. 

The side faces of the pyramids are not  smooth, and 
in some cases striations are visible as if the pyramids  
are formed by pil ing up of macrolayers.  

This seems to be confirmed by the present  results. 
The dissolution takes place from the edges of the 
macrolayers ini t ia l ly in  an apparent ly  random m a n -  
ner, but  later there is an ordered process forming visi- 
ble steps which move across the surface interact ing to 
form ledges. 

At the moment  it is not possible to explain the per-  
sistence of the ridges long after the main  pyramidal  
s t ructure has gone. 
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Electrochemical Studies on the Effect of Water 
in Nonaqueous Electrolytes 

A.  N.  Dey 

Labora tory  ior  Physical  Science,  P. R. Mal lory  & Company ,  Inc., Bur l ington ,  Massachuset ts  

The role of water  in nonaqueous e lectrochemistry  is 
not ve ry  wel l  understood. Al though problems related 
to the cathodic deposition of l i th ium f rom nonaqueous 
media containing water  have been reported (1), the 
questions as to whe ther  water  behaves like a solvent 
or a cathode active material ,  as to whether  wa te r  in-  
teracts with the electrolyte or the solvent, etc., are 
still quite  open. We report  here some exper imenta l  
results which provide answers to some of the above 
questions. 

The effect of water  on the cathodic discharge reac-  
tions in a nonaqueous medium was studied by del iber-  
ately adding known amounts  of water  to the electrolyte  
and carrying out galvanostat ic  and potential  sweep 
experiments.  The galvanostatic exper iments  consisted 
of imposing a constant  cathodic current  on the working 
electrode (placed in an H- type  cell) and recording the 
potential  of the electrode against a reference Ag wire  
electrode (placed within  0.5 cm of the electrode) as a 
function of time. The potential  sweep exper iments  con- 
sisted of imposing a l inearly varying potential  (with 
respect  to Ag wire reference)  on the electrode at var i -  
ous sweep rates, and recording the current  as a func-  
tion of potential  wi th  an X-Y recorder.  

Propylene  carbonate (PC) was used as a solvent and 
anhydrous LiC104 and Mg ( C 1 0 4 ) 2  a s  electrolyte salts. 
The initial concentrat ion of water  in the distil led PC 
was between 10 -3 to 10 -2 M/l i ter ,  as de termined by 
gas chromatographic  analysis. 

The cathodic galvanostat ic  t ransient  on a copper 
electrode in LiCIO~-PC gave rise to three  distinct 
plateaus (in the potent ia l - t ime curves) in the poten-  
tial ranges of --1.0 to --1.5, --1.5 to --2.5, and --2.5 to 
--3.0v vs. the Ag wire  reference before the l i th ium 
deposition potent ial  was reached. The above t ransient  
was found to be reproducible  when the electrodes 
were  chemical ly etched with  dilute HNO3 before every  
transient. On the del iberate  addition of water,  it was 
found that the length of only the second plateau (cor- 
responding to the potential  range --1.5 to --2.5v) in-  
creased, whereas  the other  two remained constant. The 
presence of O H -  was also detected on the electrode 
when the transient  was discontinued in the middle  of 
the second plateau by using the following simple test. 
The electrode was removed from the electrolyte and 
immedia te ly  placed in water  containing phenol-  
phthalein. The appearance of blue color on the elec-  
trode as well  as in aqueous medium showed that  there  
was enough LiOH (sparingly soluble in the electro-  
lyte) present on the electrode to change the pH of 
aqueous solution of phenolphthalein.  The above evi-  
dence led to the conclusion that  water  discharged on 
the copper electrode f rom the LiC104-PC system at a 
potential  corresponding to the second plateau in the 
galvanostatic transient.  The reasons for the first and 
the third plateau were  not very  clear at this stage. 
However ,  the lengths of the first and the third plateaus 
were  negligible compared to the length of the second 
plateau at higher  concentrat ions of water  (e.g., 1.0 
M/ l i t e r ) .  It was found that  i ~,~ (i is the cathodic cur-  
rent  density, and �9 is the transit ion t ime correspond- 
ing to the second plateau only) was independent  of i 
over a range of half a decade of current  density. The 
dependence of i ~;'~ on the concentrat ion of added water  
showed a very  interest ing property.  F igure  I ( A )  
shows a plot of iT  1/2 vs. the concentrat ion of added 
water  in 1M LiC104 in PC. There  was a sharp break  

3O 
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' ,~o ' ~.'o ' 
CONCI~NTR/~TIO~ OF /~ODE'D WATEI~ IN M / L I T E ~  

Fig. 1. Dependence of iT z/2 on the concentration of added 
water in (A) 1.0M LiCIO~ in PC, (B) 0.1M LiCIO4 in PC, and (C) 
0.SM Mg(CIO4)2 in PC. 

in the curve giving rise to two l inear regions having 
two distinctly different slopes. The slope at the lower 
concentrat ions of water  was much lower than expected 
on the basis of l inear diffusion (Sand's equation) (2). 
The diffusion coefficient calculated f rom the lower 
slope was of the order of 10-s cm2/sec whereas  it was 
of the order of 10 -6 cm2/sec at the higher  slope. The 
transit ion point (i.e., the concentrat ion at which the 
two lines intersect)  was reproducible  wi thin  __ 10%. 
The point of break appeared to depend on the con- 
centrat ion of LiC104. It  occurred at a lower  concentra-  
tion of added water  (0.33 M/ l i te r )  at lower  concentra-  
tions (e.g., 0.1M) of LiC104 [Fig. I ( B ) ] .  The t ran-  
sition point also depended on the nature  of the cation. 
In 0.5M Mg (C104)2, the transi t ion point occurred at 2.0 
M/ l i t e r  [Fig. 1 (C) ]. 

The results of the potential  sweep exper iments  were  
identical wi th  the above results. A distinct current  
peak corresponding to water  discharge in the potential  
range of --1.5 to --2.5v was observed. The peak cur-  
rent  i~, was found to be dependent  on the sweep rate, 
v, and ip/V ~'2 w a s  found to be independent  of the sweep 
rate at constant concentrat ion within the range exam-  
ined (200 to 50 mv/sec )  in conformity with the equa-  
tion (2) 

ip = AD~'~ Cv ';~ 

where  A is a constant for the part icular  system, D is 
the diffusion coefficient, and C is the concentrat ion of 
the discharging species. The plot of ip vs. C, the con- 
centrat ion of added water ,  showed the transi t ion point 
to occur [Fig. 2 (A) ]  at exact ly  the same concen- 
trat ion of added water  (1.45 M/ l i te r )  as was found 
in the galvanostatic experiment.  The dependence of 
the t ransi t ion point on the concentrat ion of the salt 
and the cation was also found to be similar  to that  
found in the galvanostatic expriments.  

The effect of the substrate on the transi t ion point 
was studied by using the potent ial  sweep method. Fig-  
ure 2 shows a plot of the peak currents  as a function 
of the concentrat ion of added water  on three sub- 
strates: Cu, Ni, and Pt. As is evident  from the figure, 
there  is no substrate  e f f e c t .  
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Fig. 2. Dependence of peak current (ip) at a sweep rate of 200 
mv/sec on the concentration of added water in 1M LiCIO4 on (A) 
copper, (B) nickel, and (C) platinum substrates. 

An interpre ta t ion of the above exper imenta l  results 
in terms of a change of diffusion coefficient of the dis- 
charging species wi th  concentrat ion appears to be 
ra ther  improbable.  Considering the fact that water  
was the discharging species corresponding to the peaks 
and plateaus of the potential  sweep and galvanostatic 
experiments ,  respectively,  a simple in terpreta t ion of 
the above results can be given as follows. The affinity 
of water  for cations is well  known in aqueous solutions 
(3). It can be s imilar ly postulated that  water  interacts  
wi th  the dissolved salts in the nonaqueous medium to 
such an extent  that it may not discharge, depending 
on the sa l t /wa te r  ratio. When sufficient wa te r  is added 
to satisfy the hydrat ion requi rements  of the salts, the 
excess water  can discharge normally,  giving rise to a 
sharp break in the iTY2 vs. C or i ,  vs. C curves. The 
bound water  would behave differently f rom the free 
water  both electrochemical ly  and physically. 1 The de- 

1 T h e  d e c r e a s e  i n  t h e  d i f f u s i o n  c o e f f i c i e n t  o f  w a t e r  d u e  t o  i t s  Jl~- 
t e r a c t i o n  w i t h  t h e  c a t i o n  d o e s  n o t  a p p e a r  t o  b e  v e r y  l i k e l y  a s  t h e  
d i f f u s i o n  c o e f f i c i e n t s  14* o f  a n u m b e r  o f  s a l t s  i n  a q u e o u s  m e d i u m  
a r e  o f  t h e  o r d e r  o f  i 0  -~ c m ~ ' s e c .  

pendence of the transit ion point  on the concentrat ion 
of the added salt can be explained by this hypothesis. 
The divalent  Mg + + ion is known to be hydra ted  more 
strongly than the monovalen t  Li + ion. Therefore,  a 
s tronger interact ion would  be expected in 0.SM Mg 
(C104)2 than in 1M LiCIO~, if  cations are involved in 
the interaction. Al though the concentrat ion of C104- 
was identical  in both 1M LiC104 and 0.5M Mg(C104)2, 
the t ransi t ion point increased f rom 1.45 to 2.0 M/ l i t e r  
in going f rom LiC104 to Mg (C104)2. This indicates that  
the cations ra ther  than the anions part icipate in the 
interactions between the water  and the dissolved salts 
in PC. However,  interactions wi th  the anions cannot 
be ruled out. 

The above interactions consti tute a bulk phenome-  
non, and no substrate effects would be expected, as 
was found to be the case. More detailed results con-  
cerning this phenomenon wil l  be reported in a subse- 
quent  paper. 
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Silicon Nitride Films by Reactive Sputtering 
S. M. Hu and L. V. Gregor 

IBM Components Division, East Fishki~l Facility, Hopewel l  Junction, N e w  York  

ABSTRACT 

Silicon nitride films (from 500 to 7500A in thickness) have been deposited 
on silicon and silicon dioxide by reactive sputtering of a silicon cathode in a 
N2 glow discharge. Both d-c and rf sputtering have been investigated. Physical 
and chemical properties of silicon nitride films prepared by sputtering were 
examined in reference to the process variables. The rate of deposition was 
aDDroximately proportional to the square root of rf power density. Film den- 
sity increased with power density, and decreased with gas pressure. Optimum 
gas pressure was in the range 3-10 x 10 -3 Torr. Higher pressures resulted 
in less dense and electronically leaky films. Dielectric constant and etch rate 
in HF solution appeared to correlate well with film density. Residual pres- 
sure higher than I-2 x 10 -6 Torr was found to have a most detrimental effect. 
Argon and nitrogen gas mixtures resulted in excess silicon incorporation in 
the deposited nitride films. 

Silicon dioxide has for the past several  years been 
the most impor tant  mater ia l  to serve the mul t ip le  
function of insulation, passivation, and diffusion mask-  
ing. Because of its chemical  nature and its s t ructural  
characteristics, there are a number  of shortcomings 
inherent  in silicon dioxide. The most serious of these 
is its low resistance to diffusion of certain impuri t ies  
and to field migrat ion of ions, which causes instabil i ty 
and deter iorat ion of surface characterist ics of elec- 
tronic devices, and, in particular,  field effect devices. 
F rom the propert ies of crystal l ine silicon ni tr ide one 
may extrapolate  to the general ly  superior propert ies 
of amorphous silicon ni tr ide compared to silicon diox- 
ide, except for higher electronic conductivity.  

Precisely because of its desirable high resistance to 
the diffusion of atomic, molecular,  or ionic species, 
silicon ni tr ide cannot be grown on a silicon substrate 
by thermal  nitridation, ei ther in ni t rogen or in an-  
hydrous ammonia, in contrast  to the thermal  oxidat ion 
of silicon in oxygen and in steam. Exper iments  wi th  
thermal  ni tr idat ion (1) and plasma anodization (2) 
failed to produce coherent  silicon ni tr ide films on sili- 
con substrates. In addition, thermal  ni tr idat ion or oxi-  
dation has a l imitat ion on the scope of its use to silicon 
only. A deposition method thus seems to be a more 
logical approach. 

Sterl ing and Swann (3) and Doo et al. (4) have 
succeeded in the deposition of continuous amorphous 
silicon ni t r ide films by means of vapor  phase react ion 
of silane and anhydrous ammonia.  At  the same t ime 
the authors and Pennebaker  (5) also succeeded in ob- 
taining continuous silicon nitr ide films, proper ly  
identified as silicon ni t r ide (dielectric constant 6.0-7.0; 
IR absorption band at 11.5-12~) by means of d-c and 
rf  react ive sputtering, respectively.  Recently,  others 
have described various processes for depositing silicon 
ni tr ide (6). 

Sput ter ing  deposition of insulat ing-passivat ing films 
over  semiconductors is a process which involves more  
difficulties than the sput ter ing of metal  films. Some of 
these are: (i) most insulating films are chemical  com- 
pounds ra ther  than elements,  and thus there is the 
problem of the control of the s toichiometry of the 
films; (ii) although impuri t ies  affect the resist ivi ty of 
metal  films considerably, this is a re la t ively  small  ef-  
fect except  for superconductive films; the conduct ivi ty  
changes in insulators, however ,  caused by the presence 
of impurities,  is general ly  several  orders of magni tude;  
(iii) there is also a surface charge problem arising 
f rom one or a combination of the following: substrate 
surface damage, t rapped impurities,  interface mis-  
match, and interfacial  stress. In addition, there  is an-  
other fact that  sets silicon nitr ide apart  f rom silicate 
glasses: The high mel t ing point, high hardness, and 
essentially covalent  nature,  make thermal  anneal ing 

almost impossible. To unders tand these many  complex 
problems and to re la te  them to parameters  of the 
sput ter ing process, various propert ies of the films, such 
as carr ier  injection, electric conduction, ion migrat ion 
and impuri ty  diffusion, surface charge and t rapping 
centers, etc., should be studied. 

React ive sput ter ing has been used to prepare  oxide 
glasses (7, 8). It is a logical extension that  silicon 
nitr ide may also be prepared by react ive sput ter ing in 
a ni trogen plasma. However ,  there  is an addit ional  fac- 
tor: the possible contaminat ion of the system by oxy-  
gen, because oxygen is much more react ive than ni t ro-  
gen. This is much more crit ical  to d-c sputter ing than 
rf sputtering, as was found out in the course of this 
work. In the case of react ive ly  sputtered silica, al-  
though Sinclair  and Peters  (7) found that  the infrared 
absorption spectrum and the refract ive  index as well  
as the density of the film to be the same as ordinary 
fused silica, they found the dielectric s t rength to be 
less than 106 v - c m  -1, which is only 20% of the dielec- 
tric s trength of the thermal ly  grown silicon dioxide 
film. These they believed were  caused by microscopic 
flaws in the thin films. 

High- f requency  fields were  first used by Anderson 
et al. (9) and Davidse and Maissel (10) for sputter ing 
of dielectric targets, to enable the neutral izat ion of 
the ion-bombarded dielectric surface via displacement 
currents. In addit ion to its original ly intended use for 
dielectric sputtering, t the r f  sput ter ing process in-  
volves a number  of interest ing characterist ics which 
make it advantageous for physical and react ive sput-  
tering of metals  and semiconductors as well. These 
features were found f rom a comparison of the results 
of dc and rf sputter ing of silicon nitride. 

Experimental 
Three different exper imenta l  systems were  used in 

this investigation. The first, which was employed for 
dc react ive sputtering, was constructed of glass. The 
second system consisted of a stainless steel bell  jar, 
and both d-c and rf  sput ter ing were  studied. The third 
system was constructed solely for rf  sputtering, and 
consisted of a cylindrical  glass bell ja r  wi th  a luminum 
top and base plates. Most of the results discussed were  
obtained with the lat ter  system. The system is gen-  
eral ly similar  to that  described previously (10), ex-  
cept that the dielectric target  has been replaced by a 
polycrystal l ine silicon disk, 4 in. in diameter,  and 1/4 
in. in thickness, soldered to the cathode (see Fig. 1). 
The cathode was water-cooled  to reduce gas evolu-  
tion. Although the rf  field applied to the "cathode" 
was wi th  respect  to ground, the cathode potential  was 
actually formed because of the very  low mobil i ty  of 
posit ive ions. The dark space is a function of pressure 
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Fig. 1. Schematic diagram of rf sputtering apparatus. 

S I L I C O N  N I T R I D E  F I L M S  B Y  S P U T T E R I N G  

and applied voltage. It was always visible in d-c sput-  
tering, but it was not visible in rf  sputter ing with  zero 
magnetic field. In a field of ~12 gauss caused by a 
permanent  r ing magnet  below the cathode, however ,  
the dark space was again very  clearly visible. With or 
wi thout  a magnet ic  field, a glow discharge could be 
sustained at pressures as low as 2 • 10 -3 Torr, al-  
though it was necessary to start  the discharge by 
auxi l iary  means (usually a high f requency Tesla coil 
applied to a window of the sputter ing chamber) .  In 
both d-c and rf  operation, the chamber  and the sub- 
strate pedestal  were  all grounded. 

Nit rogen was used in all  cases except  where  other  
gases are specifically mentioned. To study the effect 
of mixing wi th  other gases, each of the gases used was 
first passed through a flowmeter, and then mixed to- 
gether  and branched to the exhaust  and the system 
respect ively  through two needle valves. Ni t rogen used 
contained less than 1 ppm of water  and oxygen. To 
minimize gas contaminat ion during sputtering,  ad- 
vantage was taken of purging with  high throughput  
to maintain  system pressure, i.e., the pumping system 
was not throt t led during sputtering. 

Fi lms were  usual ly deposited on polished silicon 
substrates except for samples prepared for uv absorp- 
tion spectroscopy, in which case the films were  de-  
posited on fused quartz plates, anal some samples were  
deposited on various special substrates for other pur -  
poses. Typical  examples of such substrates are oxidized 
silicon, gal l ium arsenide, germanium,  various glasses, 
and metal l ic  substrates including aktminum, copper, 
gold, and molybdenum. Sat isfactory adherence was 
obtained for these substrates, a l though adhesive force 
and interfacial  stress had not been measured. The sili- 
con substrates used were  of 5-10 and 0.012 o h m - c m  
resis t ivi ty respect ively (both p-  and n- type) ,  the 
former  being for prepara t ion of films for surface stud- 
ies and infrared spectroscopy; the lat ter  being for in-  
vest igat ion of electric and dielectric properties.  The 
HC1 vapor-pol ished surface of these substrates was 
cleaned by means of collodion stripping, which was 
found to be an excel lent  method for minimizing sur-  
face contamination.  The cleaning of the substrates was 
found to be absolutely essential in producing good 
qual i ty  films. 

The f requency of the rf  field was 13.6 MHz. The rf 
wave  was fed to the cathode through an impedance 
matching circuit  (10). Since sput ter ing power  density, 
expressed in watts  per cm 2 of cathode, and peak- to -  
peak vol tage are in ter re la ted  and dependent  on gas 
pressure, system geometry,  and rf  frequency,  the 
power density was chosen as the controlled factor 
whi le  the peak- to -peak  vol tage was measured.  The 
choice was only a mat te r  of convenience.  However ,  the 
choice of peak- to -peak  voltage as an independent  
var iable  to be controlled may be more compatible wi th  
the d-c sputter ing process and more suitable for theo-  
ret ical  analysis, especially fol lowing the established 
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practice in d-c sputtering.  The  floating d-c  vol tage at 
the cathode during rf  sput ter ing could not be con- 
trolled independent ly  and is de termined  pr imar i ly  by 
the rate  of generat ion and drif t  velocit ies of the posi- 
t ive  ions in the plasma. This d-c vol tage could not be 
measured accurately. However ,  measurement  wi th  a 
high voltage probe showed it to be more than 90% 
of the ha l f -peak  vol tage  above ground. In  the cases 
studied, the m a x i m u m  floating potent ial  at the sub- 
strate surface was --~ --40v. 

Results and Discussion 
D-c vs. r~ reactive sputtering.--Although it is not 

cer ta in  that  wha t  is t rue  for the react ive  sput ter ing of 
silicon ni t r ide  may be applicable to the reac t ive  sput-  
ter ing of other  insulator  films, it is quite  clear that  rf  
react ive  sput ter ing gives superior  results to d-c  re-  
act ive sput ter ing for- the deposition of silicon ni tr ide 
films. With d-c react ive sputtering,  oxygen contamina-  
tion was found to be a problem difficult to eliminate.  
The oxygen did not  come f rom the ni t rogen gas used, 
since analysis showed the ni t rogen gas to contain ~1 
ppm each of oxygen and water .  Fur the r  purification 
of the n i t rogen gas by passing it through a silica tube 
filled with  copper turnings heated to 700~ for r emov-  
ing oxygen fol lowed by passing it through a cold trap 
for removing  moisture  did not show any improvement .  
Fur thermore ,  the glass sput ter ing system seemed to 
show lesser tendency toward oxygen contamination,  
while  in the a l l -meta l  sputter ing system, the oxygen 
contaminat ion was predominant .  In rf  sput ter ing with  
the a l l -meta l  system, oxygen contaminat ion did not 
occur under  normal  conditions. Intent ional  incorpora-  
t ion of 1% of oxygen into the ni t rogen s t ream did not 
give any appreciable amount  of s i l icon-oxygen bonds 
detectable by infrared spectroscopy, a l though its ef-  
fects on such propert ies as electronic conduction, car-  
r ier  t rapping and etching rate  in HF solution have not 
yet  been established. 

From these observations, it appeared that  the con- 
taminat ing oxygen or oxygen bearer  (H~O, CO, etc.) 
might  have come f rom the wal l  of the sput ter ing 
chamber.  The evolut ion of these gases might  have  been 
caused by negat ive ion bombardment .  A glass cham-  
ber wal l  would accumulate  negat ive charges as a result  
of negat ive  ion bombardment  and become self-biased 
wi th  respect to the ground, unt i l  it reached a static 
potent ial  high enough that  fur ther  ion bombardment  
became negligible. In the case of rf sputtering,  the 
peak- to -peak  voltage was usual ly in the range of 2 
kv, and the net  dc vol tage across the dark space was 
below 1 kv. On the other  hand, because of much lower 
sput ter ing rate, it was necessary to use higher  voltages 
in the d-c sputtering,  usual ly in the range  of 2-4 kv. 
No quant i ta t ive  data are avai lable concerning the rel-  
at ive negat ive ion concentrat ions in the d-c  and rf  
glow discharge, nor about the excited species of n i t ro-  
gen in the two cases. 

The difference in the net  d-c voltage across the 
anode and the cathode be tween  the d-c and the rf 
sput ter ing also appeared to cause a film damage prob-  
lem, to the disadvantage of the d-c sputtering. The 
film damage was most probably caused ei ther  by nega-  
t ive ion bombardment ,  or electron bombardment ,  or 
both. This damage exhibi ted itself in various forms, 
such as high film leakage current,  surface charge, and 
more  obviously, in some ex t reme cases, as a grain-  
tex tured  film surface observable by electron micros-  
copy. Unfor tunate ly ,  a h igher  d-c vol tage was needed 
because of the low deposition rate in d-c sputtering,  
due to the ex t remely  low efficiency in the d-c glow 
discharge. Figures 2 and 3 show the surface tex ture  
of deposited silicon ni tr ide films by d-c and rf re -  
active sputtering, respectively.  

Another  phenomenon usual ly observed in high vol t -  
age d-c  sputter ing was the appearance of an absorp-  
tion band at 4.7~ in the IR spectra. It  is not  clear  
whe ther  this was caused by negat ively  charged par-  
ticle bombardment .  The possible chemical  consti tuents 
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Fig. 2. Surface texture of silicon nitride film by dc sputtering 

14C 7.0 
PRESSURE: 4 x IO'3TORR 
SPACING: 4cm x 
MAG. INTEN,: 12 GAUSS AV, / "  }2C S.O FREQ.: 1.36 x 107 HZ. / 
SUB. TEMP,: 250~ i - /  

~ I00 f 5.0 

"~ / RATE OF 
z / DEPOSITION -~ 0 80 / 4.0 o< 

G. 
6 0  3 .0  

/ ~  ETCH RATE IN 7:1 

w 
40 o 2.0 

20 ! .0 

~ SOLN 25*C 

O0 li.O 2'.0 3'.0 4'0 S.0 
POWER DENSITY, W/cm 2 

Fig. 4. Effect of power density on deposition and film etch rates 
in HF. 

Fig. 3. Surface texture of silicon nitride film by rf sputtering 

that might  give rise to this absorption band include 
Si -- N, Si - -H,  N = S i = O ,  N = C = O ,  C = N ,  N = N = N ,  
etc. One cannot rule  out the presence of oxygen and 
oxygen bearers  such as water,  as well  as carbon con- 
stituents mainly due to the presence of contaminat ion 
hydrocarbons and their  ions. The much higher rate of 
deposition, the absence of oxide contaminat ion and 
film damage, and the improved chemical  and physical 
propert ies of silicon ni tr ide films prepared by rf re-  
active sputter ing led to the choice of the rf process as 
the method to be studied in detail. The rest of the 
data to be presented pertain to rf react ive sputtering. 

Effect of power density.--In rf react ive sputtering 
the power density had mult iple  and in ter re la ted  ef-  
fects on such properties as film density, film etch rate  
in hydrofluoric acid solutions, film conductivi ty,  di- 
electric constant, surface charge at the silicon-silicon 
nitr ide interface, C-V hysteresis of MIS devices, as 
well  as rate  of deposition. 

At a fixed N2 pressure, the rate of deposition was 
approximate ly  proport ional  to the square root of the 
power density. There was also indication of a thresh-  
old power  density for film deposition. At 4 x 10 -~ 
Torr, the rate of deposition is shown in Fig. 4. It  
should be noted that  the rate  of deposition wil l  depend 
strongly on the geometry  of the sput ter ing system, 
and in part icular  on the diameter  of the target  and the 
spacing between the target  and the substrate. Hence, 
the results shown in Fig. 3 can only be regarded as a 
typical  example.  In this case, the target  had a diam- 
eter of 10 cm, and the spacing was 4 cm. Scaling to 
another  system cannot be readi ly  calculated, but in 

general, the efficiency of both sputter ing and deposi- 
t ion will  increase wi th  target  diameter,  unti l  it 
reaches a l imit ing value for electrodes of infinite di-  
ameter.  

Etch rate is a very  sensitive indicator of both chemi-  
cal and s tructural  propert ies of an amorphous solid. 
For example,  the etch rate  in dilute HF  solution has 
been found to be direct ly re la ted to the phosphorus 
concentrat ion in a phosphosilicate glass film (2). The 
etch rate of an amorphous film, such as silicon nitride, 
in dilute HF solution varies over  a ve ry  wide  range. 
It goes up drast ically when the film becomes s truc-  
tural ly  looser. It is apparent ly  related to the film den- 
sity. One sees f rom Fig. 3 that  the etch rate at 25~ of 
sput tered films in 7:1 buffered HF solution (7 parts 
40% NH4F aqueous solution and 1 part  49% HF aque-  
ous solution) goes up sharply when the power  density 
is below 1.0 w / c m  2. When the etch rate  is below 1 
A/see,  as is the case wi th  typical  silicon ni t r ide films, 
practical problems arise in photol i thography when the 
film is applied to device manufacturing.  On the other  
hand, the low etch rate is an indicator of the good 
quali ty of a nitr ide film. It has been observed that  
films with etch rate  (in 7:1 HF solutions at 25~ of 
10 A/see  or higher  failed to mask diffusion of steam, 
oxygen, and certain dopants. Such films were  also 
electr ical ly conductive. 

The pr imary  effect of the power  density was its re -  
lationship with the kinetic energy of the depositing 
particles as well  as negat ive ion bombardment .  The 
floating d-c potential  at the "cathode" with  respect  
to the ground can be given by an empir ical  formula  
w = kV 2, where  w is the power  density and 11 is the 
space charge potential.  The factor k is a complicated 
function of other parameters  such as system geometry,  
gases used, pressure, etc. The increase in power den-  
sity results in the deposition of denser films. This is 
shown in Fig. 5. The film density of react ively sput-  
tered silicon nitr ide was thus approximate ly  2.8 g / cm ~ 
when deposited at power density below 1.0 w / c m  2, 
and increased to about 3.0 g / cm 3 at power  density 
higher  than 2.5 w / c m  2. The density was determined by 
differential  weighing technique using a Cahn micro-  
balance. The substrate was vapor  polished silicon. The 
films were  deposited to thicknesses of 3500-5000A. The 
differential weighing technique gave an error  of 
<0.5% of the net film weight.  However ,  the over -a l l  
error  was est imated to be approximate ly  ___2%, arising 
mainly  from thickness measurement  using Tolansky 
in terferometry .  The crystal lographic density of both 
~- and /~-silicon nitr ide is 3.18 g / cm z (11, 12). Thus, 
the deposited amorphous films of silicon nitr ide were  
somewhat  s t ructural ly  looser. This seems to confirm 
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the previous hypothesis (13) that  shifting of the in-  
f rared absorption band f rom 10.7~ for crystal l ine 
E-silicon nitr ide to ~12.0~ for amorphous films of sili- 
con nitr ide was the result  of the s t ructural  looseness of 
the amorphous films. Indeed, the s t ructura l  looseness 
of the deposited films affected not only the etch rate  
of the films in HF solutions and the position of the 
infrared absorption band, but also the barr ie r  to im-  
pur i ty  diffusion, inject ion and t rapping of charge 
carriers,  as well  as dielectric constant of the films, 
which will  be discussed in a later section. 

However ,  there is a major  de t r imenta l  effect in the 
use of high power density, which is the deter iorat ion 
of silicon surface properties. The total  surface charge, 
as measured f rom the C-V characterist ics of MIS de- 
vices made of the sput tered silicon ni t r ide films, was 
observed to increase wi th  sput ter ing power density. 
When the power  density was below 0.64 w / c m  2, the 
surface charge was about 0.5-1.0 x 1012 e / c m  2, which 
is defined as the n-shif t  of the silicon surface. At a 
power density of ~1.2 w / c m  2, the surface charge in 
silicon (with respect to the flat band condition) was 
~3  x 1012 e/cm". When the power density was in- 
creased to 2.5 w / c m  2 and above, the surface charge 
was 10 ~a e / c m  2 or larger�9 Quite f requent ly ,  at this 
higher  power level, a t ransi t ion in the C-V curve  
could not be obtained due to the dielectric breakdown 
of the nitr ide films, indicating a surface charge den-  
sity of greater  than 3.5 x 10 la e / c m  2. This surface 
charge general ly  could not be significantly reduced by 
anneal ing processes. In fact, there were  a few samples 
in which the n-shif t  was seen to increase somewhat  
after annealing. This is in certain respects similar  to 
what  has been observed in thermal  silicon dioxide-  
silicon interfaces, where  the n-shi f t  increases after  
450~176 hea t - t r ea tment  and is general ly  thought  
to be due to the the rmal  decomposition of certain oxy-  
gen-bear ing  complexes into electr ical ly active centers  
(14). 

There appeared to be at least one bit of evidence 
in support  of the hypothesis of part icle bombard-  
ment - induced  surface charge. A sample prepared  at 
3/4 in. distance showed a surface charge density of 
>1.5 -- 2 x 1013 cm -2 by means of MIS C-V measure- 
ment. The silicon nitride film was then stripped off, 
and the surface conductivity was measured by means 
of a three-point probe. An increase was found in car- 
rier density at the surface to ~ i0  Is cm -~, assuming a 
100A accumulation layer. This value is an order of 
magnitude lower than the charge found from the MIS 
C-V measurement before the silicon nitride film was 
stripped off. Although small, the increase in conduc- 
tivity was definite. 

An electron photomicrograph was taken of the sili- 
con surface after the silicon nitride film was carefully 
removed to just expose the bare silicon. No structural 
damage was observed in the micrograph. 

Ef]ect oS residual pressure.--The residual  back-  
ground pressure of the vacuum system was found to 
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be one of the most de t r imenta l  factors affecting var i -  
ous propert ies of the silicon ni tr ide films. It  is be- 
l ieved that  the det r imenta l  elements associated with  
high residual pressure are hydrocarbons or other  
molecules f rom the pump fluids. A residual pressure of 
10 -8 Torr  was sufficiently high to be harmful .  At a 
residual  pressure of 3-5 x 10 -6 Torr, the damaging 
effect on the silicon ni t r ide  films became mechanical ly  
observable.  In the worst  case, poor adhesion of the 
sput tered film to the silicon substrate resulted. The 
films could be scratched with  stainless steel points, 
and occasionally even dis integrated dur ing the HF 
etching process. Gradual  decomposit ion and deposi- 
tion of organic mater ia ls  on the sput ter ing chamber  
walls and the back s t reaming of pump fluids made it  
impera t ive  that  the sputter ing system be periodical ly  
and f requent ly  cleaned. 

At a lower degree of contaminat ion due to the same 
cause ment ioned above, poor adhesion might  not be 
detectable by mechanica l  testing. However ,  w h e n  the 
samples were  subject  to heat  t rea tment  at 1050~ for a 
period of 30 min, "blisters" i.e., film separations, 
developed and some blisters appeared to have  ex-  
ploded and left  microscopic openings behind (see Fig. 
6.) At a still lower  background pressure, ne i ther  poor 
adhesion nor  blisters were  observed. However ,  more 
subtle effects on propert ies such as electric conduc- 
tivity, carr ier  t rapping and dielectric hysteresis could 
not be ruled out. In addition, the resistance to im-  
puri ty diffusion was also affected. Samples prepared 
under  the conditions of a contaminated  sput ter ing 
system failed to mask diffusion of zinc, gall ium, steam, 
and even phosphorus. As might  be expected, the un-  
controlled contaminat ion also great ly  increased the 
dissolution rate  of the film in HF solutions. In con- 
clusion, to obtain good films, the residual  pressure 
should be below 10 -6 Torr  and no organic mater ia ls  
or vacuum grease, etc., should be present in the sput-  
ter ing chamber.  

Mass spectrometric  analyses of the gases before and 
dur ing the sput ter ing showed most gaseous impuri t ies  
to be CH4, CO H20, C and CO2. Little, if any 02 was 
observed. 

Oxygen contaminatio~.--Formerly, it was thought  
that very  small amounts of oxygen or wa te r  in the 
ni t rogen would be deleterious to the ent ire  sput ter ing 
deposition process, because it was bel ieved that  oxygen 
and water  are much more react ive than ni t rogen in 
the glow discharge. Hence, in ear l ier  exper iments  

Fig. 6. Blisters in silicon nitride film caused by high background 
pressure. 
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with  d-c sputtering, care was taken to purify the ni-  
t rogen gas by first passing it through copper  turnings 
in a quartz  tube at 700~ fol lowed by freezing out 
residual moisture and condensable mater ia ls  in a l iq-  
uid ni t rogen trap. Analyses of the line ni t rogen before 
purification, however ,  showed oxygen and wa te r  to 
be present at less than 1 ppm. Hence, it was supposed 
that  the contaminat ing oxygen and water  must  have  
come f rom the walls of the sput ter ing chamber  (c.f. the 
discussion in the section of d-c vs. r f  sput ter ing) .  To 
test how much more react ive oxygen is than ni t rogen 
in an a t tempt  to unders tand the react ive sput ter ing 
mechanism, oxygen was incorporated into the ni t rogen 
s t ream at volume concentrat ions f rom 1 to 5%. At  
1.0% oxygen concentrat ion (total pressure 18 x 10 -3 
Torr, spacing 1�89 in., power  density 4 w/cm2) ,  a film 
was obtained which showed the regular  IR band due 
to Si-N bond stretching (12tD, and very  little, if any, 
Si-O constituent.  The band at 4.6-4.7u again showed 
up, s imilar  to the case of high vol tage d-c react ive  
sput ter ing (2-5 kv) .  A mix ture  of Si-N and Si-O was 
observed with 2% O2 in N2 sput ter ing gas. When the 
oxygen content  was increased to 5.0%, the film formed 
showed an IR band characterist ic of Si-O stretching 
(9.4u) and little, if any, Si-N band. 

Effect of gas pressure.--It  was found that  the gas 
pressure was very  cri t ical  to the qual i ty  of the films 
deposited. No good qual i ty  films have  been obtained 
with  pressure greater  than 40 x 10 -3 Torr  in rf reac-  
t ive sputtering. In d-c sputtering, unfor tunately ,  the 
gas pressure used had to be of this magni tude  or 
higher  because of the very  inefficient collision of elec-  
trons with gas molecules in a d-c field, which is es- 
sential to the sustention of the ionization process. At 
high gas pressure, especially in rf  reac t ive ly  sput ter-  
ing where  the floating d-c voltage is low (1.0-1.5 kv ) ,  
the films deposited were  general ly  very  leaky elec- 
trically, and the etch rate was of the order  of 10 A/sec  
in 7:1 buffered HF solution at 25~ The films failed to 
block diffusion of cer ta in  impurities,  including steam 
and oxygen at high temperatures.  The  surface charge 
was seemingly low wi th  the increase of gas pressure. 
However ,  larger  C-V hysteresis in MIS devices was 
observed. F rom Fig. 7, it is seen that  the etch rate of 
the deposited films increased drast ically wi th  the in-  
crease of gas pressure beyond 20 x 10 -3 Torr. This 
could not be a t t r ibuted to the lower ing of the film 
density alone. There is reason to bel ieve that  more 
impuri t ies  were  t rapped in the films during the dep-  
osition. The density of the deposited films general ly  de- 
creased with the increase of gas pressure, as is seen in 
Fig. 8. As the gas pressure decreased be low 2.5 x 10 -3 
Torr, the efficiency of ionization became great ly  re-  
duced, and one started to observe the spreading of the 
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plasma over the ent ire  sput ter ing system. The average 
magnet ic  field in this case was 12 gauss. Reasonably 
stable glow discharge could be mainta ined down to 
2.0 x 10 -3 Torr  wi th  this magnet ic  field intensity.  
However ,  at this low ionization efficiency, the ra te  of 
deposition decreased sharply. The density of the de- 
posited film also decreased abruptly.  It should be 
noted that  with 1.27 w / c m  2 power  density, the cathode 
d-c floating potential  did not change significantly with 
gas pressure. The var ia t ion was f rom ~1.4 kv  at 28 x 
10 -3 Torr  to 1.6 kv  at 2 x 10 -3 Torr. F rom this ob- 
servation, it can be argued that  negat ive ion bombard-  
ment  played an important  role in densifying deposited 
films during sput ter ing at high power  density, for one 
would expect  the sput tered part icles to be more  ener -  
getic in the 2 x 10-3 Torr  case, while  the concentrat ion 
of the negat ive ions might  be much lower. Thus, less 
negat ive ion bombardment  caused the film to be some- 
what  less dense at ex t remely  low pressure, 

The rate of deposition was re la t ive ly  constant in 
the pressure range 4 to 20 x 10 -3 Torr  under  described 
conditions, and dropped off rapidly at the low pres-  
sure end, whi le  it dropped off more slowly with  in-  
creasing pressure. 

With increased magnet ic  field of, for example,  100 
gauss, the ionization efficiency and stabil i ty of glow 
discharge at low pressure probably  could be improved.  

Reactive sputtering in argon and nitrogen rrdxture. 
- -E xpe r im en t s  were  made with  react ive sput ter ing 
of a silicon cathode in mixtures  of argon and ni t rogen 
with  various percentages of ni t rogen concentration. 
It was found that  two dist inctive phases were  obtained 
by react ive sput ter ing in a A -F N2 mix ture  of below 
5% N2 and above 10% N2. Above 10% N2, the films 
obtained were  t ransparent  and insulating. The infrared 
absorpt ion band remained pract ical ly unchanged at 
12.0t~. Below 5% N2, the films obtained had a metal l ic  
lustre and were  semiconducting. The infrared absorp- 
tion band was shifted to ~13-14~, and considerably 
broadened (Fig. 9). This deposit  of silicon ni tr ide is 
bel ieved to be the dispersed phase of Si-N in an amor-  
phous mat r ix  of silicon. An MIS s t ructure  of such a 
phase deposited on a p- type  silicon substrate showed 
a p- i  diode characterist ic,  i.e., i oc exp qV/2kt ,  in the 
fo rward  bias sense. 

The i -V characterist ics of films deposited in these 
gas mixtures  is shown in Fig. 10. One sees tha t  the 
films became progress ively  more conduct ive wi th  the 
decrease of ni t rogen concentration. This seemed to 
imply the non-s to ichiometry  of the films sputtered in 
mixtures  of N2 -F A. Measurement  of the dielectric 
constant of the deposited films also showed a t rend 
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of increase with decreasing ni t rogen concentration, 
indicat ing excess silicon incorporat ion at lower end of 
the ni t rogen concentrat ion in  the N2 -F A mixture.  

Dielectric constant of sputtered silicon nitride fi~ms. 
- - T h e  dielectric constant  of silicon ni tr ide films Was 
given as 6.5 in an earlier work (13). Apparent ly ,  the 
films on which the measurement  of the dielectric con- 
stant  was based earl ier  were somewhat less dense, and 
there was evidence of trace contaminat ion of silicon 
dioxide. More extensive evaluat ion of the dielectric 
constant of films deposited under  various conditions 
indicated that  no unique  value existed for the amor-  
phous silicon ni tr ide films. It  varied widely with con- 
ditions under  which the films were formed, and may 
range from 6.2 to 8.5. If an average range should be 
given, it would probably be 7.5-8.0. For example, films 
deposited with various power densities, and otherwise 
similar conditions appeared to have their  dielectric 
constant  increased, ini t ia l ly rapidly, to a l imit ing value 
of 8.2-8.5 (Fig. 11). The reason is apparent ly  the dif- 
ference in the density of the various films formed. A 
plot of the dielectric constant  of various films, pre-  
pared under  conditions of various power densities and 
gas pressures, against the film density is shown in Fig. 
12. Assuming the constancy of all types of polariza- 
bil i ty in the ni t r ide films involving no physical in ter -  
action nor variat ion of chemical constituents,  a curve 
of dielectric constant  vs. film densi ty based on the 
Clausius-Mosotti  equation is also shown in Fig. 12 for 
comparison. The curve was calculated using the crys- 
tallographic density of 3.18 g/cm 3 (11, 12), and a di- 
electric constant  of 9.4 (15) for the crystal l ine ma-  
terial. It  is seen from this plot that the dielectric con- 
stant seems to be consistently higher than would be 
predicted from a simple Clausius-Mosotti  relationship. 
Three possible causes may be reasonable for this high 
dielectric constant:  (i) the increase of molecular  and 
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Fig. 11. Effect of power density on the dielectric constant of 
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dipole polarizabilities due to looser structure;  (ii) the 
presence of shallow impur i ty  levels i n  the amorphous 
films causing higher electronic polarization; and (iii) 
the possible inclusion of silicon. The first and the sec- 
ond causes are believed to be more l ikely for films 
deposited in pure nitrogen. 

Ion and impurity migration in silicon nitride films 
and silico~ nitride-silicon dioxide composite fi[ms.--A1- 
though little data were available in the l i terature  con- 
cerning the migrat ion of ions and atomic impurit ies 
in crystal l ine silicon nitride, it was speculated that  
the migrat ion rate must  be negligible compared with 
silicon dioxide because of its tight network and largely 

~convalent na tu re  (based on sp 2 p lanar  bonding be- 
tween N and Si atoms). With due allowance for the 
slightly less dense amorphous ne twork  yet with the 
absence of grain boundaries,  the amorphous silicon 
ni tr ide film can be expected to possess the same virtue. 
This speculation has been supported by exper imental  
data obtained in this laboratory. 
Ionic migration.--This work has not at tempted to 
study mobilities of various ions in silicon ni tr ide films 
quanti tat ively,  because of the unavai labi l i ty  of a rela-  
t ively simple method to determine minute  quanti t ies of 
different impuri t ies  in  the ni t r ide film. Two techniques 
have been used to study ionic migrat ion in silicon 
ni t r ide in  this work, and have furnished some qual i -  
tative data. One method which was developed by 
Yamin  in the s tudy of polarization in  SIO2, is based 
on the observation of polarization and depolarization 
current  by applying a slow t r iangular  voltage across 
a thin film (16). 

An example is shown in Fig. 13-a. From this figure, 
one sees that ionic polarization is essentially negligible 
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Fig. 13. Yamin-loop study of ionic polarization Si3N4 and Si02 
--Si3N4 at 400~ 

in  silicon nitr ide up to 400~ However, one did see 
measurable electronic conductivity. In  Fig. 13-b, it is 
shown that a thin layer (~500A) of SiO2 between sili- 
con ni tr ide and silicon is capable of blocking electronic 
conduction in the MIS structure. With the SiO~ layer 
increased to 300OA, ionic polarization becomes observ- 
able, presumably  occurring in the SiO2 layer, al-  
though the electronic conductivi ty is still blocked 
(Fig. 13-c). 

The second method is based on the detection of the 
ions which under  a positve d-c bias at elevated tem- 
peratures had migrated and piled up at the Si-silicon 
ni tr ide interface by measur ing the corresponding 
change in  carrier density in the space charge layer  at 
the silicon surface. The determinat ion of the excess 
in the space charge layer is made by de termining  plate 
charge at f lat-band situation, the so-called MOS C-V 
measurement .  Experiments  with controlled Na + con-  
taminat ion  as well as contaminat ion with isopropanol, 
indicated that Na + and H + did not  migrate  appre-  
ciably through a 600A layer  of nitride. It  is interest ing 
to note that, even though the etch rate could be Ln- 
creased greatly, and even more so the conductivi ty 
increased with change of sputter ing conditions such as 
increased pressure and unidentified background con- 
tamination,  the abil i ty of the ni t r ide film to block ion 
migrat ion was still remarkable.  Sample 992a is an 
example, which consisted of 510OA of thermal  SiO2 
and 600A of sputtered silicon ni tr ide (25 x 10 -8 Torr 
N2 pressure).  The conductivi ty of the composite film 
was low because of the SiOe layer. After controlled 
contaminat ion by evaporat ing NaOH onto the surface, 
the sample was subject to anneal ing  at 300~ for 30 
min and then subject to each of the following steps 
of temperature-bias  t rea tment  (bias at W30v; each 
step 30 min) .  The results are shown in Table I. 

It is also noted that  the hysteresis phenomenon usu-  
ally observed in silicon nitride, which has been sug- 
gested to be caused by injection of holes from silicon 
into silicon nitr ide film and the subsequent  t rapping 
(17, 18), was not observed with the M - n i t r i d e - - S i O s  
--Si  structure. At a much higher field of 3-4 x 106 
v-cm -1, the normal  type of hysteresis could be ob- 
served, in contrast to simple M-ni t r ide  - -Si  s t ructure 
(18). 

Dif]usion of other impurities.--Experiments showed 
that when high qual i ty  sputtered silicon nitr ide films 
were obtained, substances such as water, oxygen, 
phosphorus, and gal l ium did not diffuse through the 
films at temperatures  of 1050~176 

The abil i ty of silicon nitr ide films to block gal l ium 
is quite remarkable.  Exper imenta l  results were ob- 
tained with two different film specimens. The first was 
prepared by depositing silicon ni tr ide onto silicon at 
a power density and pedestal temperature  which 
would produce an etching rate of 2.5 A/sec. From Fig. 
4, this is seen to be 0.7 w /cm u. This film was then 
coated with KTFR, exposed, and etched to produce the 
diffusion windows. The second film was deposited on a 

Table I. Results 

Temp, ~ - - ~ V  FB v o l t s  

200 1 
300 3-5 
400 70-72 
450 195-240 

Fig. 14. Stained angle-lapped cross-section of gallium diffusion 
junction through window of silicon nitride diffusion mask. 

silicon wafer which had a previously etched pa t te rn  
of a luminum 0.5~ thick to conform to the diffusion 
window pattern. The film deposition was done at 
2.5 w /cm e, i.e., the silicon ni tr ide etch rate was ex- 
ceedingly low. Hence, the a luminum pat tern  was then 
dissolved out, carrying away the silicon ni t r ide and 
opening the diffusion windows. Both specimens were 
then exposed to gal l ium vapor at 1000~ for 60 min. 
The results were similar; both films were effective 
masks. Figure 14 shows typical stained angle- lapped 
cross sections of the junctions.  The definition of the 
edge of the window is somewhat bet ter  for the 
etched film. 

Conclusions 
Good quali ty silicon ni tr ide films can be prepared 

by reactive sput ter ing of a silicon cathode in ni t rogen 
under  proper conditions. The rate of deposition is in 
the practical range of ~ 100 A/rain.  For good results, 
the residual  pressure in  the chamber  should be well  
below 10 -6 Torr. The gas pressure is preferably in 
the lower end of the range from 4-10 x 10 -3 Torr. The 
density of the films is somewhat lower than that of the 
crystal l ine material ,  with an average of about 2.9 
g/cm 8, and the dielectric constant  is higher than 
would be predicted f rom,the film density. 

In general, high power sput ter ing is preferred. In  
this case, surface damage and total surface charge 
may become a problem. However, the flexibility of 
the combination of various sput ter ing factors and the 
use of low temperature  process make it possible to 
produce films with varying  properties for various ap- 
plications. 
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A P P E N D I X  I. A Summary  of Some Physical  
Propert ies  of Crystal l ine Silicon Nitr ide 

For  comparison with amorphous films by react ive 
sputtering, and for convenience of quick reference, a 
table of physical propert ies  has been compiled, and 
provided below. 

Phase ~ and ~ --  Si3N4 (a) 
Transit ion temp. a ~ ~, 1400~ sluggish (a) 
Crystal  system Hexagonal  (a) 
Space group ~, P31c; ~, Pb 3 /m (a) 
Latt ice parameters  - (  a = 7.738A, c = 5.617A) (a) 

(a = 7.608A, c = 2.991A) (a) 
Crystal lographic a, 3.184 g cm -3 (a) 

density ~, 3.187 g-cm -3 (a) 
Si-N 1.72A (a) 
Exper imenta l  3.448 g-cm -3 (b) 

density 

Index of refract ion 2.1 (c) 
Dielectric constant 9.4 (d) 
Energy gap 3.9-4.0 e.v. (e) 
Inf rared  absorption 10.6~ (Si-N) (f) 

band 
Electric resist ivity 1013-1014 ohm-cm (e, g) 
Melting point 1900~ (under  pressure) (f) 
Heat  capacity 0.1746 cal. g-~ ~ -~ (h) 

(0-995~ 
0.2145 cal. g-1 oC-1 (h) 

(0-585~ 
Thermal  expansion ~ 3.0 x 10 -6 ~ (i) 

coefficient ~ 3.5 x 10 -6 ~ -1 
Thermal  0.067 cal cm -~ ~ -1 sec - I  (j) 

conduct ivi ty  
Solubil i ty in silicon <1012 atoms cm -3 (f) 

(room temp) 
~10 TM atoms cm -8 

(in melt  at m.p.) 
Hardness ~9  Moh's scale (j) 
Heat of formation -~H29s.1 = --179.250 kcal (k, l) 

m o l -  I 
Entropy $2981 = 22.8 cal mo1-1 (k, l) 

O K - 1  

Free energy of _~G~ = 154.740 kcaI (k, l) 
formation too l -  1 

At 1700~ AH1700 = 176.300 kcal (m) 
m o l -  i 

-~G17oo = 176.300 -I-0.07835 (m) 
T kcal tool -1 
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Polycrystalline Zinc Oxide Dielectrics 
R. A. Delaney and H. D. Kaiser 

IBM Components Division, East Fishkill Facility, Hopewell Junction, New York  

ABSTRACT 

This paper describes a dielectric mater ia l  wi th  certain propert ies unique 
to prior  art  and offers a practical  method of resolving some of the circuit  
problems encountered in low-impedance  circuits with ex t remely  fast switch-  
ing times. The basic mater ia l  is semiconducting polycrystal l ine zinc oxide. 
Modifications of this base mater ia l  are obtained by thermal  diffusion doping 
via grain boundaries. The end result  is a polycationic complex mater ia l  wi th  
controlled valency characteristics. Specific at tent ion is focused on those prop-  
erties which make these materials  uniquely suited for microminia ture  high- 
.frequency, low- impedance  decoupling or f i l ter- type capacitor devices. Uti l iz-  
ing screen pr int ing technology, devices with apparent  low-f requency  dielectric 
constants on the order  of 3000 and h igh- f requency  dielectric constants of 1700 
have been achieved. These devices at tenuate h igh- f requency  signals wi th  
ei ther  a damped oscil latory or cr i t ical ly  damped response. This sys(em of 
device dielectrics belongs, respectively,  to ei ther  the semiconducting or semi- 
insulat ing classes of solids. 

Zinc oxide is a we l l -known  n- type  semiconductor,  
the  properties of which have been invest igated by 
many workers  (1-8). Excel lent  reviews of much  of 
this work  have been made recent ly by Thomas and by 
Heiland, Mollwo, and Stockmann (9, 10). Al though 
the propert ies of bismuth oxide are less wel l  char-  
acterized, some work  has been done (11-13), and it is 
well  established that  under  most circumstances it is 

a p - type  semiconductor (13). Some of the dielectric, 
resistive, and electroluminescent  propert ies of zinc 
oxide with  additions of bismuth oxide have  been re-  
ported recent ly by Kosman and Gesse (14), Kosman 
and Pet tsold (15), and Delaney and Kaiser  (16). 

The present  invest igat ion supplements and extends 
the previous ones in a specific area, namely,  that  of 
util izing the mater ia l  in the form of a s i lk-screened 
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Fig. 1. Typical completed capacitor units utilizing the new non- 
linear dielectric system. 

paral lel  plate capacitor suitable for incorporation in 
high speed microelectronic switching circuits. Typical  
examples  of such units appear  in Fig. 1. 

Zinc Oxide 
Zinc oxide crystall izes in the hexagonal  wurtz i te  

lattice in which the oxygen ions are arranged in 
the hexagonal  close packing and the zinc ions occupy 
half the te t rahedral  interst i t ial  positions. It is an 
n - type  semiconductor with an excess of interst i t ial  
zinc atoms which are responsible for the conductance 
electrons in the crystal. 

Its semiconducting propert ies can general ly  be said 
to be due pr imar i ly  to interst i t ial  zinc atoms. It  thus 
can be considered as an electronic semiconductor  with 
a large energy gap of 3.2 ev, classified somewhere  
between the heteropolar  alkali  halides and the homo-  
polar semiconductors of the group IV elements.  It is 
known to be a nonstoichiometric  substance with an 
unstable oxygen content  and changing semiconducting 
properties. 

Zinc Oxide with an Admix ture  of Bismuth Oxide 
The electric propert ies of zinc oxide, an n - type  

semiconductor, are changed considerably by the ad- 
mix ture  of bismuth oxide, a p- type  semiconductor.  The 
most interest ing proper ty  of such a mix ture  is the 
high dielectric constant, Init ial  exper iments  performed 
by Kosman and Gesse (14) give effective dielectric 
constants as high as 1500. This is very  spectacular 
when one considers that  the dielectric constant of 
polycrystal l ine zinc oxide is on the order of 30 or 40 
and that  of bismuth oxide on the order  of 10 or 20. 
They found that dielectric constant is s trongly de- 
pendent  on the s inter ing temperature ,  the increase 
with increasing sintering t empera tu re  being more pro-  
nounced with  a low bismuth oxide content. 

This system has propert ies of nonl inear  symmetr ica l  
and asymmetr ica l  resist ivi ty depending on fabrication 
methods. By changing the specimen fabrication, one 
can obtain electr ical  conductivit ies f rom 10 -6 to 10 -11 
mho/cm.  Recent investigations on this system with  
constant, al ternating,  and impulse voltages by Kosman 
and Pettsold (15) show that  the conduct ivi ty  is in-  
creased considerably if the exci tat ion is accomplished 
by the impulse method. The I -V characterist ics for 
both constant as well  as a l ternat ing excitations within 
a wide voltage interval  approximates  

I~V~ [ 1 ] 

where  the coefficient of nonl inear i ty  (~) is dependent  
on the conductivity.  

Sample preparation.--All  capacitors were  prepared 
by si lk-screening techniques as shown in Fig. 2, The 
capacitors were  fabricated on 96% alumina substrates 
in a simple paral le l  plate configuration. In most cases 
the area of the plates was 0.01 in. 2. The bottom plate 
and associated lead were  s i lk-screened using a suit-  

PROVIDE FIRST ELECTRODE 
ON DIELECTRIC SUBSTRATE 

DEPOSIT ZnO AND B~ z 03 
FIRST DIELECTRIC SUBLAYER 

OVER ELECTRODE 

I 
I FiRE DEPOSIT AT 

850~ TO I100~ AND QUENCH 

DEPOSIT ZnO AND Si203 
SECOND DIELECTRIC SUBLAYER 

I DRY DEPOSIT AT 150~ TO FORM 
iNTERNAL DIELECTRIC LAYER 

PROVIDE SECOND ELECTRODE 
OVER INTERNAL 

DIELECTRIC LAYER 

DEPOSIT ZnO, B1203 AND 
POSITIVE MONOVALENT DOPANT 

I EXTERNAL DIELECTRIC LAYER 
L OVER SECOND ELECTRODE 

I MIX Zn AND Bi203 WITH I 
VEHICLE INTO A PASTE I 
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L POWDER POWDER 

L~MIX ZnO, BI203 AND DOPANT 
I I WITH VEHICLE INTO A PASTE 

A FIRE ASSEMBLEGE I 
T 850~ TO IIOO~ AND QUENCH J 

Fig. 2. Flow chart for fabrication of ZnO dielectric systems 

able conductive paste. In most cases a gold-pla t inum 
paste was used. Quenching was accomplished by re-  
moving the units f rom the furnace at t empera ture  and 
immedia te ly  placing them on a large a luminum block. 
Electr ical  connecto~cs were  made with copper pins 
placed through the holes in the substrate, which were  
subsequently soldered to the conductive leads f rom 
the capacitor (Fig. 2). 

Electrode.--The effects of various materials  when 
used as part  of the electrode system were  also studied. 
It was found that  gold, platinum, and combinations 
thereof give comparable  results, while  silver,  even  in 
combination with up to 35% pla t inum or 20% pal la-  
dium, is ex t remely  det r imenta l  to the system. Ap-  
parent  doping of the system by si lver lowers the di-  
electric constant to roughly that  of pure  zinc oxide 
fired with pla t inum electrodes under  comparable  con- 
ditions. The use of various lead glasses as electrode 
fluxes had no adverse effects, while  the incorporat ion 
of Bi203 as a flux strongly doped the ZnO and gave 
a capacitor whose propert ies  were  insensit ive to the 
amount  of Bi203 in the body. However ,  when  up to 
10% Bi208 was added to a s i lver -bear ing  electrode, 
it did not overcome the effects of the silver, indicat-  
ing ex t remely  strong diffusion of si lver into the ca- 
pacitor body. 

Thermal efJects.--An extended study was made of 
the var ia t ion of capacitance, conductance, and d-c 
resistance with tempera ture  using capacitors made 
f rom the 5% Bi203 material .  The results are sum- 
marized in Fig. 3 and 4. The change in capacitance in 
the region --50 ~ to +150~ can be expressed quite 
accurately by the relat ion 

C ~- Co eaT3 [2] 

where  a is determined by both the tempera ture  and 
soak t ime of firing. The d-c resist ivi ty may be ap-  
proximated  by 

R = Roe-~r 

where  • is also governed by the firing conditions. 
It can also be seen that  both the capacitance and 

resistance at a given tempera ture  and the slope of the 
curve  vary  considerably with the firing conditions. 
Capacitance measurements  at l iquid ni t rogen tem-  
peratures  (--196~ show that  the dielectric constant 
of the zinc oxide - 3 %  bismuth oxide system has 
dropped from ~ 1500 to ~ 40, that  of the polycrystal-  
line zinc oxide. 
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Quench~ng.--As m a y  be suspected from the nature 
of zinc oxide, the rapidity of the quench after firing 
has a strong influence on the final parameters. This is 
i l lustrated in Fig. 7 w h i c h  shows the quench rates 
achieved by suspending the samples  in still  air, or 
placing them on a large a lumina  or a l u m i n u m  block. 

Drastic quenching has been achieved by  deflecting 
the cold gas from expanding l iquid CO2 onto the de-  
vice surface. The temperature was  lowered  from 
1000 ~ to 0~ in 60 sec. A capacitance of 100 /~f/in. 2 
resulted; however ,  the resultant d-c resist ivity was  
only  10 ohm-cm.  

Frequency response.--The frequency response was  looo 
measured over the range 1 kcps to 50 Mcps (Fig. 5 
and 6).  The higher firing temperatures and longer coo 
t imes have a deleterious effect on the variation of ? SOD 
capacitance and conductance w i t h  frequency,  the ca- , 
pacitance fal l ing off more rapidly and the conductance == 700 
more s lowly  w i t h  higher temperature and longer firing ~ 600 g~ 
times. The capacitance varies almost  l inearly and rea- 
sonably s lowly  w i t h  frequency,  and the conductance ~ 500 
varies directly as frequency,  that is ~- 

4 0 0  

G ~  [4] 
5 0 0  

thus indicating that the quality factor (Q) should be 
approximate ly  invariant  wi th  frequency.  The qual i ty  
factor as used here is defined as the average energy 
stored to energy dissipated wi th in  the capacitor. 

Q U E N C H I N G  t DAMP CpA KE Rp (,Q) 
M E T H O D  ( u )  ( % )  ( N F I N  z )  ( e f t )  DC-1 /4V IOMC 

X A I R  19  7 2  3 2 0  1060 5 0 0  2 0  

ALUMINA 2O 7 2  2 7 5  9 1 0  6 2 5  2 0  

8 2  4 8 0  ] 6 0 0  50  10 

ALUMINUM J 

I I I I I I I I ~ I 
10 20  3 0  4 0  50  6 0  70  8 0  9 0  100  

T I M E - S E C  

Fig.  7 .  Q u e n c h  r o t e s  o f  Z n O  d i e l e c t r i c  s y s t e m  
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Fig. 8. D-C current-voltage relationship showing rectifying prop- 
erties of the ZnO system. 

Voltage response.--The invest igat ion of the influ- 
ence of a d-c bias on the electr ical  parameters  re-  
vealed some unusual  features. There is also a slight 
directional  or rectification effect in both capacitance 
and conduction as " forward"  and " reverse"  bias curves 
do not superimpose at h igher  biases. 

This direct ional  effect becomes much more obvious 
when  the top plate of the capacitor is solder coated 
and biased positive. This may be par t ia l ly  due to the 
change in work  funct ion of the top plate. 

This a symmet ry  is also noticeable in the V-I  curves 
of Fig. 8, especially for the soldered samples. The 
junct ion is asymmetr ic  in na ture  and polar i ty  de- 
pendent  for s imilar  electrodes. 

When dissimilar electrodes are separated by a suf- 
ficiently thin insulat ing film, current  can flow between 
them in an asymmetr ic  mode by various cur ren t  t rans-  
fer  mechanisms. If the electrodes are  of the same 
metal,  the junctions are symmetr ic  and polari ty inde- 
pendent.  This leads to the conclusion that  there  may  
be some potent ial  here for  a rugged, low-cost  power  
diode (17). 

Since this rectification is undesirable in a capacitor, 
the condition can be corrected by the use of a solder 
stop-off, i.e., an iner t  coating over  the top plate to 
prevent  the adhesion of solder during tinning. It was 
found that  a layer  of the dielectric mater ia l  screened 
over  the top plate and fired in the final step was most  
effective. 

Topology.---Since there  was some speculation as to 
whether  or not the capacitance was due to a bulk ef-  
fect or to a high capacitance at the e lect rode-die lec-  
tric interface, a de terminat ion  of capacitance and d-c 
resistance vs. thickness was made. If the capacitance 
were  due to a bulk effect, it should follow the usual 
relat ion for a para l le l  plate capacitor. 

A 
C ~-- K ~ -  [5] 

d 

If the capacitance were  in any large degree due to an 
interface effect, it should be nonl inear  wi th  regard to 
reciprocal  thickness or fol low a l inear law with a large 
addit ive constant. 

Results are given in Fig. 9. The dielectric constant 
is approximate ly  invar iant  wi th  thickness, and the 
capacitance follows the normal  law for paral le l  plate 
capacitors. This rules out the electrode-dielectr ic  in-  
terface as being a major  source of the capacitance. 
However ,  it does not rule  out the possibility of the 
capacitance being due to some type of t h ree -d imen-  
sional barr ier  layer  or interface effect involving the 
individual  grains of zinc oxide. Since this effect would  
be dis tr ibuted throughout  the whole layer, it could 
very  easily exhibi t  the usual type of thickness de- 
pendence. 

The resistance follows a nonohmic relationship, that  
is (Fig. 10). 

R = t r~ + R'  [ 6 ]  

Since differences in slopes and intercepts were  ob- 
tained for different e lectrode-dielectr ic  combinations, 

10 6 

THICKNESS (~;~,o.,) 
Ice ~0 25 

R U N  I Pt ELECT~OOE 
o RUN I Au  - pt  ELECTRODE 

CTRODE 
�9 R U N  2 Au - p I  ELECTRODE $ / ( J  

i i i i i i i i / 
2 s 4 s 6 7 8 9 

RECIPROCAL TH ICKNESS ( I  ~ / t )  

Fig. 9. Capacitance vs. thickness for ZnO + 3% BisO8 

105 

O 

A 

10 4 

103 J 
10 100 

THICKNESS /micron$) 

Fig. 10. Resistance vs. thickness for ZnO + 3% Bi20~ and Au- 
Pt electrodes. 

it is possible that  the resistance is at least par t ia l ly  
governed by interface effects. 

Further Materials Development  
GeneraL--Zinc oxide is n- type ,  and bismuth oxide 

is basically p-type. X - r a y  diffraction studies show 
that  wi th  up to 15% bismuth oxide content  the mix-  
ture retains the zinc oxide lattice. Subsequent  diffrac- 
tion studies show that  the latt ice s tructure remains 
unchanged regardless of s inter ing temperature ,  cool- 
ing conditions, or subsequent  heat - t rea tments .  Based 
on this evidence, i t  is theorized that  a deplet ion layer  
of re la t ive ly  high resistance is formed around the zinc 
oxide granules by shallow diffusion of the bismuth 
oxide. That this layer  is not at the electrode-dielectr ic  
interface is shown by the thickness dependency ex-  
periment.  The zinc oxide bismuth oxide interface 
interpreta t ion leads to a situation similar  to that  dis- 
cussed by Koops (18) for semiconducting nickel-zinc 
ferr i tes  and summarized by Volger  (19). In these 
models, a physical picture of conducting grains sep- 
arated by layers of poorly conduct ing mater ia l  is suc- 
cessfully equated to an electr ical  analog of paral le l  
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Table I. Parametric values of the nonlinear capacitor 

D - C  r e s i s t i v i t y ,  
D a m p i n g  pd-,. in  o h m - c m  I m p e d a n c e ,  E f f e c t i v e  d i e l e c t r i c  c o n s t a n t  D i e l e c t r i c  

D i e l e c t r i c  s y s t e m  coef f ic ien t ,  "~ @ I00 v / c m  o h m  a t  100 ~ 700 Mc  1 K c  5 Mc  t h i c k n e s s ,  c m  

ZnO* 80 ---> 85 10~ 2 160 80 0.0025 
Z n O  + Bi,~O~* 80 ~ 85 10~ 2 2000 1000 0.0020 
Z n O  + Bi~O3** 80 --~ 85 2 • 10 ~ 3 3400 1700 0.0020 
ZnO**  80 --> 85 10 ~ 2.5 3800 1900 0.0025 

* Glas s  f l u x e d  p l a t i n u m  e l e c t r o d e s .  
** B i s m u t h  o x i d e  f l uxed  p l a t i n u m  e l e c t r o d e s .  

Table II. Doping effects of the zinc oxide dielectric 

D o p a n t  m a t e r i a l ,  D - C  r e s i s t i v i t y ,  C a p a c i t a n c e ,  D i e l e c t r i c  
E x a m p l e  1.0 m o l e  % o h m - c m  • 10~ D a m p i n g ,  % N f / i n .  2 c o n s t a n t  Q v a l u e  

II Cu(NO3)2 10-25 98 300-350 600-700 1-1.2 
12 CuSnO8 50-150 98 325-375 700-800 1.3-1.5 
13 CuINO3p~ § TiO~ 1-5 98 325-275 700-800 1-1.2 
14 TiO~ 0.1-0.5 80 350-400 1000-1100 40-50 
15 BaTiO3 0.05-0.1 80 400-450 800-900 35-40 
16 CuAcetate 5-10 98 350-400 900-1000 1.3-1.5 
17 CuTiOs 1-5 98 400-500 900- I000 1-1.2 

RC ne twork  connected in series. By using this model, 
Koops was able to calculate curves which fit the ex-  
per imenta l  data fa i r ly  closely. 

As a mater ia l  for a capacit ive device, zinc oxide 
with 3% bismuth oxide meets or exceeds most re-  
quirements  when  fabr icated into a simple paral le l  
plate configuration and fired at 1000~ for 60 min fol-  
lowed by rapid quenching as can be seen in Table I. 

Factors which give rise to high effective capacitance 
values also produce h igh-conductance  values. One 
would ra ther  like to maximize  the effective capacitance 
effect but  at the same t ime minimize the conductance. 
In fact, one would like to conver t  this z inc-bismuth 
oxide mix ture  f rom a semiconducting dielectric to a 
semi- insulat ing dielectric while  re ta ining the deple-  
tion layer  mechanism for high effective capacit ive 
values. 

One logical approach would be to diffuse a mono-  
valent  dopant into the defect zinc oxide latt ice to fill 
vacant  cation sites. This would  give a polycationic a r -  
r angement  wi th  a high populat ion of electron deficient 
cation sites acting as electron "traps." 

Success has been achieved with  this approach. As a 
specific example,  this study first considers a zinc-bis-  
muth  oxide semiconductor  doped with  copper. Doping 
was accomplished through volume diffusion by the di- 
rect  addition of copper titanate. The resist ivi ty of the 
dielectric increased f rom 104 to 108 ohm-cm. This, 
however ,  cannot be accomplished without  a 50% de- 
crease in effective dielectric constant due to a di lu-  
tion effect. As expected, the dielectric dissipation also 
dropped. An addit ional  effect was observed, viz., a 
change in f requency  characterist ic f rom a damped 
oscillatory to a cr i t ical ly damped response. 

The lat ter  effect is unusual  since one might  expect  
the opposite to occur. As the dielectric approaches 
the insulator  state, the effective shunt resistance in- 
creases and thus is capable of storing charge for 
longer periods of time, viz., the re laxat ion  t ime dimin-  
ishes. Thus, the damping coefficient should approach 
zero, and the dielectric should respond as a pure  
oscillating network.  However ,  due to the monovalen t  
substi tution doping at the cationic site, a small  ef- 
fective series resistance on the order  of an ohm is in-  
troduced into the pr inted dielectric network.  It is this 
effective series resistance that  causes crit ical  damping. 
The effect of the series resistance becomes apparent  
at high frequencies  when  the reactance drops below 
this value  and the complex impedance becomes con- 
stant in value.  

To el iminate the dilution effect brought  about by 
direct addit ion of the doping material ,  it was decided 
to uti l ize a unique characterist ic of screen pr int ing 

technology. The dopant mater ia l  was screened over  
the porous top electrode and then fired so that  the 
monovalent  cationic species thermal ly  diffuses through 
the z inc-bismuth oxide grain boundaries.  

The top electrode acts as a selective barr ier  to the 
dopant mater ia l  prohibi t ing the undesired dilution of 
the in ternal  dielectric by large amounts of the anionic 
species. This technique attains the same high resis- 
t ivi ty as did vo lume diffusion through the crystal  in-  
terior,  but  unl ike  the la t ter  exhibits  only a 20% de-  
crease in effective dielectric constant instead of the 
50% due to dilution. 

Volume difJusio~ doping.--In the first series, the 
dopant was incorporated direct ly  into the zinc-bis-  
muth  oxide dielectric. Util izing the above method, 
several  test samples were  fabricated to evaluate  the 
effect of various monovalent  substitutions into the 
semiconducting z inc-bismuth oxide dielectric. 

In each of the samples, the dielectric composit ion 
was composed of 97% by weight  of zinc oxide, 3% by 
weight  bismuth trioxide, and e i ther  silver, l i thium, or 
copper dopant in concentrat ions as shown in Table II. 

These capacitors were  given a series of s tandard 
tests which included measurement  of the dielectric 
resistance at l v  d-c., and damping and capacitance at 
10 megacycles. The effective constant was calculated. 

The results of these examples indicated that  di-  
electrics having  the desired characterist ics of high 
d-c resistance and near  cri t ical  damping can be made 
using silver, l i thium, or copper dopant. The copper 
dopant  was shown to be the superior to s i lver  and 
l i thium in raising the d-c resistivity.  

Having  established that  monovalent  copper substi- 
tut ion produced the more favorable  results, it now 
became impor tant  to de termine  the opt imum fabr i -  
cation technique needed. This technique became quite 
evident  during the course of subsequent  investigation. 

The procedure for the prepara t ion  of the dielectric 
composition and for the fabricat ion of the capacitor 
devices for this group of examples  was identical  to 
those above. It  can be seen f rom Table II that  the 
dielectric exhibi t ing the most pronounced affect 
uti l ized 1 mole % copper t i tanate  as the source of 
copper. A dielectric constant on the order  of 900-1000 
was achieved, cri t ical  damping was obtained, and the 
d-c resistance was quite  high. Other copper salts 
showed poorer  dielectric constant characteristics. Ex-  
amples 13, 14, and 15 using vary ing  amounts  of t i -  
tanium dioxide or bar ium t i tanate  were  used to de- 
te rmine  whe ther  the doping was caused by the mono-  
valent  copper or the t i tanium dioxide. It  can be seen 
f rom the results that  examples  14 and 15 produced di-  
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electrics with small  damping coefficients and Q values 
which were much too high. Only in example 13 which 
contained the copper n i t ra te  dopant  in  addition to the 
t i tan ium dioxide was the subst i tut ion valency effect 
obtained. It is therefore concluded that  the t i tanate  
or t i t an ium dioxide is not responsible for the effects 
noted. 

Grain boundary dif]usion doping.--Although the 
conductivity of the semiconductor z inc-bismuth oxide 
is lowered by monovalent  copper subst i tut ion and 
the damping coefficient increased, it was noted that  
the first system (volume diffusion) shows a marked 
decrease in apparent  dielectric constant  due to the 
presence of the inert  material .  While adequate for 
some applications, this system would not  be suitable 
for applications requir ing a higher effective dielectric 
constant. The above examples infer that  perhaps by 
grain boundary  diffusion doping of the monovalent  
ion, one could still minimize the conductivi ty and yet 
maximize the dielectric constant  due to el iminat ion 
of the dopant  anion from the semiconductor dielectric. 

Work done with exper imenta l ly  determined grain 
boundary  self-diffusion of silver (20), the diffusion 
of gold into copper bicrystal  grain boundaries  (21), 
etc., shows that a theoretical diffusion-penetrat ion re- 
lationship for grain boundary  diffusion can be de- 
veloped. One might picture grain boundary  diffu- 
sion (and similarly for surface diffusion) as diffusion 
along a thin layer of high diffusivity mater ia l  sand- 
wiched between large volumes of low diffusivity ma-  
terial after the Fisher model (21, 22) (Fig. 11). 

Assuming this diffusion model and the above bound-  
ary conditions and fur ther  assuming that the lateral  
diffusion concentrat ion penetra t ion in the vicinity of 
the grain  boundary  is greater than the uniform lat-  
tice diffusion penetrat ion in regions well  removed 
from the grain boundary,  one can obtain a simple an-  
alytical expression for the concentrat ion of lateral ly 
diffused mater ia l  in the vicinity of the grain boundary.  

Control of the cationic subst i tut ion into the lattice 
can be controlled through grain boundary  diffusion. 
During the fabricat ion process as shown in  Fig. 12, 
the monovalent  dopant  in the external  dielectric layer 
38 is diffused through the pores of the second elec- 
trode 34 into the grain boundaries  of the dielectric 
body 36. Preferably,  this is done by firing or s inter ing 
the assembly at a tempera ture  of 1000~ for a period 
of approximately 1 hr to diffuse the monovalent  
dopant  f rom dielectric layer  38 through the pores of 
the second electrode 34 and into the grain boundaries  
of the dielectric body. The capacitor is then removed 
from the furnace and again quenched. The result  of 
the above technique transforms the semiconducting 
z inc-bismuth oxide dielectric via cationic monovalent  
subst i tut ion diffusion doping into a semi- insula t ing 
dielectric. 

Two types of init ial  semiconductor dielectric mate-  
rials were prepared for this series of examples. The 
first included 97% by weight zinc oxide, 3% by weight 
bismuth trioxide, and a 1 mole % of copper titanate. 
The second dielectric mater ia l  included 97% by weight 
zinc oxide and 3% by weight bismuth trioxide. 

The examples are distinguished by the presence or 
absence of a dopant in the in terna l  or external  di- 
electric layer as given in Table III. Examples 20 and 
21 differ in that the external  layer  in example 20 
ful ly covers the second electrode and touches large 
areas of the in te rna l  dielectric layer  as i l lustrated in 

~ X  
l 

FREE Y SURFACE 

,ow 
DIFFUSIVITY DIFFUSIVITY 

GRAIN BOUNDARY 
(HIGH DIFFUSIVITY) 

Fig. 11. Fisher model for grain boundary diffusion 
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Fig. 12. Schematic model showing grain boundary diffusion of 
the monovalent dopant. 

Fig. 9 while example 21 has its external  dielectric 
layer restricted to a small  dot-shaped area which 
contacts only the second electrode and does not  touch 
the in te rna l  dielectric material .  

Example 18 shows that  with no dopant in either 
dielectric layer the d-c resistance is low, Q is low, 
damping is only 80%, and the apparent  dielectric 
constant  is high. Example 19 shows the effect of hav-  
ing dopants in the first and second dielectric layer  and 
has excellent properties except for its undu ly  low 
dielectric constant  and higher impedance. The sur-  
prising 50% increase in dielectric constant, as com- 
pared to the example 19 capacitor, is shown in  ex- 
amples 20 and 21 wherein  a dopant  is present  only in 
the external  dielectric layer  and not  in the in te rna l  
dielectric layer. No difference in  properties was noted 
between examples 20 and 21, so the touching of the 
first and second dielectric layers is of minor  impor-  
tance, thus establishing the grain boundary  diffusion 
phenomena through the top electrode. Fur ther  ev-  
idence is given by the t ime at formation temperature  
vs. electrical characteristics which closely follows 
what  would be predicted by the diffusion equation. 

Device Technology 
Utilizing this dielectric system, pr in ted ceramic 

capacitors as described earlier were manufac tured  
and evaluated. 

Frequency response.--Since the specifications of the 
physical dimensions and electrical parameters  are 
dependent  on actual device application, it was de- 
cided to devise a capacitor test pat tern which would 
solely yield the dielectric response independent  of 
its geometry. This method is feasible since i t  has been 
exper imental ly  demonstrated that these pr inted di-  
electrics can be scaled with their respective parametr ic  
exper imental  values being quite accurately predict- 
able from calculations based on actual geometrical 
dimensions. 

Table III. Effects of Cu dopant in the zinc dielectric 

D o p a n t  p r e s e n t  in :  RC 
I n t e r n a l  d i -  E x t e r n a l  di~ r e s i s t a n c e ,  D a m p i n g ,  D i e l e c t r i c  Q - v a l u e ,  I m p e d a n c e ,  ohms ,  

E x a m p l e  e l e c t r i c  l a y e r  e l e c t r i c  l a y e r  o h m - e r a  % c o n s t a n t ,  5 Me  52 Mc  I00  ~ 700 M e  

18 No  No 1(~ ~ 80 2000 0 .1-0 .3  1 
19 Yes  Y e s  10 s 98 1000 1-2 2 -3  
20 No Yes  l 0  s 98 1500 1-2 1-2 
21 No Yes  I0  ~ 98 1500 1-2 1-2 



Vol. 114, No. 8 POLYCRYSTALLINE ZINC OXIDE DIELECTRICS 839 

Fig. 13. Picture of concentric bullseye capacitor pattern used 
for oil frequency evaluation testing. Innermost disk is top elec- 
trode, middle disk is dielectric body, and outer disk is lower 
electrode. Effective capacitor plate area is the same as the area 
of the top electrode. 
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Fig. 15. Dielectric constant and dissipation response vs .  frequency 

Fig. 14. Jig assembly used to measure samples shown in Fig. 
13. A spring loaded copper ball connected to the inner line of the 
coaxial fixture makes contact to the inner electrode while the 
outer lip of the fixture contacts the outer electrode. The screw 
presses the sample onto both contacts. 

The choice of a suitable pat tern  should be such that  
it does not  exhibi t  any effective series land or plate 
resistance or inductance, the pat tern  used is shown 
in Fig. 13. Likewise, it is equal ly  impor tant  to use a 
jig assembly which also does not exhibi t  ei ther series 
resistance or inductance, the j ig used is shown in Fig. 
14. Figures 15 and 16 show the dielectric constant, dis- 
sipation, impedance,  reactance, and both equiva len t  
paral le l  and series resistance characterist ics of this 
dielectric system as a funct ion of frequency.  Note the 
dispersion occurr ing at 2 x l0 s Hz in both the dissipa- 
tion and paral le l  reactance curves indicating a reson- 
ant f requency point. A calculat ion of the re laxa t ion  
time, To, by extrapola t ion of the impedance in the 
l imit  to d-c conditions at 25~ gives 

To =-- K , p o  = ( R C )  static = 5.3 x 10 -9 sec 

Vo ~ To -1 ~ (5.3 x 10-9 sec) -1 ~ 1.9 x l0 s sec - I  [7] 

which  is in r emarkab ly  close agreement  wi th  the ex-  
per imenta l  dispersion point  of 2 x l0 s sec -1 noted in 
Fig. 15. This observed dispersion would correspond to 
a bulk resist ivi ty of about 200 ohm-cm;  a value that  
is in accord with  repor ted  values for single crystals 
such as noted in the Maxwel l -Wagner  dispersion as 
discussed by Hahn (22). Note the split t ing of the 
equivalent  paral le l  and series reactances f rom the 
impedance curves at 1 MHz, both asymptot ical ly  ap- 
proach a constant value  wi th  the para l le l  combinat ion 
roughly equal ing the numerica l  value  of the impe-  
dance. The dispersion of the equiva len t  paral le l  re -  
actance at 200 MHz is identical  to the f requency  noted 
for the dissipation dispersion. Finally,  note that  the 
impedance asymptot ical ly  approaches a constant value.  
This la t ter  response is modified somewhat  when  the 
dielectric is used in a paral le l  plate capacitor device 
pattern. The pr inted lead series inductance and resist-  
ance causes a sharper  bend in the knee of the impe-  
dance curve  and shifts it to the left  as seen in Fig. 17. 
Al though not shown in the figure, the impedance curve  
remains flat out to the low gigacycle range, wi th  the 
l imit ing va lue  of the impedance betw~een 1 and 2 ohms. 
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Fig. 16. Impedance, reactance, and resistivity vs.  frequency 

Fig. 17. 100 X 100 mil printed capacitor impedance as mea- 
sured on a Rhode-Schwartz Polyskop II. The ordinate axis is cali- 
brated in ohms. The abscissa in megacycles, the frequency marker 
blips are located at every 10 MHz. The curve is a visual display 
of complex impedance vs.  frequency. 
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This is in  close agreement  to the plotted curve in Fig. 
16 which asymptotically approaches 1.4 ohms. 

Since computers use pulse signals for in te rna l  com- 
munication,  it was decided to test this capacitor sys- 
tem in a pulsed network.  These capacitors were in -  
corporated into a tunne l  diode circuit  a r ray  and func-  
t ioned very successfully. Evaluat ion of this system was 
done by subject ing it to a fast repeti t ive signal: it was 
allowed to resonate with a known inductance. A sam- 
pling oscilloscope was used to detect the response of 
the resonant  network and display it as a resonant  ex- 
ponent ia l ly  damped wave form. Such a measurement  
yielded the amount  of damping, t ime of cycle, and 
resonant  inductance value. With these parametric  
values, the capacitance and conductance of the de- 
coupling capacitor device was calculated. 

The measur ing circuit described earlier is essentially 
an RLC circuit, as shown in Fig. 18, which is pulsed 
with a square wave. This circuit  has a t ransient  re-  
sponse. If one were to study the manne r  in which 
this circuit  behaves when, following some ini t ia l  
stimulus, it is left to its own devices; that  is to say, 
when it  is permit ted to execute its own unique na tura l  
behavior, one would find that it takes the form of a 
decaying oscillation as shown schematically in Fig. 19. 

This solution of the characteristic response in the 
l imit as the impedance goes to infinity has the general  
form of the cubic equation 

s z + ass + bs + c = 0 [8] 

which can be solved by Cardan's  method if t rans-  
ferrable to a reduced form or by the trigonometric 
method if "irreducible." However, in the range of in -  
terest it can be shown that  the s 3 term may be ne-  
glected and Eq. [8] reduces to the famil iar  quadric 
form with general  solution 

S = - -  - -  ~___ ~ c~ W o  2 

2a a 

where ~ is referred to as the damping coefficient and 
the radian  frequency, and ~,o is referred to as the 
na tura l  f requency of the physical system described by 
the RLC circuit. 

Four  distinct possibilities can now occur, depending 
on the relative values of a and ~o: (a) the aperiodic or 
overdamped case where in  a > ~o; (b) the crit ically 
damped case where a ----- ~o; (c) the damped oscillatory 

E 
l 

+v o 
f 2 

2 

Fig. 19. Theoretical damped oscillation wave-form of the pulsed 
L-C resonant measuring circuit. 

Fig. 20. Sampling scope display of (a) shorted stub impedance 
trace; (b) standard high impedance capacitor which resonates with 
the inductance of the shorted stub (oscillatory case; a = 0); (c) 
low impedance decoupling capacitor which damps out 80% of the 
inductance of the shorted stub (damped oscillatory case; c~ < 
r (d) low impedance decoupling capacitor which critically 
damps out the inductance of the shorted stub (critically damped 
case; ~ -~ O~o). 

case wherein a < ~o; and (d) the oscillatory case 
wherein  ~ ~ 0. 

Each of these cases is shown pictorially (pictures of 
scope trace) in Fig. 20. The response of Fig. 20c is that 
of the z inc-bismuth oxide semiconducting dielectric 
as discussed previously. Figure  20d is characteristic 
of the present  monovalent  copper doped semi- insula t -  
ing dielectric. 

The critically damped na ture  is brought  about  by 
an inherent  low series resistance introduced by the 
cationic monovalent  dopant. To determine the damping 
coefficient, consider Fig. 19. The damped wave form 
may be represented by the product of a sinusoidal 
function and a decaying exponential ,  

E = Vo e - ~  sin ~ot [10] 

One may accurately determine the amount  of damping 
by taking the voltage ratio (vert ical  axis of the sam- 
pling scope) of the two wave crests in the first cycle. 
The damping envelope itself (represented by the 
dashed curve of Fig. 19) is characteristic of the damp-  
ing coefficient. Thus we have 

E1 (~(t2--tl) sin wotl v~(t2--tl) 
= e - -  ~ -  e [ 1 I ]  

E2 sill ~ot~ 

E1 
a ----- "o in ~ [12] 

E2 

Using this concept and  solving for Eq. [9] one obtains 
as a solution for the capacitance and conductance 

C ~-~ ~'~ (492 -{- ln2 ~-2 (L -k Lo) [13] 

[ ( E ~ )  ZoR~C + g ] 
G =  2vo C l n  - -  Z o ( L ~ - L o )  - b L R s  [14] 

T h e r m a l  r e s p o n s e . - - T h e r m a l  shock  t e s t . - - B o t h  sys- 
tems were tested for mechanical  rel iabi l i ty  by  testing 
their  abil i ty to withstand thermal  shocks of 100~ 
differential. The samples were placed in a programmed 
delta chamber  and cycled between 0 ~ and 100~ with 
a 1-min rise time, 2-rain soak time, 2-rain fall time, 
and 2-rain lapse time. The results show no apparent  
drif t ing of dielectric constant, dissipation, or resistivity 
values and no dielectric failures. 
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Fig. 21. Co doped ZnO system a-c vs .  temperature response 

Temperature characteristics.--The dielectric constant, 
dissipation, and d-c resis t ivi ty were  evaluated as a 
function of tempera tures  f rom --25 ~ to 160~ in in-  
crementa l  steps of 25~ (see Fig. 21). The f requency 
characterist ics were  evaluated at 1 kHz and vol tage 
characterist ics at 1 vdc. Note that  the f requency char-  
acteristics are an increasing funct ion of t empera tu re  
while the vol tage is decreasing. 

Room storage and thermal aging.--As a final con- 
sideration of the rmal  properties,  this system was also 
tested for its room storage stabili ty and thermal  aging 
rate if  any. 

All  samples, fabricated as explained earlier, were  
resubjected to a final processing step, v/z., soaking at 
250~ for 5 min. They were  wi thdrawn at t emper -  
a ture  and al lowed to cool to room tempera ture  rap-  
idly in a dessicator. Measurement  began exact ly  1 
hr  af ter  wi thdrawal  and terminated  after  several  
readouts at 1152 hr. Except  for readouts, these units 
were  continuously stored in a dessicator supplied with  
fresh dissicant at f requen t  intervals.  The results of 
this test indicate that  this system shows no apparent  
drift  dur ing room storage and exhibits  no apparent  
thermal  aging. 

Electrical response.--A cur ren t -vol tage  evaluat ion 
was conducted on this system on 0.01 in. ~ paral le l  
plate capacitors at 25 ~ 50 ~ and 75~ This system 
exhibits  a nonl inear  assymetric d-c resistivity, viz., 
it is a polar semi-insulator .  

There is about a 2 to 1 ratio be tween  reverse  and 
forward  resistivit ies at a given voltage and t emper -  
ature. There  is also a 2 to 1 ratio in resistivit ies be-  
tween tempera tures  at a given vol tage and polarity,  
the h igher  Pd-c values are in the lower t empera tu re -  
voltage ranges. 

An expanded plot of the 25~ test is shown in Fig. 
22. The relat ion between cur ren t  and voltage appears 
in Eq. [15]. 

l n I ~ 3 1 n V  or I ~ V  8 [15] 

This dielectric is capable of an over load of 50 w/ in .  2 
before dielectric b reakdown occurs. In fact, these sam- 
ples wil l  emit  a dull glow prior  to "burn out." The 
burn out phenomena occurs as a spark avalanche over  
the ent ire  plate area. 

Environmental respo~se'.--Low voltage tes ts . - -Ac-  
celerated tempera ture  humidi ty  life testing was con- 

10-5 

~o'6~o ~ I0 I 0.1 
~- INCREASING VOLTAGE - VOLTS 

F~j-=22. Cu doped ZnO system current-voltage response 

ducted on typical  capacitor units fabricated f rom this 
dielectric system under  the fol lowing matr ix :  

Dry: Voltage stresses of 0.1, 0.25, 0.50 and 1.0v d.c. 
each at tempera tures  of 100 ~ 125 ~ and 150~ 
for a 12 test cell  matr ix .  

Wet: Satura ted  re la t ive  humidi ty  conditions (sam- 
ples placed over  water  in closed chamber)  at 
95~ and 0.25v d.c. vol tage stress. All  samples 
were  evaluated  at 25~ and ambient  envi ron-  
ment. 

Al though corrosion of electrode p la tes  produced 
open-circui t  failures, not  one fai lure was a t t r ibuted to 
dielectric short circuit  degradation. Units  that  were  
not open circuits operated normal ly  wi th  less than 
•  deviat ion in capacitance f rom init ial  conditions. 
This is r emarkab le  in v iew of the stressed condit ion 
brought  to bear  by the corroded electrodes. 

Moisture seems to affect capacitance by shift ing the 
h igh-and  low-f requency  drif t  patterns. Under  ambient  
RH conditions capacitance drif t  for  low f requency was 
general ly  negat ive  and less t h a n - - 1 5 % ,  while  high-  
f requency capacitance dr i f t  was genera l ly  positive 
(never  greater  than - -5%)  and less than Jr 10%. 
Satura ted  RH testing brought  about a reversa l  of this 
dr i f t  pattern.  In general,  topography does not  seem to 
affect the dielectric drif t  patterns. 

Higher voltage tests.--Several units were  fur ther  
tested under  dry conditions at 0, 2.5 and 5.0v d.c. (ac- 
celerated stress) each at 60 ~ 90 ~ 120 ~ and 150~ 
There were  no dielectric fai lures in any test cell  ex-  
cept the following: 

5v d.c. - -  120~ 

5v d.c. - -  t50~ 

Capacitance drif t ing general ly  occurred in the high 
vo l t age - t empera tu re  cells but  was confined to less 
than  410%.  Dielectric dissipation drif t  was found to 
increase posi t ively wi th  an increase of t empera ture  
and vol tage wi th  a m a x i m u m  drif t ing of about  
4t-300%. Resistance drif t  was found to decrease wi th  
an increase of t empera tu re  and voltage with  a m a x -  
imum drif t ing of about --300%. This tends to indicate 
that  the drif t  in dielectric dissipation is caused almost 
ent i rely by the drif t  in resistance. Again, all sample 
units were  evaluated  at 25~ and ambient  humidity.  

Device types.--Figures 23a and b, Fig. 24a and b, 
and Fig. 25a and b show various forms of mult iple  
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Fig. 23. Independently operable juxtaposed pair of parallel ca- 
pacitors with common lower ground plane. 

Fig. 24. Independently operable pair of stacked parallel ca- 
pacitors with common interposed ground Diane. 

Fig. 25. A stacked parallel capacitor network with interleaved 
e~ectrodes. 

capacitors that  may be made uti l izing this semi- in-  
sulat ing dielectric material.  Figure 23 shows an inde-  
pendent ly  operable pair  of juxtaposed parallel  ca- 
pacitors with a common ground plane and the equiv-  
alent  circuit. Figure 24 shows an independent ly  oper-  
able pair of paral lel  stacked capacitors with a com- 
mon interposed ground plane and  the equivalent  cir-  
cuit. Figure  25 shows a stacked parallel  capacitor net -  
work with inter leaved electrodes and equivalent  cir-  
cuit i l lustrated. 

Discussion 
In  the foregoing exper imental  study it was pointed 

out that  a semiconducting dielectric can be converted 
into a semi- insula t ing dielectric by monovalent  sub-  
sti tution doping at the cationic lattice site. 

The z inc-bismuth oxide semiconductor is charac- 
terized as a damped oscillatory ne twork  with about  
80% effective damping due to the existence of a very 
low effective dielectric shunt  resistance at high fre-  
quency. After  monovalent  subst i tut ion doping, the 
resul t ing semi- insula t ing  dielectric becomes a cri t-  
ically damped network with effective damping reach- 

ing values greater than  98%. This effect is due to a 
small  effective series resistance on the order of an 
ohm being introduced into the dielectric network.  

This semi- insula t ing  dielectric system is un ique  to 
dielectrics and can be used wi th  screen pr in t ing  tech- 
nology to produce useful  capacitor devices for appli-  
cations requir ing high K~ - -  low Q decoupling or 
filter capacitors capable of critical damping. The 
chemical-physical  na tu re  of this system of dielectrics 
offers a wide area of fur ther  research into yet un -  
known and new phenomena.  
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The Anodic Oxidation of Aluminum in the 
Presence of a Hydrated Oxide 
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Research & Development Laborato~es, Spa'ague Electric Company, North Adams, Massachusetts 

ABSTRACT 

The effect of a hydra ted  oxide on the kinetics of anodic oxidation of 
a luminum has been studied and the propert ies of the resul t ing composite 
oxides compared with those of pure ly  anodic oxides. The presence of a hy-  
drate  layer  reduced the amount  of anodic oxide needed to support  a g iven 
voltage and increased the current  efficiency to as much as 100%. Water  was 
lost f rom the oxide dur ing anodization, probably as the result  of t ransforma-  
tion of boehmite  to ~-A1203, which was incorporated into the bar r ie r  layer.  
The dielectric s t rength was greater  for a composite oxide than for an oxide 
produced in the absence of a hydrate,  though the dielectric constants were  
probably not ve ry  different. The impedance characterist ics of a composite 
oxide indicated fewer  microfissures than in a pure ly  anodic oxide. 

The format ion of an oxide film on a luminum by the 
sequent ial  processes of react ion in hot water  followed 
by anodic oxidation produces a composite oxide with  
some unique properties. This process has been of tech-  
nological importance for some t ime in the manufac-  
ture of electrolytic capacitors (1, 2), but has received 
scant a t tent ion in the scientific l i terature.  Al tenpohl  
(3) briefly ment ioned that  the anodic oxide grows un-  
derneath  the hydrate  and that  the lat ter  is par t ia l ly  
consumed by the growing film. He suggested that  
water  is e l iminated f rom the consumed portion of the 
hydra te  whenever  this port ion crystall izes into ~/-A1203 
under  the influence of a high electric field. Unfor tu -  
nately, no exper imenta l  evidence accompanied this 
discussion. Burger  and Cheseldine (4, 5) also advanced 
the idea that  the barr ier  portion of the composite ox-  
ide consists of both anodic oxide and conver ted hy-  
drate, but their  data were  insufficient to confirm this. 

The lack of information on the composite oxide 
prompted  us to per form the invest igat ion repor ted  
here of the effect of a hydra ted  oxide on the kinetics 
of anodic oxidation, and the propert ies of the resul tant  
composite oxide. Our data support  the hypothesis that  
some hydra te  is dehydrated during anodization and 
becomes conver ted to barr ier  oxide. Moreover,  details 
of this process are presented that have not been avai l -  
able previously.  

Experimental Procedures 
Commercia l ly  etched 99.97% pure a luminum foil 

was used throughout.  The increased surface area im-  
proved the sensit ivi ty of weight  measurements  and 
the "corrugat ions" increased the r igidi ty and s trength 
of the isolated oxide, great ly  s implifying handl ing 
procedures. Any  change in surface area over  the range 
of oxide thickness studied was sufficiently small  to 
have no effect on the in terpre ta t ion of results. Sam-  
ple size was 6.4 x 7.6 cm for weight  and charge mea-  
surements  and smaller  samples, 2.6 x 3.6 cm, were  
used for impedance measurements .  The foil was not 
t reated in any way  pr ior  to hydra t ion  in boiling wate r  
at atmospheric pressure2 Anodic oxidat ion was at 2 
m a / c m  2 in 100 g/1 boric acid at 90~ The boric acid 
was electronic grade, and distil led deionized water  
wi th  a resist ivi ty ca. 504),000 ohm-cm was used 
throughout.  Foils were  r insed in acetone and dried at 
85~ for about 10 min prior  to weighing. Weights were  
accurate to • 0.1 mg. 

The oxide film was isolated from base meta l  by 
slowly dissolving the metal  in a w a r m  solution of 
10% bromine  in methanol,  fol lowed by thorough 
rinsing wi th  several  changes of hot methanol.  Bernard  
and Randall  (6) found that  this technique could be 

1 A m i l d  a l k a l i n e  c l e a n i n g  r e s u l t e d  in  a s l i g h t l y  g r ea t e r  r a t e  of  
hydrat ion,  but  had no affect  on h y d r a t e  compos i t i on .  

used to quant i ta t ive ly  recover  hydra ted  oxide. To 
check its efficacy with  anodic oxide, a sample anodized 
at room tempera ture  in a solution of 30% ammonium 
pentaborate  in glycol was immersed in b romine-meth -  
anol. The oxide recovered was equal  to 98% of the 
amount  calculated for the expected cur ren t  efficiency 
of 10,0% (7). 

The water  content  of the oxide was taken to be the 
weight  loss that  resulted on heat ing the isolated oxide 
for 2 hr  at 900~ 

In some instances the oxide was dissolved f rom base 
metal  by immersing samples in an aqueous solution 
of 2% CrO3 ~ 5% H3PO4 at 85~ For  samples covered 
solely wi th  hydrated oxide a sufficient immers ion t ime 
was calculated f rom the data of Bernard and Randall  
(6). To insure complete  dissolution of anodic oxide, 

samples were  a l ternate ly  immersed  and weighed unti l  
the rate  of weight  loss dropped to that  of the base 
metal. 

A luminum dissolved in the electrolyte  was de te r -  
mined using a method of Sandell  [procedure A in ref. 
(8)] based on the extract ion of a luminum hydroxy-  
quinolate  by chloroform and photometry  of the re-  
sultant  yel low extract.  In some electrolytes a white 
precipi tate formed during anodization. This was col- 
lected and considered to be A1203 after  heat ing for 2 
hr  at 600~ The total weight  of dissolved a luminum 
was the sum of that  found in solution and in the pre-  
cipitate. 

Impedance measurements  were  made with  a conven-  
t ional a-c bridge that measured the equivalent  series 
capacitance and RC product. Two measur ing solutions 
wi th  different resistivit ies were  used. The first, 50 g/1 
tt3BOz adjusted to neut ra l  pH with NH4OH, had a re -  
sist ivity of about 400 ohm-cm. The second solution 
had a resist ivi ty of about 10 ohm-cm and was used 
previously by Burger  and Cheseldine (4). It  had a 
composit ion of 2.5% ammonium pentaborate,  12.5% 
ammonium formate,  10% glycol, and 75% water.  The 
measur ing cell was designed to hold a foil  sample 
equidistant  be tween two plat inized plates spaced 1 cm 
apart. 

Results 
Properties of the hydrated oxide.--Bernard and 

Randal l  (6) found that  the oxide produced in boiling 
water  was a water  enriched boehmite, wi th  approxi-  
mate ly  two moles of water  per  mole of A1203. This 
oxide is not a good dielectric. Some of their  exper i -  
ments were  repeated using etched foil and excel lent  
agreement  was obtained. 

The growth of hydrated oxide in boiling water  fol- 
lowed a logari thmic rate  law over  the in te rva l  1-30 
min (data in columns 1 and 2 of Table I) .  The devia-  
tion at the shorter  t ime may have  been due ei ther  to 
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Table I. Effect of hydrate on anodic oxidation 
200v barrier film 

Boi l  

T i m e ,  AW, Wt.  Al=,O3, rag/din'- '  C h a r g e ,  C u r r e n t  WAI/~f~ 
ra in  m g / d m ~  To ta l  A n o d i c  Q, m e q .  eft ,  % • 100 

0 0 64.9 64.9 5.23 73.0 15.7, 24.6 
0.67 7.5 3.27 
1 15.0 61.0 42.9 2.66 95.0 9.0 
5 24.5 64.2 35.2 1.97 105.5 0, 0.7, 0.8 

{33.6) (100.7) 
30 39.8 85.2 38.1" 2.24 

* W e i g h t  of  a n o d i c  A12Oa c a l c u l a t e d  f r o m  c h a r g e ,  a s s u m i n g  100% 
c u r r e n t  e f f i c iency .  T o t a l  o x i d e  is t h e  s u m  of  c a l c u l a t e d  w e i g h t s  of 
a n o d i c  a n d  h y d r a t e d  ox ides .  

uneven hydrat ion of the surface or the production of 
an oxide of lower water  content. The hydrate  thickness 
was calculated to be about 100 A / m g  of weight  gain, 
based on the density of isolated hydrate  films measured 
in toluene (6). Since these films are porous, the t rue 
thickness would be grea ter  than this. 

Samples of two different etched foils and an un-  
etched foil was boiled for 1, 3, and 5 min, and then 
the oxide was dissolved in CrO3-H3PO4 solution. The 
weight  of hydrated oxide and the water  content  were  
calculated from the weight  changes. The water  content  
ranged f rom 24 to 30% with  an average value of 27%. 
There were  no significant differences among the dif-  
ferent  types of foil or the different reaction times. 
Burger  and Cheseldine (9) found the composition of 
the hydrate  produced in boiling water  to be constant 
at 27% H20 for immersion times from 5 to 60 min. In 
all subsequent  calculations it was assumed that  the 
hydrated oxide contained 27% water.  

Effect oy the hydrate on the anodization process . -  
Foils were  anodized to 200v after immersion in boiling 
water  for times up to 30 rain. The oxide films were  
then isolated and heated at 900~ for 2 hr. The effect 
of the hydrate  on weight  of oxide, charge, and current  
efficiency is summarized in Table I. Each ent ry  is the 
average for two samples. 

The total  weight  of A1203 was that found after heat -  
ing at 900~ The calculated weight  of A1203 grown 
during the boil (based on average hydra te  composi- 
t ion) was subtracted f rom the total  to obtain the 
weight  of anodic oxide. The current  efficiency is the 
ratio of equivalents  of anodic oxide to equivalents  of 
charge passed during anodization, expressed as a per  
cent. The last column in Table I gives the weight  of 
dissolved a luminum as a per cent of the charge passed. 
The data in the last column were  obtained in a sep- 
arate set of experiments.  

When the weight  of hydrate  is a large part  of the 
total  oxide weight,  deviat ion f rom the average hydra te  
composition can introduce significant error  in the cal- 
culated weight  of anodic oxide. It was est imated for a 
5-min boil that  uncertaint ies  in the hydra te  composi- 
t ion could introduce an error  of +_ 6% in the weight  
of anodic oxide. 

An  al ternate  method can be used to calculate the 
weight  of anodic oxide. The observed weight  gain 
during anodie oxidation (AWan) represents the differ- 
ence between the weight  of oxygen gained and the 
weight  loss f rom reduct ion of water  content (aWn2o) 
and dissolution of a luminum (WA1). The weight  of 
anodic oxide is then, 

W a n o d i c  = (102/48) ( A W a n  -~  A W H 2 0  + W A 1 )  [1] 

A precipi tate  forms during anodization if WAI is large, 
and the exper imenta l  error  in de termining WAI is then 
probably as great  as the uncer ta in ty  in hydrate  com- 
position. When WA1 is small, the major  source of error  
is in the quant i ty  AWH20 , the difference be tween the 
calculated weight  of wa te r  in the hydra te  and the 
weight  loss at 900~ 

In the last column in Table I it is seen that  WAl is 
ve ry  small  for a 5-rain boil, and may  be neglected in 

Eq. [1] without  introducing serious error. For  this case 
it was est imated that  the uncer ta in ty  in AWH2o could 
result  in a _ 3% error  in the weight  of anodic oxide 
calculated f rom Eq. [1]. This method was used to 
ar r ive  at the figures in parentheses in Table I. These 
are bel ieved to be more accurate than the correspond- 
ing figures arr ived at by the first method. 

The presence of a hydrated oxide sharply reduced 
the amount  of anodic oxide requi red  to produce a 200v 
barr ier  film. The  total  weight  of oxide changed li t t le 
for boil t imes of 5 min or less. The small decrease in 
total oxide weight  wi th  a 1-min boil could be due to 
exper imenta l  error,  but under  some conditions the 
total  weight  of composite oxide may be less than that  
of a purely  anodic oxide because of a greater  dielectric 
strength. This is discussed in a later section. 

The current  efficiency wi th  no hydra te  was usually 
about 70-75%, but sometimes dropped as low as 50%. 
The presence of a hydrated oxide great ly  improved the 
current  efficiency, so that  af ter  a 5-min boil the effi- 
ciency was close to 100%. (Spectrographic analysis of 
two composite oxides made wi th  5-rain boils showed 
the presence of 0.17% and 0.37% boron. If present  as 
B203, this would contr ibute 0.5-1.0% to the apparent  
weight  of oxide.) The combinat ion of improved cur-  
rent  efficiency and reduced anodic oxide resulted in 
charge consumption with  a 5-rain boil less than 40% 
of that requi red  in the absence of a hydrate.  Such re-  
duced charge was one of the earliest  benefits a t t r ibuted 
to the presence of a hydrate  layer (1). The increase in 
charge for the 30-min boil is very  l ikely a real  effect, 
since a similar  observat ion has been made by Randal l  
(10). 

Copious gas evolution was sometimes observed at 
the anode when a hydrate  film was absent. This was 
presumably oxygen, but no a t tempt  was made to ver i fy  
this. This gas evolution would account for the fraction 
of the charge not consumed in oxide format ion and 
a luminum dissolution. There was negligible gas evolu-  
tion during format ion of films to 200v after  a boil of 
1 min or longer. Both gas evolut ion and a luminum dis- 
solution increased when thicker  films were  formed. 
For example,  for films formed to 400v after  a 5-rain 
boil the current  efficiency was only 92.6% and dis- 
solved a luminum accounted for 2.6% of the charge. 

When a foil sample was anodized in a solution of 
30% ammonium pentaborate  in e thylene glycol at 
room tempera ture  and constant current,  current  effi- 
ciency was 100%, and dV/d t  was constant up to at 
least 200v. When a sample was boiled in wate r  for 5 
min and then anodized in 100 g/1 H3BO3 at 90~ cur-  
rent  efficiency was again 100%, but dV/d t  was not 
constant. A typical  recorder  trace is shown in Fig. 1. 
The values of dV/d t  ini t ial ly and at 200v are indicated. 
There  was some var ia t ion among samples, but the 
general  pat tern was that  for the init ial  15-25v the 
voltage rise was constant at a value be tween 7 and 9 

Fig. 1. Recorder trace of anodic oxidation after a 5-rain boil 

i 
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Fig. 2. Effect of hydrate (5-min boil) on oxide weight: �9 
total oxide weight with no hydrate; A ~ total oxide weight with 
hydrate; O = anodic oxide weight with hydrate. 

v/min .  The voltage then increased more rapidly into 
the range 50-100v unti l  d V / d t  was between 12 and 14 
v /min .  The rate of voltage rise was then constant to 
above 200v where  increased a luminum dissolution and 
gas evolut ion accompanied a decrease in dV/dt .  The 
same behavior  was obtained with plain foil as wi th  
etched foil. 

The change in oxide weight  wi th  increasing anodiza- 
tion voltage is shown in Fig. 2. The total  oxide weight  
was measured after heat ing at 900~ The open circle 
and t r iangle  are data f rom Table I, while the lower 
curve represents average anodic oxide weights cal- 
culated f rom several  recorder  traces of voltage vs. 
time, assuming 100% current  efficiency. The weight  
of total oxide in the absence of init ial  hydrate  is shown 
by the top curve. It is possible that  some hydrate  was 
produced during anodization since the isolated 40 and 
200v oxides formed in the absence of initial hydra te  
lost 0.2 and 0.8 m g / d m  2, respectively,  at 900~ 

Composition and s tructure of the composite o x i d e . -  
Water  conten t . - -The  oxide films contained less water  
after anodization than was present in the initial hy-  
drate. In Table II the weight  loss at 900~ of a 200v 
composite oxide is compared with the water  content of 
the hydra te  film. The difference between these two 
quantit ies represents  the water  depleted during anodi- 
zation and is given in the last column of the table. This 
quant i ty  var ied lit t le over  a threefold range in hydrate  
weight, which implies that the react ion responsible for 
the loss of water  did not occur uni formly  throughout  
the hydrate.  

The decrease in water  content  wi th  increasing thick-  
ness of barr ier  oxide for foils that init ial ly received a 
5-min boil is shown in Fig. 3. The points represented 
by dark circles were  determined f rom the 900~ 
weight  loss while  the open circles were  calculated in 
the same way as the last entry in Table II. The corn- 

Table II. Water content of 200v composite oxides 

W e i g h t  of  H~O, m g / d m  2 

Boi l  t ime,  Compos i t e  ox ide ,  Difference,  
m i n  H y d r a t e  AW a t  900~ AWn~o 

O O 0.8 
1 6.7 2.8 3.9 
5 10.9 6.9 4.0 

30 17.6 -- 4.5* 

* C a l c u l a t e d  f r o m  AWa. a nd  charge ,  u s i n g  Eq. [1] and  an  as- 
s u m e d  c u r r e n t  eff iciency of 100%. 
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Fig. 3. Water content of composite oxide made with 5-min boil: 
C) z calculated; o ~ experimental 

position corresponding to boehmite  for the hydrate  is 
indicated by the horizontal  dashed line. It would  seem 
that  during the formation of the first 25v of barr ier  
film lit t le or no water  was lost. This corresponds in 
magni tude with  the init ial  period of constant dV/dt .  

The loss of water  could occur in three  ways: (a) 
expulsion of water  f rom the oxide to the solution; (b) 
reaction of a luminum ions wi th  water  f rom the hy-  
drate instead of wi th  species from solution to form 
oxide (4), viz., 2A1 +3 -t- 3H20 --> A1203 -t- 6H+; and 
(c) react ion of water  f rom the hydra te  wi th  base 
metal  to form oxide, viz., 2A1 ~ d- 3H20 --> A1203 -t- 3H2. 

If (c) is the prevai l ing mechanism, then the total 
weight  of metal  reacted should exceed that  consumed 
by the initial hydrat ion and charge passed during ano- 
dization. To examine  this, two foil samples were  given 
a 5-min boil, anodized to about 200v, and then the 
oxide was dissolved in CrO3-H3PO4 solution. It  was 
calculated that  the average weight  of a luminum con- 
sumed by hydrat ion and anodization was 34.4 rag, com- 
pared with an observed meta l  weight  loss of 33.0 mg. 
If water  reacted with  base metal,  it was est imated that  
an additional weight  loss of 5 mg should have been 
observed. Clearly, mechanism (c) is not consistent 
wi th  the exper imenta l  results. 

Mechanisms (a) and (b) cannot be distinguished 
on the bases of weight  changes and charge passed. In-  
deed, we have devised no way to de termine  which of 
these mechanisms prevail .  

Water  d is tr ibut ion. - -Two isolated 200v composite ox-  
ides made with  a 5-min boil were  heated at several  
tempera tures  be tween 600 ~ and 900~ The average 
weight  loss at each step is given in Table III. S ixty  
eight per cent of the water  was removed at 600~ but 
not unti l  900~ did it appear  that  all the water  was 
removed. This contrasts wi th  the results of Bernard 
and Randal l  (6) who found that  at 600~ 97% of the 
water  was removed from the film produced by the 
react ion of a luminum and boiling water.  Thus, some 
of the  water  remaining in the composite oxide is bound 
much more strongly than is the water  in the init ial  
hydrate.  This water,  as hydroxyl  groups, may  be a 
part  of the 7-A12Os s t ructure  in the barr ie r  oxide (11, 
12). 
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Table III. Removal of water from composite oxide 
(5-rain boil, 20Or) 

W t .  l o s s ,  
T e m p ,  ~  T i m e ,  h r  m g ~ d w l  2 

55 

August 1967 

A I 

600  2 4 .7  
700  2 1.1 
8 0 0  2 0 .8  
8 0 0  O v e r n i g h t  0 . 1 5  
8 5 0  2 0.1 
9 0 0  4 0 . 0 5  

6 . 9  

5 0  

2 5  

X - r a y  analyses.--Dif fract ion patterns of several  oxides 
were  made using a Debye-Scher re r  powder  camera. 
Only qual i ta t ive  results were  obtained. A significant 
amount  of 7-A12Os was found in a 200v oxide formed 
in 100 g / l  H~BO3 at 90~ with  no hydra ted  oxide pres-  
ent. The pat tern for a 200v composite oxide formed in 
the same way, but af ter  a 5-rain boil showed about 
the same amount  of -~-oxide present, and also a lesser 
amount  of boehmite. No evidence of a crystal l ine phase 
was found for a 200v oxide formed in a solution of 
30% ammonium pentaborate  in glycol at room tem-  
perature.  

Impedance measurements . - -Capaci tance  vs. f i lm 
th ickness . - -For  the discussion of Fig. 4 it is convenient  
to introduce the dielectric strength, D, defined as the 
ratio of bar r ie r  volts to bar r ie r  thickness. Then 1/C = 
(k / eD)V ,  where  ~ is the dielectric constant and k is a 
constant. The product  eD was constant for oxide 
formed in the absence of init ial  hydrate.  Up to about 
50v ED was the same, wi th  or wi thout  an init ial  hy-  
drate  produced by react ion with boiling water  for 5 
min. The oxide grown in the in terva l  50-200v had 
about a 50% higher  eD product  when the hydrate  was 
present. (Assuming no change in the ini t ial  50v oxide, 
which may not be the case.) 

Frequency  and electrolyte  dependence . - - Impedance  
measurements  were  made on oxide films formed in 
three different ways: 

Oxide H, F ive  minutes  in boiling water ,  then ano- 
dized to 200v at 90~ in aqueous 100 g/1 H3BO3. 

Oxide NH, No hydration,  anodized as for oxide H. 
Oxide NHG, No hydration,  anodized to 245v at 25~ 
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Fig. 4. Effect of hydrate (5-min boil) on capacitance at 120 
Hz: �9 = no hydrate; (2) ~ hydrate. Each point is average far 
at least two samples; vertical lines show range of six samples ( t ) 
and five samples ( "~ ). 
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in 30% ammonium pentaborate  in e thylene glycol. 

Impedance measurements  were  made over  the f re -  
quency range 60-1000 Hz in two solutions wi th  re-  
sistivities of about 10 and 400 ohm-cm. The results 
are shown in Fig. 5 and 6. 

The results in the 400 ohm-cm solution with  oxides 
H and NHG were  close to those predicted by theory 
(13, 14). Plots of 1/C vs. log S and Rs vs. 1/S were  
linear, and the ratio of the slopes of these lines was 
9.7 (H) and 8.8 (NHG),  which compares wi th  a pre-  
dicted ratio of 9.2. The value of Rs for oxide NH de-  
viated sl ightly f rom l inear i ty  at the lowest measur ing 
f requency  (Fig. 5) and the ratio of the slopes for this 
oxide was only 6.9. 

When v iewed on unetched foil, oxide NH had a hazy 
appearance and contained random, i r regular ly  shaped 
black spots wi th  a characterist ic dimension 0.03-0.1 
ram. Af ter  heat ing isolated oxide at 900~ these spots 
disappeared. Electron probe microanalysis  detected 
no impur i ty  elements  wi th in  the  particles. Their  exact  
na ture  is unknown,  but  they may  be a secondary oxide 
phase or a localized dispersion of fine metall ic alu-  
minum particles (15). Oxide NHG and all  composite 
oxides were  always clear  and free of blemishes. 

In the 10 ohm-cm solution none of the oxides gave 
l inear  impedance plots. Oxides NH and NHG exhibi ted 
exceedingly  high Rs at low frequencies,  whi le  the de-  
viat ion for oxide H was only slight. The plots of 1/C 
vs. log ~ were  sl ightly curved for all oxides due to high 
series capacitance at low frequencies.  Addi t ional  anodic 
polarization (healing) did not remove these effects, 
indicating the absence of large fissures. 
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Young (16) has a t t r ibuted this type of dependence 
on measur ing solution conductivi ty to the presence of 
microflssures in the oxide film. From the relative val-  
ues of Rs in the 1O ohm-cm solution it seems that the 
presence of a hydrate  results in ei ther the formation 
of an oxide with less microfissures, or reduces the ef- 
fect of any existing microfissures. None of the known 
properties of these oxides can explain the improved 
low-frequency behavior of the composite oxide. One 
possibility that can be suggested is that forces could 
be distr ibuted across the bar r ie r /hydra te  interface, re-  
l ieving stresses wi th in  the barr ier  layer and thus re-  
ducing microfissures. 

Surface area.--The hydrated oxide is very porous, 
so the only way it could become part  of a barr ier  layer 
is if the anodic oxide grew into the interstices. This 
would result  in a reduct ion of surface area. No change 
in surface area would be expected if the anodic oxide 
grew only under  the hydrate.  Thus, surface area mea-  
surements  are impor tant  evidence in de termining the 
role of the hydrate. 

The surface areas of specimens that  received a 5- 
min boil and were then anodized were determined us-  
ing a dynamic BET method employing ni t rogen ad-  
sorption. The following results were obtained, ex- 
pressed as surface area/projected area. Each figure 
represents a different sample: 

B a r r i e r  v o l t s  A r e a  r a t i o ,  m ~ / d m  ~ 

0 4.51,  5.33 
200 2.11, 2.56 
400 1.74 

The surface area prior to hydrat ion was too small  
to be determined by this method, but  from capacitance 
measurements  on samples anodized to low voltages 
this area was estimated to be about 0.1 m2/dm 2. 

The significant decrease in surface area dur ing 

anodization supports the idea that  hydrate  is incorpo- 
rated into the barr ier  layer. The larger decrease in 
area dur ing the first 200v compared with the next  200v 
increment  is qual i ta t ively similar to the decrease in 
water  content with film thickness (Fig. 3). 

Discussion 
The most satisfactory explanat ion of the anodization 

results is that some hydrate was converted to barr ier  
oxide by dehydrat ion dur ing  anodic oxidation, so that  
the total barr ier  oxide was the sum of anodic oxide 
plus converted hydrate. Boehmite is usual ly  dehy- 
drated to form 7-A12Oz at about 450~ but  the t rans-  
formation can occur as low as 350~ (17). Under  the 
influence of an electric field, the hydrate  lattice may 
be sufficiently distorted to permit  the t ransformat ion 
at still lower temperatures.  Precedents for field-as- 
s i s~d  crystall ization are the production of " y - A ] 2 0 3  

dur ing  anodie oxidation at 90~ (as seen in  this ex- 
per iment)  and the formation of anodic ~-A1203 at less 
t han  300~ (18). The high field in the barr ier  layer 
dur ing anodization will  not  exist in the bulk  of the 
hydrate  layer. However, it probably does extend some 
small  distance across the bar r i e r /hydra te  interface, 
and in this surface region field-assisted dehydrat ion 
would occur. This would account for the observation 
that the weight of water  lost was independent  of the 
amount  of bu lk  hydrate  present  (Table II) .  Since 
there is evidence that  hydroxyl  groups exist wi th in  
the anodic portion of the composite oxide, complete 
dehydrat ion would not be required for conversion to 
barr ier  film. 

It appears that there  is an inhibi t ion period for the 
dehydrat ion of hydrate, dur ing  which the eD product 
is unaffected by the presence of hydrate.  However, 
the barr ier  oxide formed dur ing this t ime is not ident i -  
cal with that produced in the absence of a hydrate  as 
evidenced by the difference in anodic oxide weights 
that  exists from the very start  of anodization. 

Although no direct determinat ion could be made of 
the amount  of hydrate  converted to barr ier  oxide, it 
is possible to compare several estimates of this quan-  
tity. The fraction of hydrate  converted was assumed 
to be equal to each of expressions ( a ) - ( c ) ,  where 
WH20 is the weight of water  in  the init ial  hydrate  and 

1---%WH20 (900~ (a) 
1 - -  • (600~ (b) 
1 -  (surface area composite oxide /sur -  

face area ini t ial  hydrate)  (c) 

• is the weight loss of the composite oxide at the 
indicated temperature.  Expression (b) is an a t tempt  to 
account for water  that may be in  the barr ier  oxide. 
The fraction converted was calculated in  these ways 
for 200v and 400v composite oxides made with a 5-rain 
boil. The results are shown below: 

(a) qb) (c) 

200v  0.37 0.57 0 .43-0 .60  
4O0v 0.56 - -  0.65 

Considering the assumptions inherent  in  each of these 
estimates, the agreement  is reasonably good. 

Making the fur ther  assumption that the t rue fraction 
converted lies wi th in  the range of the above estimates 
enables us to examine the dielectric properties of the 
composite oxide. The weight of barrier  oxide in the 
20Or composite oxide was calculated using the limits 
of 37 and 6.0% hydrate  conversion. The ratio of the 
dielectric s trength of the composite oxide to that of a 
film with no hydrate  (assuming equal density barr ier  
oxides) and the ratio of dielectric constants could 
then be determined, with the following results: 

37% 60% 

Dcomv./Do 1.43 1.24 
~eomp.fEo 1.05 0.91 
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Thus, the major  effect of the hydrate  is to produce a 
barr ier  film with  significantly greater  dielectric 
strength, wi th  li t t le or no change in dielectric con- 
stant. A similar  calculat ion for 40Ov films led to the 
same conclusion. This a rgument  also holds when  con- 
sidering the composite oxide vs. amorphous films 
formed in glycol-borate  electrolyte, since for the same 
weight  of oxide these lat ter  films had the same capac- 
i tance (120 Hz) as films formed in aqueous boric acid 
wi th  no hydrate.  

The  improved  current  efficiency for oxide format ion 
in the presence of a hydrate  could be due to two fac- 
tors. First, the reduced barr ier  ox ide /e lec t ro ly te  con- 
tact area would decrease any general  oxide dissolu- 
tion, al though this could not account for the complete 
absence of dissolution. Second, no black spots were  
observed in the composite oxide, and these were  prob-  
ably sites for secondary reactions such as oxygen evo-  
lution. The more fundamenta l  question as to the cause 
and el iminat ion of these defects remains unanswered.  

Conclusions 
1. The presence of a hydrate  layer during anodic 

oxidation of a luminum not only reduces the amount  
of anodic oxide needed to support  a given voltage, but 
also increases the current  efficiency to as much as 
100%. 

2. The loss of water  during anodic oxidation is as- 
sociated with t ransformat ion of hydra te  into barr ier  
oxide. The high tempera tures  needed to remove  water  
from the isolated composite oxide suggest that some 
water ,  as hydroxyl  groups, is present in the anodic 
oxide. 

3. The dielectric s t rength of a composite oxide is 
greater  than that  of an oxide produced in the absence 
of a hydrate. The impedance characterist ics of a com- 
posite oxide indicate it contains fewer  microfissures 
than a purely anodic oxide. 
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Luminescence Efficiency of Silicon Carbide 
Doped with Boron and Nitrogen 

R. M. Potter 
Lighting Research Laboratory, General E/ectr/c Company, Cleveland, Ohio 

and D. A. Cusano 
General Electric Research and Development Center, Schenectady, New York  

ABSTRACT 

Luminescence quan tum efficiencies of the order  of 10% have been mea-  
sured at 300~ for ~-SiC doped with  boron and nitrogen, The values obtained 
using ca thode-ray  and 3650A excitat ion agree within  the uncer ta inty  of the 
measurements .  

This paper  reports  some new results on the quan-  
tum efficiency 1 of luminescence in both single crystal  
and powdered  SiC doped with  boron and nitrogen. 
The measurements  were  made using ca thode- ray  and 
3650A uv  excitation, at 77~ and at room temper -  
ature. Unt i l  recently,  (1, 2) the quan tum efficiency 
of SiC at room tempera ture  had been reported as ex-  
t remely  poor. The present work  has shown that  room 

z In  th i s  paper ,  q u a n t u m  eff iciency is def ined  as the  ra t io  of  
l u m i n e s c e n c e  p h o t o n s  g e n e r a t e d  to e l e c t r o n - h o l e  pa i r s  p r o d u c e d  
b y  exc i t a t ion .  

t empera ture  quan tum efficiencies of the order  of 10% 
are possible for sui tably prepared  SiC:B,N powders 
and crystals. 

Experimental Procedures and Results 
SiC:B,N powder  phosphors used in the invest iga-  

tion were  kindly supplied by Addamiano,  who has de- 
scribed their  prepara t ion in detail  (3, 4). Briefly, they 
were  prepared by firing at around 2500~ a mix ture  
of "semiconductor  grade" silicon and "spectroscop- 
ically pure"  graphi te  along wi th  10 -4 to 5 x 10 -4 
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Table I. Impurity analysis of SiC:B,N samples by 
emission spectroscopy 

E l e m e n t  P o w d e r  C rys t a l  

B 20 p p m  6 DPm 
Mg ND < 0.5 ~ 0 . 6  
Fe  N D < 5  N D < 5  
G e  iN-D < 3 ND<4 
A1 ND<2 4 
Be ND < 0.i ND <1 0.I 
Mo N D  < 2 N D  < 4 
Sn ND < 2 ND < 7 
V N D < 6  ND<6 
Cu ND<I ND<I 
AE ND < 0.2 ND < 0.2 
Zn N D <  15 ND< 15 
T i  ND < 3 ND <: 3 
Z r  ND<2 ND<3 
Co N D < 4  N D < 3  
Ni N D < 3  N D < 3  
Ca 3 1 

mole fraction boron in Ar gas containing a small per-  
centage of N2. As shown in Table I, the impur i ty  
levels in  the product (aside from boron) were gen- 
eral ly too low to be detected by emission spectroscopy. 
Samples prepared without  adding boron exhibited no 
room temperature  photoluminescence. As noted in 
ref. (4), these powders consist of a mix ture  of several 
a-SiC polytypes. The luminescence peaks near  6000A 
(Fig. la ) .  

Single crystals were prepared by  a modified Lely 
technique (1). The charge was Carborundum "high- 
puri ty" SiC grain, acid-washed to remove surface 
impurities. Controlled amounts  of BCI~ and N~ were 
mixed with the furnace atmosphere (flowing Ar) 
throughout  the run  in concentrat ions which yielded 
a l ight green (n- type)  product. Bright  room tem- 
perature photoluminescence was found in a minor i ty  
of the crystals; the bulk  appeared considerably dim- 
mer. It  should be noted however that, when  BC13 was 
omitted from the atmosphere, the photoluminescence 
was much dimmer and no bright individuals  were 
found. 

Because of the scarcity of bright  samples, it  was 
only possible to analyze a batch of crystals of gen- 
erally low brightness (see Table I) .  This analysis is 
useful in establishing the background level of impur -  
ities from the furnace and from the SiC charge. The 
analysis shows that the common SiC impurities, ex-  
cept A1 and B, are below the detection limits of emis- 
sion spectroscopy. 

4i 
4000 5000  

2L 

R I N I  I " " ,  I I I 
6 0 0 0  7 0 0 0  8000  9 0 0 0  I0,000 I1,000 

(b) 
SINGLE CRYSTAL 

LENT = 200  L /W 

Oi 
4 0 0 0  5000  6 0 0 0  7000  8 0 0 0  9 0 0 0  I0,000 I1,000 

WAVELENGTH IN 

Fig. 1. Spectral distribution of luminescence of (a) powdered 
and (b) single crystal SiC:B,N at 300~ excited by a 15 kv, ! 
Fa/cm 2 electron beam. Dashed curves are the product of the 
normalized photopic eye response and the spectral distribution. 

4000 5 0 0 0  6 0 0 0  7 0 0 0  

WAVELENGTH tN 

Fig. 2. Spectral distribution of luminescence of the single crystal 
of SiC:B,N at 300~ excited by uv. 

The structure of the crystal selected for the mea-  
surements  was not determined, bu t  the luminescence 
spectrum peak is close to that  ascribed to the 21R 
polytype (3), i.e., 6200A (see Fig. 1B and Fig. 2). 

Powder  sample, 3650A exci tat ion.--The quan tum 
efficiency of the powder under  3650A excitation was 
determined by comparing the fluorescent output  with 
that  of a powdered sodium salicylate s tandard whose 
quan tum efficiency is reported to be 0.45 (5). A fil- 
tered G.E. AH-6 mercury  lamp was used to excite the 
samples with about  10 -2 w / c m  2 of uv light peaking 
near  3650A with some energy from 3300 to 3850A. 
The photoluminescence measurements  were carried 
out using a grat ing spectrophotometer with an  ex- 
te rna l  optical system which accepted a fixed small  
solid angle of the emitted fluorescence (see Fig. 3a). 
The detector was a RCA 1P22 photomultiplier.  The 
total optical system plus detector was calibrated in 
terms of relat ive energy per un i t  wavelength  interval .  
The curves in  Fig. 1 and 2 were plotted in  these units. 

For the quan tum efficiency estimates, the spectral 
dis t r ibut ion data were obtained for the SiC sample 
and the sodium salicylate s tandard under  identical 
3650A intensity. These data were converted to rela-  
tive photons per uni t  energy in terval  plots (not 

A,. f ~ " ~ E  ELEMENT 

o 

Fig. 3. (a) Experimental arrangement used for ,single crystal 
SiC:B,N, and (b) diagram illustrating the geometric approach used 
to establish the optical factor. 
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shown);  the ratio of the areas under  the curves in 
these plots are equal  to the ratio of photon outputs. 

The correction factor by which this ratio must  be 
mult ipl ied to give the quantum efficiency is 

(1--Ray) s 2 0.53 2 
Kp ~ ~ - -  0.77 

(1--Ruv)p ( l + R e ) p  0.92 1.50 

where  R is diffuse reflectance, the subscripts s and p 
denote the sodium salicylate s tandard and the pow- 
dered SiC, respectively,  and Re is the diffuse reflec- 
tance of the SiC for its own emission. (It  was assumed 
that  the fluorescence and the reflected uv were  per-  
fectly diffuse for both sample and standard.) Using 
45% for the quantum efficiency of sodium salicylate, 
the quantum efficiency under  uv  excitat ion of a typ-  
ical SiC:B,N powder  was found to be about 6.4%. 

S i n g l e  c ry s ta l ,  3650A e x c i t a t i o n . - - T h e  quantum ef-  
ficiency of single crystal  SiC:B,N was also obtained 
by comparison with sodium salicylate. In this case, 
the crystal  surfaces except  the central  region of a 
smooth na tura l  face were  painted black with kerosene 
"dag." This procedure v i r tua l ly  el iminated mult iple  
internal  reflections and also simplified the corrections 
to be made below in der iving internal  quantum effi- 
ciency. 

These corrections can be understood by reference to 
Fig. 3b. The fluorescent l ight incident on an infinites- 
imal surface e lement  of the crystal  which originates 
within the solid angle corresponding to de is 

d L  = A (2~e2sin0dr) ( cos__~0 ~ e -k . . . .  0 
\ r 2 / 

where  A is a constant, r is the distance of a l igh t -pro-  
ducing volume element  f rom the infinitesimal surface 
element,  and k is the absorption constant for 3650A 
light. The first term in parentheses is the volume ele- 
ment, the second te rm arises f rom the assumption of 
isotropic emission within the volume element,  and 
the third represents  the var ia t ion  of re la t ive  emission 
intensi ty with ver t ical  distance f rom the surface of 
the crystal. This expression integrates  to ( 2 ~ A / k )  
(1--cost)  for an angle C in the crystal  accepted in 
the external  optical system. The fraction of the light 
generated in the whole hemispherical  solid angle 
which is accepted in the solid angle corresponding to 
C is then (1--cos t ) .  The relat ion of the in ternal  ac- 
ceptance angle C to the externa l  (in air) acceptance 
angle, Ca, is given by Shell 's  law: Ca = n sine, where  
n ---- ref ract ive  index of SiC at 6200A. 

This gives a fraction accepted (for small  values of 
Ca) 

sineCa 

2n 2 

For the sodium salicylate powder, fluorescence is 
diffuse, and the fract ion accepted is 

fp = sin2Ca 

The optical correct ion factor when  comparing crystal  
and standard is then 

(l--Ruv)s i f~, 

Kx= (i--Ruv)x (l--Re)x " 2 " - -  Ix 

(l--Ray) s 4n 2 

-- (1--R~,v) x (1--Re) x 

0.53 4 (2.63) 2 
Kx ---- - -  23.7 

0.775 0.80 

The 3650A diffuse reflectance of the sodium salicylate 
was measured by comparison to MgO powder  (reflec- 
tance assumed 100%); the SiC specular reflectances 
were  calculated for normal  incidence f rom the refrac-  
t ive indices (6) (2.81 at 3650A). Using this value of 
Kx, a quan tum efficiency of  18% was deduced for the 
crystal  selected. 

C a t h o d e - r a y  e x c i t a t i o n . - - T h e  cathode-ray  efficiency 
measurements  were  made at 15 kv and 22.5 kv, at 
current  densities of 0.01 to 0.1 ~a/cm 2, for 77 ~ and 
300~ Both powders and single crystals were  bom- 
barded and v iewed at 45 ~ to the sample surface. The 
cathodoluminescent  brightness in foot lamberts  was 
measured with  a Salford Electr ical  Instruments,  Ltd. 
photometer.  The externa l  power  efficiencies (watts 
ou t /wa t t s  incident) were  determined direct ly f rom 
the photometr ic  measurements  using the lumen  equiv-  
alents of the radiat ion (see Fig. 1) and the power  in 
the incident beam. The best of these efficiencies for 
powdered and single crystal  SiC were  found to be 2.7 
and 0.08%, respectively.  

It was then assumed (conservat ively)  that  ~6  ev 
of ca thode-ray  energy were  needed to create an elec- 
t ron-hole  pair which then resul ted in an emit ted  pho- 
ton of ~2  ev, giving a correction factor of 3. The re-  
maining correction for powder  and crystal  is analogous 
to that  for ul t raviole t  exci tat ion above, since a br ight-  
ness measurement  also implies a diffuse source. The 
complete correct ion factor becomes 

2 
Kp ~--- 3 -~- 4.0 for the powders and 

( l + R e ) p  

4n 2 
Kx ---- 3 �9 105 for the crystals 

(1--Re) • 

The quantum efficiencies of SiC:B,N deduced by cor- 
rect ing the above ex te rna l  power  efficiencies are  then 

12% for the powder  and ~ 8% for the crystals. 
In summary,  the four determinat ions  of quantum 

efficiency at 300~ are compared in Table II. At 77~ 
the quantum efficiencies for both types of exci tat ion 
are about two times greater  than the 300~ values. 

Discussion 
The lower value  of efficiency found under  uv ex-  

citation for the SiC:B,N powder  may be accounted 
for by (i) the samples used for the two measure-  
ments were  f rom different preparations,  ( i i )  the uv 
exci tat ion intensi ty was much higher  than the cathode-  
ray excitation intensity. (We have  found that  effi- 
ciency varies as the --0.1 to --0.3 power of excitat ion 
intensi ty) ,  and ( i i i )  the assumption of diffuse re -  
flectance of uv may be a poor one. The h igher  value 
of efficiency found under  uv  excitation for the single 
crystal  may be due to the difference in penetrat ion of 
the electrons and the uv  ( ~  3~ compared to ~ 10~), 
and suggests that  the single crystal  may not be uni-  
form in properties near  the surface. (The same crys-  
tal was used for the uv and ca thode- ray  measure-  
ments) .  We feel  that  our results indicate a quantum 
efficiency of be tween  5 and 20% for SiC:B,N at 300~ 

SiC is an indirect  mater ia l  and, as such, might  be 
expected to have a low efficiency for luminescence re-  
sulting from band to band recombinat ion or recom- 
binat ion by way  of shallow levels. There  is, however ,  
no theoret ical  bar r ie r  to high efficiency radia t ive  re-  

where  the (1--Re)x te rm corrects for emit ted l ight  
lost by specular  reflection at the crys ta l -a i r  in terface  
and redirected toward the absorbing dag base, and 
the factor 2 accounts for the loss of the half  of the 
light emit ted ini t ia l ly  toward the dag base. Af te r  sub- 
sti tution of the refract ive  index at 6200A (2.63) and 
the reflectance values, one obtains 

Table II. Quantum efficiencies of SiC:B,N 

SiC:B,N SiC:B,N 
D o w d e r  s i n g l e  c r y s t a l s  

U l t r a v i o l e t  6 ~  18f~ 
Cathode ray 11% 8f~, 
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combinat ion involving deep levels, which is un-  
doubtedly the case for SiC: B,N. The same is t rue  for 
the 70O0A emission of GaP, for which fair ly high in- 
jection electroluminescence efficiencies have been re-  
ported recent ly  (8-10).e 
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Closed System Vapor Growth of Bulk CdS Crystals 
from the Elemental Constituents 

Naim Hemmat and Martin Weinstein 
Tyco Laboratories, Inc., Bear Hill, Waltham, Massachusetts 

ABSTRACT 

The growth of large, h igh-pur i ty  CdS monocrystals  has been accomplished 
by a closed system technique. Crystals weighing up to 150g, 9 cm in length 
by 25 mm in diameter  have been grown in a closed quar tz  ampoule direct ly  
f rom the h igh-pur i ty  e lementa l  constituents. The technique lends itself to 
the preparat ion of h igh-pur i ty  CdS, since the possibility of extraneous im-  
pur i ty  pick-up is minimized. Homogeneous doping dur ing vapor  growth has 
also been accomplished. In addition, techniques are described whereby  bulk 
crystals containing 10 ~ dis locat ion/cm 2 have been prepared.  The mechanisms of 
dislocation production, propagation, and remova l  are discussed in the specific 
context  of constrained growth f rom the vapor  phase. 

A number  of methods have been proposed for the 
growth of large, h igh-pur i ty ,  single crystals of CdS 
(1-3). Many procedures have also been described for 
the synthesis of CdS. In general, the two basic meth-  
ods are precipi tat ion f rom aqueous solution of Cd with  
H2S (4) and precipi tat ion f rom vapor  phase reaction 
(5). 

In the lat ter  approach, commonly known as the 
Frer ich 's  method (6), the meta l  is vaporized in one 
section of the furnace and carr ied over  to the react ion 
zone by a carr ier  gas (H2) where  it reacts wi th  H2S to 
form the meta l  sulfide vapor. The sulfide subsequent ly  
is deposited in a cooler zone of the furnace. The F re -  
rich's technique and all its modifications can there-  
fore be described as a chemical  vapor  t ransport  proc-  
ess. This type of vapor  phase technique requires  a 
composite assembly in which a re la t ive ly  large sur-  
face area of the system is in contact with the con- 
st i tuent elements and the compound. This paper de- 
scribes in detail  a new closed-system synthesis and 
growth technique by which large, h igh-pur i ty ,  and 
uni formly doped single crystals of CdS are grown 
f rom star t ing charges of Cd and S. 

Synthesis o] CdS 
In order to minimize contaminat ion and improve  

crystal  homogeneity,  an a t tempt  was made to syn-  
thesize CdS in a closed reaction tube. 

The exper iments  that  led to the successful synthe-  
sis of CdS in a closed vessel can be summarized as 
follows: stoichiometric quanti t ies of h igh-pur i ty  
(99.9999-ff%) Cd in the form of shot (United Mineral  
and Chemical  Corporation, New York) and S 
(99.999%) type A-58, f ragmented  pieces (American 

Smelt ing and Refining Company, South Plainfield, 
New Jersey)  were  sealed in a 25 mm ID, 20 cm long, 
clear quartz  tube under  vacuum (10 -6 Torr) .  The 
sealed reaction tube was positioned in the uni form 
tempera ture  zone of a horizontal  resistance furnace. 
A number  of exper iments  fol lowing various t ime- t em-  
pera ture  cycles were  conducted. The t ime- tempera tu re  
cycle for which complete synthesis was successful 
consisted of holding the charge at 600~ for 12 hr, 
fol lowed by 24 hr  at 900~ and then gradual ly  increas-  
ing the t empera tu re  to 1200~ The charge was main-  
tained at 1200~ for 8 hr  or more and then cooled to 
room temperature .  F igure  1 is a macrograph of the 
CdS crystall i tes obtained in a run fol lowing this spe- 
cific t ime- t empera tu re  cycle. The resul t ing crystals 
have a t ransparent  ye l lowish-brown color and are 
randomly sized single crystals in the form of hex-  
agonal rods and platelets, some with  ex t remely  wel l -  
defined crystal lographic faces. The size of the crystals 
ranges up to 3 x 4 x 8 ram. 

In general,  i t  was exper ienced that  in order  to avoid 
an explosive react ion the system had to be held at 
600 ~ and 900 ~ for a min imum of 20 hr. On examina-  
t ion it was concluded that  the explosive react ion was 
in t imate ly  associated with  the init ial  formation of a 
CdS film that  surrounded the l iquid Cd and re tarded 
the Cd q- S -~ CdS reaction. Such observations have 
previously been noted by Reisman and Berkenbl i t  (7). 
The CdS film forms in some cases below the melt ing 
point of Cd. At  600 ~ the film became thicker  and much 
less porous. The thick film grown at 600 o was capable 
of sustaining the in ternal  pressure equal  to the Cd 
vapor  pressure at this temperature .  If this thick, tena-  
cious film was not given sufficient t ime to grow, the 
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Fig. 1. CdS crystallites produced by closed tube synthesis ap- 
proach, (a) IX,  (b) 8X. 

film fractured at a t empera tu re  above 700 ~ and the 
exothermic  react ion Cd + S -~ CdS took place in a 
violent  manner.  At 900 ~ Cd (or S) diffusion through 
the CdS film was sufficiently fast so that, after 20 hr 
at temperature,  the reaction goes to completion. If the 
synthesis react ion is not carr ied to completion, above 
approximate ly  925 ~ the vapor  pressure of S becomes 
sufficiently high (Ps ~ 35 atm) to cause fai lure of the 
1.5 mm thick quartz  capsule. 

Based on an analysis of the results obtained f rom 
these experiments ,  it was concluded that  the synthesis 
of CdS direct ly  f rom the elements  in a closed system 
is feasible; in order for the synthesis to be carr ied to 
complet ion successfully, the const i tuent  e lements  
should be separated ini t ia l ly  by means of a proper  
t empera ture  gradient  in order  to avoid the formation 
of a CdS film at low temperatures  on the Cd melt. 
Also in order to avoid excessive pressure build-up,  
the S reservoir  must  be kept below 500 ~ while  the 
exothermic  react ion is in progress. 

The  synthesis procedure finally ar r ived  at uti l ized 
a ba tch- type  technique. Stoichiometric  quantit ies of S 
and Cd were  ini t ial ly placed into the growth ampoule 
and sealed under  vacuum (10 -6 Torr) .  The tube was 
then placed into a movable  furnace which al lowed 
observat ion of the ampoule during reaction. The fur -  
nace was first passed over  the Cd reservoir  in order  
to cause vaporizat ion of Cd with  subsequent  deposition 
of a Cd film in the centra l  port ion of the tube. Next,  
the furnace was manua l ly  moved to the S reservoir  
where  vaporizat ion of the S occurred with  subsequent  
deposition of a port ion of the S charge again in the 
centra l  port ion of the tube. The furnace was then 
moved to the center  of the tube where  react ion of the 
consti tuent films took place. For  a 100g elemental  
charge approximate ly  5-7g of CdS was formed per 
pass at the central  port ion of the react ion tube. This 
process was repeated unt i l  all  reactants  were  con-  
sumed. 

The  CdS prepared by this technique is a yellowish 
powder  containing fine needlel ike crystallites. The 
above described closed system technique was also 
found to be applicable to the synthesis of h igh-pur i ty  
CdSe, ZnSe, and ZnS, provided that  the op t imum 
tempera tu re - t ime  cycle was used for each compound. 

It  has been reported that  deviations f rom stoichiom- 
e t ry  in CdS crystals significantly affect their  electr ical  
propert ies (8). It  is also known that  an excess of one 
of the consti tuent elements can radical ly change the 
crystal  growth parameters  (9). For  these reasons it 
was found advisable in certain cases to extract  the 
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excess free elements f rom the synthesized CdS charge 
prior to single crystal  growth. The extract ion of ex-  
cess consti tuent elements was readi ly  accomplished 
using the fol lowing procedure.  The init ial  react ion tube 
was made a few inches longer than the intended 
growth ampoule. Fol lowing the synthesis the sealed 
react ion tube was positioned in a two-zone furnace 
(with t empera tu re  flats of approximate ly  1050 ~ and 
800 ~ for 2 to 4 hr, wi th  a port ion of the tube exposed 
to ambient  temperature .  This procedure  resulted in the 
sublimation of the ent ire  charge at the hotter  zone and 
crystall ization at the 800 ~ region; during this recrys-  
tal l ization process the excess Cd or S condensed at 
the coolest region of the tube. The tube was then 
brought  to room tempera tu re  and the ampoule  re-  
sealed, isolating the region containing the volat i le  ele-  
ment  f rom the remainder  of the tube containing the 
recrystal l ized CdS charge. (This process, of course, 
can only be uti l ized in the case of undoped charge.) 

Crystal Growth 
After  the synthesis step, the growth ampoule was 

positioned inside a mull i te  tube in a t ravel l ing hori-  
zontal furnace. Since the vapor  pressure of CdS at 
1200 ~ is ~ 0.25 a tm the mul l i te  tube was mainta ined 
under  dynamic vacuum so as to reduce the stress on 
the quartz  tube, thus reducing the rate  of devitr if ica- 
tion and prevent ing collapse of the ampoule during 
the run. In practice, the pointed end of the growth 
ampoule is positioned re la t ive  to the tempera ture  
gradient  of the furnace as shown in Fig. 2. F igure  3 is 
a schematic representat ion of the crystal  growth ap-  
paratus. The opt imum speed of the furnace t rave l  is 
dependent  on the t empera tu re  profile of the furnace;  
0.25~ (corresponding to approximate ly  0.3 m m /  
hr) was found to be the most practical  ra te  for growth. 
It should be noted that  the amount  of charge re la t ive  
to the length of capsule and tempera tu re  gradient  de- 
termines the exact  t empera ture  corresponding to the 
start  of nucleation. The t empera tu re  of the furnace 
was controlled to • 0.25 ~ by a Honeywel l  precision 
set point system Model No. 687081. When the crystal  
growing run was terminated,  the tempera ture  of the 
furnace was decreased gradual ly  (25~ to room 
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temperature)  by automatic programming,  to avoid 
thermal  strain. A thorough analysis of the growth rate  
as a function of distance was made to improve process 
rel iabil i ty and yield. 

CdS single crystals weighing up to 150g and 25 mm 
in diameter have been grown by the method described. 
Figure 4 is a photograph of some typical crystals 
grown by this approach. It was also feasible to grow 
single crystals of CdS with near ly  the same d imen-  
sions in a vertical  apparatus. 

It  was experienced that  a Cd excess of approxi-  
mately 400 ppm did not  affect single crystal  growth. 
We have found, however, that excess S inhibits the 
growth process by severely decreasing the dynamic 
vapor pressure of CdS. The excess S suppresses the 
subl imation rate more than  Cd since it has a higher 
vapor pressure than Cd. Therefore, in order to main-  
tain the relat ionship K = P c d  • Ps2, P C d  decreases to 
a point where sublimation is seriously retarded. Uti-  
lizing the previously described technique we have ob- 
served that the growth of single crystals from high- 
pur i ty  Cd and S necessitates more careful  control of 
process variables ( temperature,  ampoule position, rate 
of growth, etc.) than the growth from a doped charge 
or from commercial ly  available presynthesized com- 
pound. 

Doping o] CdS 
The pure crystals grown by the closed system syn-  

thesis and growth technique exhibit  a resistivity in 
the range 0.01-0.1 ohm-cm. This low resistivity may 
well be the consequence of a tendency for CdS to grow 
slightly off stoichiometry. The Hall  mobil i ty of these 
crystals varied on average from 300 cm2/v-sec to 350 
cm~/v-sec at room tempera ture  (25~ 

The closed system technique also lends itself to the 
doping of crystals. For example, when 10 TM atoms/cc 
of Cu (~55 ppm) were added in the form of CuS to 
the init ial  e lemental  charge prior to synthesis, the 
crystals exhibited a resistivity of approximately 10 ~ 
ohm-cm with a variat ion of less than ___15% along 
their  entire length. The Cu doped crystals exhibi t  a 
uniform t ransparent - reddish  color. Also it was ex- 
perienced that  the resistivity of the pure crystals could 
be increased by approximately an order of magni tude  
by adding excess S (corresponding to a Ps of approxi-  
mately  200 m m  Hg at 1200 ~ to the init ial  e lemental  
charge, prior to synthesis. 

The impur i ty  concentrat ion of the bulk grown CdS 
crystal  was analyzed by mass spectrometry. The over-  
all analysis is given in Table I. Total impurities,  other 
than carbon and sodium, were found to be approxi-  
mately 2 ppm atomic. The carbon concentrat ion was 
not homogeneous, vary ing  from 0.1 to 1 ppm. Sodium 

Fig. 4. Photograph of CdS crystals grown from Cd and S by 
the closed system technique. The dark crystal is CdS doped with 
10 2~ atom Cu/cm 3. 

Table I. Impurity concentrations in the CdS crystals grown from 
initial charge of high-purity elements* 

E l e m e n t  De tec t i on  l i m i t  CdS s a m p l e  

L i  0.01 0.07 
C 9.05 0.1-1.0 
N 0.05 0.5 
F 0.06 O.1 
Na 0.01 0.4-3,8 
Mg 0.05 0,2 
A1 0.02 0.3 
K 0.01 0.7 
Ca 0.02 0.14 
Cr  0.06 0.06 

* Mass S p e c t r o g r a p h i c  Anal~ 's is  b y  A. J.  Socha,  L. S. Higbic ,  and  
R. K. Wi l l a rdson ,  Be l l  and  H o w e l l  Resea rch  Cen te r ,  Pa sadena .  Cal i -  
forn ia .  

varied between 0.4 and 3.8 ppm. Impuri t ies  not listed 
were not detected and have concentrat ions less than 
0.3 ppm atomic, except O, Mn, Fe, and Zn which are 
interfered with by the background lines of S and Cd 
combinations. 

Crystal Perfection 
In  order to facilitate the s t ructural  analysis of the 

grown crystals, an etchant composed of 35% phos- 
phoric acid saturated with CrO3 with 65% HC1 (de- 
noted "HPC") was developed which produced distinct 
and reproducible etch pits on the (0001) face of CdS. 
Prior  to etching, the (0001) faces were mechanically 
polished and chemically repolished by  heat ing in phos- 
phoric acid at 100 ~ for 30 rain. The chemical polish 
removed the surface damage introduced by mechanical  
polishing. Etching of the chemically polished specimens 
was carried out for 10 to 20 sec at room temperature  
without agitation. For specimens with higher etch pit 
densities, shorter etching times were employed to 
prevent  overlapping of pits. Also, a n u m b e r  of ad- 
jacent  wafers (with planes perpendicular  to the 
c-axis) were etched in a similar manne r  and examined 
microscopically. It could be demonstrated that the 
etch pit denoted the emergence of a l ine defect at the 
crystal  surface thereby indicat ing a 1:1 correspond- 
ence between etch pits and emergent  dislocations. 

In  most cases, a chemical etch should produce solu- 
ble or gaseous products. Insoluble products general ly 
contaminate  the surface inhibi t ing  fur ther  action of 
the etch or mask its effect. Reaction of the (HPC) etch 
on CdS most probably proceeds as follows 

3CdS ~ 2H3PO4--> Cds(PO4)2 % 3H2S [1] 

HsPO4 + CrO3 % 3HC1 ~ CrPO4 -{- 3H20 -b 1.5Cla [2] 

H2S -~ 4H20 ~- 4C12 ~ H2SO4 -]- 8H + ~ 8C1- [3a] 

CdS ~- 4H 20~  4C12--> CdSO4 -b 8HC1 [3b] 

It  is to be noted that  the products CdSO,, Cd3(PO4)2, 
CrPO4, and C12 are either soluble in  water  or are 
gaseous. It is also to be noted that  with time, depletion 
of CI~ gas will  weaken the effect of the etch; for this 
reason a freshly made etch is necessary for best 
results. 

Figure 5 is a photomicrograph of the (0001) plane 
(the "Cd-face") (10) of CdS. The effect shown was 
produced by heat ing a polished oriented sample in 
phosphoric acid for approximately 15 rain. It  is to be 
noted that  a series of layers form a uni form back- 
ground for a few highly symmetrical  hexagonal  ter-  
races. In  order to determine the origin of the "terrac- 
ing effect," a section of the (0001) plane was bevelled 
5 degrees and again was polished chemically. The di-  
rect ion of terracing changed, indicat ing that  the 
lamel lar  effect produced by chemical polishing 
merely  reveals the deviat ion of surface orientat ion 
from the basal plane. 

Typical pits produced by the (HPC) etch are shown 
in Fig. 6 The hexagonal  pits are produced on the 
(0001) face in which the uppermost  layer  is corn- 
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Fig. 5. Photomicrograph of a (0001) of CdS heated in phosphoric 
acid for 15 min (235X). 

Fig. 6. Typical etch-pits produced by "HPC" etch on a (0001) 
plane, 30X. 

posed of Cd atoms but  not on the opposite (0001) face 
which terminates  with sulfur  atoms. This effect arises 
because of the noncentrosymmetr ic  s tructure of CdS. 
Reproducibil i ty of these pits was confirmed by suc- 
cessively lapping and etching crystals with low etch- 
pit densities and retracing individual  pits. 

The dis tr ibut ion of dislocations in  bulk  single crys- 
tal CdS was studied by cut t ing wafers along the 
length of a large crystal  the "c"-axis of which was 
perpendicular  to growth direction. Figure 8 shows a 
composite photomicrograph of the (0001) plane of the 
entire surface of a slice (5X) taken from the midsec- 
tion of this large single crystal. The crsytal  weighed 
approximately 100g and was 4.2 cm long. The sawtooth 
pat tern  shown in Fig. 7 is actually an etch-pi t  pat tern  
produced by the (HPC) etch. 

Prior  to etching, the surface was chemically pol- 
ished. It is noted that the first region of the crsytal  to 
grow contains an extremely high dislocation content. 
The observed dislocation aggregates act as a source 
for numerous  low angle boundaries dispersed through-  
out the bulk  of the crystal. Another  source of dislo- 
cations appears to be present  at the per iphery of the 
crystal where  the crystal  is in  contact with the quartz  
ampoule. The midsection of the crystal  constitutes a 
third highly dense region; that is where the low-angle  
boundaries originating from the two ment ioned 
sources intersect. The lowest etch-pit  density is found 
in  the last portion of the crystal to grow. 

Figure 8 is a plot of the etch pit density as a func-  
tion of distance along the length of a pure crystal. The 
c-axis was approximately 15 degrees from the growth 
direction in  this crystal. Etch pit densities were deter-  
mined on eight wafers cut perpendicular  to the 
"c"-axis, the slices being 6 mm thick. It  is noted that  
in  the first grown section of the crystal, the d i s l o -  

Fig. 7. A composite photograph of the etch-pit pattern on 
(0001) plane of a slice taken from the mid-section of a large 
single crystal of CdS (5X). 
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Fig. 8. Plot of etch-pit density vs. distance along the length of 
a pure crystal. 

cation density is high at the edge and center of the 
crystal. The density at the edge and center remains 
near ly  constant  through the midsection of the crystal 
but  sharply decreases as it approaches the last grown 
region. 

In  the course of the imperfection study, two unique 
types of etch-pit  pat terns were distinguished. Figure 
9 is a photomicrograph of the pa t te rn  of the first 
type in which the etch-pits originate from a mechani -  
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Fig. 9. Etch-pit pattern originating from a mechanically dam- 
aged point source (pure crystal) 275X. 

Fig. 11. Photomicrograph of (a) dislocations formed in ~1120~  
directions, (b) a region showing intersection of dislocations, formed 
in ~ 1 1 2 0 ~  and ~101"0~ directions. 

Fig. 10. Etch-pit pattern aligned in ~11"20~ directions as- 
sociated with stress originating at the periphery of the region 
(pure crystal) 275X. 

cally damaged point source. In  this type of pa t te rn  the 
etch-pits disperse along the ~1120~ direction, gradu-  
ally disappearing some distance from the source. 
Figure 10 shows a pat tern  of a second type in  which 
the etch pits are also aligned in <1120~ directions but  
collectively form an aggregate of unicentered hexag-  
onals. In this lat ter  type of disorder, it is suspected 
that  slip is caused by stress originating at the periph-  
ery of the region. 

The direction of etch pit a l ignment  was established 
from the geometry of the hexagonal  pits. By a careful 
study of Laue back reflection photographs and light 
figure pat terns of etched single crystals of CdS 
having Wurtzite type (BD structure,  it was confirmed 
that the arms of the hexagonal  etch pits on (0001) sur-  
face extend in  the ~1120~ directions. The Burger 's  
vector directions were established from the observa-  
tion of slip traces and the movement  of dislocations 
dur ing  crystal bending. 

For the most part  the pi t -arays  on the (0001) plane 
were found to align in ~101-0~ directions, with {1510} 
planes as the glide system. These arrays consti tute a 
group of edge dislocations with Burger 's  vector 
b = ao ~/3-in ~1010~ directions where  ao is the lattice 
constant. This type of edge dislocation in CdS has 
also been identified by Nishimura (11). In  addition to 
the dislocations formed in ~10l-0~ directions, we also 
observed a formation of dislocations in ~1120~ direc- 
tions, most l ikely having a Burger 's  vector of b = ao 
(see Fig. l l a ) .  This type of dislocation has also been 
observed by Woods (12). Figure l l b  shows a par-  
t icular region on the (0001) plane where both types of 
dislocations intersect. 

An at tempt  was also made to determine the struc-  

Fig. 12. Photomicrograph of (0001) "S-face" heated in HsP04 
at I00~ 1 hr. 

ture of imperfections te rminat ing  at the (000i) 
"S-face." Figure  12 shows the effect of heat ing a crys- 
tal in H~PO4 for approximately 1 hr. It  is to be noted 
that  the (0001) plane in this case consists of an in ter -  
laced spiral growth pat tern,  indicat ing the influence 
of screw dislocations on the growth mechanism. Upon 
close examination,  the sixfold symmetry  characteristic 
of the basal p lane is noted wi thin  the growth spirals. 
The region on the lower left hand  side of Fig. 12 
shows a different grain, which has not  been  affected 
by etching due to misorientat ion relat ive to "c"-axis. 

Based on observations of the dislocation pattern,  it 
was concluded that  the dislocation densi ty could be 
minimized by s tar t ing growth from a low dislocation 
density properly oriented seed crystal  and /o r  by using 
a semiflexible container  to reduce the thermal  stress 
(and subsequent  dislocation generat ion) produced 
dur ing cooling. 
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REMAINOER OF CdS CHARGE 
SINTEREO INITLO, LLY AT THE 
CO(X. ~ OF T ~  AMPOULE t3 MIL THICK QUARTZ LINER 

1.5 m TZ SINGLE CRYSTAL C~ r CdS 

I 

4 mm OIAMET1ER 
QUARTZ RQO 

Fig. 13. Schematic drawing of ampoule assembly utilizing thin 
quartz liner. 

Since the system was readily adaptable to the lat ter  
approach, a few experiments  were carried out to de- 
termine the validity of the init ial  hypothesis. Figure 13 
shows schematically the assembly with the 3 mil  
semiflexible quartz liner. The charge was positioned 
inside the th in  ampoule. The main  ampoule and the 
l iner were sealed under  high vacuum at the same 
time. Also a sufficient quant i ty  of CdS powder was 
placed between the two ampoules to equalize the pres- 
sure inside and outside the liner. This prevented in -  
flation of the thin l iner  at  the growth tempera ture  due 
to the vapor pressure of CdS. The single crystals ob- 
tained using this technique exhibited a dislocation 
density of 3 x 10~/cm 2, two orders of magni tude  lower 
than the crystals grown in  the s tandard ampoule. 

Conclusions 
Synthesis and growth of large single crystals of 

CdS have been successfully accomplished by a closed 
system technique. This technique lends itself to 
growth of high purity,  un i formly  doped bulk  crystals. 
In this technique contaminat ion due to the carrier  
gas and /o r  intermediate  handl ing of the compound 
is eliminated. Also the reaction (or growth) chamber  
surface area in contact with the elements and com- 
pound is considerably minimized. (Only 1.5 cm 3 is 
needed per gram of compound.) From the s tandpoint  

of the system assembly, the closed system technique 
is extremely economical; i.e., the source-to-product  
conversion efficiency approach 100%, and the length 
of the crystal  is not  l imited by the tempera ture  profile 
of the furnace. This technique also makes possible the 
growth of CdS crystals under  a predetermined vapor 
pressure of one of the const i tuent  elements. 

Acknowledgments 
The authors would like to thank  Mr. J. Faiola for 

his exper imental  assistance. This work was supported 
by the United States Army Materials Command,  Har ry  
Diamond Laboratories, under  Contract DA-49-186- 
AMC-239 (0). 

Manuscript  received Dec. 21, 1966; revised manu-  
script received Apri l  28, 1967. This paper was pre-  
sented at the Philadelphia Meeting, Oct. 9-14, 1966. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June  1968 JOURNAL. 

REFERENCES 
1. L. C. Greene, D. C. Reynolds, S. J. Czyzak, and 

W. M. Baker, J. Chem. Phys., 29, 1375 (1958). 
2. R. H. Fahrig, Electrochem. Tech., 1, 362 (1963). 
3. W. W. Piper  and S. J. Polich, J. Appl. Phys., 32, 

1278 (1961). 
4. E. T. Allen and J. L. Cranshaw, Am. J. Sci., 34, 

310 (1912). 
5. R. Lorenz, Chem. Ber., 24, 1509 (1891). 
6. R. Frerichs, Naturwissenscha#en, 33, 387 (1946) ; 

Phys. Rev., 72, 594 (1947). 
7. A. Reisman and M. Berkenbli t ,  J. Phys. Chem., 67, 

22 (1963). 
8. F. A. Kroger, H. J. Vink, and J. Volger, Philips 

Res. Rep., 10, 39-76, 260 (1955). 
9. B. M. Bulakh and I. B. Mizets ka, Ukr. Fiz. Zh., 7, 

1125 (1962). 
10. G. A. Wolff, J. J. Frawley,  and J. R. Hietanen, 

This Journal, U l ,  22 (1964). 
11. Jiro Nishimura,  J. Phys. Soc. Japan, 15, 732 (1960). 
12. J. Woods, Brit. J. Appl. Phys., 11, 296 (1960). 

Electrical and Transport Properties of Cu in InAs 
C. S. Fuller and K. B. Wolfstirn 

BeZl Telephone Laborator~s, Incorporated, Murray Hill, New Jersey 

ABSTRACT 

The solubili ty and diffusion of Cu in InAs has been investigated by means 
of electrical and radiochemical methods. The solubil i ty determined by equi-  
l ibrat ion with an external  Cu phase follows the relat ion Ncu = 4.0 • 1022 exp 
(--1.0 ev /kT) .  The Cu solubilities determined from diffusion measurements  

in  air  were significantly lower presumably  because of a different surface 
composition. The diffusion follows the relat ion D = 0.0036 exp (--0.52 ev /kT) .  
Cu is present  almost exclusively as a s ingle-charged interst i t ial  donor in  InAs. 
Defect acceptors, ~3  • 10 TM cm -3, are introduced into InAs by quenching 
from 875~ These react with Cu giving about double the acceptor concentra-  
tion. The max imum number  of acceptors (subst i tut ional  Cu) introduced is 
essentially equal to the original donor concentrat ion ~10 TM cm -3. The pos- 
sibil i ty of drif t ing Cu to produce space-charge layers in InAs similar to Li 
in Ge is discussed. 

Materials problems still  restrict the ut i l i ty  of many  
of the I I I -V semiconductors. This is true, for example,  
of InAs where intensive efforts at purification (1, 2) 
have only succeeded in reducing the residual  donors 
present to ~10 TM cm -3. It has been suggested (1) that  
these may be native defects (ant is t ructure)  ra ther  
than residual impurities,  al though this remains  to be 
proven. In addi t ion to the residual  donors, the ques- 
tion as to whether  InAs crystals contain significant 
concentrat ions of vacancy clusters, is of interest  in 

many  applications. Such clusters are believed present  
in Ge (3), InSb  (4), and in  large concentrat ion in  
GaAs (5). 

The purpose of the present  work is to obtain in -  
formation on both of the problems ment ioned above, 
through the use of 64Cu as a probe. For example, in -  
teractions between subst i tut ional  Cu, or between va-  
cancies produced by Cu, and  donor ant is t ructure  dis- 
order, AsIn, might  be expected. Also, since Cu in ter -  
acts with vacancies present  in clusters or present  in  
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associates wi th  impur i ty  atoms in Ge (3), Si (6) and 
many compound semiconductors,  it is of interest  to 
examine  InAs for similar  reactions. 

Before  the above problems can be undertaken,  it is 
necessary to know considerably more than is known 
at present about the electrical  and diffusion behavior  
of Cu. The electrical  effects of Cu in InAs have al- 
ready been investigated. Edmond and Hilsum (7, 8) 
showed that  Cu is responsible for heat  t rea tment  
effects (9) in InAs and that  Cu diffuses rapidly produc- 
ing donors. They also found that  it becomes electr i -  
cally inact ive (precipitates) when  crystals diffused 
with  Cu are al lowed to stand at room temperature .  On 
the other hand very  lit t le quant i ta t ive  informat ion on 
ei ther the detailed electrical  behavior  or the diffusion 
of Cu is available in the l i terature.  Another  object  of 
the present work  therefore  is to help fill this gap in 
our knowledge.  

Materials and Methods 
The undoped single crystal  InAs employed in this 

work was prepared by the Czochralski technique 
(Monsanto Chemical  Company) and had the fol lowing 
propert ies:  electron concentrat ion was 1.6-2.0 • 10 TM 

cm-~  (298~ and 1.4-1.8 X 101~ cm -a  (77~ elec- 
tron mobil i ty  was 27,000 (298~ and 58,000 (77~ 
cm2/v-sec;  etch pit density was 100 cm -2. Mass spec- 
t rographic analyses on the crystal  showed the fol low- 
ing: all metal l ic  impurit ies and S, Se, and Te (0 .5  
atomic part  per mill ion; carbon, oxygen, and ni t ro-  
gen (1 .0  par t  per  million. Specimens (~50 mils thick) 
were  prepared by cutt ing perpendicular  to the growth 
axis [111] and lapping on No. 303 grade Aloxi te  abra-  
sive in water  to remove the cut t ing damage. Etching 
was done by means of bromine in methy l  alcohol (10). 

Copper, ei ther ordinary Cu or Cu containing the 
radioact ive isotope 64Cu, was introduced into the InAs 
crystals by diffusion. This was done by electroplat ing 
Cu on one or more surfaces of the specimen (one face 
for the diffusion determinat ions) .  In some exper iments  
known amounts of Cu, less than enough to saturate 
at the tempera tures  in question, were  applied by 
"chem-pla t ing"  f rom 0.1N solutions. 

The t e rnary  phase diagram, Cu: In :As ,  has not as 
yet  been invest igated in any detail. We determined 
that Cu forms a eutectic mel t  wi th  InAs at 340 ~ __ 5~ 
Consequently,  for tempera tures  above this we assume 
that  equi l ibr ium alloys corresponding to the pseudo- 
binary l iquidus form on the surface at each tempera-  
ture. Below the eutectic t empera ture  it is often diffi- 
cult to achieve surface equil ibrium. Consequently,  
the practice was adopted of preal loying all specimens 
at ,-.400~ for 2-5 sec prior to diffusion. No preal loy-  
ing was employed for the solubili ty determinations.  
The error  introduced in the diffusion runs by the 
preal loy t rea tment  was estimated by examining  the 
penetrat ion of Cu radiochemically.  This was found 
to affect only the first 15;~ and, since most of the dif- 
fusions penetra ted 0.5 mm or more, the correct ion is 
small and has been neglected. 

Diffusions were  carr ied out by heat ing the speci- 
mens in air on a stainless steel block controlled to 
within I~ All  saturations were  done in silica am-  
poules (0.001 Torr)  placed in furnaces control led to 
wi thin  I~ The accuracy of the temperatures  was to 
_+I~ and was checked by mel t ing pure  Pb (327.4~ 
and Sn (231.9~ and by boiling water.  Quenching 
required less than 1 sec on a meta l  block (22~ or, 
for  the encapsulated specimens, about 3 sec, in water  
at room temperature.  

Electr ical  measurements  were  made by means of 
point contacts in a van der Pauw (11) a r rangement  
at 300 ~ and 77~ These measurements  are precise to 
___2%. In calculat ing the electron concentrations, the 
relat ion n -~ 1/RHe was assumed in which RH is the 
Hall  coefficient and e is the electronic charge. Be-  
cause of the high e lec t ron- to-hole  mobil i ty  ratio 
(~100) in InAs the simple expression above holds for 

n - type  specimens. However ,  for p- type  specimens the 
two-car r ie r  Hall  expression must  be used. We found 
that  RH determined  in this way on Cu diffused Zn-  
doped InAs (p- type)  was ve ry  inaccurate  as a mea-  
sure of the hole concentrations. Consequently,  almost 
all of the electrical  measurements  repor ted  here  were  
made on extrinsic n - type  specimens. A few measure-  
ments are reported for specimens which are intrinsic 
at 300~ Because of the high mobil i ty  ratio, how-  
ever,  the simple expression is correct  to wi thin  our 
exper imenta l  er ror  even for  these. 

Penet ra t ion  curves were  de termined  by lapping the 
surfaces of the diffused specimens (after  removal  of 
the edge activi ty)  paral le l  to the diffusion plane and 
counting the gamma activities of the grindings. Dif-  
fusion was approximate ly  on the (111) plane, but  no 
effect of the crystal lographic direction is expected. 
Depth measurements  were  made by means of a Zeiss 
opt imeter  to _+2~. The Cu concentration, plotted at the 
midpoint  of each layer, was calculated f rom the cor-  
rected act ivi ty  of Cu in each layer,  the layer  thickness, 
the specimen area, and the density of InAs (5.66). The 
surface concentrat ion corresponding to each diffusion 
may be de termined  by extrapolat ion of the penet ra-  
tion curve  to the origin taken as the surface of the 
specimen. Bet ter  values, however ,  are obtained f rom 
extrapolat ion of the best theoret ical  curves fitting the 
data (see below).  This method was employed here. 

The diffusion coefficient, D, was calculated f rom the 
"constant surface concentrat ion" boundary  condition 
(12) 

Cx = Co erfc (x/2 \ /Dt)  [1] 

where  Cx is the concentrat ion at distance x f rom the 
specimen surface, Co is the concentrat ion at x ---- 0, 
erfc is the so-called complementary  er ror  function 
(1 - -e r ro r  in tegral ) ,  and t is the t ime of diffusion at 

constant temperature .  
A graphical  procedure described previously (13) 

was employed to determine  D. This consists of match-  
ing the log-log plot of the penetra t ion curve  to that  
of the complementary  er ror  function plotted against 
x/2 ~/Dt on the same scale. This procedure has an 
advantage when, as here, the data points are neces- 
sarily ra ther  far  apart  (the short half  life of 64Cu 
precludes as detailed an analysis as might  be desired) ,  
and the determinat ions near  the origin are l ikely to 
be uncertain.  The diffusion coefficients are calcu- 
lated by reading the exper imenta l  distances corre-  
sponding to unity on the complementary  error  func-  
tion plot. This provides values of 2\/Dt and, since t 
is known, values for D. 

Although solubilities can be de termined  from the 
Co values as described above, this procedure usually 
does not yield as rel iable results as the direct method 
which involves saturat ion with act ive Cu at each tem-  
perature.  The lat ter  method, however ,  fails when the 
diffusion coefficient becomes too small (below --200~ 
since the times then become too long. Both methods 
have been employed here. As shown below, however ,  
the results do not agree. This is a t t r ibuted to the fact 
that  the surface phases differed in the two procedures. 

Results 
DifIusion and solubility of Cu. - -The  diffusion results 

are given in Fig. 1. These show the best fits to the 
complementary  er ror  function curves for the five tem- 
peratures:  248 ~ 342 ~ 393 ~ 449 ~ and 506~ Figure  2 
shows a semilog plot of D, calculated f rom Fig. 1, vs. 
reciprocal absolute temperature .  The point at 506~ is 
low probably because of the appreciable hea t -up  time. 
An act ivat ion energy for diffusion of 0.52 ev (12.0 
kcal) is obtained. Figure  3 is a semilog plot of the 
solubili ty against reciprocal  absolute t empera ture  in-  
cluding results f rom both the diffusion measurements  
and the direct  determinat ions empIoying 64Cu. The 
results f rom the two methods are  not  the same. Rea-  
sons for this are  discussed below. A plot  of the in-  
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Fig. 3. Solubility of Cu in InAs. Open circles, determined radio- 
chemically by saturation from an external Cu phase; open squares, 
determined from the solid curves of Fig. 1 by extrapolation, pre- 
alloyed at 440~ A calculated curve of the intrinsic carrier con- 
centration, hi, for InAs is included. 

trinsic carrier concentration, calculated using me* = 
0.02 roD, mh* = 0.41 roD, and E6 ---- 0.47 ev, is included 
in Fig. 3. 

E[ectron-to-Cu ratio.--Table I shows a comparison 
of the electron and  Cu concentrat ions for various InAs 
specimens. I t  is evident  that  the [e ] / [Cu]  ratios, ex- 
cept for specimen 14 are less t han  un i ty  by  appreciable 
amounts.  This is because of rapid precipitat ion of Cu 
dur ing  and after cooling from the diffusion tempera-  
tures. Specimen 14 was prepared using a l imited 
amount  of Cu so that the specimen after diffusion 
was uniformly undersaturated.  Table I shows that 
for this case the [e ] / [Cu]  ratio is essentially un i ty  in-  
dicating that  all  of the Cu is interstit ial ,  Cut. The ratio 
observed (1.08) deviates from un i ty  by somewhat more 
than is expected from our estimated error. This may 
be caused by Cu leaving subst i tut ional  positions. Evi-  
dence for such Cu is discussed below. 

Table I also shows the strong effect of the degree 
of supersaturat ion on the extent  of precipitat ion dur-  
ing quenching. Thus only about 4% of the Cu remains 
electrically active when  specimens saturated at 875~ 
are quenched to room temperature  in about 3 sec. This 
is a result  of the high diffusion coefficient of Cui 
(10-5-10-7 cm2/sec) in  the cooling range. 

Substitutional Cu.- -The  result  above, namely,  that  Cu 
in InAs is essentially all present  as an interst i t ial  
donor is interesting,  because in every case 8o far in-  

Table I. Ratio of electron to Cu concentration in lnAs 

S a t u r a t i o n  
C u  c o l i c .  

S p e c i m e n  a T e m p ,  ~ T i m e ,  h r  ( x 10 iv c m  -8) 

E l e c t r o n  
cone .  (24~ 
( x lIP -~ e m  -~) ~ 

R a t i o  
[ e ] / [ C u ]  

1 242 48 1.08 0.B3 0.77 
2 243 102 1.03 0 .80 0.78 
3 305 55 2 .35 1.89 0.80 
4 305 73 2.22 1.83 0.82 
5 342 38 2 .26 1.73 0.76 
6 343 74 4.54 3.85 0.85 
7 393 39 4 .34  3.81 0.88 
8 393 76 8.28 7 .06 0 .88 
9 495 24  24.7  9.20 0.37 

10 496 76 27 .8  5 .85 0,21 
11 778 1 78.2 12.60 0 .16 
12 778 5 90.2 4 .38 0.05 
13 875 2 218.0  8 .28 0.04 
14 c 875 1 12.4 13.40 1.08 

a C z o c h r a l s k i  g r o w n  c r y s t a l ,  u n d o p e d ,  ~ 2  • 10 TM c m  -~ N - t y p e .  A l l  s p e c i m e n s  w e r e  ~ 1  m m  t h i c k .  
b C o r r e c t e d  f o r  i n i t i a l  e l e c t r o n  c o n c e n t r a t i o n .  
c T h i s  s p e c i m e n  w a s  p u r p o s e l y  u n d e r s a t u r a t e d .  
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Table II. Accepters in InAs quenched in the presence and absence of Cu 

I n i t i a l  e l e c t r o n  F i n a l  e l e c t r o n  C h a n g e  i n  A e c e p t o r  
c o n e  a t  2 5 ~  C u  c o n e .  c o n e .  a t  2 5 ~  c a r r i e r  c o n e .  c o n e .  

Specimen ( X I0 TM cm -3) Temp, ~ (cm -~) Type (cm -3) (cm -s ) (cm-~) 

D - 3  1 .9 3  8 2 0  ~ 4 . 1 3  • 1Oa~ N 5 .4  x 1 0  ~s ( + ) 3 . 4 7  x 10  ~e 6 .6  x 10  ~5 
9 0 1  b 3 .77  N 5 .1  ( + ) 3 . 1 7  6 .0  

D-4 1.99 820~ - -  N 1.74 x I0 ~o (--)2.5 x i0~  2.5 X i0 ~ 

a L i m i t e d  C u  s o u r c e ,  3 s e c  q u e n c h  t o  3 0 0 ~  
b F a s t  q u e n c h  t o  7 8 ~  

C o n t r o l  s p e c i m e n ,  3 s e e  q u e n c h  t o  3 0 0 ~  n o  C u  p r e s e n t .  

vest igated up to now Cu exists in solution in a large 
part  as substi tutional (acceptor) Cu, designated Cus. 
In order  to invest igate the possibility that  some Cu is 
substi tut ional  in InAs the fol lowing addit ional  ex-  
per iments  were  carr ied out: 

(i) Smal l  amounts of labeled Cu were  introduced 
into InAs at high tempera tures  (800~176 in order  
to favor  substitution. The specimens were  rapidly 
quenched and measured both for Cu and electron 
content. 

Table II gives these results together  wi th  those on a 
control specimen (D4) of InAs not containing Cu but  
given the same heat  treatments.  It is clear  f rom the 
control  specimen that  ,~3 • 1015 cm -3 acceptors (va-  
cancy defects) are quenched into InAs dur ing rapid 
cooling f rom high temperatures .  This is quite ana-  
logous to Ge (3). F r o m  the specimens diffused wi th  
Cu in Table II it is evident  that  about twice as many  
acceptors are  introduced as are introduced in the con- 
trol specimen. This suggests that  Cu in these occupies 
the vacancies (presumably  In vacancies) and thus 
becomes a doubly charged acceptor. 

(ii) Severa l  specimens of undoped InAs were  satu- 
ra ted at 658~ with  labeled Cu and then extracted at 
658~ with In or Ga to remove  the Cu. The extract ion 
with  In was much slower (at the same tempera ture )  
than the Ga. With Ga it was possible to remove  es- 
sential ly all the  Cu at 658~ in about  10 hr. The elec-  
tr ical  results on these specimens (al lowing for the 
original donor) indicate that  <3 X 1014 cm -8 substi tu-  
t ional Cu remains under  these conditions. Hence, if 
substi tut ional  Cu forms at 658~ it is lost on ex t rac-  
tion. Vacancy acceptors left  by the Cu are also ap- 
parent ly  lost under  these conditions. 

(iii) Labeled Cu was introduced into InAs speci- 
mens at 342 ~ 495 ~ 778 ~ and 875~ The specimens 
were  quenched to room tempera ture  and measured  
electrically. They were  then annealed at 115 ~ • 5~ 
and the changes in electron concentrat ion (25~ 
measured at in tervals  as a function of time. The re-  
sults are shown in Fig. 4. The init ial  e lectron concen-  
t rat ion (af ter  the Cu diffusion but before the 115~ 
anneal) ,  no, reflects the loss of Cu because of precipi-  
tation. The concentrat ions of Cu introduced were  the 
saturated amounts  except  for the specimen prepared  
at 875~ which was purposely undersaturated.  It  is 
evident  f rom Fig. 4 that  in all cases the e lec t ron  
concentration, nf, finally reached on anneal ing at 
115~ is less than the electron concentrat ion in the 
original  crystal  ( indicated by an a r row on Fig. 4). 
The amounts of the compensation vary  among the dif-  
ferent  specimens reaching a m a x i m u m  of 1.6 • 1016 
cm -3 for the specimen prepared at 495~ The sig- 
nificance of these data is discussed below. 

(iv) About l0 s cm -e  dislocations were  int roduced 
into a specimen of InAs by bending to a radius of 1.2 
cm at N825~ Original ly  n was 1.94 • 1016, the mo-  
bil i ty was 27,400 cm2/v-sec at 24~ Af ter  bending n 
was 1.84 X 1016 cm -3, and the mobi l i ty  was 26,250. 
After  saturat ion at  500~ for  17 hr  wi th  Cu, n was 
3.75 X I0 ~T cm -3 and the  mobi l i ty  was 21,600. These 
results are ent i rely comparable  to those observed on 
unbent  InAs specimens and show that  Cu does not  
substi tute to any great  extent  in InAs. The final mo-  
bi l i ty value  (21,600 cm2/v-sec)  agrees wi th  the va lue  

expected for 3.75 • 1017 cm -3 scattering centers (Fig. 

5). This indicates that  ~ 2 X 1016 cm -3 substi tut ional  
Cu is present  since the addit ional  scattering, even as- 
suming singly charged ions, would  be easily detect-  
able. 

Hall mobil~ty.--Figure 5 shows a plot of the  elec-  
tron mobil i ty  as de termined  f rom Hall  measurements  
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at 22~176 as a function of n for Cu-doped InAs. 
Some data on Li-diffused InAs are included. The scat- 
ter  in the results may be due in part  to the presence of 
precipitates. Also shown on Fig. 5 are values for the 
mobili t ies measured on the original  specimens before 
Cu diffusion. The scatter here is about the same. How-  
ever, the mobili t ies for the same values of n are lower 
(14). We at t r ibute  this to a more nonuni form dis- 
t r ibut ion of the original  donors as compared to the 
mobile Cui + donors. 

Discussion 
Difyusion and solubility o~ Cu. - -A comparison of the 

diffusion of Cu in InAs to that  of Cu and other  fast-  
diffusing elements  in other  semiconductors is in ter -  
esting. The entropy and enthalpy terms for diffusion 
as indicated by the equation (Fig. 2) 

D ---- 0.0036 exp (--0.52/kT) [2] 

show that, in analogy with  H, He, and Li in Ge and 
Si (15) and with  Cu in Si (16), Cu in InAs is essen- 
t ially a pure interstitial.  The diffusion apparent ly  pro-  
ceeds wi th  l i t t le or no part icipat ion of vacancies. In 
fact, as Fig. 2 shows, the diffusion of Cu in InAs is 
almost identical  in all  respects to that  of Li in Ge. 
This is in contrast  to Cu in Ge (16), GaSb (17), InSb 
(4) and GaAs (18) and to Li in GaSb (19) and GaAs 
(20) where  marked  substitution occurs. Subst i tut ion 
in GaSb, however,  occurs readi ly  only after  plastic 
deformation (bending).  Bending InAs, in contrast, 
does not markedly  increase Cu substi tut ion as was 
shown above. The fact that  the diffusion of Cu in 
InAs follows ideal diffusion also supports the simple 
interst i t ial  as opposed to a dissociative (21) mech-  
anism. 

As for the other interst i t ial  diffusions, Do for Cu 
in InAs (corresponding to the pre -exponent ia l  in Eq. 
[2]) can be calculated (22) f rom 

Do • (ao2v/8) exp [ ( - - •  0 (~/~o)/OT] [3] 

where  ao is the latt ice constant (6.06A), ~ is the latt ice 
vibrat ion f requency (23) (5.15 • 1013/2~), • the 
enthalpy (12.0 kcal) ,  R, the gas constant, (1.98 ca l /  
deg),  and ~ the appropriate  elastic modulus (C12) 
with ~o the value at 0~ Since these mod,,li  for InAs 
are known only for room tempera ture  (23), an esti-  
mate (1.5 • 10 -4 dynes /cm 2 deg) for the quant i ty  
0(~/~o)/OT was made by interpolat ion be tween  values 
for InSb and GaAs (24). Do calculated in his way  is 
0.0015 compared to 0.0036 found by experiment .  This 
is about the same order  of agreement  found for in ter-  
stitial diffusions in Ge and Si. 

Al though only pre l iminary  results of the authors 
are avai lable  for the diffusion of Li in InAs, these in-  
dicate that  Li is s lower diffusing than Cu. This is in 
qual i ta t ive agreement  with the re la t ive  interst i t ia l  
diffusivities of Li and Cu in Ge and Si and wi th  theo-  
ret ical  predictions (25). 

So far  no adequate  theory of interst i t ial  or of the 
closely related dissociative mechanism of diffusion 
exists. The Wer t -Zener  theory (21) provides a the r -  
modynamic basis for t reat ing diffusion based on lat-  
tice distortion. It does not t reat  the local potentials 
which differ for each diffusant and host crystal. An 
a t tempt  to consider these has recent ly been made (25) 
in which the repuls ive potentials due to overlap of 
nonbonding electrons and the polarizat ion of the crys-  
tal by the ionic charge on the diffusant are taken into 
account. The fact (Fig. 2) that  Li and Cu show almost 
identical behavior  in spite of their  large difference in 
ionic radii  (~40%)  shows the need for a theory which 
takes into account these additional factors. From sim- 
ple distortion considerations Ge and InAs are ex-  
pected to behave quite differently toward Li and Cu. 

The interest ing point about the solubil i ty of Cu in 
InAs is that  it is the highest  interst i t ia l  solubili ty so 
far found for Cu in any of the e lementary  and I I I -V 
semiconductors. It is comparable  to that  of Li in Ge 

and Si. Cu precipi tat ion at room tempera ture  is s lower 
than Cu in Si because the diffusion coefficient of Cu 
in InAs is markedly  lower (16). 

It was noted previously (Fig. 3) that  the solubilities 
de termined direct ly  by saturat ion do not agree wi th  
those determined f rom the diffusion measurements ,  
al though the ex te rna l  phase was Cu alloy in both in-  
stances. The diffusion results give solubilities which 
are about  a factor of 2 lower, a l though the enthalpy of 
solution (slope) is about the same in the two cases. 
The reason for the difference is not clear. However ,  
the diffusions were  done in air  at atmospheric pres-  
sure whereas the solubilities were  de te rmined  es- 
sential ly in the absence of air. Therefore,  a differ- 
ence in the compositions of the surface phases could 
account for the different solubili ty results. In fact, a 
specimen equi l ibra ted to the lower  curve  in Fig. 3 
added additional Cu almost equivalent  to the upper  
curve  when heated in the same manner  as the solu- 
bil i ty specimens. 

Nature of the compensation introduced by Cu. - -The  
acceptors introduced into InAs by quenching f rom 
850~176 are very  similar  to those found for Ge (3) 
and Si (6). In all  cases 3-4 x 101~ cm -3 acceptor  de-  
fects are introduced af ter  quenching f rom tempera -  
tures near  the mel t ing points. Evidence that  more ac- 
ceptors are introduced in InAs when hea t -quenched  
in the presence of 1-5 x 101T cm -3 Cu is given in Fig. 
4. This figure shows that  the loss of electrons, due to 
Cu donor precipi tat ion at 115 ~ ----- 5~ leaves acceptors. 
At 495~ near ly  all of the original  donors are  com- 
pensated or paired. 

Measurements  of electron mobil i ty (25~ show 
only small  changes for the different final specimens 
in Fig. 4, but the specimen t reated at 495~ does show 
a somewhat  higher value (27,200 cm2/v-sec)  than the 
higher  tempera ture  ones (26,000 ___ 200 cm2/v-sec) .  
This may indicate that  pair format ion occurs between 
the residual donor in InAs and substi tut ional  Cu or 
vacancy defects produced by the Cu. 

The fact that more  acceptors, ra ther  than less as 
might  be expected, are formed at 495~ compared to 
778 ~ or 875~ suggests that  the t rapping of both va-  
cancies by the original donors and of Cu by the 
t rapped vacancies may be cr i t ical ly dependent  on dif-  
fusion tempera ture  and quench rate. For  example,  it 
is possible that  vacancies are t rapped more effectively 
at 4950C than at 778 ~ or 875~ because of the slower 
quench-ra te  at 495~ and that  this results in the for-  
mation of more acceptors. 

The specimen diffused at 342~ (Fig. 4) shows only 
a small  concentrat ion (~3  • 1015 cm -3) of residual  
acceptors after  anneal ing at 115~ This suggests that  
fewer  vacancies are dissociated f rom the clusters at 
the lower diffusion temperature .  

Some observations suggest that Cu is removed f rom 
vacancies and so becomes interst i t ia l  at tempera tures  
as low as ~200~ For  example  the specimen diffused 
at 4950C (Fig. 4) af ter  the final anneal  at 115~ (n 
2.1 • 1015 cm -3) was heated to 193~ for 5 rain. The 
value of n rose to 5.3 • 10 TM cm -3 which is 1.7 • 10 TM 

cm -3 above the Cu solubili ty at  this t empera tu re  
(3.6 X 10 TM c m - 3 ) .  

This increase in n can be understood if the original 
donors are assumed to have a shallow and a deep 
donor level. Format ion of a CuTn=D + + pair  at 115~ 
could account for a 1:1 compensation by Cus if all  
the donors were  paired. According to this hypothesis 
p - type  mater ia l  would not be obtained after the 115~ 
anneal  since only those vacancies (assumed single- 
charged) which were  t rapped by the original  donors 
are available for react ion with  Cu. The observed in- 
crease in n at 193~ results f rom the dissociation of 
the Cu-donor  pair  into Cui + donors and a vacancy-  
donor pair both of which are assumed to be completely  
ionized at room temperature .  The fol lowing reactions 
may be postulated: 

Vx ~ xV [4] 
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e -  + V -  + D  + + ~ V - D  ++ + e -  [5] 

V - D  ++ + 2e-  + Cui + ~ Cus=D ++ [6] 

The vary ing  degrees of compensat ion (Fig. 4) on 
this picture depend on the extents to which the reac- 
tions [5] and [6] proceed to the right. These in t u rn  
are dependent  on the diffusion temperature,  the 
quench rate, and the final temperature.  The diffusion 
temperature  determines the extent  of cluster dissocia- 
tion, Eq. [4]. The quench- ra te  and final tempera ture  
determine the fraction of vacancies and Cu trapped, 
Eq. [5] and [6]. 

The above observations indicate that  Cu is capable 
of reacting subst i tut ional ly  in InAs, presumably with 
In vacancies already present  in the crystal. Cu does 
not appear to react with vacancies generated at dis- 
locations and other loci as it does in Ge. Fur thermore,  
as we have seen, bending InAs does not  ini t iate Cu 
subst i tut ion as it does in GaSb (17). 

The l imit  to which Cu can be present  subst i tut ion-  
al ly seems to be determined by the n u m b e r  of va-  
cancies present  in clusters or by the concentrat ion of 
donors original ly present  in  the crystal. We assume 
here that  the lat ter  may be identifiable with InAs 
ant is t ructure  donors. This view limits the concentra-  
tion of subst i tut ional  Cu to that of the donors, namely  
~1018 cm-3.  

Possibility of drifted pn junctions using Cu.---The 
diffusion coefficient of Cu in InAs is almost identical 
with that of Li in Ge. This raises the question as to 
whether  Cu might  be used to broaden the pn  j unc -  
tion space-charge region as is now done by means of 
Li drift  (26). Cu is expected to have some advantages 
over Li since it is much less reactive and hence will  
not  be lost as readily at surfaces. Also, because of its 
higher average atomic number ,  InAs offers an ad- 
vantage over Ge for particle counters. However, there 
are serious problems with InAs. 

One of these is the presence of the residual donors, 
a subject  which has been discussed above. Unless these 
can be removed almost completely so that hole con- 
duction is predominant  at a very low level, compen-  
sation cannot be achieved with donor Cu. Removal of 
the original donor centers has so far not  been accom- 
plished. 

Another  problem is presented by the fact that  the 
intr insic carrier concentration, hi, for InAs is large 
(~1015 cm -3) at temperatures  where the diffusion 
coefficient is of the correct magni tude to allow drift 
(~10 -12 cm2/sec). 

The question of whether  InAs is worthwhile  for 
particle detector applications, therefore, cannot  be 
readily answered. If the residual  donors can be re-  
moved it may be profitable to investigate Cu drif t ing 
in InAs below room temperature.  It  is doubtful,  how- 
ever, that  a performance superior Li-drif ted Ge will 
be easily achieved. 
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Studies of Sodium in SiO  Films by Neutron 
Activation and Radiotracer Techniques 
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ABSTRACT 

Electr ical  instabili t ies in SiO2 films under  high fields at e levated t empera -  
tures have  been widely  a t t r ibuted to mobile ionic impurit ies,  with sodium 
suspected as the most impor tant  ion. Phosphate glass t rea tments  on SiO2 are 
known to have a stabilizing effect. This paper  reports  neutron act ivat ion ex-  
periments  to de termine  sodium contaminat ion on and in s t eam-grown SiO2 
films and also diffusion and drif t  exper iments  wi th  t racer  sodium. Phosphate  
glass- t reated SiO2 films were  included in the samples. SiO2 films g rown and 
handled under  various conditions had sodium densities of 7 X 1011 to 3 • 1014 
a toms /cm 2, which could be easily removed or exchanged by washing and 
l ight  etching. Densities remaining  inside the 6000A films after  washing and 
light etching were  ~ 4 X 1011-4 X 1 0 1 2 / c m  2. 

Tracer  diffusions into SiO2 at 600~ produced profiles which were  high 
near  the surface and lower  through the inter ior  of the film, similar  to those 
observed by neutron act ivat ion for unintent ional  sodium contamination.  Phos-  
phate glass layers on SiO2 absorbed and stopped the sodium under  similar  
conditions. With an applied field at e levated t empera tu re  ( + 4 %  1 min, 
400~ tracer  sodium drif ted through an SiO2 film under  gold dot electrodes, 
piled up at the Si-SiO~ interface,  and carr ied a substantial  part  of the charge 
transported.  There was no detectable diffusion in uncharged areas. A layer  of 
phosphate glass applied over  an SiO~ film absorbed sodium and prevented  it  
f rom drif t ing into the SiO2 film under  the gold dots. 

Intensive study has been made in a number  of lab-  
oratories (1-8) in recent  years of the electr ical  be- 
havior  of metal -s i l icon dioxide-si l icon (MOS) struc- 
tures because of their  importance as devices and 
because new desigris for junct ion devices employ 
structures in which high fields are applied across pas- 
s ivat ing oxide films. Certain types of electr ical  in-  
stabil i ty observed in MOS structures (2, 6-8), and 
also in junct ion devices (9), have  been a t t r ibuted to 
drift  of oxygen vacancies (2) or, more  commonly,  to 
ionic impuri t ies  in the oxide. Sodium in par t icular  has 
been suspected (7, 9) as an impor tant  impur i ty  because 
of its known high mobil i ty  in quartz  and vi treous sil- 
ica (10, 11) and its common occurrence as a contam-  
inant. It was found (12) that  a layer  of phosphate 
glass over  an SiO2 film could el iminate or drast ical ly 
reduce the drif t  behavior.  In some cases the electr ical  
instabili t ies have  been reproduced and studied by 
del iberate addit ion of sodium (nonradioact ive)  (7, 9, 
13, 14) to the SiO2 film. 

The aims of the work  repor ted  in this paper were:  
(i) to de termine  sodium contaminat ion levels on and 
in as -grown SiO2 films and in silicon substrates by 
neutron act ivat ion analysis; (ii) to fol low del ibera te ly  
added tracer  sodium in diffusion and drif t  exper i -  
ments. Phosphate  glass- t reated SiO2 films were  in-  
cluded in the samples for both neutron act ivat ion and 
tracer  experiments .  Where  the results can be com- 
pared they are in general  agreement  wi th  those re-  
cent ly reported by Yon, Ko, and Kuper  (15), and also 
by Carlson, Fuller ,  and Osborne (16). However ,  there  
are differences in exper imenta l  approach and infor-  
mat ion obtained. 

Neutron Activation Experiments 
Materials and experimental procedure.--Six neu-  

t ron activation exper iments  were  carr ied out, five at 
the Brookhaven National  Labora tory  and one at the 
Union Carbide reactor  at Tuxedo, New York. Samples 
included silicon slices wi th  s t eam-grown SiO2 films, 
slices wi th  phosphate glass layers over  SiO2 films, and 
etched slices which had never  been oxidized. A 
weighed sample of sodium carbonate  was included in 
each run for calibration. In the act ivat ions at Brook-  
haven  samples were  contained in polyethylene  or 
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quartz capsules which were  placed in a water -cooled  
react ion chamber  where  they were  exposed to a ther-  
mal  neutron flux of 1 x 1013/cm 2 sec for 2-3 days. 
Fast  neutron flux was est imated to be a few per  cent 
of this. At the Union Carbide reactor  a luminum cap- 
sules were  used and the chamber  was not wa te r -  
cooled; sample tempera tures  may  have risen as high 
as 500~ After  samples were  re turned  f rom i r radia-  
tion they were  washed and etched progress ively  in 
dilute buffered HF and the Na 2~ act ivi ty remaining  on 
the sample after  each step was counted. Oxide thick-  
ness was determined by compar ing colors wi th  oxide 
films of known thickness. Count ing was done on ei ther 
the 1.37 Mev or 2.76 Mev gamma peaks of Na 24 (T1/2 
= 15 hr) .  When the 1.37 Mev peak was used, etching 
was delayed for about 24 hr  af ter  i r radiat ion to per-  
mit sufficient decay of Si 31 act ivi ty at 1.27 Mev 
(T1/2 = 2.6 hr) .  No such delay was required for the 
2.76 Mev peak, but  the gain in higher  act ivi ty  was 
offset by reduced count ing efficiency for the higher  
energy -r's. Counting was done on a s ingle-channel  
RIDL pulse height  analyzer  with a we l l - type  2 X 2 in. 
sodium iodide scinti l lation crystal,  or on a 100-chan- 
nel TMC analyzer  (Gammascope)  wi th  a flat-faced 
3 X 3 in. crystal. The entire gamma spectrum up to 
3 Mev was scanned f requent ly  to ver i fy  that  sodium 
was present, and decay times were  de termined  when  
feasible. 

Results oy neutron activation experiments.--Figure 
1 shows results of one neut ron  act ivat ion run  which 
was reasonably representa t ive  of the others. Sodium 
concentrat ion per  square  cen t imeter  remaining  on the 
sample is plotted against  thickness of oxide remain-  
ing, as the sample was washed and then etched in 
toward the Si-SiO2 interface. In this exper iment  there 
were  ten slices of each type of sample. Each slice had 
2 cm 2 of oxide surface area. The ten slices were  etched 
individual ly  to the same oxide thickness in each step. 
Act ivi ty  was then measured  on all ten together  as one 
sample. In some other  runs only one slice of each type 
was used; the curves were  s imilar  to those of Fig. 1, 
but counting rates and sensitivities (Na a toms/cm2/  
coun t /minu te )  were  correspondingly  lower. The  sen- 
si t ivity in this run, using the 2.76 Mev peak, was in 
the range 2.4-4.4 X 1011 Na a toms /coun t /minu te  or 
1.2-2.2 X 10 l~ Na a toms/cm2/count /minute .  The stand- 
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Fig. I. Removal of sodium by washing and etching after neutron 
activation. 

ard deviat ion of the points varies from 0.5% for the 
high ini t ial  points to about 5% for the low points. 
S tandard  deviations are indicated directly on all other 
distr ibution plots. The silicon substrate mater ia l  used 
in the exper iment  was 100 ohm-cm n-type,  phosphorus 
doped. In all other experiments  to be discussed the sil- 
icon was 100 ohm-cm p-type, boron doped. 

The plot for s team-grown SiO2 in Fig. 1 shows an 
init ial  sodium density of >1014/cm 2, most of which 
washed off, or perhaps exchanged for nonradioact ive 
sodium, dur ing washing. A light etch ( ~  150A) re-  
moved most of the remaining  sodium. The curve shows 
a slight downward slope through the middle region 
and a drop at the interface, corresponding to a pi le-up 
in this region. The total counting rate decreased from 
12,000/min to 35/min in this series of etches. Back- 
ground count was 9/min.  Since sodium per square 
cent imeter  remain ing  on the specimen is plotted in 
Fig. 1, the downward slope is a measure of local con- 
centrat ion (cm-3) .  

The concentrat ion is. high near the outer surface 
(~1019/cm3), low in the middle (3 X 1015/cm3 • 1 X 
1015/cm3) with a t u r n - u p  at the Si-SiO2 interface 
( ~  1016/cm3). The results are similar to those of ref. 
(15) and (16) al though the interior  concentrat ion in -  
dicated in the present  work is somewhat lower. 

The etched silicon sample was treated and handled 
in the same manner  as the oxidized sample except 
that it was never  oxidized. Like the oxidized silicon 
it had considerable sodium which could be washed 
off. This may have come from the etching and clean-  
ing, or subsequent  handling,  or both. An HF soak re- 
moved some Na which remained after hot and cold 
water  rinses, presumably adhering t ightly to the very 
thin oxide layer present  on any etched Si surface. 
Neutron activation analysis of phosphate glass- 
treated samples has given ra ther  unexpected results, 
one of which is shown by the plot in Fig. 1. In  this 
case and in several other experiments  a relat ively high 
sodium concentrat ion was found in the SiO2 film be-  
yond the edge of the phosphate glass layer  which 
could be determined by an abrupt  change in  etching 
rate. This was surpris ing since phosphate glass layers 
are known to el iminate drift  behavior  bel ieved to re-  
sult from ionic impurities,  and one might have ex-  
pected all the sodium to be found in  the 1000A glass 
layer. (The phosphate glass was deposited on a steam- 
grown SiO2 film by exposure to P205 vapor for 10 min  
at 1050~ As will  be shown later, t racer  experiments  

with Na 22 do show a blocking and gettering action by 
phosphate glass for sodium which has been delib- 
erately deposited on the surface. Therefore, in the 
neut ron  activation results it seems l ikely that  the so- 
d ium deep in the SiO2 is associated with phosphorus. 

Some sodium may have been carried by phosphate 
glass through pinholes or other flaws in  the SiO2 layer, 
al though in this case one might expect it to etch out 
of the holes readi ly and appear to be in  the outer 
glass layer. Phosphorus may have penetrated into the 
SiO2 layer as a result  of neu t ron  bombardment .  
Schmidt (17) has recent ly reported phosphorus pene-  
trat ion deep into SiO2 and into the silicon substrate 
under  fast neu t ron  bombardment  of 3 X 1017/cm s total  
flux at 300~ He has also studied a sample from one 
of our sodium experiments  in which samples were 
main ta ined  close to room tempera ture  and found a 
phosphorus diffusion tail  extending beyond the glass 
layer into the SiO2 and Si. (During i r radiat ion the 
phosphate glass-treated samples and unt rea ted  SiO2 
samples were in separate containers,  so the t ransfer  
of phosphorus, a n d  possibly sodium to the unt rea ted  
samples observed by Schmidt (17) could not have oc- 
curred in our samples.) Carlson, Ful le r  and  Osborne 
(16) using higher temperatures  and longer times for 
their diffusions saw considerable phosphorus penet ra-  
tion beyond the oxide-glass interface. They showed 
some results in  which the sodium was more effec- 
t ively segregated in the glass layer  than  in our case, 
but  also they showed one sample in which sodium at 
a concentrat ion of ~ 1 X 101S/cm 3 had penetrated to 
the silicon interface. In  the exper iment  at the Union 
Carbide reactor very high sodium contaminat ion (1-5 
x 1014/cm 2 inside the film) was detected. In  this case 
it was evident  that  sodium produced by t ransmuta t ion  
of A1 (A127 n, a Na 24) had evaporated from the cap- 
sule onto the samples and diffused into the oxide at 
the elevated tempera ture  ( , -  500~ of this experi-  
ment. The phosphate glass treated sample showed con- 
siderable sodium beyond the glass layer. 

Data for SiO2 films from curves like those of Fig. 1 
are summarized in Table I which gives ranges of 
values for sodium contaminat ion at the surface, i n -  
side SiO2 films, and in  silicon substrates. (Results from 
the Union  Carbide reactor are not included.) A variety 
of oxidation and handl ing  conditions are represented 
in Table I; the work has been of an exploratory na ture  
rather  than an exhaust ive study in which each proc- 
ess factor has been studied independently.  However, 
cer ta in  observations can be enumerated:  

(i) Unin ten t iona l  sodium contaminat ion on the films 
var ied over almost three orders of magnitude,  that in -  
side the film over one order, and these levels are 
easily sufficient to account for the type of electrical 
instabi l i ty  which has been a t t r ibuted to some mobile 
ion in SiO2 films. 

(ii) Improvements  in furnace cleanliness and in  
handl ing  techniques, e.g., the use of a dust-free,  lam-  
inar-flow hood, yielded reductions in sodium activity. 

(iii) The lowest total sodium contaminat ion was ob- 
served on a sample supplied by Schmidt (18) which 
had been oxidized by O2 in  a special furnace  (quartz 
tube inside another quartz tube inside a high pur i ty  

Table I. Summary of data for Si02 films 

Etch ed  Si 
SiO~ f i lms  ~never  o x i d i z e d  

N a  r e m o v e d  by 
W a s h  a n d  l i g h t  

e t c h  
1100-300A) 

Na  i n s ide  SiO_, 
f i lm 

Na  in  Si  
I A v e r a g e  in  5-16 

m i l  s l ice)  

7 • I0~1-3 • lOt'/era -' 2 / I0~::-2 • lO",cm=' 

4 • I011-4 • 10t : /cm 2 
~7 • 10t'~-7 • 10t%"cm ~) 

6 • I0t~-1.2 • 10'5/cm ~ 8 • 10rz-1.7 • 101t/cm ~ 



864 J. Electrochem. Sac.: S O L I D  S T A T E  S C I E N C E  August I967 

alumina tube).  The sample was encapsulated in quar tz  
for activation. 

(iv) The lowest  value listed (7 >< 1015/cm3) for  
sodium inside the SiO2 film was obtained on a film 
which was s team-grown in a s tandard quartz  tube 
furnace. This, however ,  was not necessari ly the 
cleanest oxide tested. Other  oxide samples, e.g., those 
supplied by Schmidt  or by Goetzberger  (f ield-grown) 
(19) may have had less sodium inside but the sensi t iv-  
i ty for detection was not good enough in those exper i -  
ments to prove it. 

(v) The silicon itself did not appear  to be an im-  
portant  source of sodium since the levels  in silicon 
samples which had never  been oxidized were  always 
somewhat  lower than in oxidized samples f rom the 
same crystal.  

(vi) The outstanding feature  of the neut ron  act iva-  
tion exper iments  was that  a large fract ion of the 
total sodium could be removed by washing and l ight 
etching. Al though the possibility of exchange for  non-  
radioact ive sodium in the wate r  or acid cannot  be 
ruled out, the results show that  large reductions in 
sodium contaminat ion could be achieved if very  pure  
water  and acid were  used. These results are consistent 
wi th  those of Schmidt  (18) who el iminated electr ical  
drift  effects by l ight etching. 

Other contaminants  were  found in the samples 
cleaned and oxidized by s tandard techniques. In sev-  
eral  cases the gamma spectra showed the presence of 
copper in the silicon substrate,  and phosphate glass 
samples prepared by the PBr3-O2 react ion showed 
bromine in the glass layer  and in the oxide under  the 
glass. 

Tracer Experiments 
Di~usion into SiO2 f i lms . - -Tracer  diffusion exper i -  

ments were  per formed wi th  Na 22 (T1/2 = 2�89 y r ) .  The 
car r ie r - f ree  isotope was received as an acid solution 
of NaC1 of specified concentrat ion which  permi t ted  
calibration of counting rate  in terms of sodium atoms. 
Radioact ive sodium was applied to oxidized silicon 
slices (1 cm 2) by evaporat ion f rom a hot p la t inum 
boat on which a few drops of diluted solution had been 
dried in a manner  similar  to that  reported by Logan 
and Ker r  for nonradioact ive sodium (14). This pro-  
cedure yielded deposits of density 3 • 1013-1 X 1014/ 
cm 2. Post-diffusion autoradiographs showed that  these 
deposits on SiO2 were  sometimes free of spots but  on 
other  occasions had a few spots which may have been 
associated with  flaws in the SiO2 film. In contrast, 
deposition by drying a dilute solution direct ly  on an 
oxidized slice always resul ted in a ve ry  spotty dis- 
tribution. Progress ive  etching showed that  the non-  
uni formi ty  of the dr ied-solut ion samples persisted 
through the film to wi th in  a few hundred Angstroms 
of the silicon interface. Evaporat ion f rom a hot source 
was therefore  used in all the t racer  exper iments  to be 
discussed. Deposits on phosphate glass were  ent i re ly  
free of spots. Sodium distr ibution profiles in the films 
were  de te rmined  by progressive etching and counting 
of the 0.51 Mev gamma act ivi ty  remain ing  on the 
slice. Sensi t ivi ty was typical ly 2.5 >< 1010 Na a toms/  
count /minute .  

Figure  2 shows the sodium profile (Na a toms/cm 3 
vs. depth in the film) in a s t eam-grown SiO2 film 
which was diffused for 22 hr at 600~ in a forming 
gas atmosphere (85% N2, 15% H2). Forming  gas was 
suggested by A. A. Bergh who had observed enhance-  
ment  of sodium effects on transistors, presumably  be-  
cause of a hydrogen interact ion which accelerates so- 
dium migration.  The profile shows sodium concentra-  
tion high near  the surface and lower through the mid-  
dle region with  a dip and a tu rn -up  near  the Si-SiO2 
interface. The curve  of Fig. 2 is similar  to some re-  
ported by Yon, Ko, and Kuper  (15). 

The behavior  of a phosphate glass- t reated SiO2 film 
is shown in Fig. 3. Sodium was deposited and diffused 
into the glass- t reated film under  the same conditions 
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used for the plain SiO2 film of Fig. 2. However ,  in 
Fig. 3 it may be seen that  the sodium was stopped in 
or ve ry  close to the phosphate glass layer  as defined 
by etching rate. Addi t ional  exper iments  under  the 
same conditions have  shown some var ia t ion  in the 
shape of the sodium profile in the glass layer,  but  al-  
ways a reduct ion of sodium act ivi ty  to background 
level  beyond the glass layer.  Typically,  the counting 
rate on a sample was reduced f rom an init ial  value of 
2700 counts / ra in  down to background (26 counts /min)  
just  beyond the glass layer.  In contrast,  the counting 
rate  on an unt rea ted  SiO2 film (Fig. 2) was reduced 
f rom 2826 to 284 counts /min  (above the background 
of 26) by etching to the same depth. 

Another  significant difference be tween  the two types 
of films was that  ve ry  l i t t le  sodium act ivi ty  could 
be washed off the phosphate glass af ter  diffusion, 
whereas  wi th  unt rea ted  SiO2 more than half  of the 
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Fig. 4a (top) Diagram of gold dots on SiO2 film far sodium drift 
experiment. Ha 22 was deposited on sample before gold dots were 
put down. Fig. 4b (bottom) Autoradiograph of Na 22 in SiO2 film 
after drifting (4v, 1 rain, 400~ Sample was washed and gold 
dots removed before exposure, 

total act ivi ty  was easily removed by washing. The 
greater  uniformity  of sodium, or f reedom from spots, 
in the phosphate glass layer has a l ready been men-  
tioned. The sodium had evident ly  been absorbed into 
the glass and stopped there. 

DrY# experiments with tracer sodium.--The influ- 
ence of an electric field on t racer  sodium-in SiO2 was 
studied at 400~ Figure  4a is a d iagram of a speci- 
men designed for these exper iments  by M. Yamin, 
who also per formed the dr if t ing and charge measure-  
ments by a method described previously (6). Na22C1 
was evaporated onto an oxidized silicon slice. Square  
gold dots were  then deposited through a mask. The 
dots marked  X were  then charged, one at a time, by 
applying 4v (-5) for 1 min. The charge was measured 
by integrat ing the t ransient  charging current.  The 
silicon slice was held at 400~ for more than an hour 
dur ing this operation. 

Af ter  charging of the gold dots was completed,  the 
sample was cooled and washed and the gold dots re-  
moved by aqua regia. An autoradiograph taken at this 
point is shown in Fig. 4b. By comparison with  Fig. 
4a it may be seen that  sodium act ivi ty  (indicated by 
darkening)  remained  only in areas which had been 
covered by charged gold dots. There  was no detect-  
able diffusion in uncharged areas, under  gold dots or 
elsewhere.  This was consistent wi th  some earl ier  dif-  
fusion exper iments  (1 hr, 400~ in air) in which no 
sodium diffusion could be detected by counting. (So- 
dium act ivi ty  was present  before washing;  the sodium 
was not lost by exchange dur ing heating.) 

F igure  5 shows the sodium profile in the film under  
the gold dots, as determined by etching and counting. 
Computat ions of sodium concentrat ion values (cm -3) 
were  made using only the area under  charged gold 
dots. Ninety  per  cent of the radioact ive  sodium was 
found to be pi led up wi th in  800K of the SiO2-Si in te r -  
face. This resul t  is in agreement  wi th  the charge dis- 
t r ibut ion inferred by Snow et al. (7) f rom capaci-  
tance-vol tage  measurements  on (nonradioact ive)  so- 
d ium-dr i f ted  SiO2 films. All  of the sodium detected 
in the film accounts for about  20% of the total  charge 
introduced. The densi ty of t racer  sodium under  the 
dots was 3 X 1013/cm 2 and, since neut ron  act ivat ion 
results have  shown that  sodium contaminat ion levels  
may be higher  than this, i t  is l ikely  that  the r emain -  
ing 80% of the charge was carr ied by sodium present  
as unintent ional  contamination.  

The images of the gold dots in Fig. 4b are fair ly dis- 
tinct, e.g., the image of the lower  le f t -hand  dot c lear ly  
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Fig. 5. Na profile in Si02 film under gold dots after drifting. 

shows that  a corner  had been removed. Thus there 
was no appreciable thermal  diffusion ei ther  direct ly 
into the film or la tera l ly  in the film or along the Si- 
8i02 interface. The sodium fol lowed electric field lines 
(13). 

A similar  t racer  drif t  exper iment  was per formed on 
a phosphate glass- t reated sample at 40O~ However ,  
in this case, as expected (6), no charging current  
flowed when the 4v bias was applied to the gold dots. 
Figure 6a shows the gold dot pa t te rn  and Fig. 6b 
shows an autoradiograph taken af ter  thorough wash-  
ing and remova l  of the gold dots. It shows a uni form 
darkening over  the ent ire  area of the slice. With step- 
wise etching the image grew weaker  but  remained 
uniform; there  was never  any image of the dots which 

Fig. 6a (top) Diagram of gold dots on phosphate glass-treated 
SiO2 film for sodium drift experiment. Fig. 6b (bottom) Auto~ 
radiograph of Na 22 in phosphate glass-treated sample after attempt 
to drift. 
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had been charged. The sodium had evidently been 
quickly and uni formly  absorbed by the phosphate 
glass at 40O~ and the applied bias caused no redis- 
tr ibution.  Figure  7 shows the sodium profile in this 
film, all  of the sodium confined in or close to the phos- 
phate glass layer. No sodium activity was detected 
in the silicon substrate after any of the drift  experi-  
ments at 400~ 

Discussion and Summary 
The neut ron  activation results on SiO~ showed re la-  

t ively high sodium concentrat ions on or near  the sur-  
face which could be removed or exchanged by washing 
and light etching. Sodium concentrat ions at the sur-  
face could be reduced by improvements  in processing. 
Average sodium concentrat ion inside the films was as 
low as 7 • 1015/cm~, or 4 • 1011/cm 2 in  a 6000A film, 
and improved sensit ivity might have shown lower 
values in some films. 

Tracer diffusion experiments  in SiO2 at 600~ pro- 
duced profiles high at the outer surface, low through 
the middle region and with a dip and t u r n - u p  at the 
Si-SiO2 interface. This characteristic profile suggests 
some barr ier  at the outer surface of the oxide. The 
difficulty of diffusing large negative ions such as C1- 
required for charge neut ra l i ty  may account for it (15). 

At 400~ diffusion from NaC1 into SiO2 ( in air) 
was very slight but  drift  under  gold dots with -]-4v 
applied was very rapid. The ease with which the so- 
dium ions move under  an applied field suggests that 
small  potential  differences in the oxide, e.g., electro- 
chemical potentials and work funct ion differences, 
may influence the sodium distr ibut ion which is frozen 
in a film at room temperature.  

Phosphate glass layers clearly showed a blocking 
action for tracer sodium in diffusion and drift  experi-  
ments. Sodium on the surface penetrated readily into 
the glass layer but  was held there against fur ther  dif- 
fusion into the SiO2 region. More extreme conditions 

would presumably show a l imit  to the blocking action 
as found by Kerr  (20) in electrical measurements .  In  
neut ron  activation experiments  significant sodium 
concentrations were found beyond the phosphate glass 
layer as defined by etching rate. It seems likely that  
this sodium is associated with phosphorus deep in  the 
SiO2 layer which may have gotten there dur ing  depo- 
sition of the glass layer, or by some effect of neu t ron  
bombardment .  

The tracer drift  results clearly i l lustrate the fact 
that even though an SiO2 film grown by a very clean 
process might be free of in te rna l  sodium contamina-  
tion it would still be vu lnerab le  to subsequent  contam- 
ination by sodium which could drift  in to the silicon 
interface very readily under  bias at elevated temper-  
atures. 
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Measurement of the Retention of Fluoride by Silicon 
and Silicon Dioxide Surfaces 

G. B. Larrabee, K. G. Heinen, and S. A. Harrell 
Texas Instrurr~ents Incorporated, Dallas, Texas 

ABSTRACT 

Techniques are described for the product ion of fluorine-18 labeled I-IF 
etches and their  use in the study of the retent ion of fluoride on silicon and 
silicon dioxide surfaces. Results are presented tha t  show fluoride is re ta ined 
by a chemical  adsorption mechanism. 

In the fabricat ion of planar  silicon semiconductor  
devices it is necessary to etch the silicon dioxide films 
on the surface of the device. Hydrofluoric acid is used 
in all of these SiO2 etches wi th  various addit ives to 
modify  the etch rate. The subsequent  washing and 
removal  of residual  fluoride is impor tant  to ensure 
good device characterist ics and long te rm device sta- 
bility. 

The chemical  analysis for trace quanti t ies of residual  
fluoride ion is ex t r eme ly  difficult, par t icular ly  if  the 
fluoride is entrapped and /o r  chemical ly adsorbed on 
the silicon dioxide film. Dissolution of the film to f ree  
the fluoride for subsequent  analysis is not possible be-  
cause these films are only soluble in fluoride containing 
etches. Neutron act ivat ion analysis via  19F(n,y)201~ 
cannot be used in a silicon mat r ix  because of the 
large yield of 2.3 minute  a luminum-28 f rom the 
esSi (n, p)~SA1 reaction. The preponderance of 1.78 Mev 
gamma from the a luminum-28 precludes the detection 
of the 1.62 Mev gamma from fluorine-20. The 10.7 sec- 
ond hal f - l i fe  of fluorine-20 prohibits wai t ing for other  
activities to decay away. 

The use of radiotracer  118 minute  fluor~ne-l.8 was 
only a t t rac t ive  if fluorine-18 tagged hydrofluoric acid 
could be produced and the etch solution formula ted  
using this HlSF. Fluorine-18 has been produced by 
several  workers  (1, 2) by the 6Li (n, t) 4He; 160 (t, n) lSF 
react ion but the final product is e i ther  in NaOH or HC1 
solution. However  the problem in this work  was to 
produce HlSF in sufficient yield and with  a high enough 
specific act ivi ty  to tag an etch solution containing up 
to 10% fluoride ion. 

Experimental 
The fluorine-18 was produced by i r radia t ing 7-9g of 

6Li2CO3,1 containing 10 m g / g  LiF a s  carrier,  at a flux 
of 2 X 1012 n / s e c / c m  2 for 2 hr at the Texas A&M Uni-  
vers i ty  reactor.  The high neut ron  capture  cross section 
(945 barns) of l i th ium-6 made it necessary to use a 
special i r radiat ion container  such that  a thickness of 
not greater  than 2 mm of 6Li2COa would be presented 
to the neutron flux. 

A cyl indrical  quar tz  i r radiat ion container  was con- 
structed wi th  inner  wall  separations of 2 m m  as shown 
in Fig. 1. The 6Li~COa was introduced through the 
upper  tube to fill the cylinder wall  cavity.  The con- 
ta iner  was then sealed off at the bot tom of the fill tube 
and a loose fitting polyethylene  plug placed in the 
bottom to help scatter neutrons into the inner  part  
and thus increase the yield. 

At  the end of the i r radia t ion the container was in- 
verted,  a l lowing the powder  to move down out of the 
inner  wal l  cavity. It was placed in an all Teflon disti l-  
lation apparatus, Fig. 2, the top was screwed on tightly, 
and the quartz  container broken. Through a small  port 
on the top, 40 ml of 9M H2SO4 was added and the 
Teflon dist i l lat ion flask was sealed. The flask was 
heated with  a heat ing mant le  to distill  5 ml of solution 
containing the fluorine-18 into a polyethylene  receiver.  

J L i t h i u m  c a r b o n a t e  w a s  p u r c h a s e d  f r o m  O a k  R i d g e  N a t i o n a l  
L a b o r a t o r y  a n d  w a s  95 .44% l i t h i u m - 6  a n d  4 .56% l i t h i u m - 4 ,  

The etch solution to be studied was tagged wi th  this 
H18F and a suitable al iquot  was reserved for analysis 
for fluoride ion and fluorine-18 content. Gamma spec- 
tra were  run  immedia te ly  after  disti l lation and again 
the next  day (10 hal f - l ives  elapsed) and no extraneous 
activities were  observed. 

Fig. 1. Quartz irradiation container used in the production of 
fluorine-18. 

Fig. 2. Ail Teflon apparatu,s used to distill the fluorine-18 labeled 
HF. 
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The decay of fluorine-18 proceeds via 0.65 Mev posi- 
t ron emission. Since positrons annihi la te  to form two 
back to back 0.511 Mev gammas, it is possible to use 
g a m m a - g a m m a  coincidence counting. The background 
for this counting technique, with the part icular  ins t ru-  
ment  settings used in this work, was one count per 
minute.  The detection l imit  on the samples used in this 
study, was calculated to be 1.4 • 1013 a toms /cm 2 of 
silicon surface area wi th  a counting error  corrected 
for background of less than 17% with  a confidence 
level  of 90%. 

The silicon slices were  etched in a plexiglass e tch-  
ing vessel containing 3-5 ml of tagged etch solution. 
In each etch exper iment  two slices (20.3 cm 2 surface) 
were  processed and counted. 

Results 
Buffered fluoride e tch . - -The  re tent ion of fluoride on 

silicon and silicon dioxide films was de termined  by 
preparing a fluorine-18 labeled etch solution (400g 
NH4HF2, 500 ml  H20, 90 ml HF) .  The silicon slices 
were  etched and washed as described in Table  I. Fresh  
water  washes were  used for each slice. It can be seen 
that  the bare or unoxidized slices retained more fluo- 
r ide than the slices wi th  5000A SiO2 films. 

1:10 Hydrofluoric acid. - -A 1:10 hydrofluoric acid 
etch was labeled with  fluorine-18 and the silicon slices 
were  etched and washed as shown in Table II. In this 
exper iment  the silicon slices were  washed by two dif-  
ferent  techniques. In one case only hot water  washes 
were  used while on duplicate slices a hot  nitric acid 
wash was given as soon as the slices were  removed  
from the etch. This was then followed by three  hot 
water  washes. 

Unoxidized slices washed with  hot nitric acid re-  
tained significantly more fluoride than the correspond- 
ing slices washed with hot water.  The  amounts  of fluo- 
ride retained by hot water  washed slices agree wel l  
wi th  the values obtained for the buffered HF etch 
(Table I).  On the other  hand, the slices wi th  5000A 
SiO.~ films re ta ined fluoride at concentrat ions com- 
parable to those observed on duplicate slices etched 
in buffered fluoride etch (Table I).  

There  are several  salient points that must  be consid- 
ered in postulat ing a mechanism for the retent ion of 

Table I. Retention of fluoride from buffered fluoride etch 

F l u o r i d e  
c o n c e n -  
t r a t i o n ,  

a t o m s / c m :  S i l i c o n  s a m p l e  E t c h  t i m e ,  r a i n  R i n s e ,  r a i n  

A .  U n o x i d i z e d  s l ices  
C h e m i c a l l y  p o l i s h e d  2 2 5 ~  2 2 5 ~  H-zO 2 .1  x 10  ~ 
C h e m i c a l l y  p o l i s h e d  2 2 S ~  2 9 5 ~  H ~ O  2 .4  x 101~ 
C h e m i c a l l y  p o l i s h e d  0 . 4  6 ( ]~  * 2 2 5 ~  H,_,O 1 .9  • 10 ] t  

B .  O x i d i z e d  s l ices  
5 0 0 0 A  o x i d e  f i l m  2 2 5 ~  2 2 5 ~  I-L~O 9 .3  x 10':J 
5 0 0 0 A  o x i d e  f i l m  2 2 5 ~  2 9 5 ~  H ~ O  5 .5  x 10~:~ 
5 0 0 0 A  o x i d e  f i l m  0 .4  6 0 ~  * 2 2 5 ~  H.~O 4 . 0  x I 0  TM 

5000Ak o x i d e  f i l m  0 .4  6 0 ~  * 2 9 5 ~  H ~ O  4.1  x 10':~ 

* E t c h  t i m e  a d j u s t e d  f o r  6 0 ~  e t c h  s o  t h a t  a n  a m o u n t  o f  o x i d e  
w o u l d  b e  r e m o v e d  e q u a l  t o  t h e  2 5 ~  e t c h .  

Table II. Retention of fluoride from 1:10 HF etch 

F l u o r i d e  
E t c h  t i m e ,  c o n c e n t r a t i o n ,  

S i l i c o n  s a m p l e  r a i n .  2 5 ~  R i n s e  a t o m s / e r a  ~ 

A .  L T n o x i d i z e d  s l ices  
C h e m i c a l l y  p o l i s h e d  5 3 x 9 5 ~  H~,O 1.1 )< 10 u 

L a p p e d  5 3 x 9 5 r  H ~ O  1.9  x I 0 , ,  
C h e m i c a l l y  p o l i s h e d  5 1 x 1 0 5 ~  H N ~ . ~ ,  7 .5  • 10 t '  

3 x 9 5 ~  H 2 0  
L a p p e d  5 1 x 1 0 5 ~  HNO~j ,  4 . 9  • 10  In 

3 x 9 5 ~  H,_,O 
B .  O x i d i z e d  s l ices  

5 0 0 0 A  o x i d e  f i l m  0 .5  3 x 9 5 ~ C H ~ O  1.2 x I 0 ~  
5 0 0 0 A  o x i d e  f i l m  0 .5  i x 1 0 5 ~  H N O ~ ,  5 .1  • 10 ':~ 

3 x 9 5 ~  t t e O  
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fluoride ion by silicon and silicon dioxide films. Both 
silicon and silicon dioxide re ta in  fluoride ion af ter  
repeated washings. Silicon surfaces re ta in  more fluo- 
r ide than SiO2 surfaces and hot nitric acid washing 
causes more fluoride to be re ta ined on silicon surfaces 
than hot water  washing. Sil icon dioxide films retain 
the same amount  of fluoride wi th  ei ther hot  ni tr ic  acid 
or water  washing. 

Discussion 
The tenacious behavior  of the fluoride ion must  be 

ascribed to the s t rength of the silicon-fluoride bond 
(136 kca l /mole  compared to 106 kca l /mole  for Si-O) 
on the silicon or SiO2 surface. I ler  (3) and Atal la  
et al. (4) repor t  that  HF treated silicon surfaces are 
strongly hydrophobic and Iler  (3) suggests that  this is 
due to the nonpolar  character  of the SiF surface. This 
would also suggest that  the S i - F  bond is not easily 
broken by hydrolysis. At ta la  et al. (4) observed that 
boiling in water,  organic solvents or water  containing 
detergents  did not produce a hydrophil l ic  surface. 
They also observed that  boiling in nitric acid produced 
a hydrophil l ic  surface. 

The hot nitric acid t rea tment  of etched silicon sur-  
faces in our fluoride tracer studies indicates that  the 
surface fluoride is not removed with  this ni tr ic  acid 
t rea tment  but is probably entrapped in a freshly 
grown SiO2 film which itself is hydrophill ic.  

Kimber l in  (5) feels that  a fluoride surface explains 
the fact that  silica gel t reated wi th  HF is hydrophobic.  
This would indicate a similar  tenacious retent ion of 
fluoride by silica surfaces. 

The chemical bonding of fluoride to silicon and sili- 
con dioxide surfaces would suggest a chemical  adsorp- 
tion mechanism. If chemical  adsorption is operative,  
there  should be only a given number  of sites avai lable  
for adsorption. On <111> oriented single crystal  sur-  
faces there  are 4.8 X 1014 s i tes /cm 2, assuming a sur-  
face roughness factor of one for a polished and chem-  
ically etched surface. In this work, for both etches, 
the amount  of fluoride re ta ined on these surfaces aver -  
aged 1.9 X 1014 a toms/cm 2. 

The enhanced re tent ion of fluoride ion by silicon 
surfaces on rinsing in hot concentrated nitric acid is 
probably due to a rapid growth of surface SiO,2 which 
physically traps the fluoride ion. Once this physical 
en t rapment  occurs, repeated washings will  not remove  
the fluoride ion. The fact  that  hot nitric acid washing 
of a f reshly etched SiO2 film does not increase the 
fluoride retained,  tends to support  this theory. No fur -  
ther  growth  of oxide would occur to entrap fluoride 
ion on oxide films. 

On silicon dioxide films it is more difficult to esti-  
mate the total number  of avai lable  S i -OH sites avai l -  
able for the fluoride to replace and form stable S i -F  
bonds. I ler  (4) has shown that  a ful ly hydrated sur-  
face has 8 • 1014 silanol (,Si-OH) groups per cm 2 of 
surface. Lowen and Broge (6) in a study of the effects 
of dehydrat ion and chemisorbed materials  on the sur-  
face propert ies of amorphous silica showed that  the 
number  of avai lable silanol groups was related to the 
absolute dehydrat ion t empera tu re  according to Eq. [1] 

Si -- OH groups /cm 2 = 5200 X (1/TA -- 1/1600) X 1014 
[1] 

For  a silica film grown on silicon at l l00~  there  
would be only 5.4 X 1013 S i -OH groups available. 
However  this figure is complicated by the fact that  
part ial  rehydra t ion  can occur on prolonged exposures 
to high re la t ive  humidi ty  (>  50%). The samples used 
in this work  had been exposed to less than 50% hu-  
midi ty  for only a few days. For  these reasons one 
would expect  less than 1014 a toms/cm 2 of fluoride 
chemisorbed assuming a surface roughness of one and 
this is what  was observed. 

Attala  et al. (4) have pointed out that  as l i t t le as 
1/I0,000 of a monolayer  of an ionic impur i ty  is suffi- 
cient to inver t  the surface of one ohm-cm silicon. 
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While it might  be argued that chemically adsorbed 
fluorine is not an ionic impuri ty,  the Si -F  bond has 
70% ionic character (7) and would be strongly polar-  
ized. Cunn ingham et al. (8) reported that  a specimen 
of p- type  silicon soaked in HF, r insed and stored in a 
dry ni t rogen ambient  exhibited a strong n- type  inver -  
sion layer. These data along with the demonstrated 
strong adsorption of fluoride point out the potential  
problems in device fabrication. 

While the results presented here are adequately ex- 
plained by chemisorption, subsequent  work has shown 
that  higher amounts  of fluoride can be retained by 
different types of silica films. This is par t icular ly  t rue 
of heavily boron doped films where enhanced adsorp- 
tion has been observed. Fur ther  work will be required 
to completely unders tand  the var iat ion in fluoride re- 
tent ion by the different types of oxides. The use of 
fluorine-18 labeled etches as described in this work 
appears to offer the best method of s tudying this phe- 
nomenon.  
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The Etching of Silicon Nitride in Phosphoric 
Acid with Silicon Dioxide as a Mask 

W. van Gelder and V. E. Hauser 
Betl Telephone Laberato~ies, Inc., Allenteum, Pennsylvania 

ABSTRACT 

The water content  of phosphoric acid in  etching silicon ni t r ide and  silicon 
dioxide plays an impor tant  role, An increase in water  content  increases the 
etch rate of silicon ni tr ide and decreases the etch rate of silicon dioxide. The 
highest possible temperature  for a fixed water  content  at atmospheric pres-  
sure in the system HsO-P205 is realized by boiling the l iquid and  refluxing 
the vapor phase. Refluxed boiling phosphoric acid at 180~ was found to be a 
useful  etchant  for silicon ni t r ide films. The etch rate is 100 A/rain.  Under  the 
same conditions deposited silicon dioxide had an etch rate of 0-25 A/ ra in  de- 
pending on the method of preparation,  and .elemental silicon 3 /k/min. Etch 
rates of silicon nitride, silicon dioxide, and silicon in refluxed boiling phos- 
phoric acid were measured as a funct ion of tempera ture  (and concentrat ion) 
in the range of 140~176 All etch rates increased with temperature.  The 
"apparent"  activation energies are 12.7, 27.6, and 26.4 kcal/mole,  respectively. 
The etch rate of silicon ni t r ide  in  phosphoric acid of constant  concentrat ion 
(94.5% H~PO4) was measured as a funct ion of t empera ture  only. In  this case 
the "real" activation energy was 22.8 kcal/mole.  The difference in  etch rate 
be tween silicon nitride, deposited silicon dioxide, and silicon offers a tecnnique 
for etching contact holes in silicon ni tr ide using deposited silicon dioxide as a 
mask. Such a technique was used successfully in making  transistors with sili- 
con ni t r ide over SiO2 as a junct ion  seal. 

A good deal of a t tent ion has recent ly been focussed 
on silicon ni t r ide (Si~ND as a semiconductor junc t ion  
seal, par t ly  or fully replacing silicon dioxide. The rea-  
son for this is that  Si3N4 is a bet ter  mask than  SiO2 
against diffusants of all  kinds including water, oxy- 
gen, and sodium. The better  masking properties of 
Si3N4 go hand  in hand with lower etch rates in HF or 
buffered HF. Silicon ni tr ide films prepared by various 
deposition processes (SiCl4 + NHs, Sill4 -~ NH~ and 
d-c plasma) were reported to exhibit  "very slight" 
diffusion of sodium (1). These films all had low etch 
rates in buffered HF 1 (~10A/min ) .  This meant  that  
new ways of etching contact holes had to be developed 
because photoresist material ,  now used for etching 
SiOs, does not mask sufficiently against  buffered HF 
at the excessively long etching times necessary (2 hr 
for a film 1200A thick).  Silicon ni tr ide films have a 
reasonably fast etch rate (200-300 A/rain) in con- 

1 C o m p o s i t i o n :  40g NH4F + 60 m l  ~ + 15 m l  48% HF.  

centrated HF (48%), bu t  it was found that  the 
ordinary photoresist materials,  as used for SiOs, do 
not mask sufficiently against the concentrated HF. 
Even if a good etching mask for concentrated HF were 
available, the etching of a contact hole in SizN4 which 
is deposited on an  SiO2 film wil l  present  the problem 
of undercut t ing  because the under ly ing  SiO~ is etched 
much faster than SigN4 in concentrated HF. 

This paper reports etching experiments  with SisN4, 
SiOs, and Si in  phosphoric acid- It  was found that  
Si3N4 has a high etch rate in refluxed boil ing phos- 
phoric acid, compared to SiO2 and e lemental  Si. Ac- 
cordingly, phosphoric acid can be applied as an etchant 
for Si3N4 using deposited SiO2 as a mask. 

Etching Conditions 
The silicon ni tr ide films for the etching experiments  

with phosphoric acid were deposited by use of a pyro-  
lytic process wi th  Sill4 and NH3 at 880~ [Silicon n i -  
trides prepared by a d-c plasma process (2) and by 
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a process using SIC14 + NHs at 1000*C had approxi -  
mately  the same etch rate  in phosphoric acid as the 
silicon ni tr ide prepared f rom Sill4 % NHs.] 

SiO.~ films were  deposited in three different ways as 
follows: 

1. SIC14 + H2 -5 02 at 880"C 
2. Sill4 -5 N2 -5 02 at 350"C 
3. Same as No. 2 but densified for 20 min in O., at 

800 ~ C. 

Film thickness was measured in ter ferometr ica l ly  
with a Pe rk in -E lmer  202 spectrophotometer  in the 
ul t raviole t  and visible wave length  range. A detailed 
description of the technique is given by Reizman and 
van Gelder  (3). Reference (3) also gives the ref rac-  
t ive index of the Si3N4 films as a function of wave-  
length. At l = 5460A the refract ive  index was 1.97. 

A few tests were  made to de termine  the etch rate  of 
silicon in phosphoric acid. Silicon slices for this pur-  
pose were  58 ohm-cm p- type  and were  mechanical ly  
polished on both sides. The etch ra te  was de termined  
by weighing on a microbalance before and after etch- 
ing. In one case (at 180~ a silicon slice half covered 
with SiO.~ was etched for 2 hr. The SiO2 was then re-  
moved, a luminum was evaporated,  and the step height  
in the silicon was measured with a mult iple  beam 
interferometer .  The two methods agreed to within 
•  

At first the phosphoric acid was kept  in an open 
beaker  at 200~ The acid was ini t ial ly 85% H3PO4 
by weight  and was slowly heated f rom room tempera -  
ture to 200~ The etching process was started after  
the acid had reached a constant tempera ture  of 200~ 
for 1 hr. At that  point most of the wa te r  in the acid 
had evaporated (par t ly  by boil ing),  but the acid was 
not necessarily in equi l ibr ium with atmospheric mois-  
ture. It was, in fact, observed that  the Si3N4 etch rate 
was slowly decreasing with  t ime which was explained 
by assuming that  the acid was still losing water.  Ac-  
cording to Brown and Whit t (4)  the vapor  phase in 
equi l ibr ium with phosphoric acid up to 250~ is v i r -  
tual ly pure water  (0.03% P.205 at 250*C). Figure  1 
gives the vapor  pressure of phosphoric acid solutions 
vs. t empera ture  for various concentrations. This figure 
shows, for instance, that  phosphoric acid containing 
75.3% P205 has a vapor  pressure of 37 mm Hg at 
200~ This means that  even a h ighly  concentrated 
phosphoric acid of 75.3% P205 wil l  still  lose water  
when kept in an open beaker  at 200"C because the 
water  vapor  part ial  pressure in a normal  atmospheric 
ambient  of 25~ and 50% rela t ive  humidi ty  is 12 mm 
Hg. 

To overcome the problem of keeping the acid con- 
centrat ion at a constant and known va lue  later  e tch-  
ing exper iments  were  done with  boiling phosphoric 
acid at atmospheric pressure and at constant tempera- 
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Fig. 1. Vapor pressure of phosphoric acid vs.  temperature for va- 
rious concentrations. 

tures ranging f rom 140 ~ to 200~ wi th  emerging  water  
vapor  constantly being condensed and re turned  to the 
boiling acid. Under  these refluxing conditions the acid 
remains at a constant t empera ture  and concentration. 
The slices were  held in a quartz  basket. The "boiler"  
was a quartz l - l i t e r  round-bot tom flask provided wi th  
a the rmometer  well, a r e f u x  water-cooled  condenser,  
and a wide, ground-glass tapered connector  to admit  
the basket with slices. 

Figure  1 is basically a part of the p ressure - tempera -  
ture diagram of the two component  system H20-P2Os. 
The concentrat ion of phosphoric acid can best be ex-  
pressed in terms of weight  per cent P205. However ,  
for commercia l ly  avai lable phosphoric acid the con- 
centrat ion is given as weight  per cent H3PO4. The con- 
centrations in Fig. 1 are therefore  expressed both in 
per cent P205 and in per cent H3PO4. Applying  Gibbs' 
phase rule to the system H20-P20~ for the two phases 
l iquid and gas in equil ibrium, we find that  there  are 
two degrees of freedom. This means that  of the three 
variables  pressure (p) ,  t empera ture  (T),  and concen- 
t rat ion (x) we can choose only two while  the third 
var iable  is fixed when the choice is made. For  in-  
stance, the highest concentrat ion of commercia l ly  
avai lable phosphoric acid is 85% H3PO4. This l iquid 
boils at 154~ (see Fig. 2) or, in other  words, at 154~ 
its vapor pressure is 760 mm Hg (see Fig. 1). If  the 
boiling l iquid is total ly refluxed we have  chosen the 
vapor, pressure to be constant at 760 mm Hg (or 
wha tever  the local barometr ic  pressure is) and the 
concentrat ion at 85% HsPO4. Consequently,  the  t em-  
pera ture  as, the third variable,  is fixed at 154~ and 
cannot change unless p or x is changed. The higher  
boiling phosphoric acids in this work  were  obtained by 
lett ing some water  vapor  escape and the lower boil ing 
acids were  obtained by adding water.  

In addition to measur ing the etch rates as a function 
of the boiling tempera ture  (and therefore  necessarily 
also as a function of the concentrat ion) the etch rate  
of silicon nitr ide was measured as a funct ion of tem-  
perature  only, at a constant concentrat ion of 94.5% 
H.~PO~. Refluxed boiling phosphoric acid at 200~ has 
a concentrat ion of 94.5% H.~PO4. This acid was cooled 
down and held at 158 ~ and 140~ to measure  the etch 
rate. Care was taken to let no water  vapor  escape. It  
should be noted that  in the ease of refluxed boiling 
acid the tempera ture  is controlled by the amount  of 
water  in the system and not by the amount  of heat  
put into the system. 

Resul ts  

Table I shows results of etching exper iments  wi th  
Si.~N4 and SiO2, comparing "open beaker"  phosphoric 
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Fig. 2. Boiling point of phosphoric acid at 760 mm Hg vs. con- 
centration. 
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Table I. Etch rates of Si3N4 and Si02 in H3P04 (,~min) 

Type of film SisN~ SiO~ SiO~ SiOa 

M e t h o d  of  f i lm p r e p a r a -  S iHt  ~- NH~ S i C h  + O~ + H~ S iHt  + O.- SiH~ + O~ A c i d  concen t ra -  
t ion  880~ 880~ 350~ 350~ t i on  a t  PaO5 

Not  dens i f icd  Dens i f i ed  
a t  800~ 

Open  b e a k e r  He.PO~ 30 70 250 No t  m e a s u r e d  >75 .3% 
200~ ( >  100% HaPOD 

R e f l u x e d  b o i l i n g  I~PO~ 178 32 Not  m e a s u r e d  Not  m e a s u r e d  ~ . 5 %  
200oc (94.5~ HcPO0 

Ref luxed bo i l ing  H3PO4 105 10 
180~ 

acid at 200~ wi th  refluxed, boil ing phosphoric acid at 
200 ~ and 180~ It is shown that the etch rate of Si3N4 
was increased by a factor of 6 in going from open 
beaker acid to refluxed acid at 200~ A factor of 2.2 
was observed in the opposite direction for SiO2 (de- 
posited from SIC14, 02, and H2 at 880~ In  other 
words at a constant  temperature  of 200~ an  increase 
in water content  caused an increase in the etch rate of 
silicon ni tr ide and a decrease in the etch rate of sili- 
con dioxide. 

The etch rates of Si3N4, SiO2, and Si in refluxed boil-  
ing phosphoric acid were measured as a funct ion of 
boiling temperature  and are represented in Fig. 3 by 
the solid lines. Note that  the acid concentrat ion neces- 
sarily varies with the boil ing temperature.  An  in-  
crease in boiling tempera ture  goes together with an 
increase in acid concentrat ion and vice versa as in-  
dicated by the abscissas of Fig. 3. The slope of the 
Si3N4 line in Fig. 3 is smaller than the slope of the 
SiO2 line because the water  content  affects the etch 
rate of Si3N4 and SiO2 in an opposite direction. The 
"apparent"  act ivation energies derived from the 
straight solid lines in Fig. 3 are 12.7, 27.6, and 26.4 
kcal /mole for Si3N4, SiO2, and Si, respectively. 

Figure 3 also shows a dashed line drawn through 
three points. This represents the etch rate of silicon 
nitr ide as a funct ion of temperature  only, at a con- 
stant concentrat ion of 94.5% H3PO4. The "real" acti- 
vat ion energy is 22.8 kcal/mole.  The much steeper 
slope of the dashed line confirms that  at one part icular  
tempera ture  a higher water  content  causes a higher 
etch rate for silicon nitride. 

I t  is apparent  that  SiO2 is quite suitable as a mask-  
ing layer for Si3N4 films against attack by the boil ing 
phosphoric acid. Since s tandard  photoresist masking 
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techniques can be used to open windows in  an  oxide 
film that has been deposited on top of a Si3N4 film, 
it is possible therefore, in turn,  to dissolve out Si3N4 
which lies exposed in the opened window areas by 
use of refluxed boiling phosphoric acid. If the SigN4 
is deposited on SiO2, the SiO2 can in t u rn  be dissolved 
with buffered HF using the Si3N4 as a mask. It ap-  
peared that steam grown SiO2 has about the same low 
etch rate as Si in refluxed boiling phosphoric acid. 
Undercut t ing  of SiO~ below the SiaN4 did occur to a 
certain extent, but  it did not present  a problem in 
making  contacts to transistors if the SiO2 layer  is not  
too thick (<6000A). As can be seen from Fig. 3 a tem- 
perature of 180~ appears to be a good choice since 
it combines reasonably fast dissolution of Si3N4 with 
very little attack on the masking SiO2 layer. 

Mechanism 
Water has been found to play a vital  role in various 

etching processes. For instance F inne  and Kle in  (5) 
found that water  is an active component  in  their 
amine-catechol  etchant  for silicon, generat ing hy-  
droxyl  ions in the amine solvent system. The hydroxyl  
ions supposedly " . . .  oxidize the silicon to a hydrated 
silica (which) . . . is then brought into solution by 
coordination with pyrocathechol which serves as a 
chelating agent for the silica in  the presence of the 
amine solvent." Hu and Kerr  (7), as another  example, 
found that  dilute HF etches silicon faster than concen- 
t ra ted (48%) HF. 

An exact mechanism for the etching process of Si3N~ 
in  phosphoric acid and for the role of water  is not  
given here. It  is suggested however that  the water  is 
essential in hydrolyzing the Si3N4 to some form of 
hydrous silica and ammonia,  the ammonia  remaining  
in solution as ammonium phosphate. The low etch rate 
of SiO2 in boil ing H~PO4 at 18O~ could be explained 
by the fact that the Si-O-Si  bond is stronger than 
and not as easily hydrolyzed as the Si-N bond. With 
regard to the "open beaker" method it should be 
noted that concentrated phosphoric acids obtained by 
boiling off water  from orthophosphoric acid (or by 
adding P205 to it) are members  of a continuous series 
of amorphous condensed phopshoric acid mixtures,  
extending from orthophosphoric acid (HsPO4) via 
pyrophosphoric acid (H4P2OT) and metaphosphoric 
acid (HPO3) to pure P205 (6). Accordingly it is sug- 
gested that the high temperature,  low water  content  
acid attacked SiO2 faster than Si3N4 because a soluble 
phosphorus-sil ica complex was formed between the 
"poly" phosphoric acid and the SiO2 in which the Si-O 
bonds are largely preserved. 

Remarks, Conclusions, and Recommendations 
Refluxed boi l ing phosphoric acid at 180~ was 

found to be a convenient  etchant  for Si3N4 films. The 
etch rate is of the order of 100A/rain. Deposited SiO2 
can be used as a mask. Its etch rate under  the same 
conditions is approximately 10 A /min ,  depending on 
the deposition temperature.  Many silicon p lanar  t r an-  
sistors were made using this technique to etch con- 
tact holes in SigN4 films. Delineation of contact holes 
is good. Holes with a width of 5~ are easily produced. 

For Si3N4 and SiO2 it was found that  the water  
content  of the phosphoric acid plays an impor tant  role. 
At constant  tempera ture  addit ion of water  increased 
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the etch rate of Si3N4 and decreased the etch rate of 
SIO2. The max imum possible temperature  at atmos- 
pheric pressure for a fixed water  content  was realized 
by boiling the acid and "refluxing" the vapor phase. 

For safe operation of the etching bath boil ing aids 
such as Teflon-coated st i rr ing bars should always be 
used. 
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Macroscopic Defects in Epitaxial Silicon 
E. R. Shaw I and K. M. Busen 
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ABSTRACT 

A macroscopic defect in epitaxial  silicon layers, known  as hillock, has 
been studied. In addition to other causes described by  several authors, the 
origin of the defect was found to be a microalloy which is l iquid at deposi- 
tion temperatures  and which is positioned on the substrate surface prior to 
epitaxial  growth. The microalloy arises from an interact ion between contami-  
nants  and the substrate. A model is proposed which explains phenomena ob- 
served in conjunct ion with the growth of a hillock. 

Among the commonly observed defects in epitaxial  
silicon layers are dislocations and stacking faults. An-  
other type of defect often occurring in  epitaxial  layers 
has been the subject of many  recent publications 
(1-3). This defect which is shown in Fig. 1 has been 
described by  a var ie ty  of terms such as tetrahedral  
growth, macroscopic pip, t r ipyramid,  or hillock. In 
the following discussion the defect wil l  be referred to 
as a hillock. The general  consensus of the l i terature 
cited above is that  hillocks are caused by an impur i ty  

i Present  address: R C A ,  H o m e  I n s t r u m e n t s  Division, Indianapolis,  
I n d i a n a .  

Fig. 1. Photomicrograph of hillocks, top view 

(as a-SiC or SIO2) on the surface of the substrate. A 
similar origin has been postulated for stacking faults. 
This would mean that the origin of a hillock must  be 
at the substrate surface, and apparent  evidence for 
this is presented in the l i terature  (4, 5). It is shown in 
this paper, however, that  for the hillocks studied in  
conjunct ion with this work, the origin penetrates the 
substrate surface. In  addition, evidence has been found 
which supports a l iquid drop model for the growth of 
hillocks. 

Experimental and Results 
Epitaxial  silicon layers were prepared by the hydro-  

gen reduction of silicon tetrachloride at 1250~176 
The substrate mater ia l  came from Czochralski grown 
crystals with a dislocation density of about 500-1000 
cm -2. The thickness of the epitaxial  layers was be-  
tween 0.1 and 1 mil. Several  system designs based on 
those reported by Li (6) and Theuerer  (7) as well  as 
a commercial "Ecco" mult iple slice un i t  were em- 
ployed. Substrate mater ia l  used included both n-  and 
p-types in the limits of 0.001 to 50 ohm-cm. The 
hillocks were investigated by the following methods: 

(A) Optical microscopy. This port ion of the study 
was carried out using a Leitz Metallographic Micro- 
scope model MM5 with magnifications up to 1200X. 

(B) Electron microscopy. Negative replication tech- 
niques were employed, the samples being shadowed at 
approximately 15 ~ . 

(C) Microprobe analysis. Probe spectral scans were 
conducted using an EdDT crystal and 20 kv at 0.1 ~a. 

(D) Cross-sectioning perpendicular  to the surface 
and decorating with either chromium (Sirt l  etch) or 
copper. 

(E) Polishing paral lel  to the surface and decorating 
at various depths the growth layer  with either chro- 
mium or copper. 

The following observations were made via the 
above ment ioned exper imenta l  techniques:  

1. Under  standardized conditions of cleanliness 
hillocks occur only when  specific crystals are em- 
ployed as a substrate  material.  This observation was 
confirmed by preparing slices from different crystals 
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Fig. 2. Photomicrograph showing the origin of a hillock to be 
below the substrate surface. 

in  exper imenta l ly  identical manners  and depositing 
epitaxial layers on them simultaneously.  Only wafers 
from crystals, which had previously yielded hillocks, 
produced hillocks in this experiment.  

2. Hillocks general ly do not form if the substrate is 
heated to 1300~176 in hydrogen for 45-90 min  
prior to deposition. 

3. Hillocks which were examined do not  terminate  
at the substrate surface, but  ra ther  penetrate  below 
it as shown in  Fig. 2. In this figure a cross section 
through a hillock is shown. The white line at the bot- 
tom end of the hillock is a delineated junct ion  be- 
tween the substrate and the epitaxial  layer. 

4. Stacking faults, del ineated by the same etch, do 
not penetrate  the substrate surface as shown in Fig. 3, 
where the white l ine at the bottom is again a del ine-  
ated junct ion  between substrate  and epitaxial  layer. 
This observation is consistent with similar observa-  
tions already reported in the l i terature (8). 

5. Both copper and chromium (Sirt l  etch) decora- 
tions of the surface show the hillocks embedded in  a 
circular region (Fig. 4 and 5), which also contains 
high concentrat ions of what  appear to be dislocations. 

6. A hillock is of polycrystal l ine s tructure as shown 
by electron microscopy. 

7. Hillocks are observed on (100) oriented sub-  
strates (Fig. 6) as well  as on (111) oriented ones. 

8. In  an extra exper iment  it was observed that sub- 
strate mater ia l  from a crystal, which was known  to 
yield hillocks dur ing  epitaxy, when heated in  hydro-  
gen for approximately 1 min  to temperatures  equal to 
or greater than growth temperatures  yielded small  
(~10u diameter)  defects as shown in Fig. 7. (These 
defects will  be referred to as "pockets.") 

9. Microprobe analysis reveals high concentrat ions 
(600-10,000 ppm) of impurit ies to be present  in the 
hillocks and "pockets" studied. Impuri t ies  which have 
been identified are a luminum,  chlorine, phosphorus, 
sulfur, t i tanium, and gold. 

Discussion and Conclus ions 
The hillocks reported in the l i terature have been 

observed to originate at the substrate surface. How- 
ever, the hillocks examined in this s tudy were found 
to originate below the interface (see observation 3). 

During the investigations it was realized that some 

Fig. 3. Photomicrograph showing a stacking fault terminating 
at the interface. 

Fig. 4. Photomicrograph of defects in the "ring" around the 
hillock. 

substrate mater ia l  ra ther  consistently gave epitaxial  
layers with hillocks, whereas other mater ia l  did not. 
This observation has also been made by others (3). 
In particular,  only certain n - type  and certain p- type 
crystals with impur i ty  concentrat ions of 102~ cm -3 and 
1020-1014 cm -3, respectively, gave rise to hillocks in  
epitaxial  layers. (It  is impor tant  to emphasize that not 
all substrates in  these resist ivity ranges gave hillocks.) 

A closer examinat ion  of substrates from those crys-  
tals which do give hillocks revealed that, on heating 
to temperatures  of 1250~ or greater, small  pockets 
formed on the surface (observation 8). Similar  pockets 
have been observed by Pearson et al. (9) and Good- 
man  (10) and have been shown to be sites of local 
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Fig. 5. Photomicrograph of hillock within epitaxial film after 
polishing and Sirtl etching which shows an area of a different 
resistivity around the hillock. 

Fig. 7. Photomicrograph of defects which occur when certain 
substrate materiel is heated to epitaxial temperatures in hydrogen. 
These defects have been found to be the origin of hil|ocks. 

Fig. 6. Photomicrograph of a hillock on a (100) oriented surface 

melt ing due to impur i ty  part icles on the surface which 
depress the mel t ing point of silicon at that  par t icular  
point. Detai led examinat ion of the effect of these 
pockets on epi taxial  growth revealed  that  hillocks 
nucleate  only at these pockets as shown in Fig. 8. 
Therefore,  a direct l ink is established between a mi-  
croal loyed pocket  on the bare  substrate surface (com- 
pare observat ion 8) and the occurrence of a hil lock in 
the epi taxial  layer  subsequent ly  grown on such a sur-  
face. Because pockets were  observed on highly doped 
n- type  crystals the conclusion was d rawn that  there  is 
a relat ion be tween a high doping level  and the appear -  
ance of pockets. The fact that  p - type  crystals of higher  
resistivit ies yielded pockets too may  be explained by 
assuming that  these crystals (which were  purchased) 
had a high p- type  concentrat ion but were  comDenqated 
by a suitable amount  of n- type.  Such unwanted  ma-  
ter ia l  has been observed to be on the marl~et f rom 
time to time. The link be tween highly doped crystals 
and pockets may be a precipi tate of doping impuri t ies  
at prefer red  sites as dislocations. Such a precipi tate 
could cause a local source for an alloy pit. By the 
same token it can be infer red  that  contaminates f rom 
the ambient  as wel l  as from handling processes are 
potential  local sources for pockets too. 

Once a hil lock has nucleated it must  be propagated 
wi th in  the epi taxial  layer. The mechanism of propaga-  
tion is not  understood, but  there  are observations 
which may give some hints for the nature  of the 

Fig. 8. Photomicrographs of a sample surface: (a) before epitax- 
ial growth with defects as ,shown in Fig. 7; (b) after epitaxiol 
growth with hillocks on sites of defects. This figure has been re- 
touched for publication purposes. 

hillock growth. One observes for example  that  the ap- 
plied Sir t l  etch (or copper etch) delineates a circular  
region around the s tar-shaped hil lock (see Fig. 4 and 
5). The region is of a different shade than the sur-  
rounding silicon and may indicate a different resis t iv-  
ity. This observation together  wi th  the format ion of 
the pockets can be uti l ized to advance the fol lowing 
model:  If one assumes that  the initial pocket is an 
alloy be tween  an impur i ty  and the substrate  and that  
this alloy migrates  upward  as a thin l iquid layer  on 
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top of the growing hillock, z then one is able to ra-  
tionalize both the observed circular  region and the 
apparent  difference in resistivity: The circular region 
is a consequence of surface tension between l iquid 
layer  and epitaxial  surface and the resist ivity change 
arises from continuous dissolution and recrystal l iza- 
tion of silicon within  the migrat ing l iquid layer. Also 
considerable in te rna l  s t ructure  is observed wi th in  the 
hillock point ing to some complications dur ing  the 
growth process. One also observes (see Fig. l a -d )  that 
the major i ty  of the hillocks are associated with stack- 
ing faults. Stacking faults have been considered as a 
mechanism of rel ieving strain in growing layers (12) 
and very  probably serve a similar funct ion in the case 
of hillocks. 

Polycrystal l ine formation very probably takes place 
dur ing crystal l ization as evidenced by the electron 
microscope data. They do not give a simple silicon 
structure bu t  ra ther  a structure, which has not  been 
resolved, and is quite complex. Since microprobe 
analysis has shown a high content  of impurit ies at the 
hillocks and since it is known that grain boundaries  
act as a get ter ing center  for impuri t ies  dur ing  crystal  
growth support  is given to the model above. 

1 A s i m i l a r  m o d e l  ha s  been  e m p l o y e d  by  W a g n e r  (11) w h o  ob- 
s e r v e d  t h a t  s i l i con  w h i s k e r s  g row u n d e r  a go ld  drop,  w h i c h  m o v e s  
up  d u r i n g  g r o w t h .  

Manuscript  received Oct. 20, 1965; revised m a n u -  
script received March 24, 1967. This paper was pre-  
sented at the San Francisco Meeting, May 9-13, 1965. 

Any  discussion of this paper will  appear in a Discus- 
sion Section to be published in the June  1968 JOURNAL. 
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Techn ca]l Notes @ 
On the Eu 3+ Fluorescence of Mixed Metal Oxides 

VI. Temperature Dependence of the Fluorescence 

G. Blasse and J. de Vries 
Phil~ps Research Laboratories, N.V. Philips' Gloeilampenfabrieken, Eindhoven-Netherlands 

In  earl ier  parts  of this series of papers the spectral 
energy dis tr ibut ion and the photoluminescent  effi- 
ciency of well-defined EuS+-activated mixed metal  
oxides have been studied (1-5). It  was found, among 
other things, that  a relat ion exists between the posi- 
tion of the broad uv absorption band (charge- t ransfer  
band) of the Eu 3+ ion and the max imum quan tum 
efficiency for excitat ion in this band  (4). We have now 
studied the tempera ture  dependence of a n u m b e r  of 
Eua+-act ivated phosphors in which the Eu 3+ center  is 
directly excited by shor t -wave uv excitation. Phos- 
phors that  are excited in the host lattice were not, 
studied because the tempera ture  dependence of the 
energy t ransfer  from host lattice to activator, as 
found, e.g., by Botden (6), may complicate the final 
results in  this case. 

The preparat ion and analysis of the phosphors were 
described in  the preceding papers. The tempera ture  
dependence of the fluorescence of the phosphors was 
determined by i r radiat ing the phosphor with the ra-  
diation from a high-pressure  mercury  discharge lamp 
with a Schott UG 5 filter (2 ram) and a NiSO4 filter 
(600 g/l,  2 cm) placed in front  of it. For phosphors that  

have the excitat ion band in  the 300 m m  region the 
NiSO4 filter was omitted. The phosphor was spread 
on a copper plate which could be either heated or 
cooled by liquid nitrogen. A photomul t ip lyer  fitted 

with a Schott OG 5 filter (2 ram) was used for detect- 
ing the Eu 3+ fluorescence. Figure 1 presents some of 
the curves obtained. 

For all  phosphors investigated, except LaA1Oa:Eu, 
the light output  below room tempera ture  is practically 
independent  of temperature.  

For none of the phosphors, except LaA10~:Eu, is 
the emission completely quenched below 7O0~ We 

ioo 

~ so 

_ I I 

300 40O 500 6OO 700 
- - ~  T(oK) 

Fig. |. Temperature dependence (obove room l'emperoture) of 
the fluorescent emission of LoAIO3:Eu (2%) (curve I), LAY03: 
Eu (curve 2), Gd203:Eu (monoclinic, curve 3), Gd203:Eu (cubic) 
and LaBO3:Eu (both curve 4), and YAI3B4Oz2:Eu (curve 5). 



876 A u g u s t  1967 J. Electrochem. Sac.: S O L I D  S T A T E  S C I E N C E  

Table !. Properties of some Eu 3 + -activated phosphors 

P h o s p h o r  

Q u a n t u m  
P o s i t i o n  e f f i c i ency  Q u e n c h i n g  

Eu"* c o n c e n -  c h a r g e - t r a n s f e r  fo r  e x c i t a t i o n  t e m p e r a t u r e ,  
t r a t i o n ,  a / o  b a n d  (kmax, r im)  w i t h  k , . . x  (%)e  To.5, ~  

G d B O a  3 
Gd2Oa (cub ic )  3 
Y~GeO5 2 
Y A I 3 B 4 0 ~  3 
G d ~  ( m o n o c l i n i c )  3 
GdA10~ 2 
LaBO~ 3 
LAY03 2 
LaAIO~ 2 

a S e e  r c f .  {17).  
b I n a c c u r a t e  d a t a ,  Xmax b e i n g  f a r  f r o m  250-270  

S e e  r e f .  {4). 
T h i s  w o r k .  

�9 A t  r o o m  t e m p e r a t u r e .  

235 = 80-I00~. b >>800 a 
243 a 70 = 750" 
2470 35 c 630 ~ 
249a 35 c >750 d 
255,  220 c 30  c 650 '~ 
263 r 25 c 600 ~ 
270 a 20 a ~750"~ 
2 9 1 , 2 3 6  r 1 5  b,r  560 d 
310 o l O b .  o 420 'I 

n m ,  w h e r e  q w a s a c t u a U y  m e a s u r e d .  

therefore consider the temperature  at which the emis- 
sion output  is half  of the low tempera ture  value as the 
quenching tempera ture  (T0.~). 

Table I gives the position of the charge t ransfer  
band (tm~x), the quan tum efficiency for excitat ion in  
this band  (q~max) at room tempera ture  and the 
quenching temperature  (T0.5). It must  be kept in mind  
that the quenching temperature  may depend on the 
preparat ion circumstances, as does the quan tum effi- 
ciency (7), so that the values of T0.5 in Table I can-  
not be considered as very accurate data. For the host 
lattices LaA1Oz and YAIzB4012 we also studied the 
variat ion of the temperature  dependence with Eu 3+ 
concentration.  In  the case of YA13B4Oz2 there is no 
concentrat ion dependence, not  even up to 100% Eu, 
but  in LaA103 there is a rapid decrease of T0.5 with 
increasing Eu a + concentration.  At 2% Eu the value of 
T0.5 is 420~ but  at 5% Eu it is 300~ 

Discussion 
From Table I it follows that the quenching tem- 

pera ture  decreases if the quan tum efficiency at low 
temperatures  (practically equal to that  at room tem- 
perature)  is lower and if the charge- t ransfer  band  
moves to lower energies. The borate host lattices, 
especially YAlaB4OI2 and LaBO3, are an exception, 
because the quenching tempera ture  of the Eu 3+ fluo- 
rescence in  these host lattices is much higher than  ex-  
pected from the correlat ion ment ioned above. This 
correlation, however, is a little suspicious for the fol- 
lowing reason. Usual ly charge- t ransfer  absorption 
bands move to longer wavelengths with increasing 
temperatures.  Phosphors that have this band  at very 
short wavelengths show, therefore, an increasing ab-  
sorption in  this band  with increasing temperatures  
(and a too high value of T0.5), phosphors that  have 
this band at wavelengths considerably longer than 254 
nm show a decreasing absorption with increasing tem- 
peratures (and a too low value of T0.5). We therefore 
restrict  ourselves to a discussion of the relat ively high 
values of T0.5 of the borate phosphors (and a too low 
value of T0.5). Nevertheless, the correlat ion probably  
exists, because the charge- t ransfer  excitat ion bands 
are usual ly  very broad (for example, the ha l f -width  
value of this band in the case of YA18B4OI2:Eu is 
about 13000 cm-1) ,  so that  corrections due to the tem- 
perature dependence of the excitation band wil l  only 
make the correlat ion less marked,  bu t  wil l  not remove 
it. We restrict  ourselves to a discussion of the most 
s t r iking result, viz., the relat ively high values of T0.5 
of the borate phosphors. 

The phosphors under  investigation are excited in  the 
charge- t ransfer  band of the Eu 8+ center. Between the 
corresponding energy level and that  of the fluorescing 
~D0 level a large n u m b e r  of energy levels exist, f rom 
which radiationless processes can occur as shown by 
Bril, Blasse, and Bertens (8). Such a large n u m b e r  of 
radiationless processes complicates the problem dras-  
tically. Moreover, the decay mechanism of the radia-  
tionles~ processes is unknown.  With in  a 4f configuration 

mul t iphonon processes are a probable possibility for 
radiationless decay. These have been considered by 
Kiel  (9). The rate of a mul t iphonon  process involving 
n phonons with energy hv is proport ional  to 

{(exp hv /kT- -  1) -1 W 1}, [2] 

so that this rate has a constant  value at low tempera-  
tures (hv >> kT) and varies with T '~ in t he  l imit  
kT > ~  hr. For host lattices that  have h igh-energy  
phonons available the n u m b e r  of phonons in  the 
mul t iphonon process, n, is relat ively small  and the 
temperature  dependence of these processes relat ively 
weak (compare Eq. [2]).  This is the case for com- 
pounds containing a l ighter e lement  such as the 
borates. The BO3 group in YA13B4012 and LaBO3 has 
a vibrat ion frequency of 1250 cm - t ,  the BO4 group in 
YBO3 (10) has 1000 cm - t  (11). This might  be the 
reason for the relat ively high quenching tempera ture  
found in borate host lattices. 

It  is interest ing to note that  the fluorescent emission 
of the Eu 8+ ion in borates does not show transi t ions 
down from the 5D1 levels, not  even at concentrat ions 
lower than 1 a/o, whereas these transi t ions are usual ly  
observed in our phosphors at low Eu 3 + concentrat ions 
(12). The 5DI-SD0 transi t ion involves an energy sepa- 
rat ion of only about  1750 cm -1, so that  usual ly  three 
phonons must  be created. In  borates, however,  two 
phonons suffice. Analogous results were reported by 
Bhaumik and Nugent  for Eu 8+ chelates (13), where 
the C = 0 and C = C stretching vibrat ions make im-  
portant  contr ibut ions to the relaxat ion process. For 
certain applications of EuZ+-phosphors the use of host 
lattices that have h igh-energy  phonons available may 
be profitable in  view of the weak tempera ture  depend- 
ence of the luminescence and the absence of green 
lines in the emission. 

The tempera ture  dependence of the Tb 3+ fluores- 
cence in borate host lattices is ext remely  weak (14). 
This might  also be ascribed to the h igh-energy  pho- 
naris available in  these lattices. 

At high Eu 3+ concentrat ions the n u m b e r  of radia-  
tionless t ransi t ions can be increased by  the concen- 
t rat ion quenching of the Eu ~+ fluorescence. Therefore 
we studied the concentrat ion dependence of the t e m -  
pera ture  dependence of the Eu 8+ fluorescence in 
YA13B4012, for which host lattice no concentrat ion 
quenching is observed, not even up to 100% Eu (15), 
and in  LaA103, for which lattice concentrat ion quench-  
ing has already been found at some 4% Eu (16). The 
temperature  dependence of the fluorescence of 
EuA13B4012 is almost equal  to that of YA13B4OI2:Eu 
with low Eu 3+ concentration,  whereas the quenching 
temperature  of the fluorescence of LaA103:Eu de- 
creases from 420 ~ to 300~ if the Eu 3+ concentrat ion 
increases from 2 to 5 a/o. These results agree with 
the earl ier  work on concentrat ion quenching  in 
YAlaB4012: Eu and LaA103: Eu. 

We conclude that, whatever  the exact na ture  of the 
nonradia t ive  decay mechanism may be, the energy of 
the phonons available plays a role in  this mechanism. 
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For Eu 3+ fluorescence in solutions the same conclu-  
sion holds in view of the work of deuterated com- 
pounds (18). 

Manuscript  received March 2, 1967. 

Any discussion of this paper will  appear in  a Discus- 
sion Section to be published in the June  1968 JOURNAL. 
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Wettability Measurements 
on Rough, High-Energy Surfaces 
Robert O. Lussow, Louis H. Wirtz, and Harold A. Levine 

Components Division, International Business Machines Corporation, 
East FishkiU Facility, Hopewell Junction, New York  

Liquid drop size measurement  for de termining  sur-  
face characteristics of solids has been used for many  
years. Typical methods use the contact angle between 
the l iquid droplet  and the solid surface (1) or the 
measurement  of the height of the sessile drop (2). 
These measurements  are readily applied to very 
smooth surfaces and in part icular  to low-energy sur-  
faces. However, when  one wishes to examine high- 
energy surfaces that  exhibi t  some degree of roughness, 
the in terpre ta t ion  of the data is complex and accurate 
analysis is difficult (3, 4). This note describes a method 
for de termining  the relat ive wet tabi l i ty  of high-  
energy surfaces that  exhibi t  some degree of surface 
roughness. 

The method presented is based on the contact area 
between a droplet of l iquid and a solid surface when  
both are in equi l ibr ium with the vapor of the liquid. 
A drop of l iquid will  spread over a solid surface unt i l  
the forces at t ract ing the liquid to the surface balance 
the cohesive forces wi th in  the liquid. If the droplet  
and solid are in equi l ibr ium with the vapor of the 
liquid, the droplet  dimensions will  remain  constant  
after the foregoing condit ion is reached. Since the co- 
hesive forces of the l iquid do not change, the area 
covered by a droplet  of a given volume will  be deter-  
mined by the forces exerted on the l iquid by  the solid 
surface. One can compare the areas covered by drop- 
lets of equal  volume to obtain a relative measure of 
the forces exerted by different surfaces. 

A simple technique for de termining the area cov- 
ered by such droplets is to photograph the droplets 
at their  equi l ibr ium spread size from an overhead 
position. The droplet size is obtained by measur ing the 
image size from the photograph and correcting this 
value for photographic magnification. On rough, high- 
energy surfaces, the droplet  cross sections may  vary  
from circular to ameboform shapes. The contact areas 
may be estimated as accurately as desired by the a p -  

plication of the usual  methods for i r regular  areas (5). 
However, if the droplets have smooth peripheries and 
approach circular i ty in cross section, one can measure 
the max imum and m i n i m u m  axis to find an average 
representat ive diameter.  When this method is used, 
one can calculate a representat ive circular  area or use 
the average diameters themselves to compare wet ta-  
bility. 

Experimental 
Procedure.--To determine the wet tabi l i ty  of a solid, 

the sample is placed in the env i ronmenta l  chamber,  a 
rec tangular  glass cal ibrat ion chip is placed on its sur-  
face, and the chamber  is closed. The ambient  atmos- 
phere of the chamber  is air  saturated with vapors of 
the l iquid from which the droplets are formed. After  
the solid has equi l ibra ted with the vapor, the chamber  
is opened and the l iquid drops are placed on the sam- 
ple surface. The droplets are formed at the tip of a 
microsyringe needle and placed on the solid, without  
the syringe needle touching the solid surface. The en-  
v i ronmenta l  chamber  is closed, and the droplet is 
allowed to a t ta in  its equi l ibr ium contact size with the 
solid. The droplet  and the chip are photographed 
through an optically flat, t ransparen t  cover without  
d is turbing the equi l ibrated system. The apparatus 
used is shown in Fig. 1. 

The contact area between the solid and l iquid w a s  
estimated by use of the average diameter  technique. 
The wet tabi l i ty  of each sample was determined by 
the average value of the contact diameters of four 
water  droplets, one placed in  each quadran t  of the 
surface. The correction for photographic magnification 
was calculated by comparing the t rue  dimensions of 
the calibration chip with its dimensions in the photo- 
graph. With 95% confidence the wet tabi l i ty  results  ob- 
ta ined in this manne r  were reproducible wi th in  
~2.5%. 
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Fig. 1. Wettability apparatus 

Materials.--The surfaces used for these exper iments  
were  thin layers of SiO2 prepared by oxidat ion of 
n - type  epi taxial  silicon. The oxide layer  was grown 
by thermal  oxidation at 970~ in an a l ternat ing am-  
bient a tmosphere  of s team and dry oxygen. The re-  
sult ing oxide layers were  about 6000A thick. 

The l iquid used to create  the a tmosphere  in the 
envi ronmenta l  chamber  and to form the l iquid drop-  
lets was boiled, 5 x 104 mhos, deionized water .  Drople t  
size in all measurements  was 4.0 x 10 -6 liters. Figure  
2 shows a typical  set of wa te r  droplets and calibration 
chip on a the rmal  SiO2 surface. The photographic 
magnification was of the order  of 4X. 

Results.--Table I shows the water  wet tabi l i ty  of 
the rmal  SiO2 surfaces at three different stages: (i) 
af ter  ini t ial  outgassing, (ii) af ter  chemical  t r ea tment  
described in Table I, and (iii) after final outgassing. 
Both outgassing operations were  at 50~ for 30 min 
at about 100 mi l l i tor r  pressure. Wet tabi l i ty  in all cases 
increased af ter  the chemical  surface t reatment .  The 
final vacuum outgassing of wafers  t reated with  H20, 
HNO3, and H2SO4 caused wet tabi l i ty  to decrease to 
values close to those obtained after  the initial out-  
gassing. For  surfaces t reated wi th  the HF-NI-I4F m i x -  
ture, final outgassing reduced wettabil i ty,  but  the ul t i -  
mate  values were  greater  than those obtained af ter  
init ial  outgassing. 

Table I. Effect of chemical treatment on the water wettability 
of thermal Si02 

W e t t a b i l i t y ,  D r ,  in.  

A f t e r  i n i t i a l  A f t e r  A f t e r  f ina l  
S a m p l e  t r e a t m e n t  o u t g a s s i n g  t r e a t m e n t "  o u t g a s s i n g  

D.I .  HzO 0.130 0 .190 0.127 
B o i l  30 r a i n  0.133 0.168 0.128 
HNO3 (conc)  0.128 0.140 0.126 
35~ 10 m i n  0.134 0.149 0.129 
H F - N H 4 F  m i x t u r e  b 0 .129 0.286 0.142 
25~ 30 sec 0.130 0.240 0.139 
I - I~  04  (conc)  0 .127 0.158 0.127 
95~ 10 r a i n  0.122 0.155 0.125 

a A f t e r  t r e a t m e n t  s h o w n  in  f i r s t  c o l u m n ,  t h e  s a m p l e s  w e r e  r i n s e d  
in  f l o w i n g  d e i o n i z e d  w a t e r  a t  r o o m  t e m p e r a t u r e  fo r  5 r a i n  ( w h i c h  
w a s  b l o w n  off w i t h  Ne} a n d  a i r  o v e n  d r i e d  fo r  1O r a i n  a t  l l 0 ~  

b A m i x t u r e  of 1 p a r t  conc  H F  to 7 p a r t s  17M NH~F. 

Fig. 2. Contact areas between water droplets and thermal Si02 
surfaces. 

Table II shows the water  wet tabi l i ty  changes on 
thermal  SiO2 brought  about by exposure to various 
ambient  conditions at e levated temperatures .  Wet ta -  
bi l i ty measurements  were  made as for Table I. Ex-  
posure to steam at 350 ~ and 500~ caused an increase 
in surface wettabil i ty.  The 500~ samples showed the 
largest  increase. Subsequent  vacuum outgassing re-  
duced the wet tabi l i ty  of all  samples, but  not to the 
values after  init ial  outgassing. Two of the final out-  
gassed samples f rom the 500~ steam exposure  were  
heated at 750~ in dry N2. Thei r  wet tabi l i ty  was re-  
duced to values below their  original,  init ial  outgassing 
wettabil i ty.  Subsequent  vacuum outgassing of the 
750~ samples produced no change in their  surface 
wettabil i ty.  

These data i l lustrate  the use of the proposed method 
for fol lowing wate r  wet tabi l i ty  changes on thermal  
SiO2 surfaces. The wate r  wet tabi l i ty  of these surfaces 
has been shown to be impor tant  in the production of 
microelectronic devices (1); the significance of these 
values will  be the subject of a for thcoming publicat ion 
(6). 

Table II. Effect of heat-treatment in various ambient 
atmospheres on the water wettability of thermal Si02 

W e t t a b i l i t y ,  D r ,  in .  

S a m p l e  A f t e r  i n i t i a l  A f t e r  A f t e r  f ina l  
t r e a t m e n t  o u t g a s s i n g  t r e a t m e n t  o u t g a s s i n g  

350~ s t e a m / N 2  0.125 0.146 0.132 
1.0 h r  a 0 .124 0.148 0.133 

0 .127 0.145 0 .136 
0.129 0.146 0.133 

500~ s t e a m / N 2  0.126 0.150 0.146 
1.0 h r  a 0.124 0.153 0.144 

0.120 0.162 0.140 
0 ,124 0.157 0 .139  

750~ N~ 0.144 0.112 0.112 
0.5 h r  0 .139 0.111 0.111 

a N i t r o g e n  a t  1.0 c f m  w a s  s w e p t  t h r o u g h  the  v a p o r  p h a s e  of  a 
s t e a m  g e n e r a t o r  a n d  t h e n  o v e r  t h e  s a m p l e .  A l l  s a m p l e s  w e r e  coo led  
in  d r y  N~. 
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Propagation of Growth Striae in GaAs Epitaxial Films 
P. Wang,  F. Pink, and J. Sciola 

Semiconductor" Division, Sylvania Electr/e Products Inc., Woburn, Massachusetts 

We have carried out epitaxial  deposition of GaAs 
films on (100) GaAs substrates cut from Te-doped 
~111~  single crystals of doping impur i ty  concentra-  
tion greater than 1O TM atoms cm -3 grown by the 
Czochralski technique. The deposition was carried out 
in a three-zone furnace using Ga and AsH3 sources in 
a hydrogen ambient,  and HC1 as the carr ier  for Ga, 
similar to the one reported by Tiet jen and Amick (1). 
A peculiar topography on the (100) epitaxial  film 
surface was observed which was not seen on films 
grown on (111) substrates cut from the same mate-  
rial. This surface feature becomes more pronounced 
after etching in  a chromic acid etch developed for re-  
vealing crystallographic defects on low index planes 
in GaAs (2). Figure 1 i l lustrates one such specimen 
before and after a 3 -min  etch. 

A n u m b e r  of GaAs (1O0) substrates went  through 
a heat t rea tment  cycle with no deposition and did not 

show this surface topography, i.e., there was no ther-  
mal  etching. 

The regular ly  spaced, uni form band  structure re-  
minds one of the growth striations observed in single 
crystal  GaAs (3, 4). The spacing is wi th in  the range 
of 10-50~, corresponding to those previously reported 
for GaAs single crystals pulled by Czochralski-type 
techniques (3). In  order to establish any relat ionship 
between the surface band structure and growth striae, 
a number  of thick GaAs epitaxial  films were grown 
with no in tent ional  doping on these substrates at 
temperatures  lower than 700~ and then cleaved from 
the film surface. The n n  + interface was delineated by  
a 10-sec dip in a AgNO~-HNO.~-HF-water solution. 
The cleaved surface was etched in the chromic acid 
etch from 2 to t0 min. Typical specimens are shown in 
Fig. 2. 

It is clearly seen that the single crystal  ~111~  

Fig. la. (100) GaAs epitaxial film surface topography specimen Fig. lb. Same as Fig. ]a after 2 min in chromic acid etch. Mag- 
3330-71 : after deposition. Magnification approximately 120X. nification approximately 120X. 
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Fig. 2a. (100) GaAs epitaxial film cross-sectional view on cleaved 
specimen: specimen 3330-71, film thickness, 7.6~. Magnification 
approximately 520}(. 

growth striae propagate in perfect a l ignment  into the 
(1O0) epitaxial  film, with equal spacing and revealed 
with almost identical  contrast. The single crystal  
growth striae are general ly a t t r ibuted to periodical 
heterogeneous dis t r ibut ion of impuri t ies  along the 
growth axis (5). However, from our observations, we 
may speculate that  the propagation of growth striae 
in  the epitaxial  film is at least par t ly  associated with a 
defect structure. These striae reached through the en -  
tire epitaxial  film thickness of 1O-2O~. At the deposition 
temperature  of less than 700~ it is inconceivable that  
a t e l lu r ium diffusion front will  move that  far in less 
than 100 min. In  addition, we detected only very faint  
contrast  of s tr iat ion in the film after the del ineation 
etch; this striae propagation became well-defined 
only after the dislocation etch, indicat ing its probable 
association with a defect structure. Of course, this 
observat ion does not  ru le  out that  there was a pre-  
ferred te l lur ium diffusion along dislocations. The exact 
na ture  of this defect s t ructure  is yet  to be determined.  
The peculiar  behavior  of this unidirect ional  generat ion 

Fig. 2b. Same as Fig. la of specimen 3330-13, film thickness, 
20#. Magnification approximately 200X. 

of defects or propagation of growth striation is not ex- 
plained. We plan to pursue this point in the future. 
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Deformation of Passive Films 

S. F. Bubar and D. A. Vermilyea 

General Electric Research and Development Center, Schenectady, New York 

ABSTRACT 

An estimate of the ducti l i ty of a passive film can be made by s t ra ining the 
metal  covered by the film and observing the current  required to keep the 
film at its normal  thickness. For the metals tested, the relat ive ductilities of 
passive films as measured by this technique decrease in the order t an ta lum;  
16 Cr, 14 Ni, bal. Fe; type 304 stainless steel; iron; a luminum;  60 Ni, 16 Cr, 
bal. Fe; zirconium; and 80 Ni, 20 Cr. 

In  a previous publicat ion (1) we reported that  
anodic oxide films on t an ta lum were surpr is ingly 
ductile, while those on zirconium and a luminum were 
much more brittle. In  this paper we describe experi-  
ments  which show that the thin passive films formed 
on many  metals also have appreciable ductility. 

Experimental 
The electrical circuit used is basically the same as 

that  described previously (1) with a few changes. 
A small constant  speed electric motor provided a 
s t ra in  rate of 28.7%/rain; an Anotrol  model 4100 po- 
tentiostat  main ta ined  specimen potential,  and a Varian 
G-14A-1 recorder measured the voltage drop in a 
precision resistor, produced by the anodizing current .  
A saturated calomel electrode, connected to the cell 
by a salt bridge (to prevent  chloride contaminat ion)  
and to the potentiostat, was used as a reference elec- 
trode. All experiments  were conducted at room tem- 
perature. 

Consider the following. If a specimen is held at a 
constant  anodic potential, a rapidly decreasing ano-  
dizing current  is observed. This current  quickly be- 
comes negligible when the passive film thickness 
reaches a value characteristic of the potential. If the 
specimen is s trained the passive film must  either 
elongate and thin, or crack. If dur ing  s t ra ining the 
potential  at which the film was grown is maintained,  
an anodizing current  would be observed as either the 
th inn ing  film grows to main ta in  thickness, or the 
cracked film repairs itself. It may be shown that both 
cases yield approximately the same current .  Consider 
now the case of a specimen on which the passive film 
was grown at a higher potential  than that  main ta ined  
dur ing elongation. The film thickness is greater than 
that  which would be produced at the elongation po- 
tential. If the film is brit t le,  it cracks on elongation 
and generates an anodizing current  of the same mag-  
ni tude as for the specimen strained at the anodizing 
potential. If the film is ductile, however, it will  th in  
and elongate, and no anodizing cur ren t  will  flow unt i l  
the film thickness is decreased to a value character-  
istic of the potential  being main ta ined  dur ing  elonga-  
tion. 

If curves are obtained for specimens anodized at the 
elongation potential  and at a higher potential,  the 
difference between these curves is a measure of the 
ducti l i ty of the film. 

All  specimens were pres t ra ined slightly to el iminate 
slack in  the system and to insure axial stressing of 
the specimen and film. There is a finite t ime required 
at s ta r t -up  for the motor to reach its normal  operat-  
ing speed, corresponding to a s t ra in  of approximately  
0.5%, and therefore we do not  regard these experi -  
ments  as providing good evidence for any  elastic de-  
formation of the passive films. We assume the cle- 
formations noted to be plastic. 

The a luminum wire  used was d rawn from ingots 
of 99.9999% purity.  The zirconium was swaged and 
d rawn from zone refined single crystals. Tan ta lum 
wire of 99.96% pur i ty  was obtained from National  Re- 

search Corporation, and t an ta lum wire was swaged 
and d rawn from zone refined single crystals. Some of 
this lat ter  mater ial  was recrystall ized at 1050~ in 
order to obtain greater wire elongation. The surface 
preparat ion of these materials involved chemical or 
electrochemical polishing (1). 

Type 304 stainless steel was obtained from Tech- 
alloy Company, Inc., and Nichrome (approximately 
60Ni, 16Cr, balance Fe) from Driver-Harr i s  Company. 
A 16Cr, 14Ni, balance Fe, and an 80Ni, 20Cr alloy were 
arc melted and drawn in this laboratory. Zone refined 
i ron was fur ther  purified to reduce oxygen content  to 
<5 ppm and carbon content  to <5 ppb (2). These ma-  
terials were all electropolished in a mixture  of acetic 
and perchloric acids and  water  following procedures 
given by Tegart  (3). The unstable  character of certain 
acetic-perchloric solutions and  the hazards involved 
in their use are described by Tegart  (3) and Bartlet t  
and Turne r  (4). After  electropolishing, the specimens 
were dipped several seconds in concentrated (48%) 
HF in order to remove the electropolishing residues. 
The HF t rea tment  did not  give results significantly 
different from specimens tested either without  such 
treatment ,  or, when possible, from specimens held at 
cathodic potentials to reduce films ini t ia l ly present. 

Results and Discussion 
Current -e longat ion  curves are shown in Fig. 1 

through 9. When a specimen fractured there was 
either a large increase of current  if f racture occurred 
wi th in  the cell or a rapid cur ren t  decrease if the 
break occurred outside; such current  excursions have 
not been included in  the figures. The film thicknesses 
given in  parentheses in the figures were calculated 
from the difference between the potential  at which 
the film was formed and the s tandard  potent ial  for the 
reaction between metal  and water  to form metal  oxide, 
using for Ta205-17 A/v,  for ZrO2-20, for A120~-14, for 
chromium containing alloys-16 (assuming the film 
was Cr208), and for i ron oxide-17, using data given by 
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Fig. 1. Current-extension curves for Ta205 films elongated at 
--0.29v SCE in 1% ammonium borate. 
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Nagayama and Cohen (5). The approximate  character  
of these thickness values should be obvious. 

Some discussion of errors  and difficulties of in ter -  
pretat ion is in order. First,  a capaci t ive current  flow 
accompanies s t retching because the exposed area de- 
creases as the wire  d iameter  decreases. Calculations 
and simple exper iments  have shown this current  to 
be less than l0 -s  a m p / c m  2, and hence negligible com-  
pared to the observed currents.  Second, the observed 
current  at any t ime is the sum of currents  f rom all  in-  
crements  of area on which  the film is th in  enough to 
produce current  flow. Suppose the film cracks, expos-  
ing bare metal. The cur ren t  on that  area is ini t ia l ly  
high and decreases rapidly wi th  t ime (about as t - l ) ,  
but  is neve r  zero and always contr ibutes to the total  
current.  Quant i ta t ive  in terpre ta t ion  of current  e longa-  
tion curves is therefore  ve ry  difficult. Third, nonuni -  
form deformation of the metal,  for instance at local 
slip bands or near  inclusions, may  cause ear ly  de- 
format ion or f rac ture  of portions of the film and hence 
abnormal ly  large currents.  Inhomogenei t ies  in the film 
itself, for instance at inclusions, may  also cause local 
fracture.  For  these reasons these tests underes t imate  
the t rue  ducti l i ty of the reaction films. Finally,  if a 
crack having a width  less than  the film thickness oc- 
curs and if oxygen ions move the current  flow wil l  be 
larger  than expected for just  the crack area since a 
hemicyl inder  of new film wil l  be formed under  the 
crack. This la t ter  error,  while  probably negligible for 
most cracks, is also in a direction to resul t  in an un-  
derest imat ion of the film ductility. 

A fur ther  difficulty becomes evident  f rom a com- 
parison of the results  shown in Fig. I, for Ta205, wi th  
the results reported previously  using the technique of 
measur ing  tunnel  currents  through ve ry  thin films 
formed in the cracks of a th icker  insulat ing film. The 
previous work  ( I ) ,  which also underes t imated  the film 
ducti l i ty for reasons similar  to those given above, in-  
dicated that  there  was essentially no cracking ( l imit  
of detection ~ 1 0 - 3 % )  of Ta205 films less than  100zi 
thick upon 10% elongation. If 10-2% bare surface was 
exposed the film reformat ion current  would be about 
10 -9 a m p / c m  2, while  Fig. 1 shows that  50 and 100A 
Ta205 films gave currents  of the order  of 10 -6 a m p /  
cm 2 on straining a few per cent. Since the previous 
method is bet ter  suited to the detection of small  bare 
areas in insulat ing films, it is apparent  that  the cur -  
rent  measured in the present  method may  be much 
larger  than that  corresponding to the bare area pro-  
duced. This ve ry  serious complicat ion severe ly  ham-  
pers interpretat ion.  The large currents  may  arise be-  
cause of ion drif t  in the film dur ing straining. The 
electric field applied dur ing s t ra ining is smaller  than 
the forming field of about 106 to l0 T v / c m  but is still  
large. If deformation of the film occurs, as wi th  Ta205, 
so that  ions are being moved paral le l  to the surface by 
mechanical  forces, the electric field may  be expected 
to cause some drift  perpendicular  to the surface. This 
phenomena is re la ted  to the  reports  by Bradhurs t  and 
Leach (6) and by Leach and Neufe ld  (7) that  film 
deformat ion can be enhanced by ionic cur ren t  flow. 

It  seems that  the in terpre ta t ion of the data reported 
here must  be confined to qual i ta t ive  s tatements  of the 
fol lowing kind. First,  the observat ion of smal ler  cur -  
rents for a film strained at a potent ial  less posit ive 
than its forming potent ia l  is evidence for film defor-  
mation ra ther  than film fracture.  Second, the method 
may very  seriously underes t imate  the t rue  film duc-  
tility. Third, it is not l ikely  that  the combinat ion of 
mechanical  deformat ion and a smal ler  electric field 
would  yield a cur ren t  as great  as that  produced by 
the ful l  fo rming  field, and hence the coincidence of 
cur ren t -e longat ion  curves  for th ick  and thin films is 
evidence for film fracture.  

With the above considerations in mind, we  now dis- 
cuss the data. It  is evident  f rom Fig. 1 that  the main 
features of duct i l i ty  of Ta20~ films repor ted  pre-  
viously are confirmed by the present  technique. Thus 
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Fig. 2. Current-extension curves for AI203 films elongated at 
--O.3v SCE in 1% ammonium borate. 

films less than IO00A thick are very ductile, while 
thicker  films are more  britt le.  We did not notice any 
effect of meta l  pur i ty  in these tests whi le  the ear l ier  
method indicated that  flaws present  in films on less 
pure mater ia l  nucleated fracture.  Apparen t ly  the 
previously ment ioned ion drif t  in the present  method 
masks any effect of flaws. Fi lms formed and tested 
in ammonium borate, sodium sulfate, and sodium 
phosphate solutions all  gave ve ry  similar  results. 

F igure  2 shows that  th in  A1203 films have some duc- 
tility, while thicker  films appear  to be ent i re ly  brittle. 
Poor adhesion probably accounts for the very  large 
currents  observed for the th icker  a luminum oxide 
films. Edeleanu and Law (8) repor ted  evidence that  the 
thin natura l  corrosion film was brittle. They repor ted  
cracking only on some grains, and lack of reproduci -  
bility. Their  results are not inconsistent wi th  our find- 
ing of l imited ductility. No significant differences were  
observed in mechanical  propert ies  be tween  films 
formed in ammonium borate  and in sodium sulfate. 

For  ZrO2, Fig. 3, the curves  indicate that  all films 
crack immedia te ly  on straining. Thicker  films continue 
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Fig. 3. Current-extension curves for Zr02 films elongated at 

--0.55v SCE in M Na2SO4. 
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Fig. 4. Current-extension curves for type 304 stainless steel 
elongated at Ov SCE in M Na2S04 and in M NaH2P04. 
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Fig. 5. Current-extension curves for type 304 stainless steel 
elongated at 0.6v SCE in M Na2SO4. 

to crack, probably with loss of adhesion. The th inner  
films are evident ly  capable of some l imited deforma-  
tion as shown by the results at h igher  strains. The 
init ial  cracking may be associated with high local 
deformat ion of the metal.  

Figures  4 and 5 give data for type 304 stainless 
steel. Results in phosphate and sulfate solutions both 
indicate appreciable ductili ty,  al though the cur ren t -  
elongation curves are somewhat  different. Figure  5 
shows that  the current  at a given elongation is greater  
when the difference be tween forming potential  and 
straining potential  is less, as might  be expected f rom 
the ion drift  hypothesis. We a t tempted to determine  
whe ther  chloride ions would influence the results by 
anodizing in sodium sulfate solutions and testing in a 
solution containing M Na2SO4 and M NaCI. The results 
were  essential ly the same as wi th  Na2SO4 alone. How-  
ever,  Swann and Embury  (9) have given evidence for 
rupture  of films formed on 18Cr, 8Ni stainless steel in 
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Fig. 7. Current-extension curves for commercial nlchrome e|on- 
gated at Ov SCE in M No2S04. 
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Fig. 8. Current-extension curves for 80 Ni, 20 Cr alloy elongated 
at 0v SCE in M Na2SO4. 

boiling 42% MgCI2. A comparison is difficult because 
of the very  different techniques. 

The laboratory produced 16Cr, 14Ni, balance iron 
alloy gave results similar  to those for type 304 stain- 
less steel, as shown in Fig. 6. The intent was to com- 
pare the film on a "d i r ty"  commercia l  alloy (304) wi th  
the film on a h igh-pur i ty  alloy of similar  composition 
and structure. This object ive was f rust ra ted by the 
finding that  the laboratory alloy was not ent i re ly  
homogeneous. P resumably  it contains fewer  in ter-  
stitials, and the inhomogeneit ies  arose f rom incomplete 
mixing during melting. In any case the results for the 
two materials  are very  similar. 

The commercial  nichrome alloy, Fig. 7, could not be 
anodized above about 0.5v SCE without  the passage of 
large currents.  The curve  for 1.0v in Fig. 7 is almost 
identical  to that obtained wi th  an anodizing potential  
of 0.6v, and it is l ikely that  the film thicknesses pro- 
duced by the two potentials are no different. Appreci -  
able duct i l i ty  is indicated for this film. 

Figure  8 gives data for the laboratory prepared  80Ni, 
20Cr alloy. Anodizing voltages were  l imited for this 
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Fig. 6. Current-extension curves for 16 Cr, 14 Ni balance iron 
alloy elongated at 0v SCE in M Na2SO4. 
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Fig. 9. Current-extension curves for iron elongated at Ov SCE 
in 1% ammonlum borate. 
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Table I 

% C 

Wire  e l o n g a t i o n  
Meta l  5 ~  10% 

Ta {50A) 91.5 89 
16Or, 14Ni, bal.  Fe  87 84 
304 S ta in le s s  86 77 
Fo  81 56 
A1 (ave rage  of 3~ 75 50 
60NL 16Cr, bal.  Fe  56 54 
Zr  52 38 
80N1, 20Cr 16 18 

alloy also. The films appear to be substant ia l ly  less 
ductile than those on the Cr, Ni, Fe alloys. This alloy 
also proved to be inhomogeneous. 

For pure iron, Fig. 9, the data again suggest ap- 
preciable ducti l i ty for the oxide film. 

In  order to make a semiquant i ta t ive  comparison of 
materials we have listed in Table I the value of %C, 
which is defined by the equation 

i~ --  i 
%C - -  x 100 [1]  

ie 

in which ie and i are the currents  (at the same elonga- 
tion) for specimens anodized at the s t ra ining potential  
and at a higher potential, respectively. The value of 
%C gives a rough measure of the fraction of the newly 
generated specimen area which is covered by the origi- 
nal  oxide film; for a completely ductile film %C 
should be 100, while for a brit t le film it should be O. 

Conclusions 
The ducti l i ty of some of these passive films may be 

as great as that of Ta2Os, which evidently can be 
stretched as much as 50%. Because of the difficulties 
of in terpre ta t ion it is perhaps premature  to speculate 
about the mechanisms of deformation and implications. 
Perhaps the easy deformation results from ion motion 
under  the applied electric field, as suggested by Brad- 
hurst  and Leach (6) and by Leach and Neufeld (7). 
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The presence of water, which is known  to enhance 
deformation of some nonmetal l ic  materials  (1O, 11), 
may also be important .  Final ly,  the difference in ease 
of deformation of bulk  oxides and passive films may 
be associated with differences in the structures of these 
two types of materials. One implication of the results 
may be that the explanat ion for the bet ter  resistance 
of high nickel alloys to stress corrosion cracking does 
not lie in the reaction film ductility. 
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Anodic Dissolution of Zinc in Potassium Nitrate 

M. E. Straumanis, J. L. Reed, and W. J. James 
Departments of Metallurgical Engineering, Chemical Engineering, and Chemistry, 

University of Missouri at Rolla, Missouri 

ABSTRACT 

The apparent  valence of pure zinc dissolving anodically in 3% KNO3 was 
determined as a funct ion of current  density, temperature,  and ultrasonic 
agitation. The apparent  valence of zinc dissolving anodically at 24~ 
diminishes from 2.01 _ 0.01 at low current  densities to 1.86 at about 50 ma 
and remains fair ly constant  up to about 80 m a c m  -2. This valence is affected 
to some extent  by the preparation,  e.g., polishing of the electrode, but  
is independent  of its s t ructure (mono- or polycrystal) .  Ultrasonic vibrat ions 
do not influence the apparent  valence at high current  densities. In  all cases a 
black film (corrosion product) spalls off the anode but  to a larger extent  with 
ultrasonics. The apparent  valence decreases with increasing tempera ture  
(measurements  between 25 ~ and 68~ and again with increasing current  
density, and appears to vary  as a function of metal  history. Fine metallic Zn 
particles are found in the dark corrosion product. The average size of the 
particles increases with increasing temperature.  On the basis of the above, 
it is concluded that  the normal  valency of zinc ions, -52, does not  change 
dur ing  anodic dissolution in  ni t ra te  solutions, but  the apparent  valence of 
less than 2 arises as a consequence of increased local corrosion and of surface 
disintegrat ion of the anode. Both occur outside the electrical circuit thus 
accounting for the lower coulombic equivalent.  A mechanism for the dis- 
integrat ion phenomenon is presented. 

When either Zn or Cd (having a normal  valence of 
-~2) is dissolved anodically in  aqueous neut ra l  salt 
solutions, conta ining nitrate,  chlorate, or bromate ions, 
the number  of coulombs required to dissolve one gram 
equivalent  of metal  is less than the faradaic weight 

equivalent,  especially at high current  densities. Other 
active metals, such as Be, Mg, A1, In, Ga, T1, Fe, Sn, 
and Pb also exhibit  this phenomenon.  

One mechanism which has received wide acceptance 
is the concept of the "uncommon valence ion" as pro-  
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posed by Epelboin (1) for zinc undergoing anodic dis- 
solution in perchlorate  solution. La ter  work  on Zn, Cd 
and other  metals  by Davidson and co-workers  (2-6) 
has supported this mechanism, the results  hav ing  been 
a t t r ibuted to the expulsion of un iva len t  ions. 

The purpose of this study was to obtain exper imenta l  
data for the anodic dissolution of zinc in 3% aqueous 
KNO3 as a function of: (i) current  density, (ii) t em-  
perature,  and (iii) ultrasonic vibrations,  and to estab- 
lish a mechanism consistent wi th  the results. 

Exper imental  

Effect  of  Current  Densi ty  

Apparatu$. - -The apparatus consisted of a 400 ml 
cell, a zinc electrode made of ei ther  a polycrystal l ine 
bar (99.99% puri ty)  or of a single crystal  (exposed 
surface near ly  paral le l  to the basal plane, 99.95% 
pur i ty) ,  an external  d-c source, a sensitive mi l l i am-  
meter,  a decade type resistance box, a knife switch, 
and a p la t inum cathode, all connected in series. A 
microbure t  of 10 ml capacity with 0.02 ml  graduations 
was used to t i t ra te  the zinc content  of the electrolyte  
fol lowing electrolysis. 

Procedure . - -The  zinc electrodes were  polished 
short ly before each run. Two hundred ml  of a 3% 
KNO3 solution were  t ransferred to the thermosta t ted  
cell  (24.0 ~ _ 0.5~ Air  was not excluded because 
exper iments  in a N2 atmosphere  gave the same re-  
sults wi th in  the limits of error. The Zn anode and the 
Pt  cathode were  then inserted and connected in series 
wi th  the externa l  circuit  and the circuit  closed. A 
t imer  and mi l l i ammeter  were  used to measure  the 
number  of coulombs passed (checked by a copper 
coulometer) .  Af te r  a sufficient t ime in terva l  the c i r -  
cuit was broken and the electrodes r emoved  f rom the 
beaker. Any loosely adher ing film on the anode was 
removed by scrubbing wi th  a rubber  pol iceman in the 
electrolyte.  Two drops of 6M HC1 added dissolved 
the sediment. The clear solution was then  di-  
luted to 500 ml  wi th  dist i l led water .  Aliquots of 
100 ml volume were  wi thdrawn from this solution, 
heated to about 90~ buffered to pH of 10, and t i t ra ted 
wi th  disodium EDTA standardized against 99.99% pure 
Zn, using Er ichrome Black T as indicator. Thus, the 
weight  loss w of the Zn electrode was calculated. 

Results 
Inf luence of current  dens i ty . - -The  valence V was 

determined f rom Eq. [1] 

V = I t A / F w  [1] 

where  I t  is the quant i ty  of eIectrici ty in coulombs, A 
the atomic mass of Zn, F is Faraday ' s  constant, and w 
the weight  loss of the anode (calculated f rom t i t ra t ion 
data) .  The measurements  were  per formed over a cur -  
rent  density range of 0.5 to 85 m a . c m  -2 with  a possi- 
ble er ror  range of •  Since the behavior  of a poly-  
crystal l ine and of the single crystal  anode (0001 plane 
exposed) was the same (see Table I) ,  the resul t ing 

Table I. Calculated valence of Zn ions going into solution at 
24.0 ~ • 0.1~ from M-monocrystaUine or P-polycrystalline 

Zn anodes 

C u r r e n t  d e n s i t y ,  V a l e n c e  
T i m e ,  see m a . c m  -2 Z n  a n o d e  c a l c u l a t e d  

63,000 0.38 M 2.00 
25,900 0.52 P 2.01 
32,800 0.75 M 2.03 
86,400 0.57 P 1.99 

2,500 19.85 M 2.00 
2,500 22.41 P 2.00 
2,500 33.30 M 1.95 
2,500 34.10 P 1.94 
2,500 55.10 M 1.85 
2 ,000 57.0 P 1.84 
2,500 79.4 M 1.86 
2,000 74.1 P 1.65 
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Fig. 1. Calculated valence as a function of current density for 
Zn dissolving anodically in 3% KN03. Dots, monocrystal; circles, 
polycrystal. 

data were  combined and are presented graphical ly  in 
Fig. 1. 

At low current  densities ( <  30 m a . c m  -2) a very  
thin, usual ly spotty, black film was observed on the 
face of the anode. On remova l  f rom the electrolyte  the 
film turned grayish white  af ter  about 5 min  exposure. 
Tests at higher  current  densities ( >  30 m a . c m  -2) re -  
sulted in a thicker  and continuous black film. Also a 
whi te  precipitate was observed direct ly  below the 
vert ical  electrode. An  x - r a y  analysis of the deposit 
revea led  it to be ZnO. 

Since there was no difference between a mono-  and 
polycrystal l ine anode, no a t tempt  was made to use 
various crystal l ine planes for dissolution. Table I and 
Fig. 1 show that  the calculated valence of Zn-ions ap- 
proaches, wi th  increasing cur ren t  density, a fair ly 
constant value  of 1.86 • 0.01, which is in agreement  
wi th  the results of previous invest igators (2). How-  
ever, the constant value  of about 2 at small  current  
densities (up to 30 m a . c m  -2) is not  always observed. 
Depending on exper imenta l  conditions, the drop can 
start  at a much lower  current  (7). The calculated 
valence drops lower, even down to 1.65 if the consecu- 
t i r e  tests are per formed without  repolishing the elec- 
trode, mere ly  t ransfer r ing  it (af ter  r insing with  dis- 
t i l led water )  to a fresh solution to start  another  run. 

A black film was always observed forming on the 
Zn anode. At low current  densities the film was thin 
and its thickness increased wi th  the current .  On re-  
mova l  of the anode f rom the solution, the black film 
turned grayish whi te  in a few minutes,  as observed 
for Mg (8). X - r a y  analysis showed the grayish film to 
consist of ZnO a n d / o r  Zn(OH)2.  If  the Zn anode was 
etched sl ightly wi th  di lute H2SO4 before the run, the 
black film formed at electrolysis  spalled f rom the 
anode upon application of ultrasonic agitation. A sam- 
ple of the gray black sediment  was collected, quickly 
rinsed by decantat ion wi th  water ,  and then washed 
wi th  dry acetone. Even then part  of the sample tu rned  
white  after filtering. The darkest  flakes were  exam-  
ined under  the microscope, using oil immers ion ob- 
jectives, at magnifications of 1430. In the reflected l ight  
parts of the sample revealed  a mul t i tude  of shiny 
metall ic particles embedded in the corrosion product  
ZnO or Zn(OH)2.  The d iameter  of the smallest  par t i -  
cles was of the order  of 10 .5  mm. Larger  chunks, as 
found during electrolysis of Zn in NaBrO3 solutions 
(9), were  also observed floating around in the oil. Al l  
the metal l ic  particles were  complete ly  opaque to t rans-  
mi t ted  light. They consisted of Zn, as proved by x - r ay  
diffraction. 

It is, therefore,  clear  that  the deviat ion f rom Fara -  
day's law or the calculated lower  valence of Zn ions 
(Fig. 1, Table I) is, in part,  the result  of surface dis- 
integrat ion of the Zn anode dur ing dissolution which 
occurs outside the faradaic cur ren t  and, hence, con- 
t r ibutes to the calculat ion of ions of lower  valence. 
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Fig. 2. Apparent valence as a function of temperature for Zn 
dissolving anodically in 3% KNO3 solution. 50 to 80 ma.cm -2  
(see Fig. 1.). 

Thus, this valence is only apparent,  par t icular ly  as t h e  
existence of Zn + has not been confirmed analyt ical ly  
(2). Fur thermore ,  no lower valence was calculated 
when the disintegration of the anode was prevented,  
e.g., by amalgamat ion (10). Amalgams as anodes pro- 
duce only normal  valence ions, as found for A I ( l l ) ,  
Ga(12),  In(13) ,  TI(14),  and Sn(15).  Unfor tunate ly  it 
is difficult to collect the particles and quant i ta t ive ly  
determine the amount  of Zn particles present  due to 
the high activity of the fine particles. However, the 
presence of metall ic particles in large amounts,  and 
the absence of Zn +, together with the absence of dis- 
in tegrat ion (in case of an amalgamated anode) and 
the calculated normal  charge of the Zn-ions are suf- 
ficient evidence for anodic surface disintegration. 

EJ~ect of temperature on apparent valence.--The ap- 
paratus and procedure were similar to previous stud- 
ms. The cell was open to the atmosphere and any 
evaporat ion which occurred dur ing  electrolysis was 
corrected by addition of water  at the same tempera-  
ture to the electrolyte. The apparent  valence as a 
function of tempera ture  is shown in Fig. 2. 

Some current  density experiments  were also per-  
formed at a tempera ture  of 87~ At this tempera-  
ture  the apparent  valence dropped to 1.13 and to 
1.10 for a poly- and monocrystal  at cur rent  densities 
of 57 and 79 ma .cm -2, respectively. Under  such con- 
ditions the apparent  valence seemed to be a funct ion 
of time, current  density, and perhaps of crystal  s truc-  
ture. A large amount  of gray corrosion product was 
observed on the bottom of the reaction beaker. On 
t rea tment  with HC1, the mater ial  evolved hydrogen, 
indicat ing that  chunks of Zn were still present in the 
hydroxide, while the fine metallic particles had rapidly  
reacted with H20 (hydrolysis) at the elevated tem- 
perature. The larger chunks were also detected micro- 
scopically. The electrolyte contained ni t r i te  ions, the 
amount  of which was proport ional  to the decrease in 
apparent  valence. 

The activation energy.--It was speculated that  this 
temperature  dependence could be related to the acti- 
vation energy by assuming that the over-al l  rate con- 
stant  k was proport ional  to the normal  valence less 
the apparent  valence. Accordingly, an Arrhenius  plot 
of log(2 minus  apparent  valence) vs. reciprocal t em-  
perature was made as i l lustrated in  Fig. 3. An activa- 
tion energy of ...4.2 kcal was found from the slope of 
the straight line. 

Application of ultrasonic vibrations.--The beaker 
used in the previous experiments  was replaced by  an 
ultrasonic cell of equivalent  diameter  and connected 
to an ultrasonic generator. Vibrations of a f requency 
of 32,500 cycles sec -1 and of max imum possible am-  
pli tude were passed through the reaction cell dur ing  
the electrolysis. The results were both of quant i ta t ive  
as well  as of quali tat ive nature.  The average value 
for the apparent  valence of a poly- and monocrysta l -  
l ine anode at cur rent  densities between 50 and 80 
ma .cm -2 was about 1.84 _ 0.01, while without  u l t ra -  
sonics a valence of 1.86 • 0.01 was obtained. Thus, the 
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difference was very small  and wi th in  the limits of 
error. With ultrasonic s t i rr ing the solution tu rned  
gray black in  a few minutes  and the electrodes be-  
came barely  visible. When the circuit was opened and 
ultrasonic s t i rr ing stopped, the dark flakes settled to 
the bottom. As previously mentioned, the sediment 
contained metall ic Zn in the form of very fine particles 
or larger chunks.  A few drops of concentrated HCI 
were added to the electrolyte to determine quant i ta -  
t ively the Zn which spalled from the anode. The sedi- 
ment  dissolved easily. Etched Zn electrodes gave the 
same apparent  valence as nonetched ones. The 
gelatinous Zn(OH)2 film general ly formed during 
electrolysis was not  present  to any appreciable degree. 

Discussion and Conclusions 
At cur ren t  densities of 50 to 80 ma-cm -2, the ap- 

parent  valence of zinc was found to be 1.86 _ 0.01. 
This value is in agreement  with the results of pre-  
vious works cited (2, 10). However, when  the current  
density dropped below 50 ma .cm -2 the valence 
started increasing, and below 30 ma .cm -2 values close 
to the normal  oxidation state of two were obtained. 

These results are more in  accord with the concept 
of anodic disintegrat ion rather  than with that of 
formation of lower valence ions, since the rate of 
mass loss due to breakout  of particles from the anode 
must  be a funct ion of the instantaneous current  den-  
sity (16). On this basis one would expect a decrease in 
the apparent  valence with increasing current  density 
possibly to some l imit ing value (Fig. 1). This ex- 
pectation was clearly verified for Mg and Cd anodes 
(17). It  is noteworthy that  at low current  densities, 
<10 ma-cm -~, the metal  surface was in most cases 
completely free of the black surface film, suggesting 
that no disintegrat ion of the anodic surface occurred. 

Fur thermore ,  it is difficult, on the basis of lower 
valence ion formation, to explain the appearance of 
the very  small  and larger metall ic particles, usual ly  
embedded in  the surface oxide layer, which impar t  
the dark  color to the latter.  According to the older 
theory Zn particles should appear as a consequence of 
a reduct ion-oxidat ion reaction 

2Zn + -~ Zn + + + Zn [2] 

However, the improbabi l i ty  of such reactions, espe- 
cially as regards very active metals, has been dis- 
cussed previously (8, 11, 18). 

All  these results can be satisfactorily explained by 
assuming that  the only faradaic process is 

Zn-> Zn ++ + 2e [2a] 

In  addit ion to [2a] there is surface disintegration, oxi- 
dation (reactions [3] and [4]) and self dissolution, 
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thus resul t ing in more Zn dissolved than expected 
according to [2a]. 

The exact mechanism of surface disintegrat ion is 
present ly not  known in detail, bu t  the observations 
made with Zn anodes suggest a mechanism as follows: 
The Zn anode adsorbs onto its surface NO3-, s imilarly 
as is proposed for BrOs-  (9) 

Zn q: NO3- -> ZnO q- NO2- [3] 

This action increases with increasing ni t ra te  con- 
centrat ion resul t ing in a decreased apparent  valence 
(7). Simultaneously,  hydrolysis may also occur 

ZnO (on the Zn surface) + H20 --> Zn(OH)2 [4] 

These generally thin oxide layers wil l  vary  in ad- 
herence and thickness, depending on the surface struc- 
ture  of the Zn anode. There will be places where the 
oxide layer  adheres very well  and where it will  be 
thicker, causing part ial  passivation of the anode. On 
application of an anodic current  the weakest spots 
will  be attacked first and there the Zn + + will go into 
solution, part ial ly undermin ing  the passive spots, but  
no noticeable separation of these weakened metallic 
places from the anode wil l  occur. With an  increase of 
the cur ren t  density, the flow of the electrons from 
the anode will  be increased. Since the positive ions 
in  the solid will  be in excess, ions (Zn ++) will  be 
dr iven into solution by a repulsion force correspond- 
ing to the Nernst  solution tension P. It  is, possibly, 
not always realized how large this force is. I t  can be 
calculated from Nernst 's  original equation 

P = p �9 exp (--enF/RT) [5] 

where p is the osmotic pressure of the Zn + + in the 
electrolyte, e the potential of Zn (=--0.76v, hydrogen 
scale), n the valence of Zn-ions, F Faraday's constant, 
R the gas constant, and T the absolute temperature. 
For a standard Zn electrode a value of P of about 1028 
arm is obtained which represents the free energy ex- 
pressed in pressure units. If only a part of this pres- 
sure (due to the limited current) is in action, even 
then the pressure which drives the ions into solution 
is enormous. Therefore, the moving ions may hit 
the oxide layer on the electrode surface with such 
force that this layer breaks away from the surface. 
However, if the layer adheres well to the metal, it 
can carry small particles of the electrode metal with 
it (19). And this is what is observed: metallic par- 
ticles in an oxide network. The oxide may react fur- 
ther with H20, Eq. [4], and then the particles will ap- 
pear embedded in a white oxide or hydroxide layer 
(ii). The particles break away at places where their 
contact with the bulk of the electrode is somehow 
weakened, e.g., by undermining. The clean metallic 
surface is now able to react again with the electrolyte 
or with the NOa- according to Eq. [3] and after some 
time the process of disintegration can start again at 
the same site. However, at high current densities there 
will be less time for the oxidation reaction [3]. Hence, 
the degree of disintegration and the apparent valence 
will approach a constant value with increasing cur- 
rent (Fig. i). Under such conditions the apparent va- 
lence may even increase because there will be less 
opportunity for the ions, going into solution, to take 
with them parts of the oxide layer containing frag- 
ments of the anodic metal (14). 

Thus, the degree of disintegration and, hence, the 
apparent valence will depend on the quality of the 
oxide layer on the Zn anode, the formation of which 
depends on the nature of the electrolyte: there may 
be electrolytes producing porous or weakly adhering 
layers, or both, and as a result the apparent valence 
will be close to normal. 

This concept explains why the apparent valence is 
the same for both poly- and monocrystalline anodic 
surfaces. Evidently oxide layers of the same quality 
are produced on Zn of various surface structures (in 
the same solutions). The grain boundaries are of 

little influence since disintegrat ion occurs wi th in  these 
borders (the grains themselves are not fal l ing out).  
However, if the anode surface is not  repolished be-  
tween the runs, the surface becomes rough and there 
will be an increased possibility for breakout  of larger 
metallic particles together with the oxide layer: a 
lower apparent  valence is observed (down to 1.65). 
Forces introduced by ultrasonic vibrat ion are small  as 
compared with those represented by Eq. [5]. There-  
fore, these vibrat ions will  not markedly  influence the 
degree of disintegration and the apparent  valence. 
However, ultrasonic agitation is sufficient to disperse 
the oxide flakes loosely adhering to the Zn electrode, 
especially the white gelatinous hydroxide which is 
formed on the Zn particles (Eq. [4]).  All this is con- 
sistent with the exper imental  results, and the white 
hydroxide is not found on the Zn anode if ultrasonic 
waves are applied. 

It is more difficult to unders tand  the influence of 
temperature  on the degree of disintegration. Although 
the temperature  coefficient of potential  change O~/OT 
for Zn is known (20), there are still some difficulties 
in the application of the original  Nernst  equation, as 
the osmotic pressure p (Eq. [5]) changes (increases) 
with temperature.  However, considering the derivat ion 
of the equation, the solution pressure P wil l  increase 
with temperature  and, hence, the degree of disinte-  
gration. The apparent  valence wil l  decrease (Fig. 2). 
The increased P may not be the only reason for the 
increased disintegration rate, because compressional 
stresses between the anodic film and the bu lk  of the 
anode may increase with tempera ture  and force the 
film to crumple or dilate. In  addition hydrogen de- 
veloped due to the very  slow reaction 

Zn q- 2H20--> Zn(OH)2 q- 2H [6] 

may increase the spalling of the oxide layer contain-  
ing larger metallic particles. The activation energy 
of about 4.2 kcal (Fig. 3) suggests other possible rate 
de termining steps such as adsorption or some other 
physical process. 

The Zn particles which spall from the electrode 
are very small and completely clean toward the side 
of the anode. They, therefore, will  be vary  active and 
react with water  according to [6] and still faster 
with an oxidizer, if such is present  in  the electrolyte. 
In  ni t ra te  solution reaction [3] occurs. Indeed, NO2- 
ions can be proved to be in solution and their  amount  
is proportional to the amount  of departure from the 
apparent  valency (2-6). If disintegrat ion of the Zn 
anode is prevented, NO2- ions are not present  in the 
electrolyte (10, 17). 

In  conclusion, the assumption of formation of lower 
valence ions, the presence of which cannot be proved, 
is not necessary and does not account for the experi-  
menta l  data. It is very  improbable that the n u m b e r  of 
lower valence Zn ions formed wil l  depend on current  
density, the na ture  of the electrolyte, the temperature,  
and the surface t rea tment  of the anode. Surface dis- 
integrat ion of the dissolving anode can account for the. 
observed facts, including the reducing abil i ty of the 
anolyte. 
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Adherence and Porosity in 
Ion Plated Gold 

C. F. Schroeder and J. E. McDonald 
Sandia Corporation, A~buquerque, New Mex/co 

ABSTRACT 

The accelerated ion deposition process is shown to provide gold films and 
coatings which are strongly adherent  even when  deposited on oxidized bery l -  
l ium-copper  substrates. The porosity of these coatings when  deposited under  
conditions which provide high substrate surface tempera ture  is undetectable  
at thicknesses of approximately  2~ and is the result  of the formation of 
a gold-copper solid solution. 

The ion plat ing process developed by  Mattox (1) 
has been demonstrated to provide excellent adherence 
across a f i lm-substrate  boundary,  and the observed 
adherence is apparent ly  less dependent  on meticulous 
precleaning t rea tment  than  in  convent ional  deposition 
processes. Further ,  quali tat ive observation of the films 
deposited by  the process has indicated that  nonporous 
deposits could be obtained in thicknesses in the micron 
range and that  the porosity resul t ing from substrate 
surface contaminat ion  can be el iminated or controlled. 
I t  is the purpose of this paper  to discuss the adherence 
and  porosity of ion plated gold films and to project  a 
mechanism for the formation of the adherent,  non -  
porous deposits formed. 

Experimental Procedure 
The apparatus used to deposit the ion plated gold is 

shown in  Fig. 1 and is essentially that  described by 

Mattox (1). Specimens were prepared in  the con- 
figuration shown in  Fig. 2a, in  order that  subsequent  
adherence tests could be performed. 

The specimens used for adherence de terminat ion  
were firmly clamped to the substrate holder to maxi -  
mize heat t ransfer  and are indicated as the low- tem-  
perature  group. In  contrast, the specimens on which 
porosity and al loying observations were made were 
supported along approximately 0.8 cm ~ at the sample 
ends to minimize heat  t ransfer  to the substrate  holder 
and are called the h igh- tempera ture  group. Porosity 
data  for the low- tempera ture  group are also reported. 

Sample Preparation 
High-temperature group.--Specimens were 0.8 cm 

thick annealed bery l l ium copper alloy, not  heat-  
treated. Surfaces were l ightly abraded wi th  steel wool 
and r insed in  acetone prior to plating. 

All  ion bombardment  and ion plat ing was at 5 kv, 
0.5 m a / c m  2. Specimens in the low- tempera ture  group 
were ion plated for 2 min. Specimens in  the high tem- 
perature  were argon ion bombarded for 10 rain and 
ion plated for t imes as shown in  Table L 

Fig. 1. Ion plating apparatus Fig. 2. Tensile adhesion test 
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Table I. Porosity--high temperature group 

F i l m  c a m -  
D e p o s i t i o n  F i l m  t h i c k -  P o r o s i t y  p o s i t i o n .  

S a m p l e  t i m e ,  r a i n  ness,/~ p o r e s  cm'-' w , /o  A u  

H T  1 1 1.~ 0 94 
H T  2 1.2 3.9 0 73 
H T  3 1.2 3.8 0 69  
H T  4 1.2 3.6 0 68  
H T  5 1.2 3 .7  0 74  
H T  6 3 6 .3  0 72 
H T  7 3 7.2 0 73 
H T  8 3 6 .8  0 71 
H T  9 3 - - -  < i 75 
HT lo 3 5.9 o 73 
HT ii 5 9.0 0 68  
H T  12 5 8 .7  0 71 
H T  13 5 9.3 0 73 
H T  14 5 8.7 0 73 
H T  15 5 8.2 0 72 

Low-Temperature  group.--Specimens were 0.15 cm 
thick annealed bery l l ium-copper  alloy (B-194) which 
were  hea t - t rea ted  to condit ion AT 1 by the fol lowing 
processes: Oxide- f ree  substrates were  produced by 
hea t - t rea t ing  at 300~ for 180 min in argon fol lowed 
by acid cleaning in nitric, acetic phosphoric acid m i x -  
ture  (3N, 4N, 8N, respect ively) .  

Approx imate ly  0.2~ of oxide coating was produced 
by heat ing at 300~ for 175 min  in argon and 5 min  in 
air. Approx imate ly  2~ of oxide coating was produced 
at 300~ for 180 min  in air. 

All  hea t - t rea ted  specimens were  vapor  degreased 
in t r ichloroethylene and rinsed in alcohol pr ior  to 
plating. 

Test Procedures 
The rela t ive  adherence of the coatings was measured 

by means of a tensile test in which  the film is de- 
posited onto one side of a specimen (Fig. 2a). The 
measurement  involves the observat ion of the strain 
required to produce adhesive fai lure be tween  the film 
and substrate as in Fig. 2b. Since the max im um  
elongation which can be observed is associated with  
the rup ture  of the substrate, and the ducti l i ty of the 
bery l l ium-copper  increases as a resul t  of increased 

l S o l u t i o n  t r e a t e d ,  q u e n c h e d ,  a n d  p r e c i p i t a t i o n  h a r d e n e d  t21.  
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thermal  input f rom the discharge, the s train to ad- 
hesive fai lure repor ted  is normal ized to cohesive sub- 
strate failure. Substra te  fa i lure  wi thout  film fai lure 
occurs as in Fig. 2c. 

Coincidentally,  the effects of bombardment  on the 
condition of the bery l l ium-copper  substrate were  also 
observed. These are reported as Knoop hardness of the 
bery l l ium-copper  as a function of bombardment  time. 
The values obtained are shown in Fig. 3 and are the 
average of five indention hardness measurements  
taken on t ransverse sections of the coated specimens. 

F rom these hardness data, an est imate of the bulk 
substrate t empera tu re  obtained during plat ing can be 
made. The ex ten t  of averaging shown, i.e., ~ phase 
precipi ta te  growth, indicates a t empera ture  of ap- 
proximate ly  150~176 (over the range of bombard-  
ment  t imes indicated) .  

F i lm thicknesses were  measured  using beta back-  
scatter techniques except  where  alloy coatings inval i -  
dated such measurements .  In those cases, optical met -  
a l lography supplemented the measurement .  

For porosity estimates,  films were  exposed to moist 
hydrogen sulfide and the number  of spots of copper 
sulfide visible in 1 cm 2 (under  75X magnification) was 
repor ted  as a re la t ive  porosity measure.  

Results 
The results of the adherence investigations for ion 

plated samples are shown in Fig. 4 and presented as 
normal ized strain vs. the energy  dissipated in the 
glow discharge. It can be seen f rom Fig. 4 that  only 
on the heavi ly  oxidized surfaces is there  any depend-  
ence of adherence on bombardment  t ime or energy 
input within the ranges explored.  One might  expect  
a correlat ion to exist be tween  the energy input  re -  
quired to produce the m a x i m u m  measurable  adher-  
ence and the amount  of oxide present  on the surface 
in terms of the dissociation and sputter ing of copper 
oxide. It is t rue  that  the energy expended during a 
20-min ion bombardment  is the correct  order  of mag-  
ni tude to sputter  the quant i ty  of oxide present;  how-  
ever,  subsequent meta l lography on t ransverse  sections 
indicates that  the oxide is still present  but  broken up 
into islands in the interfacial  region. The areas be-  
tween  these copper oxide islands are character ized by 
a sharp gold-copper  interface.  

In the low- tempera tu re  group (adhesion exper i -  
ment ) ,  no alloying or diffusion was detectable across 
the gold copper interface even though the bulk tem-  
pera ture  reached approximate ly  150~176 Analysis  
of the gold films stripped f rom the substrate indicated 
substant ial ly ~1% Cu content. Porosi ty  exper iments  
were  carr ied out on both the low-  and h igh- tempera -  
ture groups and are presented in Table I and II. The  
data for the ion plated samples in the low tempera -  
ture group may be represented by the expression 

PT-  = K [1] 

where  P is the pore count per unit  area and T is the 
film thickness. The de termined  values of n and K are 
1.3 and 1.2 x 10 -s ,  respect ively,  and agree wel l  wi th  
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Table II. Porosity--low temperature group 

A D H E R E N C E  & P O R O S I T Y  I N  I O N  P L A T E D  A u  

I o n  90 
born-  

O x i d e  b a r d -  F i l m  P a r o s -  
t h i c k -  m e r i t  t h i c k -  i t y  
ness ,  t i m e ,  ness ,  p o r e s /  so 

S a m p l e  /~ C o a t i n g  m e t h o d  r a i n  /L cm= 

1A 0 E l e c t r o p l a t e  - -  2.1 10 
B 0.2 1.6 97 
C 2 1.9 241 

2A 0 V a c u u m  e v a p o r a t i o n  5 5.2 19 
B 0.2 5.9 38 
C 2 4.8 83 

3A 0 V a c u u m  e v a p o r a t i o n  20 1.9 15 
B 0.2 2.0 26 
C 2 1.8 58 

4A 0 Ion  p l a t e  0 1.1 16 
B 0.2 0.2 2713 
C 2 0.4 849 

5A 0 Ion  p l a t e  S 1.8 180 
B 0.2 0.8 435 
C 2 0.3 1653 

6A 0 Ion  p l a t e  10 6.9 10 
B 0.2 7.6 63 
C 2 5.7 87 

7A 0 Ion  p l a t e  20 5.1 19 
B 0.2 1.7 12 
C 2 6.7 17 

8A 0 Ion  p l a t e  40 2.0 53 
B 0.2 2.1 16 
C 2 2.4 30 

9A 0 Ion  p l a t e  60 1.6 8 
B 0.2 1.7 30 
C 2 1.6 14 

IOA 0 V a p o r  h o n e  a n d  
ion p l a t e  0 2.1 17 

B 0.2 1.8 66 
C 2 2.3 23 

A h ATOMIC % CU 

the earlier work of F ran t  (3) for electroplated gold 
deposition. It  should be noted, however, that  the elec- 
t roplated and evaporated films show increased poros- 
ity with oxide film thickness, i.e., while K is 6.3 x 10 -4 
for oxide-free specimens, K increases to 1.9 x 10 -~ for 
0.2~ oxide and 4.4 x 10 -3 for 2~ oxide. 

The str iking absence of detectable porosity in  the 
h igh- tempera ture  group is a t t r ibuted to the lack of a 
heat sink, and, therefore, temperature  increases occur 
dur ing  ion bombardment  which are significantly 
greater than reported for the low temperature  group. 
Included also in Table II is the analysis of the stripped 
coating as obtained by x - r ay  absorption and gravi-  
metric techniques. Such analysis are obviously aver-  
ages over the bulk  of the film and were supplemented 
by surface composition measurements  using the elec- 
t ron microprobe. It is s tr iking that  these surface com- 
positions are ~54 a/o (atomic per cent) gold. These 
results are consistent with the bulk  analysis (,~45 a/o, 
--70 w/o gold) reported above and with the d is t r ibu-  
tion of gold and copper in  a typical specimen as shown 
in Fig. 5. This distr ibution curve was also obtained 
by the electron microprobe. In addition, x - ray  dif- 
fraction analysis indicate that the films are a cont inu-  
ous series of solid solutions of gold-copper. 

A set of independent  experiments  were conducted 
on these specimens (h igh- tempera ture  group) to de- 
termine the effective bu lk  substrate temperature  the 
beryl l ium-copper  alloy had experienced. Beginning 
with the substrate in  the AT condit ion and invest igat-  
ing the decrease in hardness indicated a bu lk  tempera-  
ture of approximately 400~ Comparable tempera-  
tures were indicated by the rate of hardness increase 
of annealed beryl l ium-copper  with ion bombardment  
time. 

Discussion 
The absence of porosity can be directly a t t r ibuted 

to the formation of the gold-copper solid solution 
which has been demonstrated to be unreact ive to a 
corrosive atmosphere (4); however, the more in ter -  
esting phenomena which will require  in terpre ta t ion  
is the mechanism of formation of the a l l o y  coatings. 
Two principal  exper imental  results require explana-  
tion: (i) the existence of a constant  surface compo- 
sition in the alloy film, and (ii)  an apparent  diffusion 
constant  for copper and  bery l l ium into the film which 
is orders of magni tude  above the rate calculable from 
the indicated bulk  temperature  of the substrate. 
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The existence of a constant  surface composition al- 
loy film is the resul t  of the fact that  the sput ter ing 
yield of this gold-copper solid solution is 0.4 that  of 
pure gold and the continued ion bombardment  dur-  
ing the deposition would sputter  the pure copper and 
gold phases at rates considerably greater than the 
solid solution formed by diffusion. The reduced sput-  
ter ing yield of the m i n i m u m  mel t ing temperature  
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solid solution is consistent with the work tabulated by 
Wise (5). 

The formation of the min imum melt ing temper-  
ature solid solution requires the diffusion of copper 
into the gold film at rates comparable to the deposi- 
t ion rate of the gold onto the substrate surface. This 
observation allows an estimate of the diffusion rate of 
copper into the gold of about 2 x 10 -8 cm2/sec. This 
value is comparable to the equi l ibr ium diffusion rate 
at temperatures  of 750~ and is obviously in  disagree- 
ment  with a max imum bulk  temperature  of 400~ 

The picture is fur ther  complicated by the lesser dif- 
fusion of gold into the substrate as shown by Fig. 5 
as well as etched metallographic specimens which in-  
dicate a sharp interfacial  boundary  between the solid 
solution and the substrate. 

These contradictory observations can be rationalized 
by the existence of an extremely sharp tempera ture  
gradient  near  the surface undergoing bombardment .  
Such a gradient  has been indirect ly observed in the 
overaging of the surface layers of AT condition beryl -  
l ium-copper  and is i l lustrated in Fig. 6 as the micro- 
hardness var iat ion with depth. Electron microscopy of 
these same specimens also verifies the fact tha t  the 
thermal  history of the surface regions (~0.5~ depth) 
differs drastically from that  of the bulk  material.  The 
model thus generated provides that gold is deposited 
on a sufficiently hot surface to permit  copper diffusion 
outward at a rate which allows the formation of a 
solid solution consistent with the deposition rate. The 
counter  diffusion of gold into the substrate mater ial  
also occurs, bu t  encounters  a rapidly decreasing tem- 
perature gradient  and produces a sharp interface 
(sharp in terms of the electron microprobe resolution 
of 1~). Excess gold or copper in  the region of the free 
surface would be removed by the increased sput ter-  
ing yields of these elements. 

Implici t  in this model is the conclusion that as the 
thickness of the alloy coating is increased the tem- 
perature of the interface will  decrease unt i l  the cop- 
per diffusion rate  can no longer support  a constant  film 

composition at the free surfaces. In  these experiments  
this l imit  has not  been reached at coating thicknesses 
of 1O~. This is apparent ly  the result  of the relat ively 
low thermal  conductivi ty of the beryl l ium-copper  
(0.25). Comparable exper iments  with a pure copper 
substrate ( thermal  conductivi ty 0.91) produce copper 
concentrat ion gradients in the film at a thickness of 
~5~. 

Conclusions 
The adherence of gold deposited by ion plat ing onto 

beryl l ium-copper  is relat ively independent  of surface 
contamination.  Only in the case where gross oxidation 
exists, is adherence dependent  on removal  of the sur-  
face contaminat ion layer. 

Low porosity gold alloy films at coating thicknesses 
of less than 2~ result  when  the deposition parameters  
permit  a sufficiently high interfacial  temperature  to 
allow copper to diffuse into the coating. 

A model is presented to explain a constant  compo- 
sition alloy formed in terms of its sput ter ing yield 
and a sharp thermal  gradient  near  the substrate sur-  
face. 

Manuscript  received March 6, 1967; revised manu-  
script received May 16, 1967. This work was supported 
by the United States Atomic Energy Commission. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the June  1968 
JOURNAL. 
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Investigations of Electrocrystallization 
at Silver Electrodes 

W. Michael Krebs I and David K. Roe 

Department of Chemistry and Laboratory far Nuclear Science, 

Massachusetts Institute of Technology, Cambridge, Massachusetts 

ABSTRACT 

Electrochemical studies have been carried out on silver single crystals 
using a probe technique which permit ted areas from 1 to 30 x 10 -4 cm 2 to be 
investigated. Electrolytes were composed of acidified silver perchlorate at 
constant  ionic strength. Cyclic current -vol tage  curves, involving quanti t ies  
of silver corresponding to 0.3-15 atom layers, clearly revealed the greater  
reactivi ty of freshly deposited silver compared to the substrate. Deposition 
did not proceed in a layer- l ike  fashion, bu t  ra ther  gave rise to hemispherical ly 
shaped deposits. The phenomena associated with the anodic and cathodic 
processes under  l inear  voltage scan and potentiostatic conditions were analyzed 
successfully in terms of changes in the total deposit (active) area. 

Current  measurements  are sufficiently sensitive to 
permit  detecting the deposition or dissolution of the 
equivalent  of considerably less than  a monolayer  of 
metal. When the electrode on which deposition and 
dissolution occurs is more noble than the deposit, a 
problem arises concerning the properties of the elec- 
trode system: trace meta l /meta l  ion. Hertzfeld (1) 
first considered the possibility of variat ions in the 
thermodynamic  activity of a metal  which only par-  
t ially covers an iner t  electrode. He proposed that  
the applicabil i ty of the Nernst  equat ion could be ex- 

1Present  addres s :  Tyco Laboratories,  Inc., Waltham, Massa- 
chusetts. 

tended to part ial  monolayers by equat ing the activity 
term to the degree of coverage. 

In some contrast with this model are the findings 
of Haissinsky (2) who employed radiographic anal -  
ysis to elucidate the na tu re  of deposition onto an iner t  
(e.g., pla t inum) electrode. The nonuni form distr ibu-  
tion of metal  found immediate ly  suggested that the 
electrode surface was heterogeneous and a controll ing 
factor. 

Byrne  and Rogers (3) have considered some of the 
thermodynamic  aspects of fract ional  monolayer  and 
trace deposition. Four  ideal cases were described which 
considered both the dis t r ibut ion and populat ion of 
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energetically favorable sites on the electrode and the 
relat ive energy differences for deposition onto the 
inert  substrate and deposition onto existing deposits. 

In  three of these cases, a vary ing  n u m b e r  of sites 
on the iner t  electrode is energetical ly more favor-  
able for deposition than on the metal  of interest. As a 
result, monolayer  coverage can occur depending on 
the density of such sites. The phenomenon of "under -  
voltage" is associated with these three cases. 

In  the fourth case, however, deposition onto the 
metal  itself is sufficiently more favorable to require  
nucleat ion as a prerequisi te for deposition. Large over-  
voltages wil l  be a characteristic of this process. 

It must  be added that  situations similar  to the above 
could exist even when the electrode and deposit are of 
the same metal. The number  and type of growth sites 
would be impor tant  in  de termining  the deposition 
characteristics, but  at lower overvoltages than for in -  
ert electrodes. Fur thermore  large "undervoltages" are 
precluded. 

Berzins and Delahay (4), in their theoretical t rea t -  
ment  of the reversible deposition of an insoluble sub- 
stance, recognized the possibility of activity changes 
dur ing the early stages of deposition preceding com- 
plete coverage, bu t  neglected this complication. 
Nicholson (5), using the same assumptions and ap- 
proach, derived the corresponding anodic s t r ipping 
equation. The sudden drop to zero predicted for the 
anodic current  by the equation was contrary to the 
more gradual  decrease and tai l ing found exper imen-  
tally. In an at tempt to t reat  the anodic str ipping of 
monolayer  quanti t ies  of deposit, Nicholson assumed 
monolayer  deposition, with the activity proport ional  
to the fractional coverage. Good agreement  for silver 
on p la t inum was followed by much poorer agreement  
in the case of copper and lead. 

Al ternate  conditions which would be in accord with 
the general  characteristics of anodic str ipping curves 
include (i) alloying of the deposited metal  with the 
substrate, and (if) changes in the total active (de- 
posit) area. 

The first condit ion is of l imited applicabili ty in the 
cases of interest  for solid state diffusion is not sug- 
gested by experiment,  al though it could result  in tai l-  
ing of the type observed. 

The second al ternat ive is based, in  part, on the ob- 
servations of Haissinsky (2) and Vahramian  (6) and 
is consistent with the observations of Kaischew e~ al. 
on the nucleat ion of silver (7) and mercury  (8) on 
p la t inum cathodes. Vahramian  explained the start l ing 
lack of agreement  among the polarization curves 
which had been obtained for silver by not ing that 
cur ren t  densities were meaningfu l  only if expressed 
in  terms of the active electrode area. This lat ter  quan-  
tity was not equal to the electrode area, and moreover 
increased dur ing deposition. 

Thus, in cases where deposition commences at active 
sites, which subsequent ly  grow, profound changes in  
active area wil l  occur even when the quanti t ies in -  
volved lie in  the monolayer  range. 

In  the work to be described, the unusua l  na ture  of 
the cur ren t -poten t ia l  and current  t ime curves asso- 
ciated with the deposition and str ipping of mono-  
and polylayer equivalents  of silver on a silver sub-  
strate was analyzed and found to be a t t r ibutable  to 
the changes occurring in the deposit area. The greater 
react ivi ty of the freshly deposited silver permit ted the 
separation of the deposit and  substrate  contr ibut ion 
dur ing  stripping. Previous observations (10,11) have 
shown that  freshly deposited metals often are more 
"active" than the substrate and that  activity changes 
with t ime (12). This topic and many  others have been 
reviewed and discussed recent ly  (13). 

Experimental  
Single crystal  rods of silver 2 x 20 m m  were grown 

from 99.99 -b % pure silver wire by a modified Bridge-  
man  method. The single crystal  spheres were prepared 

Fig. 1. Electrochemical cell 

from these rods using a modification of the fusion 
technique described by Roe and Gerischer (9). This 
involved mel t ing one end of the mounted  rod in  a 
purified hydrogen atmosphere to form a clinging, 
molten droplet which, when  allowed to freeze slowly, 
resulted in a single crystal  sphere. The (111) facets 
which formed on the surface of the sphere were quite 
insensit ive to induced vibra t ion dur ing the freezing 
process even when  the per turba t ion  was severe enough 
to cause r ipp l ing  in the sur rounding  surface. 

After cooking, the crystal  was wi thdrawn into the 
ground glass jo in t  and t ransferred to the electrochem- 
ical eel1 which is  seen in  Fig. 1. This operation was 
carried out with a rapid flow of gas through the joint  
assembly to prevent  the electrode from contacting the 
air. 

The atmosphere in the cell was hel ium which had 
been purified, deoxygenated, and humidified by pas- 
sage through Anhydrone,  activated charcoal, 13X 
Linde molecular sieves at --200~ and finally, 0.1N 
silver perchlorate. 

The probe assembly seen at the bottom of the cell 
contained the electrolyte and counter  reference elec- 
trode. The probe tip had a small  orifice to permit  the 
formation and main tenance  of a nar row column of 
electrolyte between the bu lk  electrolyte contained 
wi th in  the probe and the selected area on the crystal 
sphere. The diameter  of the column was determined 
by that  of the tip orifice. Both Teflon and silver cones 
were employed as tips, the lat ter  serving also as the 
counter  reference electrode. When uti l izing Teflon 
cones, a length of pure polycrystal l ine silver wire hav-  
ing a geometric area of at least 1 cm ~ was used. 

There are several distinct advantages to using a 
probe technique rather  than at tempting to mask off 
areas. Not only is the danger  of contaminat ion  from 
the masking agent eliminated, but  also the electrode 
area/e lectrolyte  volume ratio is several orders of 
magni tude more favorable, resul t ing in a correspond- 
ing decrease in the danger  of contamination.  For the 
a r rangement  used, this ratio was at least a 2500 times 
that  for a 1 cm 2 electrode in 50 ml  of electrolyte. 

The electrolyte column was formed by positioning 
the tip to wi th in  0.3 mm of the crystal area and tap-  
ping the base of the probe. This operation was facil-  
itated by the use of a b inocular  microscope. Electro- 
lyte contact areas on the crystal  were calculated from 
the diameter  of the electrolyte column which was 
measured via a cal ibrated micrometer  eyepiece. These 
areas usual ly  ranged between 1 x 10 -4 to 3 x 10 -3 
cm 2. An a-c bridge was used to measure the:cel l  re-  
sistance. 

The electrolyte was silver perchlorate and perchloric 
acid. The former was prepared from reagent  grade 
silver nitrate,  sodium hydroxide, and perchloric acid 
by the repeated precipitat ion and  dissolution of silver 
hydroxide. The first 5-10% of the precipitate was dis- 
carded each time. After  s tandardizat ion of the final 
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solution of s i lver  perchlorate,  solutions 0.005, 0.099, 
and 0.05M in silver ion were  made up, sufficient per-  
chloric acid being added to br ing the ionic s t rength 
to 0.1. 

All  water  was doubly distil led f rom quartz. The 
final step in cleaning the glassware and cell  parts was 
s immering in perchlor ic-ni t r ic  acids for several  hours. 

A system uti l izing three  G. A. Phi lbr ick  UPA-2  
chopper stabilized operat ional  amplifiers provided  the 
l inear  voltage scans and current  amplification. A 
Kei th ley  Model 610A e lec t rometer  was employed to 
monitor  the cell  vol tage and act ivate one axis of a 
Houston Model 100 X - Y  plotter. Cur ren t - t ime  var ia -  
tions were  fol lowed on a Varian Model G-11 strip 
char t  recorder.  

Fol lowing the complet ion of a series of measure-  
ments on an electrode, it was etched in hot  dilute ni-  
tric acid, r insed well, then remel ted  to form a new 
crystal  sphere. 

Resul ts  
The (111) facets which formed on the spherical  

crystals were  roughly t r iangular  in shape, and ca. 
150 x 100~. Surrounding  each facet were  a series of 
descending concentric steps as can be seen in Fig. 2a 
and 2b. The height  and width  of the steps var ied  over  
a wide range, averaging  2~ and 10~, respectively.  No 
microsteps or i r regular i t ies  were  visible on the sur-  
face of the steps at a magnification of 1000X. 

The measurements  to be described were  all per -  
formed on these step regions. The electrochemical  be-  
havior  of the (111) facets alone wil l  be reported in a 
future  communication.  

Fol lowing cathodic and anodic polarizations, repre-  
sentat ive electrodes were  examined microscopically in 
order to de termine  the mode of deposition and disso- 
lution. Micrographs, such as in Fig. 3a, showed that  
deposition had commenced mainly  at the edges of the 
steps. More extensive deposition led to the mound or 
hemispherical ly  shaped deposits seen in Fig. 3b. In 
this case, the steps have  been all  but  obli terated by 
the deposits. In a similar  manner  anodic at tack also 
commenced at the step edges. 

Cyclic current  voltage curves  were  obtained on the 
steps util izing scan rates be tween 0.05 and 1.0 mv/sec .  

Fig. 2a, b. (111) Facet and surrounding steps. Fiducial marks - -  
100~. 

Fig. 3a, b. Cathodized steps. Fiducial marks: a ~ 10~ and 
b --~ 10(0. 

~0 0.0 

AnodJc 

o 

% 

20 mv 

Cathodic 

I I 3 / / ~~  9 mV 

Fig. 4. Cyclic current-potential curves. [Ag+]:O.05 m/1. Scan 
rate: 0.57 mv/sec (L); 0.15 mv/sec (R). Electrolyte contact area: 
2.3 x 10 - ~  cm 2 (L); 2.5 x 10 - ~  cm 2 (R). 

In all cases, the sca~s were  started f rom the rest po- 
tential, the first usual ly being in the anodic direction. 
In order to avoid significant IR drops, and to keep 
the quant i ty  of deposit to be tween  0.3 and 15 atom 
layers, the scans were  usual ly restr icted to _ 30 mv 
of the rest potential. 

Most of the cyclic cur ren t -poten t ia l  curves  obtained 
showed some degree of hysteresis which, in ex t reme 
cases, appeared as a distinct anodic peak s imilar  to 
that  in Fig. 4a. 

Throughout  this section, the fol lowing terms wil l  be 
used and are defined as follows. 

The initial anodic scan is the anodic cu r ren t -po ten-  
tial curve  obtained on deposi t - free steps. 

The re turn  anodic scan is the anodic cu r ren t -po ten-  
tial curve  obtained immedia te ly  fol lowing deposition. 

The junct ion point is that  point where  the re turn  
anodic scan joined and fol lowed the init ial  anodic 
s c a n .  

The consistent lack of hysteresis  in cyclic scans re -  
str icted to the anodic region c lear ly  demonstra ted that  
the deposited si lver was responsible for the hysteresis 
in re turn  anodic scans. The proport ional i ty  exist ing 
between the quant i ty  deposited and degree of resul t -  
ing hysteresis was established by running  a series 
of cyclic scans involving progressively greater  
amounts of deposit. Such a series is to be seen in Fig. 
4b. 

The quant i ta t ive  nature  of this dependence was es- 
tablished on integrat ing both the cathodic scans and 
subsequent  anodic peaks. In an a t tempt  to correct  for  
the simultaneous remova l  of substrate silver, the 
ini t ial  anodic scan was subtracted f rom the anodic 
peak in each case. The agreement  be tween  the two 
quantities,  of 95%, represents  the average of twenty  
determinat ions involv ing  a var ie ty  of scan rates, sil-  
ver  ion concentrations, and electrodes. 

It  was not unexpected that  the re tu rn  anodic scans 
were  strongly t ime dependent  in the region up to the 
junct ion point. Holding the potent ia l  in this region 
resulted in an exponent ia l - type  decay in the cur ren t  
to a value close to that  of the ini t ial  anodic scan at 
that  potential. Beyond the junct ion point, both the 
ini t ial  and re turn  anodic scans exhibi ted only a slight 
t ime dependence, which appeared as a ve ry  slow in- 
crease in the cur ren t  when the scan was halted. An 
addit ional  characterist ic of the junct ion point was that  
the ent ire  current  potent ial  curve  could usual ly be re-  
produced after, but  not before, it had been passed. 

The anodic behavior  of the cathodized steps was in-  
vest igated potentiostat ical ly by depositing a de ter -  
minable  quant i ty  of s i lver  v ia  a l inear  vol tage scan, 
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Fig. 5. Potentiostatic stripping of deposit. [Ag + ]  = 0.05 m/1. 
Electrolyte contact area: 1.5 x 10 - 4  cm 2. 

Anodic Amount Quantity 
Curve overvoltage, my of deposit, ~ coulomb removed, ~ coulomb 

! 4.5 0.143 0.142 
2 3.3 0.155 0.084 
3 7.5 0.128 0.207 
5 4.0 0.145 0.041 
6 7.5 0.135 0.196 

adjust ing the applied voltage to an anodic value with 
the cell out of circuit, then  recording the cur ren t - t ime  
variat ions after switching the cell into circuit. A pre-  
l iminary  cur ren t -poten t ia l  curve was run  on all elec- 
trodes as a check for satisfactory str ipping behavior  
and to determine the ini t ia l  anodic scan for purposes 
of correcting for the substrate contribution.  The anodic 
overvoltage is defined as the difference between the 
open circuit potential  immediate ly  following deposi- 
tion and the str ipping potential. 

In ant icipat ion of diffusion control, the cur ren t - t ime  
data were replotted in the form i vs. 1/V't. A typical 
series of plots obtained on one electrode can be seen 
in Fig. 5. The curves showed ini t ia l  l inear i ty  which 
when extrapolated intersected the 1/X/u axis, as is ex-  
pected for the complete removal  of a labile deposit. 
Depending on the str ipping potential  with respect to 
the pre l iminary  ini t ial  anodic scan, the plots either in-  
tersected the time axis or levelled off to a steady state. 
The lat ter  s i tuat ion occurred when  the s tr ipping po- 
tential  lay wi th in  the ini t ia l  anodic scan, s ignifying 
the simultaneous removal  of substrate silver. 

The effect of decreasing the silver ion concentrat ion 
was to increase the over-al l  l inear i ty  of the plots. All 
the other features remained the same. I t  is interest ing 
to note that  the degree of removal  of the deposited 
silver was not normal ly  quant i ta t ive  under  poten-  
tiostatic conditions, but  was strongly dependent  on the 
anodic overvoltage. 

The deposition process was also investigated under  
potentiostatic conditions. P re l imina ry  current -vol tage  
curves were obtained on all electrodes in order to in-  
sure that  the silver deposited dur ing  a series of cath- 
odizations could be stripped off after each, thus min-  
imizing history effects which would have otherwise 
resulted due to the accumulat ion of deposit. 

Again, in ant icipat ion of diffusion control, the data 
were plotted in the form i vs. 1 ~ .  Although similar 
to the anodic s tr ipping plots, these differed in  that  the 
extrapolated ini t ia l  l inear  portions intersected the 
current  axis, and, in  several instances, the cur ren t  
increased after having leveled off. In  Fig. 6 is shown 
a typical series of plots obtained on one electrode. 

Discussion 
The near  quant i ta t ive  agreement  between the 

amount  of silver deposited and the amount  repre-  
sented by the subsequent  anodic peak, in conjunct ion 
with the cathodic position of this peak relat ive to the 
ini t ial  anodic scan, was interpreted to mean that  the 
deposited silver was more reactive than  the substrate. 

Io 
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Fig. 6. Patentiastatlc deposition on one electrode. [Ag +]  = 
0.05 m/1. Electrolyte contact area = 1.9 x 10 - 4  cm ~. 

Quantity Cathodic 
No. deposited, /~ coulomb overvoltage, my 

1 0.15 2.1 
2 0.40 3.9 
3 0.36 5.1 
4 1.65 6.6 
5 1.37 5.1 

It is interest ing to note, in this connection, that  a sim- 
i lar observation concerning the greater reactivity of 
freshly deposited silver at silver cathodes has been 
reported by Mamantov (10). 

In  spite of the over-al l  var iabi l i ty  found in the cur-  
rent  potential  curves obtained on different electrodes, 
and even on different portions of the same electrode, 
the fact that  the behavior  of specific areas could be 
reproduced on re tu rn ing  to them strongly suggests 
that  the  source of the var iabi l i ty  existed in the elec- 
trode surface itself, i.e., type and density of growth 
sites, and was not due to some external  factors. 

Despite the fact that  the system was not  the op- 
t imum for s tr ipping analysis studies, it did have the 
advantage that  deposition occurred in a fair ly regular  
pa t te rn  yielding deposits whose shape could be closely 
approximated by hemispheres. 

Insofar as the quanti t ies of silver involved ranged 
below a monolayer,  and the substrate could be con- 
sidered inert,  the si tuation was analogous to that 
t reated by Nicholson (5). However, s i nce ' t he re  was 
no question that the deposit area changed greatly dur -  
ing the course of deposition and stripping, it appeared 
more than l ikely that  the electrochemical phenomena 
accompanying the above processes reflected these area 
changes. The model chosen was that  of a polyelectrode 
of changing area. 

In  the derivations of the equat ions for the reversible 
str ipping under  potentiostatic and l inear  scan condi- 
tions which are presented in Appendix 1, it was neces- 
sary to make several assumptions either because of a 
lack of the necessary informat ion  or to main ta in  the 
simplicity of approach. 

(i) Al l  deposits were assumed hemispherical  and of 
equal size. 

(ii) The activity of the deposits was constant. The 
observed dependance of the str ipping efficiency on the 
anodic overvoltage under  potentiostatic conditions 
does, however, imply variat ions in the reactivi ty of 
the deposits. Since the source of such a variat ion is 
not know, no provision for it has been made in  the 
derivation. 

(iii) The electrolyte is considered to be completely 
homogeneous at the start  of the stripping. This is not 
strictly t rue since str ipping immediate ly  followed 
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deposition. However ,  the reproducibi l i ty  of mul t ip le  
cyclic scans and the small  quanti t ies  o f s i l v e r  involved  
re la t ive  to the amount  present  in the electrolyte  col-  
umn alone, indicated that  any composit ional  inhomo-  
geneities at the electrode surface w e r e  of minor  im-  
portance. 

(iv) Conditions for  semi-infini te l inear  diffusion ex-  
isted. A calculat ion of the integral  thickness of the 
Nernst  diffusion layer  for the worst  case yielded a 
value considerably less than  the average  length of 
the electrolyte  column. 

Diffusion to a single hemisphere  is, of course, hemis-  
pherical  ra ther  than linear. In a si tuation such as the 
present, involv ing  many  hemispheres,  the l inear  ap-  
proximat ion  wil l  improve  as the degree of over lap 
of the individual  diffusion layers increases. F rom the 
quant i ty  of deposit and number  of deposits used in 
the calculations, the distance be tween  deposits was 
calculated, assuming uni form size and distribution. 
This distance was of the order of one deposit radius. 
Thus for low scan rates, the l inear  approximat ion  
probably was not too bad. In  any event, the complex-  
i ty of_ the nonl inear  diffusion equat ions associated wi th  
hemispher ical  diffusion also prompted  the approx-  
imate  t reatment .  

(v) It  was assumed that  t rue potent ia l  control  ex-  
ists. Al though the IR drop was considerable in some 
cases due to the high cell  resistance, only those data 
have  been analyzed in which the m a x i m u m  IR drop 
was under  0.5 mv. 

It  should be added that  no provision has been made 
for s imultaneous substrate remova l  dur ing stripping. 
Any contr ibut ion was subtracted f rom the exper i -  
menta l  curves before compar ing them wi th  those cal-  
culated. 

The der ived equat ion for the l inear scan str ipping 
of s i lver  is 

i = -- 3F~C~ 1/3 (~D) linG{fit} 

f i l l  ~1/2 ; 

where  
G{~t} ----- e x p ( f t )  erf  [ (fit) 1/2] 

[1] 

at. wt  
M - -  - -  

F8 

Qc = quant i ty  of deposit at t = 0 

N, the number  of hemispheres,  is the only adjustable  
parameter  in the equation.  The resemblance be tween  
this equat ion and the anodic form of Berzins and 
Delahay 's  Eq. [5] becomes apparent  if one notes that  
the squared quant i ty  wi th in  the major  parenthesis  is 
proport ional  to the total  deposit or act ive electrode 
area. At low scan rates (ca. 1 mv/sec )  the calculated 
plots tend to rise fast and decay more slowly whereas  
the reverse  is t rue at faster scan rates (ca. 30 m v /  
sec). At the scan rates employed exper imenta l ly ,  in-  
creasing N for a given Qc tended to sharpen the peaks. 
In making the exper imenta l -ca lcu la ted  comparisons, 
the value of N chosen was that  requi red  for the best 
fit. Four  typical  comparisons can be seen in Fig. 7. 

The der ivat ion for the potentiostatic case was simi-  
lar  (Appendix  1) yie lding the fol lowing equat ion 

3FD 1/2 7N il3 C ~ [exp (~b~l) - -  1] 

( ~ : t )  1t2 

[2] 
{ 2FD1/27N1/3C~162 } 2 

X Qc 113 
~1/2 

where  -y and Qc are defined as before. 
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Fig. 7. Comparisons of experimental and calculated curves for 
the linear scan stripping of deposit. Calculated curves:-- Value of 
N used indicated. 

Amount Scan  Electrolyte 
of deposit, rate, contact area, 

Plot /~ coulomb mv/sec cm 2 [Ag + ], m/I 

Top L 9.0 0.57 3.0 x 10 _3 0.05 
Top R 1.01 1.0 3.0 x i0 -3  0.05 
Bottom L 12.9 0.57 2.2 x 10 -3  0.05 
Bottom R 9.23 0.10 3.0 x 10 -~  0.05 

N was again the only adjustable  parameter  and the 
squared quant i ty  within the major  parenthesis  was 
proport ional  to the total  deposit area. The calculated 
i vs. 1/~/t  plots were  s t r ikingly similar to the exper i -  
menta l  curves showing init ial  l inear i ty  which gave 
way to curva ture  at longer times, fol lowed by in ter -  
section of the t ime axis. 

Decreasing the concentrat ion of the e lec t ro-act ive  
species served to increase the over -a l l  l inear i ty  of the 
plots, as had been observed exper imenta l ly .  Before 
comparing the exper imenta l  and calculated curves, the 
substrate contr ibut ion was accounted for, when  neces- 
sary, by subtract ing the steady state current  value 
f rom the curves. The amount  of si lver remaining  was 
used for Qc. N was chosen on the basis of best fit. 
Three  typical  comparisons can be seen in Fig. 8. 

The mathemat ica l  t rea tment  of the corresponding 
cathodic case for  ei ther  l inear  scan or potentiostatic 
conditions proved to be far  more complex than for the 
anodic str ipping case. Consequently,  a finite difference 
method had to be adopted. The Cottrel l  equat ion and 
the Berzins and Delahay equat ion (4) were  employed 
after  first substi tut ing for the constant area t e rm a 
time dependent  expression. The two modified equa-  
tions are 

FA(t)D1/2 C ~ 
i ( t  § At) [1 - -  exp( - - r  ] [3] 

(~t) 112 

for the potentiostatic case, and 

2 ( n F ~  1/2 

nFC~ A ( t ) Y [  (~t) 1/2] [4] 

for l inear  scan deposition. 
Where  

A ( t )  = 2~ [ 3MQ(t) ] 2/3 
2~F8 
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Fig. 8. Comparisons of experimental and calculated curves for 
the potentiostatic stripping of deposit. Experimental points: O -  
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Fig. 9. Comparisons of experimental and calculated curves for a 
series of potentiostatic depositions. Experimental points: O Elec- 
trolyte contact area = 1.2 x 10-Zcm 2. 

Amount 
of deposit, Anodic 

Plot ~ coulomb overvoltage, my N [Ag + ] ,  m/I 

Top 0.159 5.0 105 0.05 
Middle 0.544 10.0 106 0.005 
Bottom 0.157 5.0 5 x 104 0.05 

a n d  

Q(t) = Qi + At ~ i(0.005 + nAt) 
n = o  

f c~t) 1/2 e x p  ( z ) d z  
Y [  (~t)  1/2 ]  = e x p ( - - ~ t )  

o z l / 2  

t = 0.005 + n At sec 

T h e  t r e a t m e n t  c o n t a i n s  a l l  t h e  a s s u m p t i o n s  p r e s e n t  
i n  t h e  d e r i v a t i o n  of t h e  o r i g i n a l  e q u a t i o n ,  i.e. s e m i -  
in f in i t e  l i n e a r  d i f fus ion ,  c o n s t a n t  depos i t  ac t iv i ty ,  p lu s  
a h e m i s p h e r i c a l  s h a p e  f o r  t h e  depos i t s .  T h e  e q u a t i o n s  
w e r e  se t  u p  fo r  a s ing le  depos i t .  

B e c a u s e  t h i s  t y p e  of  c a l c u l a t i o n  h a s  to  b e  s t a r t e d  
a t  some  t i m e  g r e a t e r  t h a n  t ---- 0, t h i s  w a s  c h o s e n  to  
b e  0.005 sec a t  w h i c h  t i m e  t h e  depos i t  c o n t a i n s  Qi 
c o u l o m b  of s i lver .  C o n s e q u e n t l y ,  s e v e r a l  v a l u e s  of 
Qi w e r e  u s e d  i n  e a c h  se r i e s  of c a l c u l a t i o n s .  T h e  t i m e  
i n t e r v a l  c h o s e n  w a s  0.01 sec. As  c a n  b e  s e e n  f r o m  t h e  
e q u a t i o n s ,  t h e  a r e a  u s e d  in  c a l c u l a t i n g  t h e  c u r r e n t  a t  
t i m e  t + 0.01 sec is t h a t  b a s e d  on  t h e  a m o u n t  of s i l v e r  
d e p o s i t e d  u p  t o  t i m e  t. 

Due  to t h e  l e n g t h y ,  r e p e t i t i v e  n a t u r e  of t h e  c o m p u -  
t a t i o n s  t h e  p r o c e d u r e  w a s  p r o g r a m m e d  fo r  a n  I B M  
7044 c o m p u t e r .  

I n  c o m p a r i n g  t h e  e x p e r i m e n t a l  c u r v e s  w i t h  t h o s e  
ca l cu l a t ed ,  t h e  v a l u e  of Qi c h o s e n  f o r  t h e  l a t t e r  w a s  
b a s e d  o n  t h e  b e s t  c u r v e  shape .  T h e  v a l u e  of N u s e d  
was  c h o s e n  to g ive  t h e  c o r r e c t  c u r r e n t  r a n g e .  Qi a n d  N 
w e r e  n o t  c o m p l e t e l y  i n d e p e n d e n t  p a r a m e t e r s .  

I n  g e n e r a l ,  a l a r g e r  v a l u e  of Qi w a s  r e q u i r e d  in  t h e  
p o t e n t i o s t a t i c  case  t h a n  f o r  l i n e a r  s c a n  depos i t i on .  T h i s  
was  e x p e c t e d  s ince  a t  t h e  l ow  s w e e p  r a t e s  used ,  m o r e  
s i l v e r  h a d  b e e n  d e p o s i t e d  d u r i n g  t h e  f i rs t  0.005 sec 
u n d e r  p o t e n t i o s t a t i c  cond i t i ons .  T h r o u g h  t h e  e q u a t i o n  
r e l a t i n g  t h e  a r e a  a t  a n y  t i m e  w i t h  t h e  q u a n t i t y  of 
s i lver ,  t h e  ac t ive  e l e c t r o d e  a r e a  c a n  b e  c a l c u l a t e d  a n d  
c o m p a r e d  w i t h  t h e  t o t a l  a r e a  c o n t a c t e d  b y  e l ec t ro ly t e .  
F o r  a t y p i c a l  case  i n v o l v i n g  a n  e l e c t r o l y t e  c o n t a c t  
a r e a  of 10 -3  c m  2, one  m i c r o c o u l o m b  of  depos i t ,  a n d  

Cathodic Qi 
Plot overvoltage, mv coulomb N 

Top L 5.1 10 - 1 ~  9 x l 0 5  

Top R 3.0 10 -z3 8 x105 
Bottom L 5.1 10 -12 5.5 x 10 ~ 
Bottom R 7.0 10 -12 4.2x 105 

106 s i tes  t h e  depos i t  a r e a  w o u l d  b e  ca. 8 x 10 -5  c m  2 
w h i c h  is 8% of t h e  t o t a l  a rea .  

T h e  s h a p e  of t h e  c a l c u l a t e d  i vs. 1 / k / { ' p l o t s  a g r e e d  
v e r y  w e l l  w i t h  t h e  e x p e r i m e n t a l  cu rves .  U n d e r  p r o p e r  
cond i t i ons ,  t h e  c a l c u l a t e d  c u r r e n t  i n c r e a s e d  a f t e r  h a v -  
i ng  d e c r e a s e d  as h a d  b e e n  n o t e d  e x p e r i m e n t a l l y .  I t  is  
i n t e r e s t i n g  to  n o t e  t h a t  in  c o m p a r i n g  a se r ies  of p o -  
t e n t i o s t a t i c  d e p o s i t i o n s  c a r r i e d  o u t  o n  t h e  s a m e  e l e c -  
t rode ,  t h e  v a l u e  of Qi r e q u i r e d  fo r  b e s t  fit  t e n d e d  to 
i nc r ea se ,  i n d i c a t i n g  t h a t  some  d e p o s i t e d  s i l v e r  r e -  
m a i n e d  a f t e r  t h e  a n o d i c  s t r i p p i n g  w h i c h  f o l l o w e d  e a c h  
c a t h o d i z a t i o n .  A t y p i c a l  se t  of c o m p a r i s o n s  is p r e -  
s e n t e d  in  Fig.  9. 

S i m i l a r  a g r e e m e n t  w a s  f o u n d  fo r  t h e  l i n e a r  s c a n  d e -  
pos i t i on  of s i lver .  A se r i e s  of c o m p a r i s o n s  c a n  b e  s e e n  
in Fig. i0. 

It is of interest to speculate on the possible reason 
for the greater lability of the freshly deposited silver. 
In this regard it should be noted that the deposits on 
the steps were not well defined, as were those formed 
on the facets, but rather were mound-like. The degree 
of removal of the deposited silver, via linear voltage 
scan, could be reduced by 10-20% by holding the cell 
at open circuit for 5-10 min before stripping. Further- 
more, the epitaxial deposits formed on the (IIi) facet 
(see Fig. 3b) were not preferentially removed under 
conditions of anodic polarization, nor did they yield 
the characteristic stripping behavior of the stepped 
regions. These observations suggest that the greater 
lability of the deposits on the steps is crystallographic 
in origin but there is no direct information as to why 
there is a difference. Possible reasons are differences 
in growth sites (dislocations) or differences in the 
(apparently) major deposition mechanism. The de- 
creased stripping efficiency with time is readily inter- 
preted as due to a recrystallization process. This proc- 
ess arises through the exchange current with silver 
ions as well as by surface migration of atoms; the 
former path is considered to be more probable in this 
case because of the high value of the exchange cur- 
rent, although strong evidence (12) has been collected 
for surface diffusion in the case of copper electrodes. 
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APPENDIX 1 
A. Derivation of Equations ]or Linear Scan Stripping 
Solving Fick's Law for l inear  diffusion 

OC(x, t) 02C(x, t) 
- -  D [ A - l ]  

0t 8X 2 

using the following ini t ia l  and boundary  conditions 

C(o, t) : C ~ exp (fit), C(x,  o) = C ~ 
and  C ( x , t )  = C  ~ x--> oo 

where 
nFv 

8---- 
R T  

results in  
m v  m v  

Fig. 10. Comparisons of experimental and calculated curves for 
linear scan deposition. Experimental points: Q [Ag +] = 0.05 
m/1. 

S c a n  Electrolyte 
rate, contact area, Q+ 

Plot my/sac cm 2 coulomb N 

TopL 0.572 3 x l 0  -4  10 -13 3.5x 10 s 
TopR 0.572 * 3.7x10 -3  10 -z4 1.3x107 
Bottom L 1.0 1.0 x 10-4 10-14 1.3 x 10 e 
Bottom R 1.0 1.0 x 10 -4  10 -z4 1.2 x 106 

Conclusions 
Confirmation of Mamantov 's  (1O) observation re-  

garding the greater reactivi ty of freshly deposited 
silver has been obtained. Of far greater importance 
is the fact that the phenomena associated with the de- 
position and str ipping of the equivalent  of sub- and 
polyatomic layers of silver on silver can be at t r ibuted 
to changes in the deposit area alone. The system used 
is par t icular ly  well  suited to such a s tudy because of 
the regular  na ture  of the deposits formed. It  would 
be of great interest  to apply the model to the case of 
silver deposition and str ipping at p la t inum electrodes. 
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co [ i x  
= exp(fit) e x p [ x ( f / D )  1/2] erfc 2(Dt)  1/2 C(x, t) 2 

X 
+ ( f t ) l / 2 ] ] + e x p [ - - x ( f l / D ) Z / 2 ]  [ e r f c [ ' 2 ( D t ) l / ~  

- -  (ft) 1/2 + C ~ erf 2 (Dr) z/2 

Differentiating [A-2] and setting x = 0 yields 

( d C ( x , t ) )  C ~  t]2 
dx ~ = 0 -  - - D  1/2 exp (ft)  err [ (fit)1/2] 

[A-3] 

The relationship between the flux at the electrode 
surface (" dC(x' t) 

and the change in deposit area with quant i ty  of silver 
as a funct ion of t ime is derived as follows. All  pr imed 
quantit ies refer to a single deposit. 

For  the Hemisphere Model 
2~r'3 

V' ( t )  = MQ'( t )  = 
3 

where 
Atomic weight 

M =  
Fp 

A' (t) = 2~r '2 

Subst i tut ing and rear ranging  yields 

(3M 
A' ( t )  = 2~ \ - ~ - ]  Q'(t)  2/3 [A-4] 

For N deposits, [A-4] becomes 
A (t) = NA'  (t) = ~N 1/3 Q (t) 2/3 [A-5] 

where 
= 2 ~ (  3M" ~ 2/3 

Since 

D dx  z=o dt FA (t) [A-6] 

By subst i tut ing [A-5] into [A-6] and differentiating, 
one obtains 

( dC(x, t )  ) ~ Q( t ) -2 /3  dQ [A-7] 

dx x=o 3FD.tN 1/3 dt 

To obtain the current -vol tage  relat ionship for the 
hemisphere model, Eq. [A-3] is equated to [A-7] 
yielding 

Q (t) --2/3 dQ ~- --3 FD 1/2 ~N 1/3 fi/2C~ 
exp (f t)  erf [( f t ) I /2]dt  [A-8] 

Upon integrat ing both sides, from Qc at t = 0 to Q (t) 
at t -- t, the following equation is obtained 

Q (t) -~ [ Qc z/3 - -  FD 1/2 ~N ~/3 C~ 

{ exp( f l t )  erf[(f l t) l /2] 2(fit) l ~ 2 } ]  3 ~ 1 / 2  [A-9] 
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where  

Qc = the init ial  quant i ty  of deposit present.  

Noting that  i ( t )  = d Q ( t ) / d t ,  Eq. [A-9] is dif- 
ferent ia ted  with  respect  to t ime to give 
i = -  3FTC~ 1/3 (flD) 1/2 exp (fit) err  [(fit) 1/2] 

t Qcl/3 _ FTC, ON1/3 fl-1/2 D1/2 

[ ]}9_ exp (r err [(r  ~/2] 2(r [A-10] 
~1/2 

B. Derivat ion  of Equat ions  for  Potentio.static S t r ipp ing  

Solving Fick's law for  l inear  diffusion [A-1] for the 
fol lowing boundary and init ial  conditions 

C(o, t )  = C ~ exp (r C(x ,o )  = C ~ and C ( x , t )  = C ~ 
X"> oO 

one obtains 

C(x , t )  = C~ [exp (r - -  l] erfc [ x ] 
2( f i t )~/2 + C~ 

[A-11] 

Differentiat ing [A-11] wi th  respect to x and setting 

x----0 
( d C ( x , t ) )  C~ -- exp (r 

dx  x = 0  (~Dt) 1/2 [A-12] 

The cur ren t - t ime  relat ionship for the hemisphere  
model  is obtained by equat ing [A-12] and [A-7] thus 
yielding 

3FTD1/2 N1/3C~ 
Q ( t ) - 2 / 8  dQ ---- [1 --  exp (r dt 

(~t) 1/2 
[A-13] 

Integrat ing both sides of [A-13] f rom Qc at t --  0 to 
Q (t) at t = t 

2FD1/2 7N1/3C~ 
Q( t )  = Qc 1/3 - 

~1/2 

[exp (~n) --  1] t ~/z [A-14] 

Differentiat ing [A-14] wi th  respect  to t yields the 
current  

3FD1/2 ~/N1/3C ~ 
i : [exp (r - -  1] 

(~t) 1/2 

2FD1/2 vN1/3C~ t 2 
Qc 1/3 --  [exp (~n) --1 ) t  1/2 [A-15] 

~1/2 

A ppen~Iix 2 

L is t  of S y m b o l s  Used 
A Area  cm 2 
C ~ Bulk si lver ion concentrat ion moles /cm a 
D Diffusion coefficient for si lver ion taken as 1.6 x 

10-5 cm2/sec 
F Faraday  constant 
M Atomic weight  of s i lver /Fp = 10 -4 cmS/coulomb 
N Number  of hemispheres  
Qc Quant i ty  of si lver deposit  removed,  coulomb 
Qi Quant i ty  of si lver in a single hemisphere  at t ---- 

0.005 sec 
t Time, sec 
v Scan rate  vol t / sec  

n F v / R T  
~, 2~ (3M/2~) 2/~ 
n Overvol tage  
p Density g / c m  3 
r n F / R T  

Hydrodimerization of Acrylonitrile 
Y. Arad, M. Levy, I. R. Miller, and D. Vofsi 

Plastics Research Laboratory ,  The W e i z m a n n  Ins t i tu te  of  Science,  Rehovo th ,  Israel 

ABSTRACT 

The reduction of acryloni t r i le  by electrolysis and by reaction with  alkali  
metal  amalgams was studied in acid and in neutra l  media. It was shown that  
the adiponitr i le  yield increases with the concentrat ion of the acid. This was 
explained by assuming protonat ion of acryloni t r i le  by the acid, fol lowed by 
interact ion with  the alkali  metal  and dimerizat ion of the free radicals formed. 
In neut ra l  media it was shown that  te t raa lkyl  ammonium salts have a specific 
solvating effect on the reactants. Contrary  to previous views it was proved 
that  high adiponitr i le  yields can be obtained not only by electrolysis in the 
absence of alkali  meta l  ions but  also by reduct ion wi th  alkali  meta l  amalgams. 

The hydrodimerizat ion of acryloni tr i le  (AN) by di-  
rect electrolysis or by alkali  meta l  amalgams has been 
the subject  of many investigations, due to the impor-  
tance of the hydrodimer,  adiponitr i le  (ADN),  as an 
in termedia te  in the manufac ture  of Nylon 66. The 
p r imary  reactions of electron t ransfer  and interac-  
tion of the anions or radical  ions formed are of funda-  
menta l  interest  and are not  yet  wel l  understood. Nu-  
merous patents have  dealt  wi th  the reduct ion by alkali  
meta l  amalgams. Knunyants  et al. (1) and Katchalsky 
et al. (2) have carr ied out the reaction in strongly acid 
media. They claim re la t ive ly  high yields of ADN to- 
gether  wi th  minor  quanti t ies of propionitr i le  (PN).  
The disadvantage of the method is that  a large port ion 
of the alkali  meta l  is wasted on react ion with  the acid 
to give off hydrogen, instead of react ing with  the AN. 
More recently,  Baizer (3a) developed a direct elec- 
trolytic method which has at t racted a lot of at tent ion 
and has achieved commercia l  realization. The method 
is based on the finding that  qua te rnary  ammonium 
salts can dissolve high concentrat ions of AN and yield 

on electrolysis mainly  ADN without  any losses on side 
products such as PN or hydrogen.  In a series of articles 
published by Baizer  (3) he discusses the various 
problems involved in the electrolytic hydrodimer iza-  
t ion of both acryloni t r i le  and other  v inyl  derivatives.  
In comparing the electrolytic and amalgam reductions, 
he ar r ived  at a conclusion that  electrolysis in the pres-  
ence of alkali  meta l  ions is mere ly  in s i tu  amalgam re-  
duction. On electrolysis in neut ra l  solution in the 
presence of alkali  meta l  ions he obtained a low yield 
of ADN and a high yield of PN whi le  in the presence 
of qua te rnary  ammonium salts his product  consisted 
main ly  of ADN. He therefore  concluded that  it is 
necessary to avoid any use of amalgams or alkali  meta l  
ions and restr ic ted his work  to electrolysis in the pres-  
ence of qua te rnary  ammonium salts. 

In the course of our studies of both the amalgam 
and the electrolytic reactions we have shown that  al-  
though Baizer 's  conclusions were  logical when based 
on his exper imenta l  data, addit ional  data prove that  
the presence of alkali  metals  is not  the cause for PN 
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formation.  High yields of ADN can be obtained even 
wi th  amalgam reductions, in neutra l  solutions, pro- 
vided a sui table react ion med ium is chosen. 

Af ter  this work  was completed,  Matsuda (11) pub-  
lished a note proving that  AN can be dimerized by 
alkali  amalgams provided a proper  solvent  is used. 
His findings are in full  agreement  wi th  our data and 
in contradict ion with  Baizer 's  interpretat ion.  

In this work  we have  carr ied out a polarographic 
study of AN reduct ion to c lar i fy  some of the problems 
involved in the hydrodimerizat ion.  We then studied 
the reduct ion of AN in HC1 solution by alkali  meta l  
amalgam, fol lowing the work  of Knunyants  and others, 
and compared  the reduct ion react ion by direct elec- 
trolysis and by amalgam in neut ra l  media. F rom these 
results  in conjunct ion wi th  Baizer 's  exper iments  we 
ar r ived  at our conclusions. 

Exper imenta l  and  Results 

Polarography in neutral so~ution.--All the polaro-  
graphic measurements  were  carr ied out on a Met rohm 
Polarecord E261R polarograph.  The support ing elec-  
t ro lyte  was t e t r ame thy lammonium bromide (TMABr) .  

The reduct ion of AN was studied in aqueous solution 
in the concentrat ion range of 10-3M to 1M. The ex-  
per iments  carr ied out at high concentrat ions did not 
give well-defined polarograms and were  very  i r repro-  
ducible. We therefore  l imited our studies to concentra-  
tions of AN up to 2 x 10-1M. The half  wave  potent ial  
E1/~ is between --1.95 and --2.02v. The number  of elec-  
trons involved  in the reduction was calculated and 
found to be n=1.84. The value reported by Pla tonova 
(4) is 1.6, while Sevas tyanova and Tomi lov  (5) found 
n=2.32. Lazarov et al. (6) calculated from polaro-  
graphic and galvanometr ic  measurements ,  n = 2 .  It  
seems therefore,  justified to conclude that  the reduc-  
t ion involves  a two electron t ransfer  process. 

Polarography in acid solution.--Most polarographic 
studies in acid pH's are carr ied  out in buffer systems 
or in the presence of phenol, benzoic acid, and such 
proton donors which do not give hydrogen discharge 
waves in the range of the reduction wave  of the in-  
vest igated compound. As we had special interest  in hy-  
drodimerizat ion in the presence of HC1 we decided to 
carry  out our polarographic measurements  also in the 
presence of HC1. The acid itself gives a wave  for 
hydrogen discharge at E1/2 = 1.6v. When a solution 
of both HC1 and AN is analyzed it is possible to ob- 
ta in two waves provided the acid concentrat ion is low. 
The first coincides exact ly  wi th  the hydrogen wave  
and the diffusion current  equals the diffusion of HC1 
itself and the second is the AN reduct ion wave.  The 
total  diffusion cur ren t  is equal  to the cur ren t  of AN. 
However ,  when  one works  at a constant AN concen-  

s o  I , , , , , , 

70~  CAN �9 5 xlO -3 roll 

6O 

5xlO -3 HCI 
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Fig. 1. Polarographic waves of AN with increasing concentra- 
tions of HCI. 
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t ra t ion and increases gradual ly  the acid content  the 
hydrogen wave  increases unti l  it reaches the height  of 
the AN diffusion cur ren t  and then only one wave  is 
observed. This is demonst ra ted  in Fig. 1. The measured 
drop t ime was t = 3  sec, and the rate  of mercury  flow 
was m=2.55 mg/sec.  The height  of the mercury  res- 
ervoir  was 55 cm. In order  to de termine  the ratio of 
HC1/AN where  a single wave  appears, we carr ied out 
a series of exper iments  where,  for every  AN concen- 
tration, the HC1 concentrat ion was gradual ly  increased. 
By interpolat ion we found in every  case the acid con- 
centrat ion where  a single wave  appears and plotted 
this HC1 concentrat ion against  the corresponding AN 
concentrat ion (Fig. 2). The slope of the l ine gives 
(HC1) / (AN)  = 0.65, the average exper imenta l  value 
for the appearance of a single wave. The presence of 
KC1 does not in ter fere  wi th  the single wave  of A N /  
HC1 and the K wave  appears at more negat ive  values 
of --2.2v. 

In the presence of acid the over -a l l  cathode react ion 
may be wr i t ten  as 

AN Jr nH+ Jr ne-> ANHn 

Taking the values for diffusion constants of AN, 
DAN = 8.2 X 10 - 6  cm2/sec (4) and of H +, D H  + ~ 9.3 x 
10 -5 cm2/sec, one can calculate the number  of elec- 
trons involved in the reduct ion step. When the ratio of 
concentrat ion HC1/AN=0.65 the diffusion currents  for 
AN and HC1 may  be considered equal  and therefore  

nANCANDAN 1/2 = n H  Jr CI-I Jr D H  + I / ~  

hence 
nAN = 2.2 

This number  depends of course, on the values of the 
diffusion constants used and could therefore  vary  
slightly. It  shows, however ,  that  the reduct ion under  
these conditions involves two electrons and two pro-  
tons and should lead to PN exclusively.  This point wil l  
be fur ther  e laborated in the Discussion. 

Amalgam reduction in acid solut ions.--Knunyants 
et al. (1) and Katchalsky et al. (2) have  carr ied out 
K - a m a l g a m  reductions of AN dissolved in 10-20% 
HC1. They claimed ADN yields of 60-80% and PN 
yields of about 10%, based on the amount  of AN con- 
sumed in the reaction. We have  repeated  their  exper i -  
ments  in order  to get a quant i ta t ive  correlat ion be-  
tween the HC1 and AN concentrat ions in the react ing 
mix ture  on the one hand and the yields of ADN, PN, 
and H2 on the other. 

The exper iments  were  carr ied out in the fol lowing 
way: The react ion flask, described in Fig. 3, con- 
sisted of a glass tube, 20 cm long, provided wi th  a 
cooling jacket, a supply of amalgam through a capil-  
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Fig. 4. Per cent yields of H~, PN, and ADN calculated on the 
basis of reacted potassium metal. 

Fig. 3. Reaction flask for amalgam reduction in acid media 

lary at the top of the tube, a nar row syphon at the 
bottom for the outflow of the depleted amalgam, two 
stopcocks for int roduct ion of the solution and recovery 
of the products, and  a gas bure t  for measur ing  the 
hydrogen evolved. In every exper iment  15 cc of a 5% 
AN solution were used (experiments  with 2 and 10% 
AN were also carried out) .  The amalgam was freshly 
prepared by electrolysis of KOH, and was kept under  
a layer of toluene unt i l  used. The concentrat ion of 
the alkali  metal  was 4-9 m moles/100 g amalgam. The 
hydrogen evolved ensured proper mixing  of the reac- 
tion mixture.  The tempera ture  was kept at 5~ At 
the end of the reaction the K concentrat ion in the de- 
pleted amalgam was determined by titration. The 
reaction mix ture  was diluted wi th  water, made 
strongly alkal ine with KOH, a weighed amount  of 
butyroni t r i le  was added as in te rna l  marker ,  and the 
organic components were extracted with methylene  
chloride. The products were analyzed by gas chroma- 
tography on a polyester resin as s tat ionary phase. 
In  every exper iment  the per cent conversion was kept 
low (under  30%) in order to avoid the interference 
of large quanti t ies of alkali  chloride precipi tat ing 
dur ing the reaction. The calculated yields refer to 
cyano group equivalents  and are based on the potas- 
s ium metal  consumed. The results of experiments  for 
5% AN in HC1 solution of concentrat ions ranging from 
1 to 20%, are presented in Fig. 4. As could be expected 
the amount  of hydrogen evolved increases with the 
HC1 concentrat ion while the PN decreases. The in te r -  
est ing fact is that  ADN increases with the increase in 
HC1 concentration,  and considering the decrease in 
PN, it amounts  to an increase in  the ADN/PN ratio 
roughly proport ional  to the square of the HC1 concen- 
tration. This accounts for the fact that  prior to Baizer's 
work the hydrodimerizat ion was carried out prefer-  
ent ial ly  at high HC1 concentrat ion in  spite of the large 
losses in  alkali  metal  reacting with the acid. The effect 
of the na ture  of the alkali  metal  was studied by react-  
ing K, Na, and Li amalgams with a 5% AN solution 
in 20% HC1. The results are presented in  Fig. 5. The 
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5 0  ~ 

% yield 40 \ 

5020 ~N~ ~' 

PN 
I0 P 

Fig. 5. ADN and PN yields calculated on the basis of re- 
acted AN, for K, Na, and Li amalgams. The ratio of ADN/PN 
for the same metals. 

yields of ADN and PN are calculated, in this case, 
in respect to the amount  of reacted AN and also refer 
to cyano group equivalents.  It  can be seen that the 
ADN yield decreases, while the PN yield increases, 
thus making the ADN/PN ratio decrease sharply in 
the order K, Na, Li. 

Amalgam and electrolytic reduction in neutral so-  
l u t i o n s . - - N u m e r o u s  experiments  carried o u t . i n  HC1 
solutions, or even in buffered solutions at pH 5 have 
shown that  no ADN can be obtained by  direct elec- 
trolysis. In  order to compare electrolytic and amalgam 
reductions we had to restrict  ourselves to neut ra l  or 
sl ightly alkal ine media. We have used solutions buf-  
fered with 1M phosphates (see Table I) ,  to main ta in  
a pH between 6.5-8. We have also designed the elec- 
trolytic and amalgam cells in  such a way as to obtain 
comparable condi t ions  at the mercury  interface for 
both sets of experiments.  The electrolysis cell was 
comprised of a cathode compar tment  and an anode 
compar tment  separated by a s intered glass diaphragm. 
The mercury  cathode (3 cm 2 area) ,  and the catholyte 
were st irred mechanically.  The cathode voltage was 
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Table I. Comparison of electrolysis and amalgam reactions 
in neutral media 

2 P N  2 A D N  
T y p e  of  Q m F  K m e q  

e x p e r i m e n t  B u f f e r  p H  Hz P N  

E l e c t r o l y s i s  N a K  p h o s p h a t e  6 .3-7 .4  7.2 - -  20 0.05 

E l e c t r o l y s i s  N a K  p h o s p h a t e  6 .3-7 .4  7.2 - -  13 0.09 

E l e c t r o l y s i s  (CHa) ~N 7.0-7 .8  7.6 - -  6.4 0.04 
p h o s p h a t e  

E l e c t r o l y s i s  I CI-h~ ~N 6 .5-7 .4  7.2 - -  4.2 0.09 
p h o s p h a t e  

K a m a l g a m  N a ,  K 6 .2-7 .7  - -  5.3 22 0.09 
p h o s p h a t e  

K a m a l g a m  Na ,  K 6 .2-7 .7  - -  5.4 26 0.05 
p h o s p h a t e  

K a m a l g a m  Na ,  K 6 .2-8 .6  - -  4.9 25 0.08 
p h o s p h a t e  

mainta ined at --2.0v vs. a calomel electrode. The cur-  
rents used were  approximate ly  100 ma, and the ex-  
per iments  were  carr ied out for 1-3 hr  each. The amal-  
gam reactor  was made f rom a 20 mm diameter  glass 
tube (same as the cathode compar tment  in the elec-  
trolysis cel l) .  The amalgam was in t roduced through 
a side capi l lary tube into the bot tom of the reactor  
where  a small  pool of amalgam formed. The surface 
a r e a  of this amalgam pool was the same as the mer -  
cury cathode in the electrolysis experiments .  The re-  
acted amalgam then overflowed through a syphon 
system into a measur ing cylinder.  Here  also both the 
amalgam and the react ion solutions were  st irred me-  
chanically. The rate of flow of the amalgam was ad- 
jus ted to be equivalent  to the electric current,  thus 
approaching, as much as possible, the conditions in 
the electrolytic runs. The results are  presented in Ta-  
ble I. The AN concentrat ion was 5%, and the phos- 
phate buffer was 1M. The pH was measured before 
and after  the reaction, and the values are given in the 
third column. Column 4 gives the number  of mil l  
Farads used in every  electrolysis run, and column 5, 
the number  of mi l l iequivalents  of K meta l  reacted. 
2PN/H2 and 2ADN/PN represent  molar  ratios. 

From Table I one can see that  identical results 
a r e  obtained f rom electrolyt ic  or f rom amalgam re-  
ductions in neut ra l  media. It is also evident  that  r e -  
placing the Na + and K + by (CH3)4N + does not affect 
any change on the A D N / P N  ratio. This is contrary  to 
Baizer 's  observations. The discrepency is due to the 
difference in exper imenta l  conditions and wil l  be dealt  
wi th  in the Discussion. In order  to check our exper i -  
menta l  technique, we also repeated some experiments ,  
under  the same conditions as prescribed by Baizer, 
namely,  a high concentrat ion of AN in concentrated 
aqueous solution of t e t r ae thy lammonium p- to luene  
sulfonate;  we obtained results identical  wi th  those 
reported by that  author. 

Discussion 
Acid med/a . - -Elec t ro lys is  exper iments  in the pres-  

ence of M + or (CHs)4N + in acid media yielded only 
hydrogen and PN without  any trace of ADN. The po- 
larographic runs under  similar  conditions also show 
that  the AN wave  disappears and only the hydrogen 
discharge wave  remains. Thus electrolytic reduct ion 
of AN in the presence of acid is apparent ly  carr ied 
out by the hydrogen  atoms discharged at the cathode. 
It was shown that  the single wave  appears when  two 
hydrogen atoms are discharged for every  AN molecule  
diffusing to the  cathode. This means, that  the reduc-  
tion should resul t  in PN formation,  in accordance wi th  
the findings of the electrolysis experiments .  It  was 
also shown that  potassium ions in solution do not af-  
fect the products of the reaction. This is in accord wi th  
the polarographic analysis that  shows that  the potas-  
sium wave does not in ter fere  wi th  the HC1-AN wave.  

T h e  amalgam experiments ,  on the other  hand, yield 
hydrogen,  PN, and also ADN. The in terpre ta t ion  of 

this difference be tween  the electrolytic and amalgam 
reactions may be due to the fact that  whi le  the bulk 
of the solution in both cases is acid, the react ion site, 
i.e. the mercury  interface,  is more alkal ine in the 
amalgam reaction. In the lat ter  case the meta l  cations 
are in very  high concentrat ion in the double layer  and 
will  therefore  affect the outcome of the reaction. The 
short life in termedia te  formed wil l  in teract  wi th  acid 
to give PN. In the case of l i th ium amalgam, this prod 
uct has a higher  reduct ion potent ial  and wil l  therefore  
give higher  yields of PN (see Fig. 5). 

The mechanism of format ion of ADN must  take 
into consideration the ra ther  interest ing fact that  the 
ADN yield increases as a funct ion of HCl concentra-  
tion. This suggests that  a bonding be tween  HC1 and 
AN may be formed. It  is wel l  known that  strong acids 
induce N-protonat ion  of nitri les and form crystal l ine 
n i t r i l ium salts, e.g., acetonitr i le  yields wi th  anhydrous 
HCI, a crystal l ine compound having a formula  of 
CH3 - -  C ---- N = H (7, 8). In teract ion with  the acid 

I 
C1 

would probably also account for the fact  that  the 
solubili ty of AN increases f rom 5% in wate r  to 10% 
in a 20% solution of hydrochlor ic  acid. If  protonat ion 
of the nitr i le  in aqueous acid can be assumed, an equi-  
l ibr ium would be established 

+ 

C H 2 = C H - - C - -  N q - H  + ~ C H 2 =  C H - - C - - N H  
This would be fol lowed by interact ion with  an alkali  
metal  atom (Me) f rom the amalgam to produce an 
in termediate  radical, which wil l  isomerize to give 

+ 

C H 2 - - - - C H - - C - - N H  +Me- ->  ( C H 2 - - - - C H - - C = N H )  

+ Me +~CH2-CH2-C-=N + Me + 

The free radicals thus obtained will yield ADN on 
dimerization. One should realize that when dealing 
with a reaction taking place on the mercury interface 
the concentration of free radicals at the reaction site 
is very high and therefore the probability of dimeriza- 
tion is much higher than for polymerization. The later 
reaction does, in fact, take place to some extent and 
can be diminished somewhat by free radical inhibitors. 
The above mechanism is in complete accord with the 
one recently suggested by Misono et al. (9) for the 
hydrodimerization of acrolein in p-toluenesulfonic 
acid solution. 

Neutral me dia.--From our polarographic data we 
concluded that in neutral media a two electron trans- 
fer takes place to yield the dinegative ion AN =. In the 
case of amalgams the double adduct MeANMe is prob- 
ably formed. From the results presented in Table I it 
seems that in neutral media the amalgam and electro- 
lytic reduction give the same results, and in the latter 
ease the presence or absence of alkali cations does not 
affect the results. We can therefore treat the two cases 
similarly and consider the active species as AN = . As 
no acid is present the AN = formed will have a longer 
life, and it can interact  e i ther  wi th  water  or wi th  an-  
other  molecule of AN in a mechanism similar  to that  
suggested by Baizer (3a).1 

kl 
(CH2 --  CH) = + H20 --> CH3 - -  C H -  

r 
CN 

I 
CN 

+H20 
> CH3 -- CH2 

l 
CN 

k 2  

( C H 2 -  CH)=  q- CH2 = CH--> 
I 1 

CN CN 

[1] 

t B e e k  (12) s u g g e s t s  t h a t  t h e  i n t e r m e d i a t e  a n i o n  i s  - - C H ~ C H : ~  
CN.  O n  e n e r g e t i c  g r o u n d s  t h i s  d o e s  n o t  s e e m  p l a u s i b l e  t o  u s .  
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-CH-- CH2-- CH2 -- CH 

( f 
CN CN 

~2H~O 
> CH2 --  CH2 --  CH._, -- CH2 

f f 
CN CN 

[2] 

The rate of reaction [1] wil l  be determined by the 
interact ion with the first molecule of water  because 
the anion C H ~ -  CH formed can ei ther give PN on 

I 
CN 

interact ion with another  molecule of water  or init iate 
the polymerizat ion of AN. Since ve ry  l i t t le  polymer  
is formed we can neglect  this polymerizat ion reaction 
and consider that  every  such anion formed wil l  have 
to lead eventual ly  to PN. The ra te  of react ion [2] will  
be determined by the interact ion wi th  AN to give 
the dimeric dianion - C H  - -  CH.2 --  CH2 -- C H - .  Here 

r i 
CN CN 

again we neglect  the polymerizat ion reaction, and 
therefore  this anion wil l  have to lead to ADN forma-  
tion on protonation. We can thus consider that  the 
A D N / P N  ratio will  be given by the equation 

ADN k2 (AN) 

PN kl (H20) 

In order to be able to est imate the rate  constant from 
our data we have to know the concentrat ions of AN 
and H20 in the react ion site which is the mercury  
interface. This will  depend on the re la t ive  polarit ies 
of the two species and also on interact ion factors wi th  
the solvent medium. Since we do not know, at this 
stage, the various factors involved we wil l  only assume 
that  the ratio of the concentrat ions A N / H 2 0  at the 
mercury  interface is proport ional  to the ratio in the 
bulk of the solution. The AN concentrat ion in our 
exper iments  was 1M, the water  concentrat ion about 
50M, and the average exper imenta l  value  for A D N / P N  

0.08. We therefore  est imate k2/kl ~ 4, leading to 
the ra ther  unexpected results that  AN is more re-  
act ive than water  towards the all-anion species. This 
can be rat ionalized on the grounds that  both reactions 
wil l  need li t t le or no act ivat ion energy and it is only 
the entropy factors that  wil l  de termine  the rate con- 
stants. In this case of interact ion of two similar mole -  
cules such as AN = and AN the steric factors are much 
more favorable  and therefore  it is conceivable that  it 
wi l l  be faster. Increasing the AN concentrat ion wil l  
increase the ADN yield as is also evident  f rom Baizer 's  
results. The same effect can also be achieved by de- 
creasing the water  concentration, e.g., by work ing  at 
high salt content. This was done by Baizer  when  
carrying out electrolysis in a solution of 13% AN in 
a 40% solution of Na or K p- to luene  sulfonate to yield 
a ratio of A D N / P N  ~ 0.65. From our data we could 
predict  a value A D N / P N  = 4 x 3/30 ~ 0.4, in fair ly 
good agreement  wi th  the value obtained by Baizer. 
This is not the case, however ,  wi th  a concentrat ion of 
40% AN in 50% te t r ae thy lammonium p- to luene  sul-  
fonate solution. There, we would expect  a value of 
A D N / P N  = 4 x 8/20 ~ 1.6, and the exper imenta l  
value f rom both our data and Baizer 's  is h igher  than 
100. We con,clude, therefore,  that  it is the presence 
of t e t r ae thy lammonium tosylate  that  is responsible 
for the higher  yields of ADN, ra ther  than the presence 
of alkali  metals  being responsible for the h igher  
yields of PN, according to Baizer 's  claims. This point 
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could be sett led by interact ing alkali  amalgam with  an 
AN solution of t e t r ae thy lammonium tosylate. If  our 
a rgument  is correct  we should be able to obtain high 
ADN yields in spite of the presence of alkali  metals. 
This was rea l ly  shown to be the case for K, Na and 
even Li amalgams. They all yielded A D N / P N  ratios 
higher  than 100 when  react ing with a 40% AN solution 
in 60% (Et4N)pTS. Similar  results were  also reported 
by Matsuda (11) and in ICI patents (13). 

Other qua te rnary  ammonium ions such as t r ime thy l -  
benzylammonium were also ve ry  effective while  te t ra-  
me thy lammonium was much less effective. A full  
study of the effect of the cationic and the anionic 
parts of the salt as wel l  as the effect of the salt con- 
centrat ion and the AN concentrat ion is in progress. At 
this stage we can only state the wel l -es tabl ished fact 
that  salts l ike t e t r ae thy lammonium p- to luene  sul-  
fonate have a pronounced effect on the yield of ADN 
in both electrolytic and amalgam reactions. 

Feokt is tov et al. (14) have  studied the effect of 
wa te r  on the electrochemical  reduct ion of AN in di- 
methyl  fo rmamide  in the presence of t e t rabu ty lam-  
monium iodide. They claim that  the accumulat ion of 
large organic cations in the electric double layer  leads 
to a decrease in the volume occupied by the water  
molecules, thus leading to a lower protonat ion to 
propionitr i le  and to a higher  probabi l i ty  of the AN = 
react ing with a neut ra l  AN. This may  be an over  
simplification of the problem. In a more general  way  
we may say that  the effectiveness of these salts may be 
due to their  large ionic size and to the peculiar  char-  
acteristic of their  aqueous solutions as discussed for 
example  by Wen and Saito (10). These characterist ics 
and their  abi l i ty to solvate both water  and AN en-  
ables them to change the path of the react ion of alkali  
meta l  amalgams from the normal  reduct ion to PN to 
hydrodimerizat ion into ADN. 
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Adsorption and Oxidation of Methanol on a Platinum Electrode 
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ABSTRACT 

Kinetics of adsorption of methanol  f rom iM H2SO4 onto a Pt  electrode is 
examined.  The electrode potential  is stepped f rom 1.55v to a value  in the 
range 0.2-0.7% and an anodic cur ren t  flows due to chemisorpt ion of methanol.  
The resul t ing cur ren t - t ime  curves are  analyzed according to Elovich kinetics, 
a procedure which allows evaluat ion of the init ial  cur ren t  for a clean surface. 
A rate equat ion for adsorption is obtained on the  basis of the potential  and 
concentrat ion dependence of ini t ial  current.  S teady-s ta te  equations for cover -  
age and cur ren t  are der ived wi th  the assumption of i r revers ibi l i ty  for the ad- 
sorption and fur ther  oxidat ion reactions. The nature  of the adsorbed in te r -  
mediate  is discussed by compar ing the charges used in forming and oxidizing 
a monolayer ,  and the evidence suggests it has the same oxidat ion state as 
CO. 

The mechanisms of oxidat ion of organic fuels at 
catalyt ical ly  active electrodes, in par t icular  platinum, 
have been studied intensively  over the past few years 
(1). The electrochemical  behavior  of these systems is 
complex. Cur ren t -vo l tage  curves can show several  
maxima and are strongly dependent  on t ime and the 
prehis tory of the electrode; a steady state is an elusive 
condit ion al though convent ional  polarization curves 
have found a l imited application; react ion orders are 
general ly  fract ional  and sometimes negat ive;  the re-  
actions involve adsorbed species which remain at-  
tached to the electrode during washing or exposure to 
air and can subsequent ly be detected e lect rochemi-  
cally. 

In their  in terpre ta t ion of cur ren t -vo l tage  curves 
Bagotskii  and co-workers  (2-5) have concluded that  
(a) adsorption of reactants  follows a logari thmic iso- 
therm, (b) only adsorbed species are oxidized, and (c) 
the catalytic act ivi ty of the electrode is modified by 
the format ion of various kinds of surface oxides. On 
this basis they have explained the presence of current  
minima in similar  potential  regions for a number  of 
compounds and have developed kinetic equations 
which account for the shapes of the curves  and their  
dependence on reactant  concentration. 

The present work is concerned with adsorption and 
oxidation of methanol  in the low potent ial  region. It 
is clear f rom recent  work  (5-8) that  adsorption of 
methanol  involves dehydrogenat ion of the molecule. 
If the process occurs at open circuit, the potent ial  of 
the electrode falls (7), the surface becoming covered  
wi th  H atoms and a chemisorbed methanol  residue. At 
constant potential,  however ,  ionization of the H atoms 
occurs and the chemisorpt ion of methanol  is accom- 
panied by an anodic cur ren t  (5, 9). We have used this 
fact to characterize the adsorption process by means 
of a simple potent ia l -s tep technique. 1 In general,  our 
results confirm the conclusions of the Russian workers  
concerning the kinetics of adsorption and its role in 
the over-a l l  reaction, but  we differ considerably in 
matters  of detailed interpretat ion.  

Experimental 
An all-glass cell of convent ional  design contained 

the working electrode of 30 gauge Pt  wire  sealed into 
soft glass to expose 4.5 mm (geometric area 0.0454 
cm2). Determinat ion  of m a x i m u m  H adsorption for 
this electrode f rom potent ial  sweep measurements  
(10, 11) gave a value  of 350 ~coul/cm 2, indicating a 
roughness factor of about 1.7. A few runs using a 
larger  Pt  foil  electrode (1.69 cm 2) gave comparable  

1 A f t e r  c o m p l e t i o n  of t h i s  m a n u s c r i p t ,  a p a p e r  by  S. S. B e s k o r o -  
v a i n a y a ,  Yu .  B.  V a s i r e v ,  a n d  V. S. B a g o t s k i i  [E[ectrokhimiya,  2, 
167 (1966) ] ,  in  w h i c h  a s i m i l a r  p o t e n t i a l  s t ep  t e c h n i q u e  w a s  used ,  
c a m e  to  o u r  a t t e n t i o n .  

results. Currents  are quoted on the basis of geometric 
electrode area. 

The counter  electrode (Pt) was in a compar tment  
separated f rom the main body of the cell by a glass 
sinter, and the reference  electrode (saturated calomel) 
was well  isolated f rom the cell  by a bridge (1M 
H2SO4) closed at one end by a fine sinter and te rmi -  
nat ing in a Luggin capi l lary in the cell. Al l  potentials 
are quoted with  respect  to the s tandard hydrogen elec- 
trode (--0.245v vs. SCE).  

The support ing electrolyte,  1M H2SO4, was pre-  
pared f rom AnalaR reagent  and water  redist i l led from 
alkaline permanganate .  Reagent  grade methanol  was 
used, and nei ther  disti l lation of the methanol  nor pre-  
electrolysis of the support ing electrolyte  affected re-  
sults significantly. Ni t rogen was purified by passage 
over  heated copper turnings and through a cold trap, 
fol lowed by scrubbing in a presa tura tor  containing the 
solution under  investigation. 

A simple bias unit  of potent ial  dividers and switches 
was used to program the electrode potent ial  which was 
control led by a Wenking fast rise potentiostat;  the 
final potential  step operated through a mercu ry -  
wetted relay. By discharging a capacitor through the 
relay coil, rectangular  pulses of durat ion 10-500 msec 
(depending on the capacitor value)  could be obtained. 

Current  was measured as the voltage drop across a 
decade resistance box. Transients  were  observed on a 
Tektronix  type 533 oscilloscope with type B plug- in  
amplifier and photographed with  a type C12 camera.  
All measurements  were  made at 25~ 

Results and Discussion 
Qualitative feature's of current-time transients.--The 

adsorption react ion at low potentials was studied by 
holding the electrode for a period tox at a fair ly posi- 
t ive potential  Cox, around -bl.5v, where  coverage by 
species other than oxide was negligible, and then step- 
ping the potential  to the desired va lue  r For  0.7v 
> ~ > 0.2v, the sequence of events is as follows (Fig. 
1). The oxide layer  is rapidly reduced and a large 
cathodic current  flows. This region is not resolved with  
the current  and t ime scales of Fig. 1. As the surface is 
reduced, sites become vacant  for the adsorption of 
methanol,  and the current  soon becomes anodic. The 
t ime at which the current  changes sign depends on 
the extent  of ini t ial  oxidation of the surface and the 
kinetics of surface reduct ion and methanol  adsorption; 
it is usual ly in the range 30-50 msec. The anodic cur-  
rent  then rises steeply to a m a x i m u m  and decays at 
a re la t ive ly  slow rate. A similar  decrease in anodic 
current  wi th  t ime has been observed (5, 9) in ex-  
per iments  where  methanol  is rapidly added to a sup- 
port ing electrolyte in which a Pt  electrode is held  at 
a low potential.  However ,  the pulse technique used 
here allows the current  to be fol lowed at shorter  t imes 
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Fig. 1. Current/time curve for methanol adsorption. 0.5M 
methanol, ~ox = 1.55v, tox = 20 msec, ~ = 0.37v. Horizontal 
scale 200 msec/cm vertical 3.33/m/cm. Cathodic potential step 
occurs at 0.2 cm from left-hand edge. 

(the anodic max imum is reached in as l i t t le as 50 
msec),  and the importance of this wi l l  become clear 
below. 

The shape of the ear ly  port ion of such a cur ren t -  
t ime curve  depends largely  on the kinetics of reduc-  
tion of the Pt  surface and hence on Cox and tox, as well  
as on r At constant ~, the other  factors can be var ied  
be tween wide limits wi thout  a l ter ing significantly 
the lat ter  part  of the curve. If ~ox is less than  about 
1.1v, insufficient oxide is fo rmed  and, on reduction,  
the surface does not  reach full  activity.  At  too high 
potentials (>1.75v) oxygen is evolved,  and its re -  
duction after  the cathodic step influences the measured 
current.  The value  of tox determines  the amount  of 
oxide formed and hence the kinetics of its reduction. 
With longer tox surface reduct ion is s lower and the 
anodic peak is sl ightly lowered and shifted to longer 
times. However ,  this shift in the m a x i m u m  does not 
influence la ter  portions of the cu r ren t - t ime  curves. 

As our aim was to observe as much of the t ransient  
as possible, the procedure finally adopted was to ano- 
dize at 1.55v for short periods (~15 msec, a t ime ap- 
propriate  to the small  e lectrode but  too short for the 
larger  one) and repeat  wi th  manua l  switching of the 
re lay  unti l  the surface reached a max imum activity. 
In other  words, a series of rec tangular  pulses of short  
durat ion separated by intervals  of a few seconds was 
applied be tween  the potential  of interest,  r and 1.55v. 
Af ter  a few such pulses the desired condit ion of max i -  
mum anodic current  af ter  the cathodic potent ial  step 
was attained. This act ivat ion procedure  resul ted in 
very  reproducible  cu r ren t - t ime  curves. A surface 
cleaning program similar  to that  of Gi lman (11), 
which gave a more complete  and less easily reduced 
Pt  surface oxide, was not suitable for the present  pur-  
poses. 

AnaLysis of c u r r e n t - ~ e  curves.--Curves of the 
same general  shape as Fig. 1 are found in the po ten-  
tial range 0.2-0.7v. The current  decreases wi th  poten-  
t ial  (see below) and 0.2v represents  about  the lower  
l imit  at which the t ransient  can be measured wi th  the 
present equipment.  It is impor tant  to note that  below 
about  0.55v there  is no appreciable s teady-sta te  cur-  
rent, the  curve  eventua l ly  decaying to zero. 

These curves can be in terpre ted  if the oxidat ion of 
methanol  is considered to occur in two stages, the first 
being a chemisorpt ion process involving dehydro-  
genation of the molecule  and the second the fu r the r  
oxidat ion of the adsorbed species to CO2; at low po- 
tentials the first process is much the faster. Similar  
v iews have  also been put  fo rward  by Pet r i i  et  a L  (8, 9) 
and Bagotskii  and Vas i l ' ev  (2, 5). The  first step is 
wr i t ten  as 

CH~OH --> Aads + n ,H + + n,e [1] 

and its rate  is expected to decrease as the product, 
chemisorbed methanol  (Aads), accumulates  on the sur-  

face. Thus, the form of the current  decay curves re-  
flects the way  in which adsorption kinetics varies wi th  
surface coverage, provided that  fur ther  oxidat ion of 
Aads is slow. 

The Elovich equat ion [see e.g. (12)] is f requent ly  
used to describe the kinetics of adsorption onto hetero-  
geneous surfaces and has in fact recent ly  been applied 
to the methanol  system (4, 5). In a form appropr ia te  
to the present  case the Elovich equat ion for  the rate  
of react ion [1] is 

11 = I~ exp (--mzo) [2] 

which indicates that  the current  I1 decreases expo-  
nent ia l ly  wi th  0, the fract ional  coverage by Aads, f rom 
an init ial  va lue  Ii. The constant ml has the signifi- 
cance that, in the model  where  the free energy of 
act ivat ion AGo~ for adsorption on a heterogeneous 
surface increases l inear ly  wi th  coverage  

i d AGo~ 
ms = - -  [3] 

RT do 

At potentials less than 0.55v, the approach to zero 
s teady-s ta te  current  indicates that  the rate  of fur ther  
oxidat ion of Aads is negligible compared  wi th  its rate  
of formation,  at least over  most of the curve. Under  
these circumstances 

0 : Qt/Qsat [4] 

where  Qt is the charge passed to t ime t via react ion 
[1] and Qsat is the charge needed to give 0 = 1. Also 

dQt do 
Qsat - -  [5] 

dt dt 
From [2] and [5] 

do 
- -  exp (--ml0) [6] 

dt qsat 

In tegra t ing wi th  boundary condition t ---- 0, 0 ----- 0 
gives 

I~mlt 
exp(mt0)  = ~ + 1 [7] 

Qsat 

Using [7] and [2] and rea r rang ing  gives 

1 1 ml t  
- - =  - -  + -  [ 8 ]  

I1 Ii Qsat 

A cur ren t - t ime  relat ionship of this form has p re -  
viously been applied to the kinetics of P t  surface re-  

i 

A C 

10.G 

I I I I 
! 2 3 4 A.6  

O-z 0"4 O-G 0"$ c.e 
Ti.e OEC) 

Fig. 2. Analyses of current/tlme curves. ~ox ~ 1.55% tox = 
20 msec. A, 0.05M methanol, ~ = 0.42v; B, 0.5M methanol, ~ = 
0.32v; C, 1.0M methanol, q~ = 0.37v; D, 2.0M methanol, ~ = 
0.37v, 
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duction (13). Analyses of cu r ren t - t ime  curves for 
methanol  adsorption according to Eq. [8] are shown in 
Fig. 2. Deviat ions occur at the very  beginning of the 
curve, as a result  of the influence of oxide reduct ion 
discussed above, and also after  a t ime in terva l  which 
corresponds to some 50% of the charge passed unti l  
the steady state is reached. The lat ter  depar tures  f rom 
Eq. [8] have at least two reasons: (A) Evaluat ion of 
the in tegrated current  f rom Eq. [4] and [7] gives 

I ldt  = Q, = Qsatrnl In 1 + -Q-~-s~t / [9] 

which shows that  the above equations cannot  hold for 
long t imes since they predict  an indefinite increase in 
Qt. (B) As the cur ren t  decays, any contr ibut ion f rom 
a fur ther  (slow) oxidat ion of Aads or impuri t ies  be- 
comes more significant. 

It  is found that for ~ > 0.45v significant deviat ions 
from Eq. [8] occur, the slopes of I~ - z  vs. t plots be-  
coming dependent  on potential. However ,  wi thin  the 
range 0.2-0.45v and over  the concentrat ion range ex-  
amined, 0.05-5M methanol,  the slopes of these plots 
are  found to be constant, wi thin  exper imenta l  error,  
at 6.1 • 0.6 x 103 cm 2 coulomb -1 based on the geo- 
metric area. We consider that  so long as a slope of 
this value  is obtained, extrapolat ion of these plots 
can reasonably be expected to yield the correct  value  
of I~ - I  and hence give a measure of the rate  of reac-  
tion [1] on a bare Pt  surface. This assumption forms 
the basis of the study of the kinetics of this reaction. 

Potential dependence o] adsorption ra te . - -The  po- 
tential  dependence of Ii for 0.2M methanol  is shown in 
Fig. 3. A Tafel  slope of 125 my is found at low po- 
tentials, but  then  the current  passes through a fiat 
max imum at about 0.55v. It  is interest ing to note that  
Beskorovainaya et al. (4) report  a s imilar  result, using 
an ent i re ly  different technique, for adsorption rates 
at constant, but  not zero, coverage. The max im um  in 
Fig. 3 occurs well  before the main current  peak, ob- 
served at 0.8-0.9v under  sweep or s teady-sta te  con- 
ditions, which is supposed to be due to inhibi t ion by 
Pt  surface oxidation (14-16). 

Three  explanat ions for the depar ture  f rom a Tafel  
re lat ion can be suggested. 

(A) A real  decrease in the veloci ty  of the r a t e -de -  
te rmining step of react ion [1] occurs, due to factors 
connected with  the potent ial  dependence of double 
layer  structure,  e.g., hydrogen and oxygen adsorption. 

(B) At  higher  potentials, the method of analyzing 
cur ren t - t ime  curves is inval id  and gives erroneously  
low It values. In support  of this is the fact  that  the 
decrease in slopes of I1 - i  vs. t plots coincides wi th  the 
depar ture  f rom l inear i ty  in Fig. 3. 

(C) At  sufficiently high currents  a different step of 
react ion [1], possibly involving a potent ia l - indepen-  
dent surface reaction, becomes ra te-de termining .  In 
this regard, there  is some evidence f rom concentrat ion 
dependence studies (see below) to suggest that rate 
l imitat ion of reaction [1] is closely connected with  the 
a t ta inment  of a certain current  density. 

Bagotskii  and Vasil 'ev (5) favor  the first explana-  
tion and claim that  the adsorption rate is highest when 
the combined coverage by hydrogen and oxygen is 
least. The Tafel  behavior  is then explained on the basis 
of an exponent ia l  increase in rate  with decrease in H 
coverage which varies l inear ly  wi th  potential.  How-  
ever,  the l inear  region in Fig. 3 extends to 0.47v, wel l  
beyond the H region [see e.g., (1)],  so that  the above 
explanat ion for Tafel  behavior  seems unlikely.  Fu r -  
thermore,  the decrease in rate  observed at 0.55v occurs 
wel l  below the min imum potent ial  (~0.8v) for  oxygen 
adsorption (10) and in v iew of these objections, an 
a l ternat ive  explanat ion for Tafel  behavior  is desirable. 
Thus, if chemisorpt ion is considered to be a charge 
transfer  process as in reaction [1] an exponent ia l  de- 
pendence of rate  on potent ial  is to be expected. At  
present  it is difficult to assess the re la t ive  importance 
of (B) and (C) above in expla ining the observed de-  
partures f rom Tafel  behavior.  

Concentration dependence of adsorption ra te . - -Ba-  
gotskii and Vasi l 'ev (5) have  shown that  adsorption 
of methanol  at constant coverage and potential  follows 
first order kinetics. Figure  4 shows the var ia t ion  of I~ 
with  methanol  concentrat ion at three potentials. A 
l inear dependence, in agreement  wi th  (5), is found at 
the lowest potent ial  while  curva ture  starts at 2M 
methanol  for 0.37v and 1M for 0.42v. We feel  it is sig- 
nificant that  these deviat ions f rom linearity,  together  
wi th  the depar ture  f rom a Tafel  region ment ioned 
above, occur when the current  exceeds about  2 m a / c m  2 
and the comments  made in (C) above also hold here. 

Rate equations for oxidation o~ m e t h a n o L - - W i t h  the 
above ment ioned l imitations on potent ia l  and me th -  
anol concentration, the exper imenta l ly  de termined  ini-  
t ial  rates of react ion [1] can be described by 

I~ = ntFkzCm exp  ~ /  [10] 

where  the symmet ry  factor /~1 ~- 0.5, C,~ is the me th -  
anol concentrat ion and kl a rate  constant. The product 
nlk l  has the value 1.4 x 10 - s  cm sec -1 at ~ ~ 0v, 
based on geometric electrode area. 

Combination of Eq. [2] and [10] gives the ful l  rate  
expression for react ion [1] 

Ii = nlFklCm exp ( [~IF~ ~ ----R--~/ exp (--ml8) [11] 

The fur ther  oxidat ion of chemisorbed methanol  can 
be formula ted  

0"6 
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I I I I I 
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Fig. 3. Tafel plot for initial adsorption current (l~). Methanol 
concentration 0.2M. 

0"4ZV 

Z 

0 I Z 3 4 5 
METHANOL CONCENTRATION (M) 

Fig. 4. Concentration dependence of initial adsorption curren~ 
(li) at potentials indicated. 
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Aads W H20 --> CO2 q- n2H + q- nee [12] 

and, in  view of the kinetics observed for reaction [1], 
a reasonable rate equation for this second step is 

( bF~ 
I2 = n2Fk2 exp \ - - ~ - -  / exp (m2o) [13] 

where the constant  b is determined by the Tafel char-  
acteristics of reaction [12]. 

This view of the mechanism of methanol  oxidation 
is s imilar  to those expressed in recent  Russian work 
(2, 8) and Eq. [13] has the same form as Eq. [5] of 
ref. (2). Although combinat ion of this type of re la-  
t ion with a logarithmic isotherm for adsorption of 
the intermediate  has successfully been used to explain 
the observed fractional order of the over-al l  oxida- 
t ion with respect to bulk  methanol  (2), we suggest an 
al ternat ive in terpre ta t ion of this result, as shown be-  
low. 

Steady-state conditions.--There are strong grounds 
for considering both reactions [1] and [12] to be ir-  
reversible. The reversible methanol  potential  is close 
to r ~ 0v so all measurements  are done at overpoten-  
tials of at least 0.2v. Exper imenta l ly  it is found that  
desorption does not occur when an electrode bear ing 
chemisorbed methanol  is washed or t ransferred to a 
pure support ing electrolyte solution (9, 17). Fu r the r -  
more, the hydrogen deposition method used to deter-  
mine methanol  coverages (3-5, 18) relies ent i rely on 
the i r reversibi l i ty  of the system. 

With the assumption of irreversibil i ty,  the steady- 
state condit ion for constant  e (denoted by 0ss) is that 

11 I2 
[14] 

72"1 "//2 

From Eq. [11], [13], and [14] we obtain 

ki F~b 
0ss(mi + m~) = in  C,n + (j3i-- b) [15] 

k2 
whence 

( 00ss )m 1 [16] 
0 In Cm ml q- rr~z 

and 

- -  = - -  [ 1 7 ]  

cm RT ml -[- m2 

The total current  is the sum of I1 a n d / 2  so that, us-  
ing condition [14], the steady-state current  is given by 

( I s s ~ 1 1  1 + [18] 

Int roduct ion of equations for I1 ([11]) and a~ ([15]) 
yields, after rearrangement ,  

#iF~ ml 
In Iss -~ ln(nFkiC,O q- - -  

RT  ml 4- m2 

kl 
FV - -  b) i [19] ~ l n  Cm q- (t~l 

L k~ 
where n = nl  4- n2. 
Hence 

( 01hiss ) m2 [20] 

0 In C m  m m l  -{- m 2  
and 

( O" :__RT ( m l q - m 2  ) [21 ] 
0 In Iss ~ F bml q- fll~2 

The important  result  is that  this t rea tment  predicts 
variat ions of coverage and current  with methanol  con- 
centrat ion (Eq. [16] and [20]) which are very s imilar  
to those obtained (2, 5) when  adsorption is presumed 
to be at equi l ibr ium and to follow a logarithmic iso- 
therm. Bagotskii and Vasil 'ev (5) contend that  the at-  
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t a inment  of a definite concent ra t ion-dependent  cover- 
age is proof of a reversible equi l ibr ium isotherm for 
the adsorption of methanol.  The above evidence for 
i r reversibi l i ty  and the successful explanat ion of the 
concentrat ion dependence of s teady-state  coverage 
and current  on the basis of a strictly irreversible 
mechanism make this content ion seem highly unlikely.  
We feel that similar considerations could have far-  
reaching implications in the in terpre ta t ion  of other 
electrocatalytic oxidations and support Brummer ' s  re- 
cent remarks  (19) concerning the relevance of ad- 
sorption "isotherms" in such studies. 

It is not surpris ing that  [16] has the characteristics 
of a logarithmic Temkin  isotherm since the rate equa-  
tion for the reverse of reaction [1] would contain an 
exp(m~) term as does [13]. In  general, the rates of 
change of free energy and free energy of activation 
for adsorption wi th  coverage are related through a 
symmetry  factor [see e.g., ref (20) ], i.e. 

m ---- a~ [22] 

where ] appears in the Temkin isotherm 

1 
= - -  In C,~ -{- const [23] 

f 
If it is assumed that ml : m2 and that a = 0.5 in [22], 
then the coefficient in [16] is the same as in the corre- 
sponding reversible isotherm. The two mechanisms are 
therefore exper imental ly  indist inguishable on this 
point. 

Exper imental  verification of [20] has been given. (2) 
with values for (0 In Iss/O In Cm)m of 0.55-0.6 for meth-  
anol and similar  values for other organic compounds. 
These results could be criticized on the grounds that  
they do not refer to steady-state measurements  but  
were obtained with a sweep technique. However, we 
have carried out s teady-state  measurements,  reached 
wi th in  several minutes,  on the methanol  system and 
find values of 0.53 increasing to 0.75 for concentrat ions 
up to 1M over the potential  range 0.55-0.8v (Fig. 5). 
The maxima which occur at high concentrat ions and 
low potentials (Fig. 5) are probably due to the re- 
tardat ion of reaction [12] through a "high coverage" 
effect as suggested in ref. (2). It should be stressed 
that the above equations are only applicable wi th in  
the validity of both the basic rate expressions, and 

i0 ~ 

I0 "z 10 "1 I 
METHANOL CONCENTRATION ( U )  

Fig. 5. Concentration dependence of steady-state current at 
potentials indicated. 
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Table I. Charges obtained by integration of current/time curves 

Methanol  Cha rge  
concen t ra t ion ,  M Potent ia l ,  v ~eoul.em~ 

1 0.25 570 
1 0.30 585 
1 0.35 740 
2 0.25 635 
2 0.30 720 

0.55v is probably the upper  l imit  for this condition. 
The correct  value  of m e / ( m t  -t- m2) is therefore  close 
to 0.5 so that  ml  ~ me. 

Evidence for the val idi ty  of the other  coefficients, 
Eq. [17] and [21], is not  overwhelming.  With the as- 
sumption that  /~1 = b ~ V2, [17] shows that  0ss should 
be independent  of potential.  Publ ished results are 
somewhat  encouraging on this point since Brei ter  and 
Gi lman (18) and Lal et al. (9) find coverage inde- 
pendent  of potential  up to 0.6v while  Khazova et al. 
(3) dispute this and give a be l l - shaped curve with  
a m a x i m u m  at 0.4-0.5v. There are reasons for bel iev-  
ing that  none of these exper iments  may  have  been 
able to produce correct  results. Khazova et al. (3) 
have  already pointed out that  the procedures used in 
(9) and (18) both involve passage of the electrode 
through a potential  region of high and, more impor-  
tantly,  fast adsorption prior to the coverage measure -  
ment. The i r revers ibi l i ty  of the adsorption process 
then ensures that  high coverages are  also measured  in 
the lower potential  range. A possible object ion to the 
measurements  in ref. (3 ) - (5 )  ( there are appreciable 
differences in the low potential  data given in these 
references)  is that  insufficient t ime was al lowed for 
the steady state to be reached at low potentials and 
concentrations. Thus, according to [7] 

Q s a t  
I~t - -  {exp(mle) - -  1} [24] 

so that  the t ime needed to reach a given value of 8 
is inverse ly  proport ional  to I~. For  example,  the data 
in ref. (5) indicate that  for 0.hM methanol  at 0.hv, a 
coverage of 0.8 is reached in about 10 sec. Assuming a 
Tafel  slope of 120 mv for I~ the same coverage would  
be reached in 3000 sec at 0.2v and, if the s teady-sta te  
coverage (~0.9) were  indeed independent  of r it would  
only be reached in a somewhat  longer  period. These 
exper iments  were  apparent ly  extended to 1200 sec, but  
longer  t e rm runs are needed to establish conclusively 
the potent ial  dependence of 0ss. For  these reasons we 
prefer  to consider the question still open. 

With regard to [21], Bagotskii  and Vasi l 'ev (2) 
found Tafel  slopes of ~120 mv  for methanol  oxi-  
dation in the low potent ial  region; their  measurements  
do not refer  s tr ict ly to the steady state. Lal  et al. (9) 
found a short  l inear  region (0.45-0.6v) in s teady-s ta te  
Tafel  plots wi th  a slope of 60 my. We have also ob- 
tained l inear  plots, over  the same potent ial  range, wi th  
slopes of around 90 mv. Taking  mt = ms and b ---- /~ 
= 0.5, Eq. [21] predicts a slope of 118 my. The exper i -  
menta l  discrepancies need to be resolved before any 
conclusions can be drawn. 

Nature of adsorbed intermediate.--This is perhaps 
the centra l  problem in elucidat ing the react ion mech-  
anism. Giner  (21) confirmed the existence of such an 
in termedia te  and suggested it had the composition CO 
or HCOOH. Podlovchenko and Gorgonova (6) used 
charging curves to de te rmine  the re la t ive  amounts  of 
hydrogen and methanol  adsorbed at open circuit. 
F inding that  the two charges were  about equal  they 
concluded that  three H atoms were  lost upon chemi-  
sorption and therefore  the in termedia te  was CHO. 
Bagotskii  and Vasil 'ev (5) compared the charge passed 
dur ing adsorption at constant potent ial  af ter  adding 
methanol  to the ceil  wi th  the charge needed to oxidize 
the chemisorbed layer  so produced. Al though they  
gave no data, they claimed that  these charges were  

equal  and agreed with  the assignment of a formula  
CHO to the intermediate.  This conclusion would  indi-  
cate that  nl = n2 in reactions [1] and [12]. 

The potent ia l -s tep  technique developed here can be 
used to provide informat ion on this question. Curren t -  
t ime curves for react ion [1] are in tegrated f rom t ---- 0 
by using the extrapola ted port ion of I1-1 vs. t plots to 
give data for short times. The integrat ion is extended 
until  a steady state is reached (50-70 sec for the high 
methanol  concentrat ions used).  We assume that  at 
sufficiently low potentials all  of the  charge is used ~o 
p r o d u c e  A a d s  which remains  on the surface. Double 
layer charging is of course complete  at the times for 
which measurements  are made. A ra ther  a rb i t ra ry  
correct ion has to be made for the small  s teady-sta te  
current  which, as a first approximation,  is assumed to 
stay constant during the experiment .  Results are 
shown in Table I. The problems involved in in tegra t -  
ing the long and slowly decaying "tai l"  of the curves 
suggest that these values represent  lower  l imits in 
each case. 

Comparison with the results of ref. (5) indicates 
that the higher  values of Table  I correspond to cov- 
erages of about 0.9. We can therefore  conclude that  
the deposition of a monolayer  of Aads involves  at least 
740 acoul /geometr ic  cm 2 (440 #coul / real  cm a) and pos- 
sibly some 10% more than this value. It is now pos- 
sible to calculate ml  f rom the exper imenta l  slopes of 
Ii - I  vs. t plots (Eq. [8]) and the above value  for Qsat. 
The value so found is 4.5 which is sl ightly less than 
half  the f values (Eq. [22] and [23]) de termined  by 
Bagotskii  et al. (2-5). Since a higher  Q s a t  would  have 
given a larger  ml, this suggests that  the value  used 
here is indeed a lower  l imit  for Qsat. 

From the point of v iew of comparison of Q s a t  with 
Qox, the charge needed to oxidize a monolayer  of in ter -  
mediate  to CO2, it is unfor tuna te  that  much of the 
work  on str ipping of chemisorbed methanol  has em-  
ployed platinized electrodes of unknown or ve ry  ap- 
proximate ly  known areas (17, 21). However ,  Brei ter  
and Gi lman (18) repor t  a va lue  for Qox of 300 ~coul/  
geometric cm 2 which, using their  value for saturat ion 
hydrogen coverage,  corresponds to 185 ~coul / real  cm 2. 
In agreement  wi th  this we obtain a value  of 200 ~coul/  
real  cm 2 by in tegra t ing the cur ren t  peak given in (9) 
for the oxidat ion of adsorbed methanol  on plat inized 
platinum. Taking the mean of these two results for Qox 
and our value for q s a t  g i v e s  O s a t / V o x  = 2.3 and by 
reference  to reactions [1] and [12] this is also equal  to 
nl/n2. If these reactions represent  the mechanism cor-  
rect ly then nl -t- n._, = 6 and the ratio nl/n~ can only 
be 1, 2, or 5 (or their  reciprocals) .  The data indicate 
that  the exper imenta l  ratio is closest to 2, giving nl -~ 
4, •2 ~ 2. The oxidation state of the adsorbed inter-  
mediate would then correspond to CO. 

It is possible that  the different value for Qsat/Qox 
found in (5) could be due to the difficulty in in tegra t -  
ing the charge passed in the init ial  seconds of an ex-  
per iment  in which methanol  is added to the cell  wi th  
the electrode held at constant potential.  We note that  
in Fig. 2 of ref. (5), showing the adsorption of 0.1M 
methanol  at 0.4v, the m a x i m u m  current  was 45 ~a/ 
cm 2 compared with Ii of about 200 ~a /cm ~ under  s imi-  
lar conditions in the present  experiments .  This dis- 
crepancy supports the suggestion that  values of Qsat 
used in (5) were  in error.  

Manuscript  received May 15, 1967. 

Any  discussion of this paper  wil l  appear  in a Dis- 
cussion Section to be published in the J u n e  1968 
J O U R N A L  
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Effect of Hydrogen Absorbed by Electrode and Electrolyte 
on Hydrogen Coverage 

David J. BenDaniel and Fritz G. Will 
General Electric Research & Development Center, Schenectady, New York 

ABSTRACT 

An analysis is made of the effect of atomic hydrogen absorbed by the 
electrode and of molecular  hydrogen absorbed by the electrolyte on the hy-  
drogen coverage of the electrode as determined by nonsteady-s ta te  methods. 
The cases of anodic and cathodic voltage pulses and sweeps and the significant 
case of anodic charging curves are treated. A numer ica l  evaluat ion of the re-  
sults is made for the part icular  case of p la t inum electrodes in  aqueous elec- 
trolytes for which reliable data on diffusion coefficients and solubilities could 
be obtained. The errors that are introduced in surface coverage determina-  
tions are found to be significantly larger than assumed previously. Theoretical 
results are compared to some exper imental  data obtained by other authors 
and agreement  within 20% is found. 

The coverage of an electrode surface with atomic 
hydrogen can be determined with nonsteady-s ta te  
methods, like the methods of applying current  steps 
(charging curves) (1) or voltage sweeps (2). Both 
methods have been used f requent ly  for this purpose 
in the past. However, the equivalent  amount  of sur-  
face charge measured with these methods contains 
contr ibut ions from atomic hydrogen dissolved in the 
interior  of the electrode and from molecular  hydrogen 
dissolved in  the electrolyte. Both effects have qual i ta-  
t ively been recognized quite early (1). However, no 
quant i ta t ive  description of either effect on the mea-  
sured amounts  of charge has been given. 

In  fact, considerable misunders tanding  exists with 
regard to the size of the two effects and their pos- 
sible estimations. For example, some authors (3) be- 
lieve that  the max imum amount  of hydrogen that  can 
diffuse from the electrolyte to the surface in the hy-  
drogen adsorption region is given by iotl, where tl is 
the t ransi t ion time for this region and io the l imit ing 
diffusion current.  Others (4) believe that  the amount  
of hydrogen diffusing from the interior  of the elec- 
trode to the surface can be determined from measure-  
ments  in  he l ium-sa tura ted  solutions and that  this 
amount  is applicable to solutions containing various 
concentrat ions of molecular  hydrogen. 

This paper  analyzes in a general  fashion the re levant  
nonsteady-sta te  diffusion problem under  the assump- 
tion of diffusion control, i.e., the rates of the phase 
boundary  reactions, like discharge and recombination,  
are assumed to be fast compared to the rate of dif-  
fusion. The paper establishes the errors introduced in  
measurements  of hydrogen coverage by dissolution of 
hydrogen in  the electrode and in  the electrolyte. The 
part icular  case of clean active p la t inum electrodes in 
aqueous electrolytes is considered for which the as- 
sumption of diffusion-control is known  (5, 6) to apply. 
The calculations show that  previous rough estimates 

can be off by as much as two orders of magnitude.  The 
results may be applied to any metal-electrolyte  sys- 
tem exhibi t ing diffusion control and true solution be-  
havior for hydrogen. Metals showing true solution be- 
havior absorb hydrogen endothermical ly  and pro- 
port ionally to the square root of hydrogen pressure 
(7, 8). 

Analysis 
We consider the semi-infinite slab geometry shown 

in Fig. 1, in which the electrode surface is at x ~ 0, 
the electrode inter ior  at 0 ~ x ~ Woo and the electro- 
lyte at --oo ~ x ~ 0. The errors of the mathematical  

ELECTROLYTE SURFACE INTERIOR OF 
~ELECTRODE 

nse 
. , , - - .  n i s / / / /  

0 • 

Fig. 1. Schematic diagram showing the interior of the electrode 
and the bulk of the electrolyte with the gas concentrations c~ and 
Ce, the concentrations near the surface, r and Ces, and the 
moles of gas n diffusing to and from the surface. 
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solutions for the semi-infini te  problem due to the finite 
thickness of the electrode and electrolyte  layer  in ac- 
tual  practice are negligible for the exper imenta l  t imes 
of interest  here. 

In Fig. 1, the subscript e stands for electrolyte,  s for 
surface, and i for inter ior  of the electrode. Thus, c~ 
and c~s are the concentrat ions of atomic hydrogen in 
the electrode in its in ter ior  and near  its surface, re -  
spectively;  Ce and Ces are the corresponding concen- 
trations of molecular  hydrogen  in the electrolyte.  Also, 
ns~ is the number  of moles diffusing f rom the surface 
to the in ter ior  of the electrode and n~s is the number  
of moles diffusing in the opposite direction. Similarly,  
rise and nes are the number  of moles diffusing f rom the 
surface into the e lec t ro lyte  and in the opposite di- 
rection, respect ively (see Fig. 1). 

The diffusion of hydrogen both in the electrode and 
in the electrolyte  is described by the famil iar  diffusion 
equat ion 

Da2c/Ox ~ = ac/Ot [1] 

where  c is the concentrat ion and D the diffusion co- 
efficient of hydrogen in the electrode or in the elec-  
trolyte,  respectively.  The boundary conditions are 
determined as follows: 

The concentrat ion c ( x , t )  vanishes for all  finite 
t imes t as x ~ ~o in the electrode and as x -> - - ~  in 
the electrolyte.  Thus, the first set of boundary  con- 
ditions is 

c~(oe,t) -~ 0 [2a] 

Ce(--oo,t) = 0 [2b] 

In all cases of simple dissociative solution, the solu- 
bi l i ty of gases in metals  is proport ional  to the square 
root of the gas pressure (8). This has been par t icular ly  
shown for the absorption of hydrogen by pla t inum 
(7). Hence, for all t imes under  equi l ibr ium conditions 

cdo, t)  = c~( t )  = oci ~ / p ( t )  /op [3a] 

where  oC~ is the s tandard solubili ty of atomic hydro-  
gen for s tandard pressure oP = 1 atm. 

According to Bunsen-Henry ' s  law, the solubility of 
molecular  hydrogen in the e lect rolyte  is 

ce(o,t)  = Cos(t) ~- ocep(t) /op [3b] 

For  equi l ibr ium be tween  molecular  hydrogen  and 
hydrogen ions, we can apply Nernst 's  equat ion for the 
electrode potential  E 

E (t)  = - -  ( R T / 2 F )  In (p  ( t ) /oP)  [4] 

With [4] and the abbrevia t ion 

r =_ F / R T  [5] 

we can obtain f rom [3a] and [4a] a second set of 
boundary conditions 

ci~ (t) : oCi exp (--~E ( t ) )  [6a] 

cos (t) = oCe exp (--2r  ( t ) )  [6b] 

We consider two different init ial  t ime conditions. 
1. The electrode and the electrolyte  are essentially 

free of dissolved hydrogen, i.e., a vol tage Eo > >  1/~ 
has been maintained for some t ime (several  minutes)  
previous to t = 0 and is then changed in a cathodic di-  
rection. 

Hence, 
c~(x,o) ---- 0 [Ta] 

Ce(X,o) = 0 [7b] 

2. The electrode and the electrolyte hold equi-  
l ibr ium concentrat ions of hydrogen  over  finite dis- 
tances •  f rom the electrode surface, i.e., a vol t -  
age Eo < 1/r has been mainta ined for some t ime and 
is changed in an anodic direction at t ime t = 0. 

Hence, 
c~ (x,o) = c~ (o) [Sa] 

ee (X,O) = C e s  (O) [8b] 

The cases of voltage pulses and voltage sweeps wil l  
be t reated below. The case of current  steps (charging 
curves)  reduces wi th  good approximat ion to the case 
of voltage sweeps since, in the range of interest ,  the 
voltage changes to the first approximat ion l inear ly  
wi th  t ime (1, 3, 4). 

Electrode and e lec tro ly te  free  or hydrogen ,  i.e. 
Eo > >  1 / r  vol tage p u l s e s . - - A t  t ime t ---- 0, 
the voltage changes f rom its or iginal  value Eo > > 1/r  
to a value  E1 where  it is mainta ined unti l  at t ime t~ it 
changes back to Eo, as shown in Fig. 2a. The analysis 
involves the application of s tandard mathemat ica l  
techniques, i.e., Laplace transforms. 

The amount  of atomic hydrogen dissolved in the 
electrode in moles H/cm~ of electrode surface as a 
function of t ime is 

n ~$ (t)  : 2oC~ "v/Dr exp ( - -~Ei)  

[ 1 - -  1N/T-~-- t i / tu ( t - -  t i ) ]  [9a] 

The corresponding expression for  the amount  of mo-  
lecular  hydrogen dissolved in the electrolyte  in moles 
H2/cm 2 is 

n (t) = 2oce x/De--~7-~ exp( - -2~Ei )  
e$ 

[ 1 - -  ~ / 1 - -  t j t u ( t - -  tD]  [9b] 

The expression e x p [ - - r  has to be added 
wi th in  the brackets of [9a] in cases when  Eo ~ 1/r 
For  [gb] the correction factor is e x p [ - - 2 ~ ( E o - - E 1 ) ] .  
In [ga] and [9b] we define 

{ -  0 f o r t  < t l  El0] 
u ( t - - t l )  = l f o r t > t l  

If we let t = tl in [9a], we  obtain the amount  of 
hydrogen diffusing f rom the surface into the inter ior  
of the electrode dur ing t ime tt 

n ( t l)  = 2oc~ ~/D~ti /~ exp ( - - r  [ l l a ]  
s~J, 

For diffusion into the electrolyte  we obtain f rom [9b] 

n ( t i )  = 2oCe x /De t l /~  exp (--20E1) [ l l b ]  
se $ 

"? :/ I I  
�9 .~ I  ~ l l ~  I / z  E, ---O'---t;-H,-- 

~E 1 2 |  t 1 / 0 t i " - - t - t ~  ,~ 

I II I I  o ,, 2~, f - ~  

~' o8 I 

1o 

o 
0 I 2 5 10 20 50 100 200 300 400 

�9 /T, [ - 4  

Fig. 2. Amounts of hydrogen, diffusing into Pt, i.e., n s i ( t l ) ,  
and into electrolyte (8N, 2N H2SO4, infinite dilution), i .e. ,  
nse(tl), both in mcoul/cm 2 against ~ Numbers on abscissa 
give tz in sec. Voltage E1 is parameter. Figure applies to cathodic 
voltage pulses (a), anodic voltage pulses (b), and unodic sweeps 
(c). 
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Fig. 3. Amounts of hydrogen diffusing into Pt and electrolyte 
during time tl of a cathodic voltage sweep as a function of 1/V~..  
Electrolyte concentration and E1 are parameters. 

The fract ion of hydrogen diffusing back f rom the 
inter ior  of the electrode to its surface for  t imes t > t, 
is readi ly  obtained f rom [9a] and [ l l a ]  by forming 

(t) = In  ( t ) - - n s ~  ~ ( h ) ] /  nsi ~ (h)  
P iss ~ 

= n s  ~ ( t ) /ns i  $ (tD [12a] 

For  the electrolyte  v is defined correspondingly.  
e s s  

We find identical  expressions for electrode and elec- 
t rolyte  

vis ~ (t) = v s  ~ (t) = 1 + X / ~ - - X / t - 7 ~ ,  

for t ~ tl [12b] 

Cathodic voltage sweeps.--At  t ime t = o, the vol tage 
starts decreasing l inear ly  wi th  t ime f rom its original  
value Eo > >  1/r where  it had been mainta ined for 
some t ime prior to t = o, (see Fig. 3a). At t ime t = 
tl, the vol tage reaches its lowest value  E1 and then 
starts increasing l inear ly  wi th  time. The exact  solu- 
tion for this case is far  more complex than for the 
case of vol tage pulses and is given in the appendix 
a s  equat ion (A-2) .  For  the t imes of main interest,  
t = tl, and t = 2h, and for the usual ly  occurring case 
Eo --  E1 ~ O.lv, the solutions simplify considerably. 

The amount  of atomic hydrogen diffusing f rom the 
surface into the inter ior  of the electrode dur ing t ime 
tl  is 

n (tl) ~ oCi ~ exp ( - - eE l )  [13a] 
s i t  v 

which may also be wr i t t en  as 

ns~s v (h )  ~ X/~/4r (Eo--E1) nsi.~ ,. (tD [13b] 

where  
v = (Eo--E1)/tt [13c] 

is the voltage sweep rate in v/sec.  For  Eo--E1 > 0.1v, 
the e r ror  of [13a] compared to (A-2) is < 1%. 

The expression for the amount  of molecular  hydro-  
gen diffusing f rom the surface into the electrolyte  is 
s imply obtained f rom [13a] by substi tut ing 2@ for r 
and ace and De for oC~ and Di. In this case, the  e r ror  
for Eo--E1 > 0.1v is < 0.01%. 

The fract ions of hydrogen diffusing back to the sur-  
face f rom the in ter ior  and the electrolyte  f rom tt to 2tt 
a r e  

r i s  t v(2tl) ~ 1 -  [1--1/2r (Eo--E1)]/V'~r [14a] 

Yes v (2tl) ~-- 1 - - [2 - -1 /4 r  (Eo--E1) ]/~/2n~ (Eo--E[) [14b] 

The errors involved in these approximat ions  for  
Eo--E1 > 0.1v are < 0.1%. 

Electrode and electrolyte saturated with hydrogen, 
i.e. E1 <~ 1/@.--Anodic voltage pulses.--If voltages 

E1 < 1/r  have been mainta ined for some t ime prior  
to applying an anodic vol tage pulse (see Fig. 2b), then 
electrode and electrolyte  hold equi l ibr ium amounts of 
hydrogen. At t ime t =0 ,  when an anodic step Eo > El 
is applied, hydrogen starts diffusing f rom the bulk 
of electrode and electrolyte  to the electrode surface. At  
the t ime of step reversal ,  tl, hydrogen starts diffusing 
f rom surface to bulk until  the original equi l ibr ium 
condit ion is obtained again. The t rea tment  of this case 
is identical  to the case of cathodic vol tage pulses. 
This is apparent  if we  consider that  the diffusion of 
hydrogen f rom the bulk to the surface is equiva len t  
to the diffusion of holes in the opposite direction and 
that  the concentrat ion of holes in the bulk as a func-  
tion of t ime is identical  to the amount  of hydrogen 
that  has diffused f rom the bulk to the surface. Hence, 
Eq. [9], [11], and [12] can be applied wi thout  changes, 
and we can wri te  

Anodic voltage sweeps.--The vol tage- t ime function 
is shown in Fig. 2c. The amount  of hydrogen diffusing 
to the surface as a function of t ime is a complicated 
function which is given in the appendix as Eq. [A-3]. 
For  t ime tl the approximate  solution for Eo--E1 > >  1/~ 
n (tl) ~ 2ociN/Ditl/~ 

i s t  t 
exp(- - r  [1--1/2r [16] 

is obtained f rom [A-3] which is in e r ror  by <3% for 
Eo --  E1 > 0.4v. 

The fract ion of hydrogen diffusing f rom t ime tt to 
2tl is 

~stt (2tl) ~ 1 - -  ~/2 - [1  - -  "k/~:/8r (Eo - -  El)  

--1/4r ]/[1--1/2r ] [17] 

It wi l l  be shown that  v < 0, i.e., there  is a net  
is A 

diffusion of hydrogen f rom the inter ior  to the surface 
f rom h to 2tl. 

As in the case of voltage pulses, the expressions 
for diffusion of molecular  hydrogen  f rom the electro-  
lyte to the surface can simply be obtained f rom [16] 
and [17] by substi tut ing 2r for r and aCe and De for 
oc~ and D~. 

N u m e r i c a l  Eva luat ion  and Discussion 
For a numerica l  evaluat ion of the preceding anal-  

ysis, we  are in want  of values of the solubili ty oC~ 
and the diffusion coefficient Di of hydrogen  in plat i-  
num near  room temperature .  While a number  of 
studies has dealt  wi th  this subject  f rom a qual i ta t ive  
v iewpoint  (9-13), there  appears to be only one study 
(14) 1 f rom which oc~ and D~ could be determined.  The 
values  oCi = 2.2 �9 10 -5 mole H / c m  S and Di = 3.0 �9 
10-s cm2/sec were  calculated for 25~ 2 

The solubil i ty of hydrogen in water ,  sulfuric acid, 
and potassium hydroxide  near  room tempera tu re  is 
well  established (1%19). The values of th ree  different 
authors agree wi th in  5%. 

For  the diffusion coefficient of molecular  hydrogen 
in wate r  and sulfuric acid the data of different authors 

The  loan  of the  r e l e v a n t  thes i s  by  P ro fesso r  K. J.  Ve t te r  is 
g r a t e f u l l y  a c k n o w l e d g e d .  

-~Note a d d e d  d u r i n g  r e v i s i o n  of  m a n u s c r i p t :  I n  a r ecen t  s t u d y  
E. G i l ead i ,  M. A. F u l l e n w i d e r ,  a n d  J.  O'M. Bock r i s  [ T h i s  J o u r n a l ,  
113, 926 (1966)] o b t a i n e d  p e r m e a t i o n  ra tes  at  70~ w h i c h  are by  a 
fac to r  of 8 sm a l l e r  t h a n  those  o b s e r v e d  by  Ve t t e r  and  Knaack .  
These  l ow  v a l u e s  we re  o b t a i n e d  on p l a t i n u m  t h a t  had  been  i n t e n -  
t i o n a l l y  p o i s o n e d  w i t h  a r sen ic  a n d  w i l l  no t  be cons ide red  in  t h i s  
s tudy .  The  p e r m e a t i o n  ra te  is  g e n e r a l l y  k n o w n  to decrease  s t rong ly  
w h e n  the  su r face  is po i soned  o r  i n a c t i v e  (15, 16). 
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(20-24) agree at best wi th in  _20%.  The data  of 
Ruetschi (24), obtained at 30oc, were  ext rapola ted  
to 25~ and used in this study. The fol lowing values 
for the solubil i ty oCe and the diffusivity De were  used 
in the evaluation:  In wate r  oCe = 7.7 " 10 -7 mole 
H2/cm z and De = 4.1 �9 10 -5 cm2/sec, in 2N H2SO4 
6.5 �9 10 -v  mole H2/cm 3 and 3.5 �9 10 -5 cm2/sec and in 
8N H2SO4 4.2 10 -~ mole H2/cm 3 and 2.7 �9 10 -5 
cm2/sec. Al l  values are  for 25~ The amounts  of hy-  
drogen, n~ and he, wi l l  in the fol lowing be expressed 
in their  charge equivalents  (mcoul/cm2).  These are 
obtained by mul t ip ly ing  n~ with  F and ne with  2F. 

Cathodic voltage pulses.--The amounts  of hydrogen 
diffusing into electrode and electrolyte  according to 
Eq. [ l l a ]  and [ l l b ]  are plotted in Fig. 2 as a funct ion 
of x/~'l. The charges were  calculated for different  
values of E1 for diffusion into p la t inum electrodes, 8N 
H2SO4, 2N H2SO4, and infinitely di luted electrolytes. 
The format ion of a monolayer  of hydrogen atoms on 
the surface requires  only 0.24 mcou l / cm 2, assuming 
close-packed crystal  planes. Hence, the equiva len t  of 
several  monolayers  diffuses into electrode and elec-  
t rolyte  dur ing a few seconds if E1 is close to 0v. As 
E1 increases, the hydrogen  fluxes decrease exponen-  
tially. The decrease occurs far  more  rapidly for the 
electrolyte  than for the electrode on account of the 
factor 2 in the exponent ia l  of Eq. [ l l b ] .  Thus, for 
E1 = 100 my  the equivalent  of one monolayer  dif-  
fuses into the p la t inum during 400 sec whi le  the 
amount  diffusing into the electrolyte  is <0.01 m c o u l /  
cm 2. 

Because of the larger  values of oce and D~ in di lute 
electrolytes as compared to 8N H2804, 2.3 times more 
hydrogen diffuses into the former.  The dotted lines in 
Fig. 2 represent  an upper  l imit  of the amount  of hy-  
drogen diffusing into any aqueous electrolyte.  

The fract ion of hydrogen diffusing back to the sur-  
face after  step reversa l  at t ime tl according to Eq. 
[12b] is plot ted in Fig. 4 as a function of ~/(~-~--tl)/tl. 
For  t only sl ightly larger  than tl, i.e., t - -  tl ~-- 0, the 
fractions vl or ve approach zero. As h increases, larger  
fractions of hydrogen diffuse f rom the inter ior  to the 
surface. For  t = 2t~ the fraction 2 - -  V ~ ' ~  0.6 diffuses 
to the surface. Even if the t ime after  step reversa l  is 
10 times larger  than the step durat ion t~, only the 
fract ion 0.84 of the hydrogen in electrode and elec- 
t rolyte  diffuses back to the surface. This resul t  is ex-  
plained by the fact that  some hydrogen continues to 
diffuse into the bulk of electrode and electrolyte  af ter  
step reversal .  

It  is interest ing to note that  no mater ia l  constants 
enter  into Eq. [12b]. This means that  Eq. [12b] and 
Fig. 4 may  be applied to any electrode mater ia l  and 
electrolyte  and any gas exhibi t ing t rue  gas solution. 

Cathodic voltage sweeps.--According to Eq. [13a] 
the amounts of hydrogen diffusing into electrode and 
electrolyte  during t ime tl of a cathodic vol tage sweep 
are inversely  proport ional  to the square root of the 
sweep rate. In Fig. 3 the amounts  of hydrogen are 

# 0 - -  

~ 0.6 

?2J-1 
~ 0 t l ~ t - t  I 

I I I I / I I I 
OI QI (15 I 2 5 I0 20 50 I00 
o.ol ~,)zt,~ 

Fig. 4. Fractions of hydrogen back-diffusing to surface when 
applying onodic or cathodic pulses as function of ~ / ~  
Note: numbers on abscissa give ( t - - t l ) / t l .  
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Fig. 5. Fractions of hydrogen back-diffusing to surface from tl  

to 2tl as function of sweep range Eo - -  E1 of a cathodic sweep. 

plotted against 1 / ~ / v  for different values of E1 and for 
diffusion into plat inum, 8N H2SO4, and infinitely di-  
luted electrolytes. We note f rom [13a] that  the s tar t -  
ing voltage Eo of the sweep (see Fig. 3a) does not  
affect the amount  of hydrogen for Eo > >  1/r In  con- 
trast  the amount  decreases exponent ia l ly  with increas-  
ing (more anodic) sweep reversal  vol tage El. This is 
understood if we  consider that  the concentrat ion of 
hydrogen  near  the surface, c~s and ces (Fig. 1), is 
vanishingly small  for voltages ~ >  1/~. It  is only for 
voltages approaching E1 <~ 1/r  or t imes approaching 
tl that  the diffusion of hydrogen becomes significant. 
In essence we can replace the cathodic sweep with  a 
cathodic step of durat ion e < <  tl (see Fig. 3a). This 
assert ion finds its quant i ta t ive  expression in Eq. [13b] 
which compares the amount  of hydrogen  diffusing 
into electrode and electrolyte  in the case of a cathodic 
sweep with  that  of a cathodic step applied for equal  
t ime tl. Since [13b] was der ived for Eo ~ E1 ~ 0.1v 
and since r ~ 38.9 l / v ,  we ver i fy  that  the former  is 
always smaller. In fact, for Eo - -  E1 = 0.4v only about 
1/4 of the amount  diffuses into the electrode and 1/6 
into the electrolyte.  

According to [14a] and [14b] the fractions of hy-  
drogen diffusing back to the surface be tween  t ime tl 
and 2tl are independent  of the sweep ra te  and any 
mater ia l  constants, but  do depend on the sweep range 
Eo - -  E~. A larger  sweep range, using the analogy with 
a voltage step (see Fig. 3a) again, s imply means more 
t ime t - -  t~ avai lable  for the back-diffusion of hydro-  
gen. The back-diffusing fractions are plotted in Fig. 5 
as a function of sweep range. Assuming E1 <~ 1/r 
we note that  in the range of hydrogen  coverage  0-0.4v, 
the fractions are approximate ly  0.7 for the electrode 
and 0.8 for the electrolyte.  Considerably smaller  f rac-  
tions back-diffuse in the double- layer  (0.4-0.8v) and 
oxygen  adsorption regions (0.8-1.6v). 

To facili tate assessing the errors involved in deter -  
mining hydrogen coverages f rom vol tage sweep ex-  
periments.  Table I shows the charges due to hydrogen 
diffusion for some typical  sweep rates and reversa l  
voltages based on p la t inum in 8N H2SO4 at 25~ 
The column n gives the errors for the cathodic 

c a t h v  
branch of the sweep, n those for the anodic 

anod v 
branch. The errors add up to the charge had due to hy-  
drogen coverage:  ~ m e a s  ~ Tbad -~- n cath v ( o r  T/, anod v )"  

Recall ing that  240 ~coul /cm 2 corespond to a monolayer  
coverage of the electrode wi th  atomic hydrogen,  the 
errors are large indeed, especially if a reversa l  vol tage 
of 0v is used. 

The  hydrogen diffusing to the electrode surface 
dur ing the anodic branch of the sweep in the double 
layer  region f rom 0.4 to 0.8v shows up as an equiva len t  
capacity. The values range f rom 145 ~F/cm 2 for 0.03 
v / sec  and E1 ~ 0v to 3 ~F/cm 2 for 1 v / s ec  and 
E1 ~ 0.05v. These values have  to be considered when 
determining double layer  capacities f rom vol tage 
sweep curves. 

Anodic voltage pulses.--It  has been ment ioned be-  
fore that  the equations der ived for the case of ca- 
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Table I. Charges due to hydrogen diffusion 

n 8~ v n se  v n c a t h  v his  v ne s  v n a n o d  v 
v ,  v / s e c  E l ,  v Eo --  E t ,  v ]~C/ClTI -~ # c / c m  2 ] ~ c / c m  2 / ~ c / c m  2 / ~ c / c m  e / ~ c / c m  ~ 

0 . 0 3  0 0 . 4 0  3 3 9  2 7 8  617  2 4 7  2 2 2  4 0 0  
0 .1  0 0 . 4 0  101  155  3 4 6  139  124  2 6 4  
1.0 0 0.40 60 50 II0 44 40 84 
0 . 0 3  0 . 0 5  0 .3 5  4 9  6 55  35  5 4 0  
0.I 0.05 0.35 28 3 32 20 2 22 
1,0 0.05 0.35 9 < i  9 6 < i  0 
0 . 0 3  0 , 1 0  0 . 3 0  11 < 1  11 7 < 1  7 
0.I 0.I0 0.30 6 <1 6 4 <1 4 
1 .0  0 . 1 0  0 .3 0  2 < 1  2 1 < 1  1 

thodic voltage pulses are identical  to those for anodic 
vol tage pulses. Hence, Fig 2 shows the amounts of 
hydrogen that  diffuse to the electrode surface from 
the bulk of electrode and electrolyte during t ime tl of 
applying an anodic voltage pulse. By analogy, Fig. 4 
shows the fractions of hydrogen diffusing back into 
electrode and electrolyte  after step reversa l  at t ime tl. 

Anodic voltage sweeps.--Using Eq. [ l l a ]  for ca- 
thodic pulses and not ing Eq. [15], then Eq. [16] for 
anodic sweeps may be wr i t t en  as 

nisA(h)  = n s A ( t l )[1--1/2~(Eo--E1)] [18] 

Noting that  Eo--E1 > >  1/r was assumed, 1/2r (Eo--E1) 
becomes a minor  correct ion term. For  Eo--E1 = 0.4v 
the correct ion amounts  to 3%. This means that  the 
amount  of hydrogen that  diffuses f rom the inter ior  
of the  electrode to the surface dur ing t ime h of apply-  
ing an anodic vol tage sweep is only slightly smaller  
than for the case of applying a voltage step. This is, 
because potentials, at which cis (see Fig. 1) becomes 
vanishingly small, are reached for t imes e < <  h, if 
Eo - -  E~ > >  1/~. The effect is the same as if  we  would 
replace the sweep in Fig. 2c with a step of sl ightly 
shorter  durat ion tl - -  ~. The step is indicated in Fig. 
2c by dashed lines. F igure  2 may be used to determine 
the amounts  of hydrogen diffusing into the bulk of 
electrode and electrolyte.  Equat ion [18] specifies the 
correct ion to be applied to the amounts  thus de te r -  
mined. 

Equat ion [17] represents  the f ract ion of hydrogen 
diffusing f rom t ime tl to 2h. The evaluat ion of [17] 
for E o - - E 1  _--> 0.1v shows that  the  fract ion v is al- 

i a  
ways negative. This means that  there  is a net diffusion 
of hydrogen  f rom the inter ior  to the surface f rom tl  to 
2h. This is in contrast  to the cases discussed hitherto. 
F igure  6 shows how the fract ion v increases with iA 
the sweep range Eo--El .  From [17] we see that  for 
ve ry  large values E o - - E 1  the fract ion v approaches 

iA 
a l imit ing value 1 --  ~/2-'which is indicated in Fig. 6 as 
a dashed line. 

Qual i ta t ively  the net diffusion f rom the inter ior  to 
the surface can be understood as follows. Af ter  the 
sweep reverses  at t ime  h (see Fig. 2c), hydrogen con- 
tinues to diffuse to the surface, since the concentra-  

t@ ................................... eJ ELECTROLYTE 0 
-:-~=" 02- 

O. .~ 

0, I 

,.~ I I 1 d I I I I I o.2 o.4 o6 o.s ,.o ,2 ,.4 I.E ,.e 
Eo-E, [ q ~  

Fig. 6. Fractions of hydrogen continuing to diffuse to surface 
from tl to 2tl as function of sweep range Eo --  E1 of an anodic 
sweep. 

t ion of hydrogen near  the surface, cis, is vanishingly 
small. For  Eo - -  E1 > >  1/r  it is only at t imes ap- 
proaching 2tl, that  c~ becomes large enough to cause 
a diffusion of hydrogen f rom the surface into the in-  
terior. The amount  of hydrogen that  diffuses to the 
surface from t ime h to 2 h -  e exceeds the amount  that  
diffuses in the opposite direction during t ime e. Thus, 
we are left wi th  a net  diffusion to the surface. 

For  Eo --  E1 ~< 1/% e is no longer small  compared 
to h, and the  amount  of hydrogen diffusing to the 
surface f rom tl to 2h - -  ~ no longer  exceeds the 
amount  diffusing in the opposite direct ion during t ime 
~. In fact, for  Eo - -  El < <  1/% the fract ion diffusing 
to the surface approaches zero, whi le  the  fraction dif- 
fusing into the inter ior  approaches the l imiting value 
2 - -  ~ /2  which one would  calculate f rom Eq. [12b] for 
the application of a vol tage pulse. 

Equiva len t  arguments  as above can be applied to 
the diffusion of hydrogen in the electrolyte.  The frac-  
tion of hydrogen diffusing f rom the electrolyte  to the 
surface f rom t ime tl to 2tl is somewhat  la rger  than for 
the electrode. The fract ion was calculated f rom [17] 
and plotted in Fig. 6 observing that  2~ is to be sub- 
sti tuted for r 

Table II lists the amounts  of hydrogen in ~coul/cm 2 
diffusing to the surface dur ing the anodic branch 
n and the cathodic branch n of an anodic 

a n o d  A c a t h  A 

sweep. Note that  n is negative,  i.e., the error  
c a t h  A 

due to diffusion makes the surface charge appear  
s m a l l e r :  n m e a s  = ~7,ad - -  Incath A I. The values in Table 

II are calculated for Pt  and 8N H2SO4 at 25~ with  
Eo = 0.4v. We note that  the errors can become one 
order of magni tude  larger  than the surface charge to 
be determined.  

Anodic charging curves.--When an anodic current  
step is applied to a p la t inum electrode, the voltage 
rises wi th  t ime following a characterist ic curve, called 
charging curve. In sulfuric acid and most other  aque-  
ous electrolytes, the voltage rises approximate ly  
l inear ly  wi th  t ime in cer ta in  vol tage ranges (1, 3, 4). 
In sulfuric acid these ranges are the hydrogen adsorp- 
tion region, 0-0.4v, the double layer  region, 0.4-0.8v, 
and the oxygen adsorption region, 0.8-1.6v. Such a 
charging curve is schematical ly shown in Fig. 7. 

E 
I 

E 0 ~ 1.6 ' ~  

e.2 

o 0.8 

F" 0 ~ 0.4 

E l  - - ~  0 =- 
t I t z t~ t 

Fig. 7. Schematic diagram of anodic charging curve with hydro- 
gen adsorption region 0 to 0.4v, double layer region 0.4 to 0.8v, 
and oxygen adsorption region 0.8 to 1.6v. 
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Table II. Amounts of hydrogen diffusing to the surface 

his A ' nes A" nanod A" nsi A, nse A "  n c a t h  A " 
v ,  v / s e c  E~, v t , ,  s e c  ~ c / c m ~  # c / c m  ~ # c / c m  s ~ c / c m  s me/cm-" ~ e / c m  '~ 

0.03 0 13.3 1711 1720 3431 -- 353 -- 456 -- 809 
O.l 0 4.0 799 389 1187 -- 164 -- 251 -- 415 
1.0 0 0.4 253 297 551 -- 52 -- 79 -- 131 
0.03 O.O5 11.7 209 33 242 -- 40 -- 9 -- 49 
0.I 0.05 3.5 114 18 132 -- 22 -- 4 -- 26 
1.0 0.05 0.35 36 6 42 -- 7 -- 1 -- 8 
0.03 0.i0 I0.0 28 < 1 9,8 -- 5 < -- 1 -- 5 
O.l O.IO 3.0 15 < I  15 --4 < - - I  --4 
l.O 0.I0 0.3 5 < I  5 --1 < - - 1  --1 

Table III. Errors (nis Jr nes)/nad involved in hydrogen coverage determinations 

i ,  m a / c m  ~ n,8 + ~es, (7~is Jr ~les)/nad, ~otL/nad, 
tz, s e e  h i s ,  # c / c m  2 h e , , / ~ c / c m  2 # e / e m  2 % % 

1 2 .4  650  1 2 9 0  1940  810  10OO 
l 0  6 . 0 . 1 0 - ~  10O 2 1 0  310  130  25  

100  3 . 6 . 1 0  -a  25  50  75 31 1.5 
1 0 0 0  3 . 0 . 1 0 - ~  7 15 22  9.2 0.1 

It is immedia te ly  evident  f rom a comparison of Fig. 
2c and 7 that  Eq. [16], der ived for an anodic voltage 
sweep, can be used to approximate ly  determine  the 
amounts of hydrogen diffusing to the surface in the 
hydrogen adsorption region E o -  Et of an anodic 
charging curve. Fur thermore ,  for all practical  pur -  
poses, the concentrat ion of hydrogen near  the surface, 
c~ and Ces, can be considered zero for voltages >0.4v. 
Hence, the effect of replacing the three s t ra ight- l ine  
sections in Fig. 7 by the dotted straight line on the 
amounts of hydrogen calculated from Eq. [16] is negl i-  
gible (<1% for Ez < 0.2v). This means that  Eq. [16] 
may  be used to calculate the amounts of hydrogen dif-  
fusing to the surface during the whole t ime tl' of an 
anodic charging curve, and Fig. 2 shows these amounts  
for a var ie ty  of conditions. Table III gives the errors 
(n~s Jr-nes)/nad involved in hydrogen coverage deter-  
minations for charging curves in 2N H2SO4 start ing 
f rom Ez = 0v for different charging currents  i. Also 
given are the errors iotl/nad that  resul t  if one con- 
siders only s teady-state  diffusion (3). io ~ 1 m a / c m  2 
is the l imit ing diffusion current,  had = 0.24 m c / c m  2 
the surface charge due to hydrogen adsorption. It  can 
be seen that  the errors are sizeable, even at high 
charging currents  and that  the errors can be two 
orders of magni tude  larger  than those determined 
under  the assumption of s teady-sta te  diffusion. 

/ / /  

/ /  o / /  
30 / /  / / 

(nr + he)exp. / /  / 
2.5 / ~  

/ /  his + ne5 
2.0 / /  

% / / , o /  

~ 1.5 t / nes 

E / / / / /  

I.O . p / "  

/ / /  fli$ 

O' I 
OOl 0.1 0.2 0.5 I 2 3 4 S 

[sec] 

Fig. 8. Comparison of experimental values (4) for total amount 
of hydrogen diffusing from electrode and electrolyte (points and 
dotted line) with calculated curve in case of anedic charging 
curves.  

Compar ison  with Exper iments  
Exper imenta l  results obtained by Schuldiner  and 

Warner  (4) can be used to ver i fy  the theoret ical  re -  
sults obtained here. Conversely  the present  analysis 
enables us to in terpre t  their  re levant  exper iments  on 
a quant i ta t ive  basis. 

Figure  8 shows exper imenta l  values for (nls + nes) exp 
obtained by Schuldiner  and Warner  on a pla t inum 
bead 3 electrode in 2N 1 - 1 2 8 0 4  at 23~ for 1 a tm hydro-  
gen pressure. Over  the whole range af charging cur-  
rent  densities from 0.78 to 203 m a / c m  2, the data points 
fall on a straight line when plotted against the square 
root of time, as requi red  by Eq. [16]. Also shown in 
Fig. 8 are the calculated amounts  ni~ and nes due to 
diffusion of hydrogen from the interior  of the plat i-  
num and from the electrolyte.  The first part  is about 
half as large as the second. Their  sum (nis + nes) is 
roughly 20% smaller  than the exper imenta l  values. 
This is as good agreement  as expected, considering 
that the values of D and c are not known more ac- 
curately. 

The fact that the exper imenta l  data are well  de- 
scribed by slow diffusion of hydrogen atoms from the 
metal  interior  and of hydrogen molecules f rom the 
electrolyte shows that  up to current  densities of at 
least 200 m a / c m  2 the assumption of fast phase bound- 
ary reactions is well  justified. In particular,  this means 
that  the rates of the dissociation of hydrogen mole-  
cules and of the ionization of hydrogen atoms are fast 
compared to the rate  of diffusion up to at least 200 
m a / c m  2. This is in agreement  wi th  general ly  accepted 
views about the hydrogen react ion on clean active 
pla t inum electrodes (5, 6, 25). 

The calculation allows a quant i ta t ive  separat ion of 
the measured charge (n~ + ne~)exp into two parts n~s and 
nes which is not afforded by the exper iments  alone. 
Schuldiner  and Warner  bel ieve that  an exper imenta l  
separation is possible by making  measurements  in 
hel ium saturated solutions and assuming that  the 
value of n~, thus determined holds for tile whole 
range of hydrogen part ial  pressures and that  only nes 
changes. However ,  this is not  the case. I t  is evident  
f rom the preceding t rea tment  (compare Eq. [3], [6], 
and [16]) that  both his and •es increase wi th  increasing 
hydrogen part ial  pressure. Thus, for 1 atm, n~s is by a 
factor of 4 larger  than est imated by the cited authors. 

Conclus ions 
On clean, act ive p la t inum electrodes, hydrogen ab- 

sorbed by the metal  and by the electrolyte  contributes 
significantly to the total amount  of charge deter -  
mined with  nonsteady-sta te  methods like the current  
step (charging curves) and vol tage sweep methods. 
These contributions have to be considered when deter -  

8 T h e  d i f f u s i o n  d i s t a n c e s  a r e  m u c h  s m a l l e r  t h a n  t h e  b e a d  d i a m -  
e t e r ;  h e n c e ,  t h e  l i n e a r  t r e a t m e n t  c a n  b e  a p p l i e d . .  
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mining surface coverages with hydrogen atoms. The 
magni tude  of the errors increases exponent ia l ly  when  
the start ing voltage E1 of an anodic charging curve  or 
an anodic vol tage sweep (or the reversa l  vol tage of a 
cathodic sweep) is made more cathodic. With less 
cathodic El, the error  due to diffusion f rom the elec- 
t rode inter ior  becomes proport ional ly much more  im-  
portant  than diffusion f rom the electrolyte. Both state-  
ments are equivalent  to saying that  the er ror  due to 
the electrolyte  is proport ional  to the part ial  pressure 
of hydrogen while  the error  due to the electrode is 
proport ional  to the square root of pressure. Fu r the r -  
.more, the errors increase inversely  proport ional  to 
the square root of the transi t ion t ime of the charging 
curve  and of the sweep rate  of the voltage sweep, re-  
spectively. Typically, the total errors amount  to 30% 
for a current  density of 100 m a / c m  2 and 10% for 1 
a m p / c m  2 for an anodic charging curve started f rom 
0v. For  a cathodic sweep wih 1 v / sec  the total errors 
are 45% for E1 = 0v and 4% for E1 ------ 50 my. 

Manuscript  received Ju ly  20, 1966; revised manu-  
script received Dec. 16, 1966. 

Any  discussion of this paper will  appear in a Discus- 
sion Section to be published in the June  1968 JOURNAL. 

A P P E N D I X  
In the fol lowing expressions, n, D, and oc are left 

without  subscript and apply to both the inter ior  of the 
electrode and the electrolyte.  For  the electrode inte-  
r ior z = 1; for the electrolyte  z = 2. The symbol 

a = ~ / ( zr  E l l ) / 2 t l  [A-1] 
is used for convenience. 

Cathodic voltage sweeps . - -The exact  expression 
f rom which the approximate  formulas  [13a] through 
[14b] were  der ived is, for all t imes t < 2h, 

n v ( t )  ---- (oct~D-/a) ~exp( - - z~Eo/2  + a 2 t ) e r f ( a \ / ~  

- - u ( t  --  tl) exp [.--zcE1/2 -~ a~(t - t l ) ]  err (ak/ t  - -  t l)  

+ u ( t - -  ti) 2~ -1/2 exp[--z@E1/2 -- a2(t ~ h ) ]  

So a~/t-tl (~2) d~  exp 

[A-2] ) 

Anodic voltage sweeps . - -The exact expression f rom 
which the approximate  formulas [16] and [17] were  
der ived is, for  all t imes t 

n (t) = (ock/D--]a) ~ 2 a ~ / ' ~  exp[--zr 
v L 

fov  
.--2~ -1/2 exp [--zoEl/2 --  a2t] exp(~.2) d)~ e/o 

-bu( t  -- t l)  2n -1/2 exp[--z@Eo/2 -- a 2 (t --  t l ) ]  

f :  tv~:h'ex p (k2) d}. 

- - u ( t  --  tl) exp[--z~Eo/2 ~ a2(t -- t l ) ]  e r f ( a k / t  --  tl) 

~ - u ( t - - 2 t l )  exp[--z~E1/2 ~- a2( t - -2t l )  ] erf(a~/t----~-~l) 

- - u ( t -  2tl) 2a~ -1/2 exp[--zcE1/2] ~r  2t1"~ 

[A-3] 

These expressions were  reduced to approximate  
forms by the use of we l l -known  asymptotic expan-  
sions (20). 
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Discussion 
Comments on 

"Effect of Hydrogen Absorbed by Electrode and Electrolyte 
on Hydrogen Coverage" by David BenDaniel and Fritz G. Will 

(Vol. 114, 909 (1967)) 

by Sigmund Schuldiner, Naval Research Laboratory, Washington, D. C. 

BenDaniel  and Will claim to give a general  analysis 
of the nonsteady-sta te  diffusion problem as applied to 
diffusion of H in metals and H2 in solution to the elec-  
t rode surface. Their  analysis of H diffusion in the 
meta l  is based on the assumption that  only diffusion 
of soluble H, in equi l ibr ium with  H2 in solution, f rom 
the meta l  interior  to the surface is the control l ing 
factor. However ,  it has been known for some t ime 
that  slow phase-boundary  processes cannot be ignored 
for studies of the permeat ion rates of hydrogen 
through metals. 1 It  also is known that  part  of the 
hydrogen associated wi th  a pla t inum surface is 
s trongly bonded and is not in equi l ibr ium with  H2. 2 

Severa l  workers  3 have  shown that  measurable  
amounts of H do not diffuse through a Pt  membrane  
electrode when  the polarization side is clean. Ben-  
Daniel  and Will, however ,  evident ly  conclude that  this 
work was not on clean surfaces and that  the only 
acceptable work  on a clean surface was that  reported 
by Vet ter  and Knaack. 4 Vetter 's  book states that  the 
Tafel  slope found on the polarization side of their  Pt  
membrane  was 0.12. This value of Tafel  slope clear ly  
shows that  the diffusion of molecular  hydrogen is not 
rate  control l ing (this would  give a 0.03 slope) and 
that  the fast phase boundary (meta l /solut ion)  reac-  
tions claimed by BenDaniel  and Will (which are nec-  
essary for their derivat ion)  are not realized. The 0.12 
slope found by Vet ter  and Knaack  indeed shows that  
the hydrogen react ion took place on an electrode 
which was inactive, i.e.,  dirty. In short, Vet ter  and 
Knaack 's  overvol tage  and diffusion data are for a 
poisoned Pt  electrode. 

Fur ther  evidence which supports the conclusion that  
the Vetter  and Knaack electrodes were  not clean can 
be shown by compar ing their  results wi th  those of 
Hoare and Schuldiner.  3 Vet ter  and Knaack 's  work  at 
a current  density of --11.5 m a / c m  2 gave an over -  
vol tage of --340 my, whereas  Hoare and Schuldiner  
found at a cur ren t  density of --5.3 m a / c m  2 an over -  
vol tage of --48 my. This, in addition to the fact that  
the 0.03 Tafel  slope is well  established for clean Pt  
surfaces 5 c lear ly  shows that  the diffusion of hydrogen 

1R. Ash  a n d  B. M. Bar re r ,  Phil. Mag., 4, 1197 11959~. 
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through Pt  membranes  repor ted  by Vetter  and Knaack 
was on a Pt  foil wi th  a poisoned polarization side. 
This meant  that  a re tarded phase boundary reduction 
to hydrogen occurred and that  the atomic hydrogen 
formed was not in equi l ibr ium with  H2 in solution. 

BenDaniel  and Will confuse the issue of electrode 
cleanliness and act ivi ty for hydrogen permeation.  For  
Pt  electrodes with high act ivi ty  for the hydrogen 
format ion reaction, the permeat ion  of hydrogen 
through a membrane  is negligible. For  poisoned Pt  
electrodes wi th  a low act ivi ty  for the hydrogen forma-  
tion reaction, the permeat ion of hydrogen through a 
membrane  is appreciable.  Hoare  and Schuldiner  3 fur-  
ther  showed that  poisoned pal ladium could ei ther 
lower or raise the H permeat ion rate. Bar t e r  8 did not, 
as claimed, show any exper imenta l  relat ionship be- 
tween Pd electrode cleanliness and act ivi ty for hydro-  
gen permeation.  Instead, Barrer ,  on a pure ly  random 
basis found that some Pd electrodes t ransmit ted  hy-  
drogen faster than others. He defined the electrodes 
wi th  the fastest permeat ion rates as the most active 
electrodes and postulated that  they were  the least poi- 
soned. It is obvious from the work  on hydrogen  per-  
meat ion through Pd and Pt that  a l i t t le of some spe- 
cies which poison the hydrogen generat ion reaction 
on the polarization side of the membrane  electrode 
can great ly  increase the rate of H permeat ion while  a 
substantial  amount  of pract ical ly any adsorbent  (and 
perhaps even a l i t t le of some species) may re tard  H 
permeation.  It is incorrect  to conclude that, if hydro-  
gen permeat ion is faster  on one P t  electrode than  an- 
other, the first is c leaner  and more active for the hy-  
drogen generat ion reaction than the second. 

BenDaniel  and Will 's assumption that  migrat ion in- 
side the metal  is a function of the square root of hy-  
drogen part ial  pressure is based on data obtained from 
the exposure of metals  to hydrogen gas in e i ther  the 
gas or solution phase. When a potent ial  is applied to a 
metal  the effective hydrogen part ial  pressure and /o r  
atomic hydro.gen act ivi ty  on the polarization side of 
the electrode surface is now the pr imary  factor con- 
t rol l ing the rate  of solution and migrat ion of H through 
the metal,  and this wil l  depend on the applied po- 
tent ial  and current  density up to a l imit ing value.  7 
The part ial  pressure of hydrogen above the solution 
only would  have a negligible effect. The much higher  
overvol tage  and the associated much higher  effective 
atomic hydrogen concentrat ion on the polarization side 
of a poisoned Pt  electrode explains the migrat ion of H 
through such an electrode whereas  on a clean elec-  
trode (low overvol tage)  H migrat ion through the 
metal  is insignificant. 

The numerica l  evaluat ion of the solubil i ty and dif-  
fusion coefficients for hydrogen in Pt  by BenDaniel  
and Will are much larger  than would be reasonably 
expected. The solubili ty is given as 4.4 x 10 -5 mole 
H / c m  3 and the diffusion coefficient is given as 1.5 x 
10 -8 cmS/sec, both at 25~ The solubili ty of H in Pt  
given in the l i tera ture  is at least an order of magni tude  
lower. For  example,  Smith 's  s data gives 1.3 x 10 -0 
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mole H / c m  8 at 400~ Since, Pt  is an endothermic oc- 
cluder  of hydrogen this means that  the solubil i ty of 
hydrogen at room tempera tu re  wi l l  be much less. 

Gileadi et at. .~ obtained a solubil i ty of H in poisoned 
Pt  at 70~ of 2.7 x 10-5 g atoms H / c m  ~. Of this it was 
shown that  only 5-15% of the H (2 x 10 -6 g atoms 
H / c m  8) is free to move  through the lattice. The rest 
of the H was re la t ive ly  stable and diffused out of the 
meta l  at much slower rates than diffusion into the Pt. 
The solubil i ty data  at 25 ~ would, of course, be sub- 
stantial ly lower. The diffusion coefficient found by 
Gileadi et al. was 3.4 x 10 -9 cm2/sec at 70 ~ and they 
est imated that  it would be an order of magni tude  less 
at 25~ 

BenDanie l  and Wil l  claim that  equi l ibr ium was not 
obtained in the he l ium-sa tura ted  exper iments  of 
Schuldiner  and Warner.  2 If this were  so then the 
PH2 = O results of Schuldiner  and Warner  should be 
dependent  on the square  root of t ime (according to 
the BenDaniel  and Will der ivat ion) ,  both owing to H 
in the meta l  in ter ior  and ]-I2 diffusing into the solution. 
In fact, Schuldiner  and Warner  showed that  f rom cur-  

rent  densities of 3.53 to 0.78 m a / c m  2 (0.085-0.38 sec) 
there was v i r tua l ly  no change in the amount  of hydro-  
gen oxidized. The t ime dependence shown in the oxy-  
gen region for this same range of cur ren t  densities 
shows that  an exper imenta l  ar t i fact  cannot expla in  the 
invar iance with  t ime in the H region. 

In conclusion, BenDaniel  and Will cannot assume 
that  slow phase boundary  reactions did not affect the 
H permeat ion rate  found by Vet ter  and Knaack, or 
that  the Vet te r  and Knaack P t  electrode was clean. In-  
deed the overvol tage  data given by Vet ter  and Knaack 
definitely show that  their  electrode was poisoned. (It 
should be pointed out that  even  though the Vet ter  and 
Knaack data did show a 0.02-0.04 Tafel  slope on the 
diffusion side of the electrode, the 0.12 Tafel  slope on 
the polarization side clearly shows a poisoned Pt  
surface.) Work by others 3 have shown that  on a clean 
Pt  surface hydrogen diffusion through P t  is immea-  
surable. The assumption used by BenDaniel  and Will 
that  the rate  of diffusion of hydrogen through a P t  
electrode is dependent  on the square root of the hydro-  
gen part ial  pressure in the gas phase above the solu- 
tion is not applicable to a polarized electrode. 

A Lumped Parameter Electrical Model for Predicting Concentration 

Transients in a Reversible Transference Cell 
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ABSTRACT 

The basic phenomenological  equations governing electr ical  conduction of 
ions in an electrolyte  are reviewed.  As an approximation,  these equations are  
redefined in the form of different ial-difference equations for an incrementa l  
region in the electrolyte.  A lumped paramete r  model, which is analogous to 
an electr ical  network,  is developed for an incrementa l  region in the form of 
an i tera t ive  network.  Because the model  exhibits  a l inear  relat ionship be tween 
concentrat ion and current ,  it can be analyzed using standard c i rcui t - theory  
techniques. Specific examples  are considered to demonst ra te  the use of the 
model. The agreement  between the t ransient  responses, calculated f rom the 
lumped parameter  models and the theoretical  solution, is, in general, suffi- 
cient ly close to just i fy  the use of these models in lieu of the more complicated 
theoret ical  solution. 

Recent  in ter ferometr ic  studies (1, 2) on Zn/ZnSO4/  
Zn and Cu/CuSO4/Cu systems have been devoted to 
the invest igat ion of only the ini t ial  port ion of the con- 
centrat ion t ransient  response for a constant cur ren t  
excitation. The purpose of this approach has been to 
take advantage of the first te rm of a series solution. 
Even  l imited to this te rm (a form of the complemen-  
tary  er ror  funct ion) ,  the analysis is ra ther  compli-  
cated. 

Because of these limitations, it is desirable to de-  
velop an approximate  model  for such a system which 
is applicable to a more  general  current  exci tat ion and 
to larger  values of time. The t e rm "model"  is used in 
the sense of a discrete approximat ion to the exact  
system under  consideration. The model  itself is en-  
visioned as a lumped parameter  network,  s imilar  to 
an electr ical  network,  wi th  resistors, capacitors, etc. 
Such a model  wi l l  be developed for the electrolyte.  

A lumped parameter  model  for the electrolyte  of a 
revers ible  t ransference cell  wil l  be developed for some 
ra ther  idealized conditions, to i l lustrate  the model ing 
procedure  and to demonstra te  how the model  can be 
modified for improved  accuracy. As an i l lustrat ion of 
how the lumped paramete r  models are employed, con- 
centra t ion transients wi l l  be de termined  for a constant 

current  excitation. The more general  t ransient  re -  
sponse for different current  excitations is de termined 
by standard c i rcui t - theory  techniques.  

The use of lumped parameter  models to approximate  
distr ibuted systems with  posit ive and negat ive  ions is 
not new (3, 4). Such models have been used with  ex-  
cel lent  results on, for example,  transistors and pn junc-  
tion diodes. Since these have proved to be effective 
tools in analyses ' involving many  semiconductor  prob-  
lems, similar  results can be anticipated for  electro-  
chemical  systems. 

Basic assumpt io~s . - -The  system under  considera-  
tion is assumed to be a revers ible  t ransference cell  
in which the electrodes are  the same meta l  and the 
electrolyte  is a salt of the metal l ic  element,  e.g., a 
Zn/ZnSO4/Zn transference cell. The anode and cathode 
reactions are defined by the  equations 

M ~ M z+ W ze [1] 

M z+ -p ze z=2 M [2] 

where  M = meta l  of which the electrode is composed, 
z ~ valence of the ion formed,  e = charge on the elec- 
tron. The e lect rolyte  MA is assumed to be in equi l ib-  
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r ium with  its ions M z+ and A ~+ according to the equa-  
t ion 

MA<-~-~ M ~+ + A z- [3] 

We shall assume that the electrolyte consists of ions 
with the same valence I and that the electrolyte is com- 
pletely dissociated; consequently, the equilibrium con- 
dition represented by Eq. [3] is tipped entirely to the 
right. 

We shall also make the fol lowing idealized as- 
sumptions: 

1. Ions are t ransported in the x-d imens ion  of a 
planar  geometry.  

2. Convect ion currents  do not exist. 
3. The diffusion coefficients (D+, D - )  for the ions 

are constants and related to the drift  mobil i ty  coeffi- 
cients (~+, ~ - )  by the Einstein relat ionship D+/~+ ---- 
D - / ~ -  ~ k T / z q ,  where  k is Boltzmann's  constant, T 
is the absolute t empera ture  in degrees Kelvin,  and q 
is the magni tude  of the charge on an electron. AI1 of 
these parameters  are assumed to be posit ive constants. 

4. The electrolyte is assumed to be neutra l  wi th  a 
pH of 7 at room temperature ,  i .e.,  the e lectrolyte  rep-  
resents a two- ion  system. 

T h e a r y . - - T h e  basic equations 2 for the cations and 
anions of the electrolyte  may  be summarized as fol -  
lows: 

I+ = A z q ~ + E C +  - -  A z q D +  (OC+/Ox)  [4] 

I -  = A z q ~ - E C -  + A z q D -  ( O C - / O x )  [5] 

OC+/Ot = - -  ( 1 / A z q )  (OI + /Ox)  [6] 

O C - / O t  = ( 1 / A z q )  ( O I - / O x )  [7] 

OE/Ox = ( z q l D  (C+ - -  C - )  [8] 

where  I+, I -  = cation and anion currents,  respec-  
t ively,  in amperes,  C+, C -  = cation and anion con- 
centrations, respectively,  in No. /cm 3, A = cross-sec- 
t ional  area in cm 2, E = electric field intensi ty in vo l t s /  
cm, ~ ---- dielectric constant in farads/cm.  

Reviewing briefly, the first two equations represent  
the cation and anion currents;  each of these can be 
subdivided fur ther  into drift  (i .e. ,  electromigrat ion)  
and diffusion components.  Equations [6] and [7] are 
the displacement currents,  based on the conditions for 
continuity.  Equat ion [8] is a form of Poisson's equa-  
tion which gives the relat ionship be tween the electric 
field intensi ty and charge density, divided by the di- 
electric constant. All  of the constants in these equa-  
tions are assumed to be positive. 

In order to calculate the t ransient  response of a 
t ransference cell for a g iven excitation,  i t  is necessary 
to solve these equations s imultaneously for the appro-  
pr iate  boundary conditions. This is not  an easy task, 
unfor tunately ,  even when several  approximat ions  are 
made. If these equations have to be resolved for 
each new set of boundary conditions, it follows that  
l i t t le is gained f rom previous experience.  To c i rcum- 
vent  this problem the model  concept is employed. 

To i l lustrate  the model ing procedure,  consider the 
incrementa l  volume of the electrolyte  shown in Fig. 1. 

1 The a s s u m p t i o n  of e q u a l  v a l e n c e s  is  n o t  n e c e s s a r y  f o r  t h e  
t h e o r y  b u t  is  i m p o s e d  on ly  as  a m e a n s  for s impli fying t h e  n o t a t i o n  
f o r  t h e  e q u a t i o n s  to  be  d e v e l o p e d .  

2 T h e  r a t i o n a l i z e d  M K S  s y s t e m  of u n i t s  w i l l  be  e m p l o y e d  in  this 
discussion, w i t h  t h e  e x c e p t i o n  t h a t  a l l  u n i t s  c o n t a i n i n g  l e n g t h  w i l l  
be  g i v e n  in  c e n t i m e t e r s  r a t h e r  t h a n  m e t e r s .  

I c.t o  i t 
~ x ~  

C+ + AS+~: --~ ~C+ Cross-Sectional 

C_ + AC ~ i C Area = A 

i - I 
0 --~x x =w 

Fig. 1. Transference cell and definition of incremental volume 

ho_~. 

S e p t e m b e r  1967  
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~ • I+ i 7 

i 
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ig=(eA/A@Av)/~t 
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Fig. 2a. Incrementa| mode! for Eq. [4 ] - [8 ]  
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Charge 
9+i i 8 B 

-y~ 

I-+i8 
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Fig. 2b. Division of the total current into its respective branch 
components. 

As an artifice, we shall  separate  the cations and anions 
and their  respect ive currents  into two distinct re -  
gions of the electrolyte.  If Eq. [4]-[8] are now syn- 
thesized fo r  the spacial increment  Ax, the incrementa l  
model  shown in Fig. 2(a) results. F igure  2(b) i l lus-  
trates, in a qual i ta t ive  manner ,  the division of the total  
current  into its respect ive branch components.  It re -  
mains to be shown that  a one- to-one  correspondence 
exists in the l imit  as Ax --> 0 be tween the above equa-  
tions and the incrementa l  model. Referr ing  to Fig. 
2(a) ,  the currents  il and /2  are seen to be the drif t  and 
diffusion components of the cation current  since 
A v / A x  --> E and A S + l A x  --> - -  OC+lOx in the l imit  as 
Ax --> 0. The sign conventions for the incrementa l  pa- 
rameters  in Fig. 2(a) account for the mixed  signs 
when the limits are evaluated.  The anion cur ren t  com- 
ponents i3 and i4 fol low in exact ly  the same manner ,  
except  that  the cur ren t  /4 is reversed in accordance 
with the definition of the direct ion for convent ional  
current.  Currents  i5 --  i7 and i6 + i8 are displacement  
currents  for the cations and anions which correspond 
to Eq. [6] and [7] in the l imit  as Ax--> 0. Here  we 
note that  these currents  are divided equal ly  in the in-  
crementa l  region. The  current  i9 is also a displacement  
current  which tends to mainta in  charge neu t ra l i ty  in 
the electrolyte.  (It is interest ing to note that  a dis- 
p lacement  current  can still flow even when  charge 
neutral i ty,  i.e., i9 = O, applies.) The current  i9 is equal  
to i5 --  /6, plus the summation of all  displacement 
currents  (il0) f rom x = 0 to the reference point  at 
which the incrementa l  vo lume is chosen according to 
the equation 

N 

i 9 =  ~-r ( A I + - - A I - ) i  
/ = 1  

= A z q  ~ (C+ - -  C - ) ~ A x  [9] 
Ot ~=1 

If Eq. [9] is set equal  to the defined current  i9, inte-  
grated with  respect to t, and differentiated wi th  re-  
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spect to x, we  obtain in the l imit  as Ax --> 0 the 
fol lowing equat ion 

O2v/Ox ~ : (zq/~) (C+ - -  C - )  [10] 

I t  follows, thus, that  Eq. [10] reduces to Eq. [8.] since, 
02v/Ox 2 : OE/Ox. Of interest  is the fact that  the cur-  
rent  i9 is equal to an electrical  capacitor C : cA lYx ,  
mult ipl ied by the t ime rate  of change of voltage across 
the incrementa l  vo lume of the electrolyte.  

The next  step in the model ing process is that  of 
demonstra t ing that  the transient  associated with  the 
displacement  current  i9 decreases to zero at the re-  
laxat ion t ime of the electrolyte.  To i l lustrate  why  this 
is true, we  shall  assume that  a step of cur ren t  is ap- 
plied to the t ransference cell at t = 0, i.e., a step of 
positive ion current  (t+ : 1) at the e lec t rode-e lec t ro-  
lyte interfaces. If another  cur ren t  is a l ready flowing in 
the cell  when the step of current  is applied, it wil l  
be assumed that  this other  current  is changing slowly 
with time. The meaning of "s lowly" will  become clear 
as the a rgument  is developed. The concentrat ion of the 
electrolyte  cannot change instantaneously on the onset 
of the step of current,  ignoring regions immedia te ly  
adjacent  to the electrodes; thus, diffusion currents  of 
types is and i4 throughout  the electrolyte  cannot 
change ini t ial ly at the onset of the step of current  but 
will  change ra ther  "s lowly" beginning at the elec- 
trodes where  the concentrat ion ini t ial ly begins to 
change. Currents  of types i5, /~, i~, and is can and do 
change at a rate dictated by the fol lowing mechanism. 
Drif t  currents  of types il and is change as the voltage 
changes across the electrolyte.  It follows that  the ini- 
t ial  step of current  all flows through a capacitor of 
e A / w  where  w is the separat ion of the electrodes. 
This capacitor  is actual ly shunted and distr ibuted by 
incrementa l  resis t ive components which carry  the drift  
currents.  The instantaneous electr ical  model  of the 
electrolyte at the onset of the step of current  is given 
by the distr ibuted resis tance-capaci tance ne twork  
shown in Fig. 3. The initial t ransient  recovers  at the 
re laxat ion  t ime of the distr ibuted R-C ne twork  ac- 
cording to the equat ion 

ACARaARc e e 
T 

ARa J- ARe zq~+C+ + z q ~ . - C -  ,~+ + ~ -  
[11] 

where  ~+ and ~-  are the conductivit ies of the posit ive 
and negat ive  ions of the electrolyte.  Since the conduc- 
t iv i ty  of the electrolyte  varies wi th  x due to current  
flowing prior  to the application of the step input, the 
re laxat ion t ime is x -dependen t  and has a max im um  
value in that  region of the electrolyte  where  the con- 
centrat ion is a minimum. For  typical  values of dielec- 
tric constants and conductivities,  this re laxat ion t ime 
can be shown to be quite  small, indeed, in comparison 
with  the t ransient  t imes that  wi l l  be computed for the 
redis tr ibut ion of ions, assuming that  space-charge neu-  
t ra l i ty  is present. 

It  should be pointed out that  space-charge neut ra l i ty  
cannot  exist unless d E / d x  is zero. Since d E / d x  will  not 
be zero in the models to be developed, charge neu-  
t ra l i ty  wil l  not be met  exactly.  In  general,  this s i tua-  

§ 

v i f  

ARc=AX/AZq~+C+ 

I I 

, v .  v v  v v  " - "  - v  ^ . ~ \ j  
de AR A /A  q~ C Ca thod  

xtw 
Fig~ 3. Instantaneous electrical model of the electrolyte for 

the relaxation transient response. 

tion is not serious and can easily be tested by per-  
turbat ion methods for determinat ion of the degree of 
charge unbalance.  It  is not  the intent ion to imply,  
however ,  that  the equations can be indiscr iminately  
manipulated.  

Assuming the displacement current  of type i9 is zero, 
we shall demonstra te  that  the incrementa l  model  of 
Fig. 2 can be simplified by taking advantage  of the 
fact that  C+ _~ C - .  Solving for the electric field in-  
tensity E in Eq. [5] and substi tut ing into Eq. [4], we 
obtain the equat ion 

I+ = I -  ( ~ + / ~ - )  - -  2AzqD+ (OC+/Ox) [12] 

Differentiat ing Eq. [12] wi th  respect  to x and substi-  
tut ing Eq. [6] and [7], we obtain the diffusion equa-  
tion 

2D+~-  
OC+/Ot -- (O2C+/OX 2) : De(O2C+/.OX 2) [13] 

~ + + ~ -  

in which the effective diffusion process is governed 
by the ambipolar  diffusivity De. Refer r ing  to Fig. 2, it 
follows that  the anion current  I -  can be determined 
by integrat ing the displacement current  f rom x : 0 
to the reference  point of the incrementa l  model. The 
anion current ,  thus, is given by the equat ion 

f 0 C+dx  [14] I -  : A z q - ~ -  o 

and Eq. [12] becomes 
[15] 

f 0 C + d x  --  2AzqD+ (OC+/Ox) 
I+ = A z q ( ~ + / ~ - )  O---t o 

[15] 

F rom these resuIts, a modified incrementa l  model  
can be synthesized as shown in Fig. 4(a) .  The model  in 
its new form corresponds to Eq. [6] and [12] in the 
l imit  as Ax -> 0, for the assumed current  directions 
in Fig. 2. The model  still does not seem to be very  
tractable, unfor tunately ,  in real izing the goals set 
for th  at the outset. The basic problem stems f rom 
the fact that  the anion current  appears in the cation 
branch  as a dependent  cur ren t  source I •  
Kirchhoff 's  cur ren t  law in conjunct ion wi th  Eq. [14], 
wil l  take care  of this difficulty, however .  Remember -  
ing that  the current  at the e lect rode-elect rolyte  in te r -  
face is en t i re ly  positive ion, let us move the incre-  
menta l  vo lume to x ---- 0. Since the init ial  displacement 
current  can be determined,  it follows f rom Kirchhoff 's  
current  law tha t  all  currents  enter ing the second in-  
crementa l  model  are known. From a knowledge of 
the displacement  cur ren t  flowing in the second in- 
c rementa l  model, all of the remaining  currents  can 
again be determined by this law. Proceeding thus f rom 
x : 0 to x = w, it is clear that  a complete  solution 

i=2AzqD.(AC+/Ax) 

i . . . .  i 

C++AC I~ =2Azq~+/Ax ) C+ 

~ Ai=(AzqAxI2)(I+U+/._)( +/ ) Ai 

Fig. 4. Modified incremental models, a tap, b bottom 
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can be effected, a l though somewhat  difficult to per-  
form in an exact  analysis, assuming i9 ~- 0. 

An equivalent ,  but  more abstract, model  can be de- 
r ived  which avoids the dependent  cur ren t  source in 
Fig. 4(a) if we redefine the cation current  in Eq. [15]. 
By incorporat ing the first te rm in Eq. [15] wi th  Eq. 
[6], we obtain the fol lowing incremental  equations 

I +' = - - 2 A z q D  + (AC + l a x )  [ 16 ] 

,~I+' = - - (Azq -~x )  (1 4- ~ + / ~ - )  (OC+/Ot) [17] 

where  I+' is the cation current ,  neglect ing the contr i-  
bution of the displacement component  s (the first t e rm 
in Eq. [15]). An al ternat ive  in terpreta t ion for the 
current  I+' is that  it is the s teady-sta te  cation cur-  
rent  that  flows, af ter  the displacement cur ren t  be-  
comes zero. The factor of two in Eq. [16] thus im-  
plies that  the s teady-sta te  cation current  is equal ly  
divided between drif t  and diffusion components.  E m -  
ploying this new definition for current,  we can syn- 
thesize Eq. [16] and [17] as shown in Fig. 4(b) ,  whe re  
the current  in Eq. [17] is again symmetr ica l ly  divided 
for the incrementa l  volume. 

The  l u m p e d  m o d e l . - - T h u s  far, the incrementa l  model  
has been a useful  tool for visual izat ion purposes. The 
point of depar ture  f rom a more exact  analysis is to 
use one or more  sections of the incrementa l  model  for 
approximation.  In effect, thus, s imultaneous par t ia l  
differential  equations are conver ted  into s imultaneous-  
different ial-difference equations, differential  in t ime 
and difference in space. 

The lumped parameter  model  for the differential-  
difference approximat ion is obtained by le t t ing ax  be 
a finite quant i ty  in Fig. 4 (b).  For  ax  finite and constant, 
the model  is analogous to a lumped pa ramete r  elec- 
tr ical  network,  if we define the fol lowing analogies; 
concentrat ion for voltage, cur ren t  for current,  
2 A z q D  + l a x  for electr ical  conductance, ( A z q •  (1 4- 
# + / ~ - )  for electrical  capacitance. Thus, the current  
sources in Fig. 4 (b),  can be replaced by lumped com- 
ponents analogous to electr ical  resistors and capaci-  
tors. In order  to differentiate between the two anal -  
ogies, we will  fol low Linvi l l ' s  (3, 4) nomencla ture  and 
re fer  to the analog of conductance as "diffusance" and 
the analog of capacitance as "storance." The  lumped-  
paramete r  model  for an incrementa l  region is shown 

~ A e t u a l l y ,  the  ca t ion  c u r r e n t  in  Eq.  [15] cons i s t s  on ly  of d r i f t  
an d  d i f fus ion  compone n t s .  S ince  the  first  t e r m  is p r o p o r t i o n a l  to 
the  d i s p l a c e m e n t  c u r r e n t  as de f ined  by  ECl. [6}, i t  is r e f e r r ed  to, in  
t h i s  sense, as a d i s p l a c e m e n t  cu r ren t .  

S=(Azq6x/2)(I+u+/~_) 

H=fAzqD+/~X 

Fig. 5. Lumped parameter model for an incremental volume 

C 

t = t  1 

~ m d e  ca~o% x 
I / 2  v 

Fig. 6. Illustration of the odd-symmetry property of the excess 
concentration. 

in Fig. 5 where  the symbol H denotes diffusance and 
the symbol S denotes storance. 

The final step in the model ing procedure is to as- 
cer ta in  the number  of incrementa l  regions which 
should be used to represent  the electrolyte.  This ques-  
tion can be answered par t ia l ly  by considering the 
odd-symmet ry  proper ty  of the excess concentrat ion of 
the electrolyte.  Let us consider the concentrat ion pro-  
file in Fig. 6 at some instant  dur ing a t rans ient  re -  
sponse. For  a revers ible  t ransference cell, the concen- 
t rat ion profile wi l l  possess odd- symmet ry  about  its 
equi l ibr ium value, i.e., the concentrat ion for no exci ta-  
tion. Since the concentrat ion at the center  of the cell 
is c lamped at its equi l ibr ium value,  it is seen that  a 
model  for the half -cel l  is sufficient to calculate the 
transient response. Thus, it fol lows that  a knowledge  
of the excess concentrat ion f rom x ---- 0 to w / 2  can 
be used to determine  the concentrat ion f rom x = w / 2  
to w. This relat ionship is given by the equat ion 

C + ( x , t ) - - C 0 = C 0 - - C + ( w - - x , t )  = C e ( x , t )  [18] 

where  Co = equi l ibr ium concentrat ion and Ce(x , t )  --- 
excess concentration. 

It should be noted that  Eq. [18] gives rise to two 
interest ing implications. The first point to be observed 
is that  the m ax im um  concentrat ion C+ (0,t) at the 
anode cannot exceed twice  the equi l ibr ium concentra-  
tion. This follows because the concentrat ion at x = w, 
the cathode, cannot become negative.  The second point 
to be noted is tha t  the currents  flowing in the lumped 
paramete r  model  always depend on the excess concen-  
trat ion C+ (x , t )  - -  Co. Thus it follows that  it is only 
necessary to consider the excess concentrat ion in the 
computat ion of the concentrat ion t ransient  response. 
We shall  take advantage  of this proper ty  in the 
lumped parameter  models. 

Even though we can reduce the size of the over -a l l  
model  by a factor of two by considering only a half-  
cell, we still  have  not resolved the problem of speci- 
fying the number  of incrementa l  regions to be used 
to approximate  the region f rom x ~ 0 to x ~- w / 2 .  
This consideration wil l  be deferred unt i l  the next  
section. 

App l i ca t ion  of  the  l u m p e d  parame ter  m o d e l s . - - I n  
this section, we wil l  use the ha l f -ce l l  lumped param-  
eter models to calculate concentrat ion t ransient  re-  
sponses for the special case of a constant cur ren t  ex-  
citation. As previously indicated, the number  of in-  
crementa l  regions necessary to approximate  the re-  
gion f rom x ---- 0 to x = w / 2  has not been specified. 
Rather  than take a large number  of increments  at the 
outset, we shall begin with  only one incrementa l  re-  
gion (,%x ---- w /2 ) ,  fol lowed by two incrementa l  re -  
gions (•  = w /4 ) ,  and, finally, th ree  incrementa l  re-  
gions (,~x ---- w / 6 ) .  

Concentrat ion t ransient  responses wil l  be consid- 
ered for these three cases. In part icular ,  one example  
wil l  be given for the concentra t ion response at the 
anode for these cases, and one example  wi l l  be given, 
using the two- inc rement  model,  which demonstrates  
the spacial var ia t ion  of the concentra t ion for  different 
normal ized t ime increments.  In order  to demonstra te  
the accuracy of the calculations using the lumped pa-  
ramete r  models, the theoret ical  response for  each 
example  wil l  also be given in graphical  form. I t  wi l l  
be shown, that  for as few as two or three  increments  
to approximate  a half-cel l ,  that  convergence to the 
theoret ical  solution is quite rapid. The theoret ical  
solution will  be given after these examples  have  been  
presented. 

The  first t ransient  to be considered is that  of the ex-  
cess concentrat ion at x --~ 0, the anode. The  incre-  
menta l  models shown in Fig. 7 wi l l  be used to predict  
the concentrat ion response which wil l  be compared to 
the theoret ical  response. The  models shown in Fig. ?(b)  
and Fig. 7 (c) are obtained by le t t ing Ax ---- w / 4  and 
~x  = w / 6 ,  respectively,  in Fig. 5 and cascading two 
or three of these sections, as required,  to complete  the 
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f I 
Cel H 0 

'= w/2 

x=O WI4 w/2 

~--. C 3H 3H 3H 0 I b 

I l iP. /3 1/12~q/~ I I I  .s~/3 I ~ l s / 3  ?-?-; ?. 
x=0 w/6 w13 w/2 

Fig. 1. Half-cell lumped parameter models for calculating 
excess-concentration transients: a (top) one-increment model; 
b (center) two-increment model; c (bottom) three-increment model. 

C e ' "  

- / \ 
~ F / / /  ] ,,, ' 

o.4 / ,, ' 

~ ,v o:./ 
0 I 2 3 h 5 

~/~ IL 

Fig. 8, Excess concentration transient responses at the anode 
based on the lumped parameter models and the theoretical solu- 
tion. 

models. For  a constant cur ren t  exci tat ion I, the fol low- 
ing equations for the excess concentrat ion Ce~(0,t) 
c a n  be obtained by s tandard c i rcui t - theory  techniques 
(5) 

Cet(O,t)  = ( I / H )  [1 - -  e x p ( - - t / T ) ]  [19] 

Cel (0,t) ---- ( I / H )  [ 1 - -  0.8536 exp (--1.172t/~) 

--0.1464 exp(--6.828t /~)]  [20] 

Cel (0,t) = ( I / H )  [1 --  0.8293 exp (--1.206t/~) 

--0.1111 exp( - -g t /~ )  --  0.0596 exp(--16.794t/~) ] [21] 

where  ~ = S / H  = w2(1 4- ~ + / ~ - ) / 1 6 D + .  Equations 
[19], [20], and [21] and the  theoret ical  solution (Eq. 
[23] for x -~ 0) are plot ted in Fig. 8 to i l lustrate  the 
na ture  of the t ransient  response and to demonstrate  
the rapid convergence to the theoret ical  response as the 
number  of volume increments  is increased. Referr ing 
to Fig. 8, it is seen that  the convergence is quite  good 
for the th ree - inc rement  model, except  for the initial 
port ion of the t ransient  response. Fur ther ,  i t  should be 
noted that  the principal  er ror  is represented by an 
almost  constant  t ime delay. If greater  accuracy is de- 
sired for smaller  values of time, the model  is easily 
modified by adding more increments  and readjust ing 
parameters ,  as previously  indicated. Al though this 
may  seem impractical,  it is a re la t ive ly  simple task to 
program digital  computer  to add more  increments  to 
the model  since it has an i tera t ive  structure.  

As a final example,  an indicat ion of the over -a l l  
concentrat ion profile in a cell  wil l  be determined.  Be-  
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Fig. 9. Piecewise-linear excess concentration profile for the 
two-increment model and the theoretical profile for the cell. 

cause of the incrementa l  propert ies  of the lumped 
paramete r  model, the concentra t ion wil l  va ry  l inear ly  
across each increment.  In other  words, if several  in-  
crements  are used to approximate  a g iven cell, the 
concentrat ion wil l  va ry  in a p iecewise- l inear  manner,  
consisting of a s t ra ight - l ine  segment  across each in- 
crement.  To i l lustrate  these ideas, let  us consider the 
model  shown in Fig. 7(b) .  Remember ing  the excess 
concentrat ion at x = w / 2  is zero and taking advan-  
tage of the odd-symmet ry  proper ty  of Eq. [18], the 
concentrat ion profile is obtained by plot t ing Eq. [20] 
and the equat ion for C e 2 ( w / 4 , t ) ,  as defined in Fig. 
7(b) 

Ce2 (w/4,t)  = ( I / 2 H )  [1 - -  1.2071 exp(--1.172~/T) 

4,,0.2071exp(--6.828t/~)] [22] 

for different values of time. An indication of the ap-  
p rox imate  and theoretical  excess concentrat ion pro-  
files for the ent ire  cell is shown in Fig. 9. F rom Fig. 
9, it follows that  the concentrat ion change ini t ial ly 
increases more  rapidly at  the anode, fol lowed by con- 
centrat ion bu i ld -up  at x = w / 4 ,  unti l  the s teady-s ta te  
concentrat ion becomes t ru ly  l inear  on complet ion of 
the transient.  Of course, the actual concentra t ion pro-  
file exhibits  curva ture  throughout  the cell, and the 
p iecewise- l inear  representat ion is only an approxima-  
t ion to the theoret ical  profile. Even  so, the two- in -  
c rement  model  gives a fa i r ly  accurate indication of 
the nature  of the t ransient  response. The  th ree - incre -  
ment  model  would have  been even more accurate, 
especially at smaller  values of t/~. By considering 
more increments,  the p iecewise- l inear  representa t ion 
can be made as accurate as desired. 

The theoret ical  solution of the excess concentration,  
for the approximat ion set for th  earlier,  for  the con- 
stant  current  exci tat ion can be obtained by solving Eq. 
[13], subject  to the condit ion at x = 0 that  I = 
--2AzqD+ ( O C + / a x )  which is just  Eq. [12] at x = 0 
since I -  is zero and I+ is the applied current  and the 
condition that  the excess concentrat ion is zero at 
z = w / 2 .  The theoret ical  solution is given by the 
equat ion 4 (6). 

C e ( x , t )  = ( I / H )  

( 1  - -  2 x / w )  - -  (8/32) 
. = 0  (2n 4- 1) 2 

e x p [ - - ( 2 n  4- 1)2~2t/8~] �9 cos[ (2n  4- 1);rx/w] ~ [23] 

T h i s  e q u a t i o n  is  i d e n t i c a l  to Eel. [5] ,  p.  113, of  C a r s l a w  a n d  
J a e g e r ,  e x c e p t  f o r  m i n o r  t r a n s f o r m a t i o n s .  
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This equation is plotted for x = 0 in Fig. 8 and is 
plotted as a function of x for different values of t/T 
in Fig. 9. 

The above examples  were  intended to i l lustrate  the 
general  procedure for employing the lumped param-  
eter  models in the computat ion of concentrat ion t ran-  
sient responses. Even though we have restr icted these 
examples  to a constant cur ren t  excitation, other  types 
of current  excitations can readi ly  be considered in a 
s imilar  manner.  In part icular ,  for  other  excitations the 
lumped parameter  approach becomes even more at- 
tractive. This follows because the solution of the dif- 
fusion equation, Eq. [13], is pract ical ly intractable  
except  for ve ry  few excitations, such as the constant 
current  excitation. 

Conclusions 
The incrementa l  model  has been shown to be a con- 

venient  vehicle  wi th  which to study electrical  con- 
duction phenomena in the electrolyte  of a reversible  
t ransference cell. The l inear  relat ionship be tween 
concentrat ion and current,  for  the approximat ions  set 
forth, suggests a tangible means for  describing a dis- 
t r ibuted system with a circuit  analog. This follows 
because the same system can be analyzed for differ- 
ent excitations without  recourse to the exact par t ia l  
differential  equations which are, in general, more diffi- 
cult  to solve than different ial-difference equations. 
Even  though the lumped parameter  model  has its 
pr incipal  l imitat ion in predict ing rapid transients, 
such as the initial portion of the concentrat ion t ran-  
sient for a constant current  excitation, its i te ra t ive  
s t ructure  provides a convenient  means for adding 

more increments  to the model  to improve  the accuracy. 
For many applications, where  the over -a l l  t ransient  is 
to be investigated, a two- inc rement  model  for the 
half -cel l  should be adequate.  

The possibility of ex tending  and applying the 
lumped parameter  model  to other  electrolytic systems 
should pose some chal lenging and interest ing prob-  
lems. 

Acknowledgment 
The authors are most grateful  for the assistance 

provided by the Computer  Center  at Texas Tech-  
nological College. This work  was conducted at Texas 
Technological  College under  the s ta te-supported re-  
search grant, 191-5412. 

Manuscript received Sept. 23, 1966; revised manu-  
script received Apri l  10, 1967. 

Any  discussion of this paper will  appear in a Discus- 
sion Section to be published in the June  1968 JOURNAL. 

REFERENCES 
1. R. N. O'Brien, W. F. Yakymyshyn,  and J. Leja, This 

Journal, 110, 820 (1963). 
2. R. N. O'Brien, ibid., 113, 389 (1966). 
3. J. G. Linvill ,  Proc. IRE, 46, 1141 (1958). 
4. J. G. Linvil l  and J. F. Gibbons, "Transistors and 

Active Circuits," pp. 67-106, McGraw-Hi l l  Book 
Co., New York (1961). 

5. H. H. Skilling, "Electrical  Engineer ing Circuits," 
John Wiley & Sons, Inc., New York (1958). 

6. H. S. Carslaw and J. C. Jaeger ,  "Conduction of Heat  
in Solids," pp. 112-114, Oxford Press, London 
(1959). 

Primary and Solvent Isotope Effects in the 
Anodic Evolution of Oxygen 
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ABSTRACT 

The use of hydrogen isotopes in s tudying the oxygen evolut ion react ion 
(o.e.r.) is discussed. It is shown that  along with other  exper imenta l  data such 
as pI-I studies, Tafel  behavior,  etc., the H/D- i so tope  effects can be used as 
additional cri teria for the elucidation of reaction mechanisms. Normal  isotope 
effects, i.e., those corresponding to the  o.e.r, being faster  in II20 than in  D20, 
arise normal ly  from considerations of the pr imary  isotope effect. Depending on 
the magni tude of the solvent isotope effect, several  cases involving an inverse 
isotope effect arise, i.e., the rate of the o.e.r., is now faster in D20 than it is 
in H20. A t rea tment  of these isotope effects is given in this paper  and exper i -  
mental  data for the o.e.r, at Ni anodes is discussed. 

The oxygen evolut ion react ion (o.e.r.) has been of 
interest  to electrochemists  for many years (1-12). To 
mention only a few papers, the reactions occurring 
at the oxygen electrode have  been studied by methods 
such as the pH effect (2,10) cur ren t -potent ia l  be- 
havior  (3-12), emf decay (6), and by oxide film for -  
mation (12). Conway and Bourgaul t  (6,12,13),  in 
thei r  studies of the n icke l -oxygen  system, found that  
under  certain conditions the rate of oxygen evolut ion 
was faster  in heavy  wate r  than in l ight water ,  i.e., an 
inverse isotope effect was exper imenta l ly  observed. 
In 1965, Conway et al. (14) presented calculations and 
discussed the origin of this inverse  isotope effect. In 
the present  paper, a formal  and more detailed anal-  
ysis is presented, and the  calculations briefly in t ro-  
duced in the original work  (14) are  ex tended to new 
cases as wel l  as being developed in more  detail. In 
general  this paper deals with calculations of pr imary  

1Presen t  address :  NASA, ERL, Cambr idge ,  Massachuset ts ,  

and solvent  isotope effects in the o.e.r. The inverse 
isotope effect is a t t r ibuted main ly  to the solvent  ef-  
fect, i.e., the reason why  this effect appears can be 
traced to the evidence that  the deuteroxide ion ( O D - )  
in D20 is a s tronger base than the O H -  ion in H20. 
Correspondingly,  D~O + in D20 is a s tronger acid than 
is H30 + in H~O (15). 

Kinetics of the O.E.R. 
General considerations.--In alkaline solution, the 

possible kinetic sequences considered here  are [cf. 
Bockris, ref. (2) ] 

M ~- O H -  ~ MOH ~ e [1] 

MOH ~- O H -  --> MO ~- H~O ~- e [2a] 

2MOH --> M -~ MO + H20 [2b] 

2MO ~ 2M ~- 02 [3] 
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Reactions [2a] and [2b] are considered to be a l ter -  
nat ive  mechanisms therefore  giving rise to two pos- 
sible react ion sequences. In acid solutions, the schemes 
considered involve the fol lowing reactions [cf. Con- 
way, ref. (7) ] 

M + H20 -> MOH + H + + e [4] 

MOH q- H20--> M O  Jr H 3 0  + -}- e [5a] 

2MOH --> M Jr MO Jr H20 [5b] 

2MO--> 2M ~- O2 [6] 

where  reactions [5a] and [5b] are considered to be al-  
ternat ive.  One can of course wr i te  reactions analogous 
to [1]-[6] substi tut ing deuter ium for hydrogen, and 
these can thus serve as the basis for comparison of 
the H/D- i so tope  effect in the o.e.r. 

According to MacDonald and Conway (7), the 
init ial  discharge step always occurs f rom a water  
molecule  so that  reactions [1] and [4], respectively,  
should be wr i t ten  as 

M Jr H20* Jr O H -  -> MO*H Jr H20 ~- e [ la]  
and 

M Jr 2H20--> MOH -{- HsO + Jr e [4a] 

The asterisk in Eq. [ la]  indicates the original  source 
of OH for the surface species. Hence, as in an ear l ier  
publication (16), the act ivated complexes correspond-  
ing to reactions [ la]  and [4a], respectively,  are 

H 
\ 

M . . . .  O . . . H . . . O H -  
( - )  (Jr) 

(a) 

P R I M A R Y  A N D  S O L V E N T  I S O T O P E  E F F E C T S  

[7] 

H H 
\ / 

and M . . . .  O . . . H . . . O  
(-) (Jr) \ 

H 
(b) 

and the ra te -de te rmin ing  discharge step then involves 
the t ransfer  of O H -  to the electrode surface and a 
proton t ransfer  to an adjacent  hydroxyl  ion or water  
molecule  in the double layer. Elect ron t ransfer  to the 
metal  then can occur when the act ivated complex re-  
laxes to the final state configuration (32, 37). 

To der ive  a ra te  equation for react ion [ la] ,  the 
statistical method can be employed (17) as reported 
previously for the h.e.r. (18). The condit ion for equi -  
l ibr ium between init ial  and act ivated states for re -  
action [ la]  is 

/~M -~- /~H20 -[- ~OH-- =-~=~ [8] 

where  ~ is the e lectrochemical  potent ial  of the indi-  
cated species and ~ is the chemical  potent ial  (19). For  
species i, ~i is defined as (19) 

~l = ~l Jr Zi~biF [9] 

where  ~i is the  inner  potent ia l  of species i in the phase 
under  considerat ion and zi is the valence, including the 
sign, of the charged species. F r o m  statistical me-  
chanics we have (17) 

l,q = - -kT  In ]l [10] 

where  fi is the molecular  part i t ion funct ion (p.f.) per  
molecule, i.e. 

II = qi/ni [11] 

Hence it is clear that  ~i = #i ~ for the s tandard state 
when ni = 1, and the standard state can, of course, 
be chosen in terms of molecules or moles. Using the 
la t ter  convention, Eq. [9] and [10] can be combined to 
give 

-fii = --RT In fi Jr zir [12] 

Taking z ---- --1 for both the OH- and the activated 
complex, Eq. [8] and [12] can be combined and re- 
arranged to give 
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fMSH2OfO~-- = f*  " exp[  (r  --  r [13] 

where  41 is the potential  at the outer  Hetmholz  plane 
and r  is the inner  potential  of the system corre-  
sponding to the act ivated complex configuration. This 
follows f rom the model  of the act ivated complex used 
here (Eq. [7]) and e lsewhere  (14, 16, 18). Since the 
electrode is at some potent ial  ~bM and the reactants  in 
the init ial  state (i.e., in the outer  Helmholz  plane) 
are at some potent ial  ~1, it follows that  the potential  
~= - -  r is in termedia te  be tween  tM --  ~I, i.e., it cor-  
responds to some fract ion fl of tM --  ~1. Expressed 
mathemat ica l ly  

~* - -  r  = ~ ( r  - -  41) [ 1 4 ]  

From Eq. [11], [13], and [14] 

q* 
7t=~ = nMTtH2OnOH-- exp[fl(r - - r  F/RT] 

qMqH2oqoH-- 

Removing  the imaginary  f requency f rom q* and 
replacing it  by q*  (this is the f requency  corresponding 
to the motion along the reaction coordinate) ,  one now 
takes qM = 1 (16, 18), mult ipl ies  by F and divides 
through by the area A (to obtain concentrat ions in 
units of moles cm -2) and the above equat ion takes on 
the i ami l i a r  fo rm 

i - - - - F - -  
kT Q* 

[M] [H201 [ O H - ] .  
h QH2oQoH- 

exp[~(r - -  qJ1) F / R T ]  

where  Q = q/A. The terms in concentrat ion should 
be replaced by ones in activities, but since we wil l  be 
deal ing in ratios (H20 to D20),  it is a good approxi -  
mat ion to take the ratios of act ivi ty  coefficients in 
H20 to that  in D~O as equal  to unity. Fur the r  sim- 
plification of this equation can be made by refer r ing  
to the model  of the act ivated complex in Eq. [7a]. The 
assumption is made (see calculations below) that  the 
unreact ing O H -  bond does not  suffer any change in 
f requency in going from the init ial  to the act ivated 
state [cf. ref. (20)] so that  the p.f. QOH- cancels 
since it appears in both states. Taking the act ivi ty of 
water  = 1, and considering the rate of react ion at the 
revers ible  potential,  i.e., tM (alk.) = tr,b and i = io, 
the  above equat ion becomes 

kT q* 
io = F [M] [ O H - ]  ~ exp[fl(q~r.b -- r 

h qn2o 
[151 

By an analogous procedure,  the exchange current  den-  
sity for discharge in acid solutions is 

kT q=~ 
io = F - -  [M] exp[f l (~r .a--  r [161 

h qn20 

Since similar relat ions can be wr i t ten  for the D-ana-  
logues of Eq. [151 and [16], a ratio of exchange cur-  
rent  densities, R, can be defined as 

io(H) qD20 qH =~ 
R1 = . = - -  ~ exp[flA~bb ~ F/RT] [17] 

~o(D) qH20 qD ~ 

and similar ly 
qD20 q~:H 

R4 - -  exp fl[A~a~ [181 
qit2o q=~D 

Equat ions [17] and [18] were  obtained by assuming 
r and [M] to be isotopically independent  and by al-  
lowing [ O H - ]  = [ O D - ]  and [H30 +] = [D30+].  This 
la t ter  condition permits  one to wri te  the potential  
difference term ~br, H -  ~br.D in terms of the s tandard 
values, At ~ = r176162176 The remain ing  relat ions for R 
for reactions [2], [3], [5], and [6] shall  be presented 
in a brief  manner  since they all fol low from t rea t -  
ments  similar  to that  described above. 
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Reaction scheme [1], [23], [ 3 ] . - -Fo r  the  case of a 
r a t e -de t e rmin ing  step [2a], the  values  of R for l imi t -  
ing Langmui r  coverages of 0MOa --> 0 and 1, respec-  
t ively,  a re  

R2a_~ ( qOD- )2 q~H �9 - - e x p [ ( l + ~ ) - \ r 1 7 6  [19] 
qOH- q=~D 

and 

R2a= ( q'-q~H- "qOD-- ) 2  q#---~q#H exp [~a~~ [20] 

If a Temkin  isotherm is applicable,  the ra te  of reac-  
t ion [2] is (21, 22), 

kT q# 
io,2 = ZF  ~ [MOH] [ O H - ]  

h qMOH qOH-- 
exp [)c(0) + ~@~ 

where  the  funct ion S(0) has been prev ious ly  defined 
(21, 22) as 

:f(0) ~ r176  + constants  

By consider ing react ion [1] to be in quas i -equi l ib r ium,  
i t  follows that  the  expl ic i t  form of the  above equat ion 
is 

f(o) = RT In [ O H - ]  + RT in  [(1--Ot)/OMon] 
+ RTln(qMOH/qOH--) + r [21] 

where  0t is the total  surface coverage.  Making the ap-  
p ropr ia te  subst i tut ions it is found that  the theore t ica l  
express ion for  R2 is ident ica l  to Eq. [19]. 

Fo r  a r a t e -de t e rmin ing  step [3], use of the  Langmui r  
i sotherm for 0MO --> 0 and i,  respect ively,  gives 

( qOD-- )4( qH20 )2 q~'=H exp [4x~~ [22] 

and 
qMO(D20) q*H 

R~ = [23] 
qMO(H20) q=~D 

For  the  cases where  the Temkin  i so therm might  be 
appl icable ,  severa l  cases arise for  ac t iva ted  and non-  
ac t iva ted  adsorpt ion.  Using Eq. [21] and employing  
s imple equ i l ib r ium rela t ions  [cf. ref. (22)] the fo l low- 
ing R~ values  are easi ly obtained:  (i) Fo r  ac t iva ted  
adsorpt ion  we have  

qOD-- )4(  -- qH20 )2 q~=H exp [_~~ [24] - q*----;- 

for 0M0 ~ 0MOH and 

( qOD-- )4(qH20)2 q*H exp [3A~OF/RT ] [25] 
R3= . ~ H O ~ . . ~ D 2 0 /  q*D 

for ~MO ~ ~MOH and potent ia l  dependent .  
(ii) For  nonac t iva ted  adsorp t ion  

R3~- ( q o n - ) 4 ( q u 2 o ) 2  q+.___ ~_~_~ exp [2Ar [26] 
\ qHO-- / qD20 q~D 

for 0MO ~ 0MOrn For  the  case where  0MO < <  0MOH (and 
is therefore  potent ia l  dependent )  R3 is given by  Eq. 
[22]. 

Reaction scheme [1], [2hi, [ 3 ] . ~ F o r  this  sequence 
of react ions,  R~ and Ra values  are  the  same as those 
given above. Fo r  the  l imi t ing  L a n g m u i r  condit ions 
of 0~mH --> 0 and 1, respect ive ly ,  i t  can easi ly  be shown 
tha t  

R2b ~--. " ~ qoo-- " )2 q*H exp [25r176 [27] 
q-~H- / q4 D 

and 

R2b ~- ( qOD-- )2 q=~H [28] 
qOH-- ~' q4D 

F o r  the  in te rmedia te  Temkin  type  behav ior  

R2b ~- ( ~qoD- .)2 q:~Dq=~H exp [A~OF/RT] [29] 

Reaction scheme [4], [53], and [6].--R values  for  
this scheme are obta ined  by  methods  ve ry  s imi lar  to 
that  discussed above and involve  main ly  a lgebra ic  
substi tutions.  Hence only the  final resul ts  need  be 
given wi th  the except ion tha t  the f(0) r equ i red  for 
the Temkin  cases in acid solut ion is defined by  

f(o) -= --RT In [H30 + ] + RT In (I--ot/OMOH) 
+RT In [(qHSO+) (qMOH)/q2H20] ~- ~~ [30] 

The re la t ion for  R4 is given by  Eq. [18]. For  a r a t e -  
de te rmin ing  reac t ion  [5a] 

Rsa : ( qn~o )3 q~3o+ �9 ~ q ~  exp [(I+~)A~~ 
\ qH20 / qD30 + q#D 

[31] 
and 

" ( qD2O " )3 qH30+ q*H exp [t~•176 [32] 
g5a= \ q-q~2o qD30+ q=~-- 

for the  Langmui r  condit ions of 0MOH -* 0 and 1, respec-  
t ively.  Fo r  the Temkin  case of 0MOH ~ 0.5, R~a is 
given by Eq. [31]. 

For  a r a t e -de t e rmin ing  s tep [6], the quas i -equ i l ib -  
r ium t rea tment  gives 

( q D 2 o ) 6 (  qH~O+ )4 q*H exp[4A~OF/RT ] [33] q*---;- 
and 

qMO(D2O) q4~tt 
R6 : [34] 

RMO(H20) q4~ 

respect ively,  for 0MO --> 0 and 0MO = 1 (Langmui r  con- 
di t ions) .  

If the Temkin  isotherm is appl icable  we again have:  
(i) Ac t iva ted  adsorp t ion  gives two cases, respect ively,  

for 
0MO ~-- 0MOH and 0MO << OMOH 

R6 = ( ~H20 / xq~30+ z q~= )6(qH30+ )4 q=~H exp[Ac~~ T] [35] 

and 
(qD20)6 (  __qH30+ )4 q=4=tt exp[3A~~ Tj [36] R6 
\ qH20 / \ qD30+ / q=~D 

(ii) For  nonac t iva ted  adsorpt ion  

( qD20 )6(  qH30+ )4 q :~H 
R6--~ \ qH20 / \ q~30+ J ~q*D exp[2A~~ [37] 

for 0MO ~ 0MOH. For  OMO < <  0MOH, R6 is given by  Eq. 
[33]. 

Reaction scheme [4], [Sb], and [6 ] . - -The  va lues  of 
R4 and R6 wil l  again r ema in  unchanged.  Under  L a n g -  
mui r  adsorpt ion conditions,  i t  fol lows that  

R50 : ( qD2___~o )3. qlt30+ ~q=~H exp[2A~OF/RT ] [38] 
\ qH20 / qD30 + q~D 

and 
(~qD20)3 . qH30+ . q+H [39] 

Rsb 
\ qH20 / qD30+ q+D 

for OMOH --> 0 and 1, respect ively.  For  the in te rmedia te  
Temkin  type  behavior  

R5b= \ q'-~'20 ( qD20 )3.  qD30--''-'~ "qH30+ q=~=-""~q4=H exp[Ar176 [40] 

~ l c u l a t i o n s  
Initial state quantities.--The p.L ra t ios  for the  va r i -  

ous H and D species were  obta ined  f rom previous  cal -  
culat ions using spectroscopic (15 , 38) and  equi l ib r ium 
(39, 40) da ta  found  in the l i t e ra tu re  (15). Fo r  25~ 
the  appropr ia t e  p.f. ra t io  values  a re  (cf. 18, 23) 

qD20 QD30 + qOD-- 
= 1437; -~ 19,023; ~ : 21.15 

qH20 qH30 + qOH-- 
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The potential difference, ~r176  alkal ine solution, 
V~ for the reversible oxygen electrode can be cal- 
culated from the free energy change of the equi l ibr ium 

2 O H -  ~-- 1~G2 + H20 + 2eM 

The condit ion for equi l ibr ium is 

2~'OH-- = 1/~/LO2 Ac # H 2 0  ~- 2~e  

Using Eq. [9]-[12] and taking all activities equal to 
un i ty  (i.e., standard states are being employed),  the 
above equation becomes 

RT 
(~b~ -- ~bs) H20 = In [QoH-U/Qo2I/'2QR.~oQ~(~I)] 

2F 

Since an analogous expression exits for the reversible 
oxygen electrode in D20, it follows that 

~b~ ~ ~5~ ~ ._~cb~ 

= RT ~ /  q--q-~20 ; 

where the potential in the bulk, ts, is taken to be zero. 
Using the values of partition function ratios above, it 
is found that •162176 = 0.0150V at 25~ 

In acid solutions, the reversible reaction is 

3H20<-~-2H30 + + �89 + 2e(M) 

and using the procedure just described, 

~b~ - -  r176 = .~b~ 

_ qD30+ )2  

At 250C, -%~~ ---- --0.0270 volt. 

Activated comptexes.--Whereas the p.f. ratios for 
the ini t ial  state species were calculated from spec- 
troscopic and equi l ibr ium data, those for the activated 
complex must  be estimated either from a potential  en-  
ergy surface, or empirical ly by comparison to similar 
stable species where force constants and vibrat ional  
frequencies are known,  or can be reasonably inferred. 
In  this paper, the lat ter  method is used not only be- 
cause of its simplicity, but  because the assumptions 
required for analysis of the activated complex are 
quite similar  in both cases as discussed below. 

If a potential  energy surface were to be constructed, 
the following assumptions would have to be made: 

(i) All bonds not directly involved in the reaction 
do not undergo changes in vibrat ional  frequency. 

(ii) The activated complex can be treated as a 
pseudo-three or four atom system. 

(iii) Assumption (ii) leads to the conclusion that 
a Morse funct ion can now be used to describe the en-  
ergies of the various "diatomic" species involved; e.g., 
the O-H bond in H20 can be treated in  terms of the 
Morse equation. 

(iv) Some method must  be used to obtain the cou- 
lombic and exchange energies so that  the London 
equat ion may be solved. Eyring 's  method (24) assumes 
the overlap integral  to be zero and fur ther  assumes a 
constant  coulombic/exchange energy ratio. A second 
method (25) assumes a constant  value for this overlap 
integral  (chosen to fit the exper imenta l  act ivation en-  
ergy),  and the coulombic and exchange energies can 
then be calculated from bonding and ant ibonding 
Morse equations. Despite some serious objections to 
either method (26-28), there is no doubt  as to their  
general  usefulness. In  order to construct the potent ial  
energy surface for an electrochemical reaction, one 
would have to know the "real" activation energy so 
that  the adjustable  parameters  in  the theory could be 
properly utilized (23, 29-31). 

In  view of all these assumptions and difficulties, it 
seems perhaps more valid to use some strictly empirical  
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method for characterization of the activated complex. 
In  such a t reatment ,  one has to make the following as- 
sumptions (cf. 29, 32) : 

(i) Same as (i) above 
(ii) Secondary isotope effects are neglected since 

they are small  to begin with (33) and also since the 
limits of reproducibi l i ty  are such that  it is very 
doubtful  if such effects could be exper imenta l ly  demon- 
strated for the o.e.r. This assumption permits  us to im-  
mediately simplify the p.f. ratios involving only oxide 
surface species. In  reactions [3] and [6], we can there-  
fore take the p.f. ratios qMO(D20)/qMO(H20) and q~H/ 
q=t-D a s  being equal to unity.  Also differences in the 
r  (which are very  small) can be neglected 
on this basis (18, 29, 32), and 1 --  0t terms are assumed 
to be independent  of isotope. 

(iii) The symmetric stretching frequency for acti- 
vated complexes of the type O . . . . .  H . . . . .  O are 
independent  of isotopic substitution. 

(iv) Assuming the activated complex in (iii) is 
l inear  (24), only the doubly degenerate bend need be 
considered. For the O-H-O bend, an average frequency 
of 1200 cm -1 wil l  be used here as this value seems to 
be the most reasonable one as discussed elsewhere 
(18, 29, 34, 35). Hence the vibra t ional  contr ibut ion to 
the activated complex p.f. ratio for this degenerate 
vibrat ion is 

( sinhU~:D ) 2 = 0 . 1 7 9  

sinh U*H 

where u = hcv/2kT (v being in  cm-1) .  

Using these four assumptions, the mechanics of 
solving qdH/q~D for the above R values, reduce r 
simple algebraic substitution. Results of the calcula- 
tions are given in  Table I. 

Discussion 
Whereas the pr imary  isotope effect refers to the 

effect by isotopic subst i tut ion on an atom undergoing 
transfer,  the solvent isotope effect refers to the me-  
d ium effect on equi l ibr ia  resul t ing from isotopic sub-  
sti tution (41). In  all cases where  a proton or deuteron 
is directly involved in the activated complex, normal  
isotope effects arise, i.e., R~, R2, R4, and R~ are greater 
than  unity.  However, for the recombinat ion of MO 
species to produce molecular oxygen, an inverse iso- 
tope effect arises depending upon the solvent. This 
solvent isotope effect arises from the assumption of 
equil ibria  between bulk  H20, or D20, and the surface 
species MO. Any uncer ta in ty  due to empirical  assign- 
ment  of frequencies to the activated complex is ab-  
sent in this calculation because, as discussed above, 
the p.f. ratio for the activated complex is unity.  

Some uncer ta in ty  undoubted ly  exists in the em- 
pirical assignment of bending frequencies for activated 
complexes of the type O . . . .  H . . . .  O. A value of 
1200 cm -1 for v*mb was chosen empirical ly because 
it seems to be quite reasonable by comparison to ob- 
served frequencies for stable molecules (29, 32, 35, 42). 

According to Bader (35), values of V~H.b may be ex- 
pected to vary  from 800 to 2000 cm -1 depending on 
asymmetry  and charge distribution. Since an inverse 
isotope effect can also arise in the pr imary  isotope 

Table I. Kinetic parameters for 02 evolution from H20 and D~O 

L a n g m u i r  cond i t ions  T e m k i n  cond i t ions  
R ~ -~ 0 6 --> 1 ac t iv ,  ads .  nonac t i v ,  ads.  

R~ 9.05 6.78 
R~a 9.05 5.05 9.05 
R~, 12.13 3.77 6.76 
R3 1.50 1.00 0.19 {Eq. [241) 1.50 fEq. [221) 

0.76 tEq. [251) 0.36 (Eq. [26l) 

R~ 4.00 6.78 
R~a 4.00 11:4 4.00 
R~b 2.35 16.3 6.74 
R~ 1.00 1.00 23.2 r [35]) 1.00 (Eq. [33]) 

2.62 (Eq. [36]) 6.12 (Eq. [37]) 
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Table II R-values for various values of p=PH,b(V=PD,b = Y=PH,b/~ 

R as  c a l c u l a t e d  f r o m  Eq.  
~ H  c m _ i b ,  [17] [19] [20] [27] [28] [29] 

2000 3.0 3.0 1.7 4.0 1.3 2.3 
1200 9.0 9.1 5.1 12.1 3.8 6.8 
800 15.0 15.0 8.3 20.0 6.2 11.2 

0 25.3 25.3 14.2 34.0 10.6 19,0 

effect if the zero point energy of the activated com- 
plex is greater than that  for the ini t ial  state (33, 43), 
it is instruct ive to see what  the m i n i m u m  R values 
are using a value of 2000 cm -1 for V*mb. This is shown 
in Table II. The isotope effects, al though smaller  than 
those in Table I, are still considerably larger than 
uni ty  and within  those limits, any of the pr imary  iso- 
tope effects considered here are all "normal"  ones. 

Conclusion 
The results of the theoretical calculations pre-  

sented in this paper demonstrates that  the use of 
hydrogen isotopes in electrochemical reactions, other 
than  the h.e.r., can be added to the existing techniques 
used for the confirmation of reaction mechanisms. Al-  
though work is under  progress in this laboratory ex- 
tending these studies in oxygen evolut ion to various 
metals in acid and alkal ine solution, other reactions 
such as Zn and Mg deposition and dissolution might 
also benefit by this t reatment .  In the o.e.r., the only 
reaction giving rise to an inverse isotope effect is the 
recombinat ion step in alkal ine solution. Conway and 
Bourgault  (6, 12, 13) found a value of ~0.5 for R3 in 
the o.e.r, at nickel wire anodes. The observed Tafet 
slopes were 60 mv for the o.e.r, in both D 2 0 ( O D - )  
and H 2 0 ( O H - )  solutions, and these results are in 
satisfactory agreement  with those predicted here for 
the activated adsorption scheme (see Table I) .  The 
results of these calculations show that  there are some 
cases in which a clear cut assignment of reaction 
mechanism is not possible and that other criteria must  
be sought. However, the important  th ing that results 
from these studies is that  the isotope effect, when  
combined with other criteria, is a useful method for 
evaluat ing these complex reactions. Recently McIntyre  
and Salomon (36) have found very  small  isotope effects 
in the electrochemical reduction of O2 to peroxide 
and again, as in the above case, this small  isotope 
effect can be predicted for a unique step in the over-  
all scheme of consecutive steps. 
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An Experimental Study of the Mode of Operation of Porous 
Gas-Diffusion Electrodes with Hydrogen Fuel 

L. G. Austin 1 and Satish Almaula 

Department o,f Fuel Science, Pennsylvania State University, University Park, Pennsylvania 

ABSTRACT 

Current -polar iza t ion  curves f rom zero current  to l imit ing current  have  
been obtained for anodic ionization of H2 at Teflon-bonded, pla t inum-black,  
gas-diffusion electrodes in IN H2SO4. Limit ing currents  were  almost  l inear ly  
proport ional  to hydrogen pressure and var ied with  pressure and tempera -  
ture in approximate ly  the same way as DC, the product of solubil i ty and dif- 
fusivi ty  of dissolved H2. Effects of mass t ransfer  of dissolved gas appear  to 
predominate  over  ohmic or kinetic effects. Based on a comparison of double-  
layer  capacities in gas diffusion and ful ly  flooded conditions, it is concluded 
that  be tween 2 and 5% of the electrode in terna l  area is wet ted  by electrolyte  
in the gas-diffusion condition, and the mean electrolyte penetrat ions are 4-7~. 
It  is unl ikely that  extended thin films of e lectrolyte  exist on the internal  
surface of the electrode. It is suggested that  only a thin layer  near  the plane 
e lect rode-elect rolyte  surface is wet ted and takes part  in reaction, and that  
l imit ing currents  and polarization arc due to mass t ransfer  of dissolved hydro-  
gen to submerged p la t inum-black  particles. For  an electrode containing 55 mg 
P t - b l a c k / c m  2, the l imit ing current  was 2.9 a m p / c m  2 at I a tm H2 and 25~ 
polarizat ion at 1 a m p / c m  2 was 30 my. 

The precise manner  in which porous, gas diffusion 
electrodes for fuel  cells operate is not known, al though 
three distinct models have been proposed (1-3). Most 
t rea tments  (4-7) have considered electrodes where  the 
electrolyte  covers a considerable fract ion of the in-  
ternal  surface of the electrode. As discussed by Aust in 
et al. (1), it is unl ikely  that  a " thin film" of e lectro-  
lyte covers the internal  surface of electrodes which 
are s t rongly wet-proof,  such as Teflon-bonded, plat i-  
num-b lack  electrodes (8, 9). This type of electrode 
shows great  promise for use in fuel  cells since it is 
easy to make, l ight-weight ,  thin and capable of high 
power output  wi thout  flooding. 

The exper iments  repor ted  here were  per formed in 
an a t tempt  to obtain a bet ter  model  for the mode of 
operat ion of wet-proofed,  gas-diffusion electrodes, to 
form the basis for quant i ta t ive  t rea tment  of electrode 
design. 

Experimental Techniques 
Disk-shaped electrodes were  placed in the Teflon 

electrode holder  shown in Fig. 1 and the electrode 
surface placed horizontal ly  in contact wi th  1N H2SO~, 
as shown in Fig .  2. The Teflon pieces of the holder  

1 P r e s e n t  address :  D e p a r t m e n t  of C h e m i c a l  E n g i n e e r i n g ,  N o r t h  
Caro l ina  S ta te  U n i v e r s i t y  a t  Ra le igh ,  N o r t h  Caro l ina .  

Gas Inlet 

Inner Pyrex Tube~ l~ j~ j  --ExternaIRingsC~ 
Outer Pyrex Tube ~ Wire 

inner Teflon Piece ~ " O "  

Outer Teflon Piece 
=. 

Platinum Current Collector Screen 
External Contact Wire 

14 A'L 
~/4 ~" I/4' I/4' Teflon Gos~,et 

Test ~ S m o o t  h Platinum Electrode Gasket 

sket 
Electrolyte 

Fig. 1. Electrode holder 

were machined to give a t ight press fit, and the tubes 
mounted in the Lucite lid in Fig. 2 were  fitted with O 
rings to al low ready raising and lowering. The counter  
electrode was a clean p la t inum sheet, and the satu- 
ra ted calomel re ference  electrode was connected to a 
Luggin capi l lary wi th  a KC1 bridge, via a closed stop- 
cock between the KC1 and H2SO4 solutions. Hydrogen 
and ni t rogen were  prepurif ied (10) and saturated with  
water  vapor  in equi l ibr ium wi th  1N H2SO4 before use; 
F isher  Reagent  Grade sulfuric acid was fumed ( t l )  
and di luted to 1N strength with h igh-pur i ty  water  
(12). Af ter  assembly, it was convenient  to deaerate  the 
electrolyte  wi th  bubbled ni trogen overnight ,  before 
lowering the test electrode into the electrolyte.  Any 
gas bubble t rapped below the electrode face was 
readi ly  removed by gentle flushing wi th  the J ar-  
rangement  shown in Fig. 2. 

S teady-s ta te  current  vs. voltage results were  ob- 
tained wi th  a flow of hydrogen (or hydrogen-n i t rogen  
mixture)  at 1 a tm through the electrode holder,  wi th  
a flow rate  of at least 30 t imes the m a x i m u m  rate of 
hydrogen ionization. The potential  be tween  test and 
reference electrode was measured  wi th  a h igh- im-  
pedance recorder,  and current  w a s  measured  by po- 
tent ia l  drop across standard resistors in series wi th  
the cell. Ohmic resistance in the electrolyte  be tween 
the test electrode and the tip of the Luggin  capi l lary 
was determined f rom the immedia te  change in test  
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EB~Jebcbl ero~ i~FcC?~ { e :  to v e r ' I I ~ -  ql ,;,I ,/ 
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- f \ Electrdyte 
Luggin Reference 
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Fig. 2. Test cell 
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Table I. Comparison of electrode properties 

M a t e r i a l  L i m i t i n g  ctucrents 
con ten t s ,  E lec t rode  C a l c u l a t e d  Mean  h y d r a u l i c  1 at. H2, 25~ 

E lec t rode  m g / c m ~  th ickness ,  # poros i ty ,  % d i a m e t e r ,  ~ m a / e m  z 

C A A t  P t  8-9 150 73 5.6 1,050 
Teflon screen  

S M t  P t  5 5 . 0  3 0 0  72  6 .4  2 , 9 0 0  
Teflon screen 8.0 

47.0 

SM2 P t  13.5 254 60 1.3 730 
G r a p h i t e  13.0 
Teflon 3.5 
Screen  35  

FC100 P t  5-6 254 20* 0.2 300 
Carbon  + we t -  r Mean  po re  ]*  

p roof ing  66-64 L d i a m e t e r  0.5 J 

* PUre Carbon Company catalog values. 

to reference potential  on passing a constant  current  
through the tes t -counter  electrode system. This jump 
was measured with an oscilloscope at fast sweep 
rates, using the rapid switching circuit described by 
Lerner  (13). Results were corrected for this resistance, 
which was between 0.6 and 0.8 ohms. It  was occa- 
sionally found that  voltage cycling occurred as the 
l imit ing current  was approached. A Wenking  potentio-  
stat (model 61/R) was then used to set the test elec- 
trode at 0.5v (plus the ohmic voltage loss) vs. s tandard 
hydrogen electrode, and the steady l imit ing cur ren t  
obtained at this potential. At the highest l imit ing cur-  
rents obtained (3 amp/cm2),  the ohmic correction 
was approximately 0.6v. 

Double- layer  capacities and surface coverage by ad- 
sorbed hydrogen were determined from galvanostatic 
vol tage-t ime curves. To avoid faradaic current  from 
gaseous or dissolved hydrogen the electrode holder 
was supplied with ni t rogen only, and a small  cathodic 
current  passed unt i l  the electrode reached zero volts 
vs. s tandard hydrogen. A constant  anodic cur ren t  was 
then switched on and the voltage recorded as a func-  
t ion of t ime unt i l  it reached 1.0-1.3v; the current  was 
reversed and voltage recorded unt i l  the potential  
was brought  back to zero volts. This procedure was 
satisfactory for an immersed, flooded electrode, but  a 
gas-diffusion electrode could not be brought  to zero 
volts with a small  cathodic current  (see later) and 
s tar t ing potential  was about  50-70 m v  vs. s tandard  
hydrogen electrode. Since oxygen was evolved at the 
counter electrode dur ing  passage of cathodic current ,  
the counter  electrode was contained in a separate com- 
par tment  for these tests, as shown in Fig. 2. 

Mean hydraulic  pore diameters were estimated from 
permeabi l i ty  measurements ,  using ni t rogen flowing 
through the electrode clamped in a lucite holder with 
rubber  seal rings. 

Elec t rades . - - I t  was originally p lanned to test a n u m -  
ber of electrodes covering a wide range of pore sizes, 
but  it was found that  several of the electrodes per-  
formed poorly, mainly  due to flooding of the pore 
system. These included p la t inum-cata lyzed electrodes 
of baked carbon supplied by the Pure  Carbon Com- 
pany  (FC1, 23, 31, 36, approximately 250~ thick) and 
electrodes of microporous plastic material ,  Millipore 
(made by Millipore Company, Bedford, Massachusetts, 
types VM, RA, GS, and VF) ,  spattered with a porous 
layer  of plat inum. Millipore type-H plated with a 
porous layer of p la t inum by the J. Bishop Company 
was nonwett ing,  but  it had a high ohmic resistance 
and the p la t inum layer was so fragile that it broke 
when  a current  collector of p la t inum screen was 
pressed against  it. All of these electrodes gave l imi t -  
ing currents  of less than  100 ma /cm 2, performance 
decreased wi th  time, and  the electrodes were seen to 
be wet on the gas en t ry  face. The l imit ing current  of 
FC36 was approximately 20 ma /cm 2, and a more sta- 

ble l imit ing current  of approximately 100 ma / c m 2 was 
obtained by covering the electrolyte face with Milli-  
pore type H (nominal  pore diameter  of 1.5#). The 
Millipore appeared to reduce flooding of the electrode. 
No fur ther  experiments  were performed on this group 
of electrodes. 

A second group of electrodes performed well  and 
stable current-vol tage curves were obtained. This 
group consisted of Amer ican  Cyanamid Company 
CAA1, Pure  Carbon Company FC100, and two elec- 
trodes, SM1, SM2, prepared in our laboratory. SM1 
was made from a mix of p la t inum black (Fisher) 
with Teflon dispersion (Dupont  30, containing 59-61% 
solids, sp gr 0.6-0.9g Teflon/cc) diluted 10 times with 
distilled water, in approximate proportions of 10/1.5 
of p la t inum-black  to Teflon by weight, spread uni -  
formly on a 45 mesh p la t inum screen. The mix was 
made to give a homogeneous paste, and the amount  
of Teflon stated above is not  exact (see la ter) .  This 
was pressed at 18000 psi for 2 min, dried at 120~ for 
1 hr, taken to 350~ over 5 min  and sintered for 2 
min  at 350~ After cooling, the electrode was rinsed 
with pure water and redried. SM2 was prepared in a 
s imilar  manne r  using a mix of p la t inum black, SP1 
graphite (National Carbon Company, New York) and 
Teflon in approximate proportions of 5/5/1.5 of plat-  
inum black to SP1 graphite to Teflon by weight. Later, 
the mater ia l  contents  of the electrodes were deter-  
mined directly by weighing before and after bu rn ing  
off the Teflon (10), and these are reported in  Table I. 

This group of electrodes appeared from visual ob- 
servation to be highly resistant  to flooding at room 
temperature.  After use as gas-diffusion electrodes, the 
electrodes were removed, wiped free of surface liquid 
with filter paper, and reweighed. FC1, 31, 36 elec- 
trodes increased in weight by approximately 10% due 
to penetrat ion by electrolyte, but  the second group 
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Fig. 3. Steady current polarization curves for anedic ionization 
of hydrogen. I N  H2SO4, 25 ~ C; T - -  hydrogen ~ 1 atm; H 
hydrogen N 0.S atm; 0 - -  hydrogen ~ 0.! arm. 
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Fig. 4. Variation of limiting current densities with partial 
pressure of hydrogen. 

of electrodes had weight  gains of less than 0.6%. These 
figures do not give accurately the weight  gain of elec- 
t ro lyte  dur ing use, since the wiping process probably 
removed some wate r  f rom the interior,  but on a com- 
para t ive  basis they demonstra te  the resistance to elec- 
t rolyte penetra t ion of the Teflon-bonded electrodes. 

Results 
Some typical results of s teady cur ren t -vo l tage  mea-  

surements  are shown in Fig. 3. The curves could be 
re t raced on reducing current  density, and were  re-  
producible  on a given electrode at different times. Dif-  
ferent  samples cut f rom a patch of electrode mater ia l  
gave somewhat  var iable  results in the case of the 
CAA1, and very  var iable  results for the FC100 ma-  
terial. The l imit ing currents  (defined at 0.5v polar iza-  

(J 
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L / i L 2 5 o C  
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T e m p e r o t u r e  ( ~  

Fig. 5. Fractional increase in limiting current with temperature: 
X, C A M ;  O, SM2; A ,  FC100. 

tion) were  almost  l inear ly  proport ional  to the part ial  
pressure of hydrogen,  as shown in Fig. 4. The same 
l imit ing current  and current -polar iza t ion  curve  was 
obtained if several  thicknesses of electrode were  
pressed together  and used as an electrode. Limit ing 
currents  increased with  tempera ture  as shown in Fig. 
5, giving an increase of 30-40% from 25 ~ to 60~ It 
should be noted that  these results cannot be compared 
direct ly wi th  results obtained using an electrolyte  
ma t r ix  such as porous asbestos (9), since it is probable 
that a mat r ix -e lec t rode  interface has a significant t em-  
pera ture  rise at these high cur ren t  densities. 

Double layer  capacities were  de te rmined  from the 
l inear slopes of the galvanostatic vo l tage- t ime  traces 
be tween 0.4 and 0.6v v s .  s tandard hydrogen,  in the 
absence of hydrogen. In this region of potential  there  
is negligible faradaic cur ren t  due to ionization of 
adsorbed hydrogen ([H] ~ H + + e - )  or oxygen ad- 
sorption (H20 -> 2H + + [O] + 2 e - ) .  The  capacities 
were  measured on electrodes in the gas-diffusion con- 
dition, and on ful ly  immersed,  flooded electrodes which 
had been vacuum impregnated  with  electrolyte.  In 
the gas-diffusion condit ion the double- layer  capacities 

Table II. Double-layer capacities and hydrogen coverages of electrodes 

E l e c t r o d e  

S t r i p p i n g  
c u r r e n t ,  
m a / c m 2  

D o u b l e - l a y e r  
c a p a c i t y ,  f d / c m  ~-* 

F l o o d e d  G a s - d i f f u s i o n  

H y d r o g e n  
c o v e r a g e ,  

m c o u l / e m  ~* 
F l o o d e d  

F r a c t i o n  o f  i n t e r n a l  
e l e c t r o d e  a r e a  i n  

c o n t a c t  w i t h  e l e c t r o l y t e  
( g a s - d i f f u s i o n  c o n d i t i o n )  

R a t i o  o f  n o n f l o o d e d  ] 
t o  f l o o d e d  c a p a c i t i e s ]  

C A A 1  

S M 1  

S M 2  

FC100 

GEt 

6.3 2.9 x 10-I -- 522 0.046 
18.2 2.8 x 10 -I -- 518 

40.0 2.8 x 10-I -- 510 
3.8 -- 1.3 X10 -~ 
9 .8  - -  1 .3  x 10  -2 

7 .5  1.2 - -  2 0 7 4  0 . 0 1 6  
21.0 1.1 -- 2100 
40.0 1.2 -- 2082 
3.8 -- 1.7 • ~ -- 

9 . 8  -- 1 . 8  x 1 0  ~ - -  

7 . 0  3 .6  • 10 -1 - -  5 4 0  0 . 0 1 6  
23.5 3.3 x 10-I -- 630 

1.3  -- 4.6 •  -8 -- 

3 .8  - -  4 .5  • 1 0 -  8 -- 

2 .0  2 .6  x 1 0 -  ~ 7 .0  • 10  ~ 17 .2  ( 0 . 2 4 0 )  
3 .6  2 . 9  x 10-- e 6 .7  x 10-~ 1 6 . 0  
7 .8  2 .7  x 10- 2 -- 16 .7  

8 . 4  x 10-- ~ - -  7 0 4  

* R e f e r s  t o  p l a n e  a r e a  o f  e l e c t r o d e .  
t G e n e r a l  E l e c t r i c  e l e c t r o d e  f o r  c o m p a r i s o n  ( 1 7 ) .  
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Table III. Effect of temperature on limiting currents 

L i m i t i n g  c u r r e n t s  
ia,  m a / c m  e F r a c t i o n a l  i n c r e a s e  o v e r  25~ of :  

T e m p e r -  E l e c t r o d e s :  (D cm~/  (C m o l e s /  Ca on E l e c t r o d e s  
a t u r e ,  ~ CAA1 SM2 F C 1 0 0  see)  (10 ~) cm~p I10?t (DC) (10 z~) C A A 1  S M 2  FCIO0 D C  

25 lOSO 728 300 3.4 7.6 25.8 1 1 1 1 
48 1320 896 350 5.1 6.5 33.1 1.2 1.2 1.17 1.3 
60 1500 1000 400 7.1 5.8 41.1 1.42 1.3 1.3 1.5 

D = E s t i m a t e d  d i f fus ion  coeWicient  of  d i s s o l v e d  He in  1N I-IeSO4. 
C = S o l u b i l i t y  of  I-Is gas  in  I N  H~SO~. 
V a l u e s  of D a n d  C a r e  a p p r o x i m a t e .  
L i m i t i n g  c u r r e n t s  of  SM1 w e r e  no t  o b t a i n e d  a t  h i g h e r  t e m p e r a t u r e s  b e c a u s e  the  c u r r e n t s  e x c e e d e d  t h e  l i m i t  of  t h e  p o t e n t i o s t a t .  

were  unchanged when several  thicknesses of elec- 
t rode were  used. Table II gives the results. The cover -  
age by adsorbed [H] at zero volts was determined 
f rom the vol tage- t ime trace between 0 and 0.4v using 

qf = i t -  C.~V [1] 
where  ql is the charge der ived f rom surface coverage 
at t ime t and constant current  i, C is the double- layer  
capacity and -~V is the potential  change in t ime t. At 
approximate ly  0.4v the current  is supported ent i rely 
by double- layer  charge-discharge,  and qy is the s tar t -  
ing surface coverage in coulombs. It was not possible 
to measure this value for electrodes in the gas-diffu- 
sion condition because large cathodic currents  were  
necessary to bring the electrode towards zero volts, 
the system was consequent ly  contaminated with  gase- 
ous hydrogen, and a gas bubble  was t rapped below the 
electrode. Apparent ly  the gas-diffusion condition is 
sufficiently revers ible  in the kinetic and mass t ransfer  
sense for the reaction 2H + + 2e -  --> 2[H] --> H2 dif-  
fusing out into N2 s t ream to proceed at re la t ive ly  high 
cur ren t  densities, even at 50 to 70 mv  posit ive poten-  
tial. (In the flooded condition, the mass t ransfer  of 
dissolved hydrogen away from the electrode has l im- 
i t ing currents  of roughly 1 m a / c m  2, therefore  a cur -  
rent  density of a few m a / c m  2 is sufficient to br ing the 
electrode to zero volts.) 

Fig. 6 shows the permeabi l i ty  results, f rom which 
equivalent  hydraul ic  pore diameters  were  calculated 
using (14) 

J = Bo(~/n)  (~NIL)  [2] 

where  J is in moles /cm 2 sec, Bo is the permeabi l i ty  
coefficient in darcies, ~ is the ar i thmetic  mean pres-  
sure in atmospheres over  the length, L, of the sam- 
ple, ~l is the gas viscosity in centipoises, and AN is 
the concentrat ion drop across the sample in moles / cm 3. 
Bo is re la ted to  viscous area and flow path in a por-  
ous solid and is 

B o  ' ~  (e/q ~) (M2/2) (10 s) darcies [3] 

% 
~fo 
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Fig. 6. Gas permeability results 

is the porosity, q the tortuosi ty factor, and M the 
mean hydraul ic  radius of the porous solid. A plot of 
J vs. ~_~N yields a z straight line wi th  a slope of Bo/~L, 
and Bo can be calculated. Knowing  Bo, q, and e, M 
can be calculated and an equivalent  d iameter  found 
from D = 4M. Slip flow terms were  found to be neg-  
ligible. Table I gives the equivalent  pore diameters  
for the four electrodes. 

Discussion of Results 
Figure  4 shows that  l imit ing currents  are almost 

l inear ly  proport ional  to the par t ia l  pressure of hydro-  
gen. This is not due to l imitations of gas t ransfer  
through the nonflooded pores of the electrodes, be- 
cause doubling or t r ipl ing electrode thickness had 
no effect on the l imit ing current .  In addition, the 
m ax im um  rate of normal  hydrogen  diffusion through 
these thin, open electrodes was calculated to be about 
500 a m p / c m  2. The magni tude  of the equivalent  hy-  
draulic diameters precludes low diffusion coefficients 
due to Knudsen diffusion. Table  III  and Fig. 5 show 
the var ia t ion of l imit ing current  density wi th  tem- 
perature,  compared to var ia t ion of DC with t emper -  
ature, D being diffusion coefficient and C concentrat ion 
of dissolved hydrogen in 1N H2SO4, est imated by in- 
terpolation f rom data quoted by Brei ter  (15). Mak-  
ing al lowance for  the errors in interpolation,  the l im-  
iting currents  increase is in close ratio to the increase 
in DC, indicating that  simple mass t ransfer  of dis- 
solved gas is the ra te - l imi t ing  factor. It  is probable 
that  any mechanism involving surface diffusion of 
hydrogen adsorbed on pla t inum would have a larger  
t empera ture  coefficient than that  found exper imen-  
tally. 

F igure  7 shows the values of i/iL VS. polarization, ~, 
for the different par t ia l  pressures of hydrogen. For  a 
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given electrode, ~ is the same funct ion of i/iL for all 
pressures, even though iL varies by almost a factor 
of 10. Similarly,  Fig. 8 shows that  n is a funct ion of 
i/iL for all temperatures,  wi thin  exper imenta l  error.  
These results are strong indication that  the cur ren t -  
polarization curves are solely dependent  on mass 
t ransfer  effects and have negligible contributions f rom 
kinetic or ohmic effects. 

The results in Table II show that  double- layer  ca- 
pacities and hydrogen coverage do not va ry  wi th  the 
current  densities used in the determinat ion;  there-  
fore, there  is no dis tr ibuted capacity effect due to the 
porosity of the electrodes. The absence of distr ibuted 
effects is due to the thinness of the electrodes, and the 
low current  densities used in the determinat ion  (16). 
Except  for FC100, the double- layer  capacities in the 
gas-diffusion condit ion compared to the fu l ly  flooded 
condit ion show that  only 2-5% of the in ternal  area  of 
the electrode is wet ted  by electrolyte  in the gas-diffu-  
sion condition. It is highly unlikely,  therefore,  that  any 
extended thin  film of e lectrolyte  covers the internal  
surface of the electrodes when  in use as fuel  cell elec- 
trodes. Mean electrolyte  penetra t ion into the elec- 
trodes was est imated as be tween  4 and 7~, that  is, of 
the same magni tude  as the macropore  d iameter  found 
from the permeabi l i ty  measurements .  

Table IV gives the double- layer  capacity and sur-  
face coverage by hydrogen,  per  cm 2 of p la t inum black 

Table V. Comparison of ratios of wetted platinum, platinum 
packing, and limiting currents 

Electrodes 

Ratio of 
double- layer  Ratio of 

capaci t ies /cm ~ p la t inum Ratio of l imiting 
rnonflooded) contents/cm3t cur ren t  densities 

SM1 
CAA1 1.4 3.0 2.7 

SM1 
SM2 3.3 3.6 4.0 

CAA1 
SM2 2.4 1.2 1.4 

? From weight  measurements .  

area of the electrodes; a value of 30 m2/g was assumed 
for p la t inum black (17). The results are reasonably 
consistent and agree with  those repor ted  by the Gen-  
eral  Electric Company, a l though values of 70 to 100 
~fd/cm 2 for  double - layer  capacity are significantly 
greater  than the value of 56 ~fd/cm 2 found by us for 
br ight  plat inum, using the same techniques.  Values of 
FC100 are anomalous, e i ther  due to a much lower 
BET area per gram of p la t inum catalyst, or due to 
incomplete flooding of the electrode even after vacuum 
impregnat ion  with  electrolyte.  

The comparison of the capacities per cm 2 of two 
nonflooded electrodes gives a re la t ive  measure  of the 
total  amount  of wet ted  p la t inum black in the two 
electrodes, under  actual gas-diffusion working  condi- 
tions, e.g. 

double- layer  capac i ty /cm 2 of SM1 
= area of SM1 to CAA1. 

double- layer  capac i ty /cm 2 of CAA1 

On the other  hand, the weight  of p la t inum black per 
cm 3 gives the packing density of the p la t inum in the 
electrode. Comparison of the above ment ioned ratio 
and the packing-densi ty  ratio to the ratio of l imit ing 
current  densities for the two electrodes wil l  indicate 
if the l imit ing currents  are influenced (a) by the den-  
sity of p la t inum-black  packing or (b) by the total  
amount  of wet ted  p la t inum in the diffusion condition 
(wet ted p la t inum-black/cm2) .  Table V compares the 
above ratios for CAA1, SM1, and SM2 electrodes. The 
SM1 to CAA1 comparison indicates that  the ratios for 
the p la t inum-black  weights  per unit  vo lume and the 
l imit ing currents  are wi th in  a reasonably close range 
(2.7-3.0). This is also t rue  for the CAA1/SM2 ratios 
(1.2-1.4). The ratio of l imit ing currents  does not agree 
wi th  the ratio of double- layer  capacities in the non- 
flooded condition. (In the case of SM1/SM2, all the 
ratios are ra ther  close, the electrodes have near ly  the 

Table IV. Specific double-layer capacities and coverages of immersed electrodes 

E l e c t r o d e  

Assumed B E T  
area  o f P t b l a c k ,  

(cm2/g)(10 ~ )  

Weight  of 
Weight of p la t inum Teflon in 
black in electrode, electrode, 

g / c m  e g / c m  -~ 

Double- layer  Hydrogen  coverage 
capacity,  [H atoms/cm~ 

/~fd/cm ~ (BET) (BET) ] (I0-~) 

CAA1 3 

S M 1  3 

SM2 3 

FC100 3 

G E l t  3.67 

GE2? 3.67 

0.0158 

0.109 

0.025 
+0.025 g m  

Graphite 

0.009 
+0.103 g m  

Carbon + wet -  
proof mate r ia l  

O.lOO 

0.100 

0.0119 102 0.93 

0.0158 73 0.6 

0.007 88 0.65 

? 

0.018 

None 

18.8 0.05 

- -  0 . 6 2  

90 0.99 

t Genera l  Electric electrodes for comparison (17). 
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same electrolyte penetration,  and it is not possible to 
distinguish whether  the l imi t ing current  ratio is closer 
to that of the packing density ratio or the wetted area 
ratio.) The evidence suggests that  the l imit ing currents  
of the electrodes are influenced by the p la t inum-black  
packing density in the electrodes and not by the 
total p la t inum-black  content. 

For the p l a t inum black-Teflon type electrodes, it 
is reasonable to expect that  the p la t inum black is in 
small, loosely packed aggregates ly ing between Teflon 
particles and Teflon fibrils (9). The Teflon binds the 
p la t inum-black  aggregates and prevents  the electro- 
lyte from penetra t ing the electrode mater ia l  to any 
great degree. The flakes of graphite present in SM2 
probably distributes p la t inum-black  aggregates around 
the carbon flakes, while the Teflon again provides 
b inding  and hydrophobicity.  The carbon tends, of 
course, to give less over-al l  porosity of the electrode 
material .  

An approximate value of the l imit ing current  pre-  
dicted by the simple-pore model (1) can be estimated 
from 

iL = 12nFDeC/r [4] 

where  iL is the l imit ing cur ren t  densi ty per cm 2 of 
plane electrode area, n = 2 for hydrogen, F is Fara-  
day's constant, e is the area of pore mouths at the gas- 
electrolyte interface per cm 2 of plane electrode area, 
and r is the mean  radius of the micropores filled with 
electrolyte. As before, D is the diffusion coefficient 
of dissolved hydrogen, C is the amount  of dissolved 
hydrogen in equi l ibr ium with 1 atm of hydrogen gas 
pressure. It  is reasonable to assume that  although an 
electrode as a whole is highly porous, the closely 
packed p la t inum-black  particles will  have a small  
porosity, say 10% of the total volume. The area of pore 
mouths will  be proport ional  to this porosity, but  may 
be several  times higher if the gas-electrolyte interface 
wi th in  the electrode has a greater area than  the plane 
area (see Fig. 9, for example) .  Further ,  assuming a 
loose packing of p la t inum particles in aggregates, a 
rough value for the pore size may be taken as 100A, 
since the size of the particles is 100-200A. At room 
tempera ture  (25~ taking n ---- 2, F ~ 96500 coul/  
equiv, D : (3.4) (10 -5 ) cm2/sec, C • (7) (10 -7 ) g- 
moles/cm 3, 0 ~ 0.1 and r ~ 100A, the value of iL is 
approximately 5 amp/cm 2. This value of iL is, of 
course, s t rongly dependent  on the values chosen for 
r and e. The calculation shows only that  values of 
1 to 10 amp/cm 2 for iL are feasible; this is of the 
same magni tude  as the exper imental  l imit ing currents.  
Agreement  has been reported (18) between the l im- 
i t ing current  predictions of the simple-pore model and 
exper imental  results from nonwet ted  porous electrodes 
using C12, in  mol ten LiC1 electrolyte. 

Conclusions 
Based on the exper imental  evidence and the discus- 

sion above, a possible physical configuration of the 
gas/electrode/electrolyte boundary  established at the 

Fig. 9. Illustration of gas/electrode/electrolyte configuration 

pla t inum-black-Tef lon electrodes may be visualized as 
in Fig. 9. This shows electrolyte stabilized at a short 
distance within a p la t inum black-Teflon electrode. The 
gas side of the electrode has dry p la t inum aggregates 
and Teflon particles, while the p la t inum black on the 
electrolyte side will  be wetted. The approximate size 
of the p la t inum-black  particles is 100 to 200A (8), 
that of Teflon particles is 0.2 to 0.5~ (8), while that  of 
SP1 graphite flakes is roughly 0.3~ high and 20~ in 
diameter. There must  be sufficient contact between 
the p la t inum-black  particles to provide electronic 
conduction to the electrode screen and the current  
collector, but  the Teflon particles appear to prevent  
penetra t ion of electrolyte beyond a thin surface layer. 

Electrodes SM1, SM2, and CAA1 are packed differ- 
ently (see Table V). Compared with CAA1, SM1 has 
a larger par t  of the cross section packed with pla t -  
inum-b lack  aggregates, and since each aggregate pro- 
duces current ,  a larger l imit ing current  is observed 
for SM1. SM2 is more closely packed with material ,  
but  the p la t inum-black  packing density is lower than  
SM1 or CAA1. In addition, the presence of graphite 
flakes tends to distr ibute p la t inum-black  aggregates 
around the carbons, and the diffusional distance of 
dissolved gas to the active p la t inum-b lack  may  be 
increased, leading to lower l imit ing currents.  Limit -  
ing currents  can only be high when the mean  diffu~ 
sion path of dissolved gas is short, which means that  
small micropore diameters are necessary. 

Although there is no evidence to suggest extended 
thin films of electrolyte wi thin  the electrode pores, 
there is a short, definite electrolyte penetra t ion into 
the electrode. The electrolyte will  tend to fill the mi-  
cropores (spaces between p la t inum-black  particles) 
wi thin  this penetra t ion while some of the macropores 
will  be free of electrolyte. Regions of flooded micro- 
pores along the walls of a macropore may lead to thin, 
f inger-l ike electrolyte penetra t ion into the electrode, 
as shown in Fig. 9. Thus the electrode wil l  consist of 
nonflooded macropores which serve as gas feeders, 
plus flooded micropores, as shown. If the electrolyte 
penetra t ion is considerable, long fingers of electro- 
lyte may extend into the electrode, but  in this study, 
since the mean  electrolyte penetra t ion is approx- 
imately 7~ or less and since the approximate macro- 
pore diameter is of the same magnitude,  it is reason- 
able to expect that  short, t humb- l ike  penetra t ion ex- 
ists. 

It  is concluded that  al though a precise quant i ta t ive  
model cannot  be proposed from this study, a reason- 
able picture of a physical model existing in  non-  
flooded, p la t inum black-Teflon electrodes (operating 
in the gas-diffusion condition) has been obtained, and 
the mode of operation of such a model is reasonably 
close to that  predicted by the s imple-pore model. In  
these electrodes the electrolyte penetra t ion is small, 
and a thin, well-packed, catalyst layer on the elec- 
trolyte side should be sufficient for efficient perform- 
ance, providing other factors such as electronic con- 
ductivi ty are also satisfactory. A quant i ta t ive  theory 
of current-polar izat ion relations based on this model 
is under  development,  and recent  t rea tments  (19, 20) 
of models similar to tha t  proposed here will  be dis- 
cussed in a future  publication. 
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Technical Notes 

The Double Layer Capacitance in Aqueous Solution 
II. Polycrystalline Cadmium 

N. A. Hampson and D. Larkin 
Chemistry Department, Loughborough University of Technology, Leicestershire, England 

Exchange  react ions  involving cadmium are  of con-  
s iderable  indus t r ia l  and  theoret ica l  interest .  The  va lue  
of the ra te  constant  at  ama lgam electrodes is found 
to be ve ry  dependent  on expe r imen ta l  condit ions;  
moreover  i t  is t ime  dependen t  (1, 2). Exp lana t ion  of 
these effects has been given (1, 2) in t e rms  of the  
adsorpt ion of impur i t ies  in view of the  reduct ion po-  
ten t ia l  of Cd( I I )  being close to the point  of zero 
charge (pzc).  I t  has also been suggested (2) tha t  a l l  
r epor ted  observat ions  can be  exp la ined  in t e rms  of 
migra t ion  wi th in  the diffuse double  layer .  

Exper iments  wi th  exchange react ions  at  solid cad-  
mium electrodes have indica ted  in teres t ing  t ime  de-  
pendencies  (3).  Discussion of these resul ts  has neces-  
s i ta ted a knowledge  of the double  l aye r  capac i ty -po-  
tent ia l  curves  for  cadmium and the posi t ion of the  
pzc. Al though  Russian worke r s  (4, 5) had  repor ted  
the  resul ts  of different ia l  capaci ty  measurements  on 
solid cadmium in KC1 solut ion i t  was decided to r e -  
de te rmine  the curves  and to ex tend  the resul ts  to Na 
C104 electrolytes .  In  this  note the resul ts  of differen-  
t ia l  capaci ty  measurements  on flat po lycrys ta l l ine  cad-  
mium in aqueous KC1 and  NaC104 e lec t ro ly tes  a re  
repor ted .  

Experimental 
Details  of the e lect rolyt ic  cell, e lect rode construc-  

tion, and e lect r ica l  c i rcui t  have  been  descr ibed p re -  
v ious ly  (6,7). Electrodes (3.46 x 10 -2  cm 2 superficial  
a rea)  were  p repa red  f rom 99.999% cadmium suppl ied  
by  Soci~t~ de la  Vielle Montagne.  Wate r  was twice 

dis t i l led  f rom deionized stock; al l  chemicals  were  of 
A. R. quali ty.  

Electrodes were  pol ished mechanica l ly  on roughened  
glass, lubr ica ted  wi th  water .  Etching (10% H2SO4 or 
10% HC1OD was chemical  (1 rain) or  e lectrolyt ic  
(10 ma cm-2 ) .  Pol ished a n d / o r  etched electrodes were  
washed thorough ly  wi th  wa te r  and in t roduced d i rec t ly  
into the  cel l  wi thout  drying.  

Results 
Figure  1 shows different ia l  capaci ty  curves  for elec-  

t ro ly t i ca l ly  e tched electrodes in aqueous 0.01M KC1 
electrolyte ;  chemical ly  e tched electrodes gave ve ry  
s imi lar  results .  Time dependence  in h igh ly  purif ied 
systems was not  pronounced;  equ i l ib r ium was es tab-  
l ished wi th in  30 min wi th  both  etched and mechan-  
ica l ly  pol ished electrodes.  A fea ture  of this work  wi th  
cadmium,  however ,  was the  ve ry  high degree  of elec-  
t ro ly te  pur i ty  r equ i red  to obta in  t ime- independen t  
values  of CL af ter  a t t a inment  of e l ec t rode /e lec t ro ly te  
equi l ibr ium.  Stable  values  of CL have been  obta ined 
at  s i lver  and mercu ry  electrodes af te r  3-4 days (6) 
of e lec t ro ly te  purif icat ion whereas  for cadmium com- 
parab le  s tabi l i t ies  requ i red  much longer  e lec t ro ly te  
purification. F igure  1 shows resul ts  for an "unstable"  
electrode;  af ter  24 hr  the  capaci ty  curve  was shif ted 
to more  posi t ive potent ials ,  and CL was somewhat  
reduced.  

F igure  2 shows the r e l a t ive ly  smal l  effect of f re -  
quency in sodium perch lora te  e lect rolytes  on the di f -  
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Fig. 1. Differential capacity curves for mechanically polished 
and for electrolytically etched electrodes, in aqueous 0.01M KCI. 
25~ 2 k Hz. O Mechanical polish, 5 hr open circuit (o/c), "sta- 
ble"; �9 30 min o/c electrolytic etch; �9 2.5 hr o/c electrolytic 
etch; �9 6.5 hr o/c electrolytic etch; X 24 hr in "impure" elec- 
trolyte (3 day charcoal circulation). 

ferential  capacity curves. Similar  results were ob- 
ta ined in potassium chloride electrolytes. Mechanically 
polished electrodes showed a greater f requency dis- 
persion than chemically or electrochemically etched 
electrodes and also gave large electrode-to-electrode 
variations. Because of this, the major i ty  of our ex- 
periments  were made with etched electrodes. 

The polarizable region is --0.5 to --1.3v (NHE) ; con- 
siderable faradaic cur ren t  flows outside this. For  all 
electrolytes investigated, the capacity magni tude  was 
lowered in dilute electrolytes without  any var ia t ion 
of the m i n i m u m  potential  (Fig. 3). 

Figure 2 i l lustrates differential capacity curves in 
sodium perchlorate electrolytes. The min imum (--0.9 
_0.035v) is less precisely determinable  than  with 
chloride electrolytes, z 

Discussion 
Values of the pzc [--0.91 • O.025v (NHE)] indicated 

by this work compare favorably with the value re-  

* I t  is  i n t e n d e d  to d i scuss  t h e  b r o a d n e s s  of t he  c a p a c i t y  m i n i m a  
o b t a i n e d  w i t h  Cd  in  a l a t e r  p a p e r .  
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Fig. 2. Differential capacity curves and their frequency de- 
pendence in aqueous Na~lO4; electrolytic etch, 25~ A, 1M 
NaCIO4 103 c/sec; B, 0.001M NaCIO4 2 kc/sec; C, 0.01M 
NaCIO4 10 Hz; D, 0.01M NaCIO4 400 Hz; E, 0.01M NaCIO4 
2 k H z .  
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Fig. 3. Differential capacity curves in aqueous KCI; electrolytic 
etch 25~ k Hz. �9 IM  KCI; O 0.001M KCI. 

ported by Borisova and Ershler  (4) --0.9v (NHE). 
Differential capacity curves in  perchlorate, however, 
were not so well  defined in  as much as the capacity 
min imum was broader. Generally,  however, the shape 
was similar and the electrode behavior  identical. The 
method used by these workers was essentially the 
same as used by us, but  the Russians consider that  a 
spherical drop of metal  is the only satisfactory elec- 
trode and although a cut surface gave identical values 
of pzc to the spherical surface, the value of CL and to 
some extent  the shape of the differential capacity 
curve were both affected. Values of CL reported by us 
for etched surfaces are reasonably close to the values 
of Borisova et al. (4). 

It is of interest  that  the magni tude  of the differential 
capacity of cadmium is comparable to that of a mer-  
cury electrode and indicates that  the true area of cad- 
mium is close to the superficial area. 

Dispersion of capacity and time dependence due to 
ini t ial  surface rea r rangement  (8) observed with cad- 
mium are of the same order as that  observed wi th  
silver (6). The similari ty between the results with 
chemically and with electrochemical ly  etched surfaces 
may be explained in  a similar  manne r  in terms of 
surface atom diffusion removing relat ively small  dif- 
ferences in surface structure. However, a metal  surface 
produced by mechanical ly polishing is l ikely to be 
less homogeneous (i.e., shows a greater surface rough-  
ness due to fine scratches) than  an etched surface. 
This increase in actual  surface area compared to the 
superficial area wil l  result  in  larger apparent  double 
layer capacities on mechanical ly polished electrodes 
in relat ion to those at etched electrodes, as is observed. 
Mechanically cut (deformed surfaces) would pre-  
sumably not be "normalized" with etched surfaces by 
this mechanism; the microscopic roughness may  also 
explain the greater dispersion observed with me-  
chanical ly polished (abraded) surfaces (9). 

The need for u l t rapur i ty  in  order to obtain repro- 
ducible CL values emphasizes the role of impuri t ies  
in electrode reactions involving cadmium (1). The 
shift of the pzc, to potentials positive with respect 
to its value on a clean cadmium surface, as a resul t  
of the insufficient removal  of impuri t ies  from solution 
indicates changes in  the surface charge density. Such 
a change would undoubted ly  al ter  the value of the 
kinetic constants of any  electrochemical reaction tak-  
ing place at the electrode in the manner  discussed by 
Breyer and Bauer (1). 

Point  or] Zero Charge and Woq'k Function 
The interdependence of pzc and work funct ion has 

been the subject of some considerable discussion (10). 
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It  is interest ing to note that by resiting the pzc of 
Cd at  --0.9v and that  of Ag(6)  at --0.7v (NHE) the 
evidence for a l inear  relat ionship cited by Delahay 
(10) between pzc and the work funct ion is consider- 

ably improved. 
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Activities of Molten Tin Alloys from EMF Measurements 
Guy R. B. Eiliott and Joe Fred Lemons 1 

Univers i ty  ol California, Los Alamos Scientific Laboratory,  Los A lamo, ,  N e w  Mexico 

If the pure solvent is used as the s tandard  state, al l  
solvent activities must  approach a value of one as 
the solution becomes very dilute. By definition, then, 
the Raoult 's  law value for the act ivi ty-mole fraction 
relat ionship (al = N1 = 1) is approached by any so- 
lution. Whether  all  very dilute solutions approach the 
uni t  slope also required by  Raoult 's  law is a question 
which requires an experimental  answer. A discussion 
of exper iments  bear ing on this question has been  
given elsewhere [(1) ,  and more detai led (2)].  

Apparent ly  the most clear cases of asymptotic ap- 
proaches to the slope of Raoult 's  law are found in  
the work of Yanko et al. (3), where t in concentrat ion 
cells were used with silver, gold, and an t imony  so- 
lutes. However, cer ta in  questions existed regarding the 
measurements  when  compared wi th  other somewhat 
similar  measurements  (4, 5). Also certain aspects of 
their  technique could be improved, e.g., stirring, solute 
addition, exclusion of air, tempera ture  uniformity,  
chemical purity.  Final ly,  their tempera ture  coeffi- 
cient of emf was not consistent with Raoult 's  law. 

I f  Raoult 's  law is obeyed (i.e., the solvent activity 
coefficient is uni ty)  then all cells give the same emf 
and tempera ture  coefficient. This s t r iking conclusion 
is independent  of the materials  used for solvent, solute, 
and  electrolyte except as n depends on the ion charge. 
For n = 2 and using pure solvent at the reference 
electrode 

~F = - -  nF~ = R T  l n  a = R T  In N 

~/T = 9.91856 x 10 -5 log N 

Obedience to Raoult 's  law implies that, for the proc- 
ess of mixing the pure components to create the solu- 
tion, AH'solven  t is zero and A Z s o l v e n t  is ideal. 

Experimental 
Material  puri f icat ian.--Commercial  hydrated s tan-  

nouN chloride was purified in  vacuum by  fusion, boil-  
ing with pure tin, and tr iple distil lation, the mater ia l  
being introduced into the electrochemical cell as a 
result  of the third distillation. Molten reagent  grade 
t in  under  vacuum was scrubbed by  vigorously boil ing 
SnC12, cast, remelted to br ing  any trapped electrolyte 
to the surface and finally washed with water. Silver 
a n d  gold were of 99.98% puri ty  by  manufac turer ' s  

1Deceased .  

Fig. 1. H-cell design (tubes pictured slightly oversize. Evacua- 
tion through stopcock; evacuation holes are into stirrer tubes.) 

specifications. Copper was sheeting of electrolytic pur -  
ity. The tungs ten  electrodes were cleaned electro- 
lytically. 

The Pyrex  H-cell  is pictured in  Fig. 1. This cell was 
evacuated, flamed, and loaded with argon. Weighed 
t in  was loaded beside the stirrers and weighed solute 
pieces were added to one or both arms. After  evacu- 
at ion the t in  was melted into position, the SnCI~ was 
vaporized onto it, and the SnC12 container  was melted 
off and removed. The closed cell was placed in  the 
furnace and reconnected to the vacuum line to be 
occasionally st irred and repumped.  After  many  hours, 
as the electrolyte became saturated 2 wi th  t in  (and 

W i t h  c o n s i d e r a b l e  d i s c r e p a n c y  t h e  so lub i l i t y  of  t i n  i n  SnC12 a t  
773~K is  r e p o r t e d  to  be  3.2 • 1 0 4  m o l e  f r a c t i o n  (6) o r  2.6 • 10- ~ 
m o l e  f r a c t i o n  (7). A t  573~  t h e  v a l u e  i s  r e p o r t e d  to  b e  8.3 • 10-3 
m o l e  f r a c t i o n  (7).  
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Table I. w-Sn(1)/SnCl2(1)/Sn, X ( s o l n ) - - w  concentration 

E M F  EMF 
So lu te  mole  (mea s u red ) ,  T e m p e r -  (corrected)  ,b R a o u l t ' s  l a w  A c t i v i t y  

f r ac t i ona  ~v  a tu re ,  ~  ~ v  p r e d i c t i o n  coeff ic ient  

(Gold)  
0.001098 25.9 ~ 0.5 540.8 
0.003243 76.0 ~- 0.5 540.9 
0.004194 98.3 ~ 0.7 540.7 
0.007744 182.1 ~ 1.2 540.6 
0.015517 370.2 __. 1"2 540.4 
0.024243 593.9 + 2.0 540.3 
0.036336 924.0 _ 2,0 541.3 
0.040890 1224.0 • 1.0 541.5 
0.063830 1754.5 ___ 1.5 542.0 
0.093873 2784.5 ___ 0.5 542.1 

(S i lver )  
0.000000 5.0 _ 0.8 531.0 
0.000494 5.8 • 0.5 531.2 
0.002570 53.5 +__ 0.5 534.0 
0.004314 94.3 ----- 0.5 534.4 
0.010042 223.6 "4- 0.2 534.7 
0.025193 557.9 ----4- 0,2 534.1 
0.033933 745.0 --4--- 0.2 534.7 

( C o p p e r )  
0.000716 9.2 -;- 0.2 534.7 
0.002243 44.9 534.2 
0.003866 82.2 + 0.I  534.0 
0.008225 182.2 • 0.1 533.9 

�9 A p p r o x i m a t e l y  20g of t i n  in each  leg.  
b Cor rec t ions :  gold ,  none ;  s i lver ,  add  5.0 #v ;  copper ,  add  7.0 ~v.  

possibly as traces of hydroxide  were  conver ted  to ox-  
ide dissolved in the e lect rolyte) ,  the cell  potent ial  for 
tin vs. t in dropped to near  zero emf and became stable. 

The system was now isolated at the stopcock which 
was not opened again dur ing a run. By t i l t ing the cell  
support  s l ightly and tapping the cell side arm, single 
pieces of solute could be  added while  the cell  remained 
hot. The cell then  re tu rned  easily to its original  po- 
sition and could be st i rred unt i l  the emf  results were  
stable. Then another  solute addit ion could be made. 

The emf  was measured  by a Leeds and Nor thrup  
K-2 potentiometer .  The furnace was isolated by par -  
t ial  Faraday  cages at tached to a ground independent  

r~ 

Au-Sn~.O00 .002 .004 DO6 .006 DI0 .012 .014 .016 OI8 ~)~0 
Sb -Sn ~ .000 .002 D04 D06 DO8 DI0 DI2 .014 DI6 ,018 

AO- Sn~DOO D02 .004 s D08 DI0 .OI2 .014 .OI6 
Cu-Sn~DOO .002 .004 .006 .008 .0t0 .012 

Jog NSa 

Fig. 2. Dilute solution emf measurements os campored with 
Raoult's law. 

(9.0) 

25.6 0.99990 
75.7 0,99998 
97.9 0.99998 

181.0 0.99995 
364.0 0.99973 
571.2 0.99903 
862,9 0.99740 

1120,1 0.99557 
1539.7 0.99087 
2301,1 0.97954 

10.8 11.1 1.00001 
58.5 59,2 1.00003 
99.3 99.5 1.00001 

228.6 232.4 1,00r017 
562.9 587.0 1.00106 
750.0 795.0 1.00196 

(16.2) 16,5 
51.9 51.7 0 .99999 
89.2 89.1 1.000OO 

189.2 189.9 1.00003 

of that  used for working  electr ical  equipment.  A 
grounded stainless tube around the tempera ture  con- 
trol  thermocouple  (except  for the exposed tip) helped 
prevent  stray emf effects f rom the heater.  The cell 
t empera tu re  was measured  by a P t / P t  10% Rh ther -  
mocouple glass-taped to the cell  just  outside one 
meta l - sa l t  interface. 

The heater  was outside four  large  nesting nickel  
plated copper cylinders wi th  air gaps be tween  to pro-  
vide a steady, un i form temperature .  [The cyl inders  
were  similar  to those used wi th  the isopiestic balance 
(8).] 

When a cell  was broken open and the salt and alloy 
dissolved away, there  was no indicat ion of at tack on 
e i ther  the Py rex  or the tungsten. 

Results 
The results are shown in Table  I. Once a cell  had 

been adequate ly  stirred, any measurement  was sta- 
ble (without  rapid shifts of emf) in the _ 0.1 ~v range. 
However ,  there  was some tendency  for the cell  vo l t -  
age to shift  over  hours or days; this var ia t ion  is the 
uncer ta in ty  g iven in Table  I. 

F igure  2 shows the data for the more dilute solu- 
tions plot ted with  the Raoult 's  law value  for all  t em-  
peratures  shown as the solid line. The solid dots show 
the results of Yanko et aL for comparison. (Note the 
offset of the abscissa for  the different solutes.) 

Figures  3 and 4 show all the s i lver  and gold data  on 
Dundee type  plots which examine  the change of sol- 

, o o / r  i r / 

t OA A  EO,S,O. ,n0,0AT 0 
O.9S " (SEE TEXT) _ 

0.9S I ~ ' §  -- 
0.95 

o.94 'oe ' o.'o, ' - 'o ,  ' 
SILVER MOLE FRACTION (N 2) 

Fig. 3. Dundee plot for tin with silver dota. (Shows linoority if 
asn = 1 - -  kl NAg ~ b NAg 2 and unit intercept if kl = 1). 
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j ~ - a s ,  , �9 I-NA.+b 

~ f "  t DATA WITH PREGISiON INDIGATEO 

~ ~ ~ . ~  ~ a s �9 1o0,982 NA. - P_366 NA 2. - -  APPARENT (SEE TEXTISTRUCTURAL EFFEGT 

o o: ~ J  o o~ ' o~  o~. o~ olo 
GOLD MO~E FRACTION (n 2) 

Fig. 4. Dundee plot for tin with gold data (see text) 

vent  activity with solute mole fraction. The bars show 
the exper imental  uncer ta inty .  

For the corrections we have used the emf for the 
measurements  of "pure" t in  vs. "pure" t in  except for 
the copper where  a piece fell in  too early, s In  this 
case we have corrected the first emf to the Raoult 's  
law value. 

Conclusions 
As can be seen in  the figures, wi th in  the accuracy of 

the measurements ,  Raoult 's  law is approached for all  
three of these systems. 

For the Cu-Sn  system the solvent behavior is ideal 
over the whole range of composition measured. 

For the Ag-Sn  system a correction term is required  
which follows NAg 2. Such terms are sometimes ascribed 
to impor tant  solute-solute interactions.  

For the AuSn  system, in  addition to the presence of 
an NAu 2 term, there is an indication of a change of 
behavior  at NAu = 0.01. Similar  abrupt  changes have 
been observed by the authors and co-workers in  con- 
t inuing  vapor pressure studies of cad.mium alloys wi th  
gold (9), lead (10), and copper. 

Since the dilute solution behavior  in these systems 
proved to be so ideal in  satisfying Raoult 's  law with 

a S e v e r a l  f ac to r s  cou ld  c o n t r i b u t e  to  t h i s  r e q u i r e d  co r rec t ion  such  
as  s m a l l  d i f fe rences  in  i m p u r i t i e s  in  t he  pu r i f i ed  t i n  as added ,  
t race  i m p u r i t i e s  in  the  e l ec t ro ly t e  s c a v e n g e d  m o r e  b y  one  t i n  b a t h  
t h a n  b y  t he  o ther ,  or t e m p e r a t u r e  d i f fe rences  of  0.01~ or  less  be-  
t w e e n  the  legs.  
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its corollary tempera ture  dependence, there seemed 
little reason to test the tempera ture  dependence fur -  
ther. Instead we chose to make extensive studies of 
Sn-Hg and Au-Cd solutions as will  be reported later. 
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Solvent Properties of Molten NAN02 Using a 
Freezing Point Technique 

Theodore R. Kozlowski and Roger F. Bartholomew 

Tech~ica~ Staffs Division, Coming Glass Works, Coming, New York 

The physical and chemical properties of mol ten 
alkali  metal  ni t rates  have been studied extensively 
because of their  low melt ing points and ease of 
handling. In  comparison there has been very  little 
work reported on the properties of mol ten nitrites. 
Protsenko and co-workers (1-5) have published bi-  
nary  and te rnary  phase diagrams involving alkali 
and alkal ine earth metal  nitrites, and the electro- 
chemical reduct ion of sodium ni t r i te  has been dis- 
cussed in  recent papers (6-7). However, the experi-  
menta l  difficulties in  work ing  with mol ten nitrites,  
such as the ease of oxidation to nitrate,  and the prob-  
lems of dry ing  the materials  have resulted in  the ab-  
sence of data on these compounds. This work was 
under taken  as a pre l iminary  invest igat ion on the sol- 
ven t  properties of mol ten sodium ni t r i te  using a 
freezing point technique. 

Exper imenta l  conditions were constrained to permit  
use of the following equation for tempera ture  change 
as a funct ion of concentrat ion 

AT _-- ~K/m [1] 

Here AT is the tempera ture  depression TI - -  T, Tf 
being the mel t ing point (~ of the pure solvent, and 
T that  of the solution; v represents the n u m b e r  of en-  
tities dissolved in  the melt  that  are dist inguishable 
from the solvent; m is the molal i ty of the solute, de- 
fined as moles of solute per 1000g solvent; and Kf is 
the molal cryoscopic constant  in deg/mole. In de- 
r iv ing Eq. [1], Kf was defined as 

RTI 2 
K s [2] 

hH f nl  

where hH t is the heat of fusion of the solvent at T I 
and nl  the moles of solvent in  1000g. 

Experimental 
Freezing points for the melts were obtained using 

the cooling curve technique. The essential details 
of the design and operation of the cryoscopic assembly 
were  similar to systems previously described in the 
l i terature  (8, 9). One minor  modification involved the 
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Fig. 1. Apparatus for water solubility measurements: A, solenoid; 
B, glass enclosed iron cylinder; C, cryoscope head; D, chromel-alu- 
mel thermocouple; E, nitrogen-water vapor delivery tube; F, small 
nichrome wound furnace; G, stirrer; H, melt; I, sand for support; 
J, vacuum stopcocks; K, water heating coils; L, water reservoir; 
M, nitrogen inlet; N, to vacuum pump; 1-4, numbers refer to 
the operation of the apparatus. 

use of a motor -dr iven  propellor- type stirrer, ra ther  
than  a reciprocating magnetic stirrer, to achieve the 
necessary agitat ion for solid-liquid equi l ibr ium at the 
mel t ing point. A small gap between the cryoscope 
head and the st irrer shaft provided an exit port for 
the dry ni t rogen cont inuously swept over the melt. A 
small window cut into the furnace insulat ion allowed 
continuous visual  inspection and monitor ing of the 
molten sodium nitrite. Approximately  100g of salt 
were used in each trial. 

Diagrammed in Fig. 1 is a closed apparatus, having 
a capacity of 30g of molten sodium nitrite,  which was 
constructed for water  solubil i ty measurements .  With 
reference to Fig. 1, the ini t ial  operation consisted of 
evacuation, followed by immediate  filling of the as- 
sembly with ni t rogen at 1 atm pressure, 1. A water  
reservoir at known temperature,  2, was opened to the 
system, and the n i t rogen-water  vapor mixture  was 
bubbled through the melt, 3, passing out through an 
opening, 4. A control run  uti l izing a Hygrodynamics 
Inc. Line operated Electric Hygrometer  Indicator, No. 
15-3000, established the vapor pressure of water  prior 
to enter ing the melt. The simple expedient of elevating 
the water  reservoir  tempera ture  increased the amount  
of water  passing through the molten sodium nitrite. 
Cooling curves were obtained after at least an hour 
of bubbl ing  n i t rogen-water  vapor through the melt. 

Chromel-a lumel  thermocouples, referenced to a 
distilled water- ice cold junction,  served as tempera-  
ture  sensors for all  measurements.  A Sargent  Model 
MR recorder performed the funct ion of bucking all 
but  2 my of thermocouple output, amplifying and pre-  
senting the remainder  as a cooling curve (8, 9) on a 
10-in. t ime-vol tage chart. Three cooling curves for 
given concentrat ions of solute were general ly  suffi- 
cient to a t ta in  a precision of •176 in the mel t ing 
point. The melt  tempera ture  was kept  below 320~ 
and the cooling rate was main ta ined  at 3 deg/min.  
Super cooling was especially small, never  exceeding 
0.25~ 

The following Baker 's  "Analyzed" reagent grade 
chemicals were used: NaNO~, Na2SO4, NaC1, NaC2H802, 
NaSCN, Na2CO3, Ba(C1Os)2, and BaSO4. NaNO2, 
Ba(C1Os)2, and NaSCN were dried to constant  weight 
in a National  Appliance Company, Model 5830-4, 
vacuum oven at  l l0~  for 7 to 10 days. Similar  t rea t -  
men t  extending I-2 days sufficed for the remain ing  
chemicals. Concentrat ion changes for the melt  were 
effected by dropping pieces weighing approximately  
0.1g into the melt. After  each concentrat ion change, a 
cooling curve was obtained only after the added, solute 
was observed to totally dissolve. 

o 

-i t 
0 

O 

G | 

- -  v =  ~ 

_ u = 3  O 

v=] 

--% 

, I , I , I , i , I , I 
2 4 6 8 I I0 12 

MOLALITY x 0 2 

Fig. 2. Change in NAN02 freezing points (Tf--T) with added 
solutes: Q ,  NaC2H302; ~,, Na2S04; ITI, Ba(CI03)2; e, NaSCN; 
X, Na2COs; *, NaCI. 

Results 
The average mel t ing point for sodium ni t r i te  was 

found to be 281.5~ which is in good agreement  with 
the value of 281~ reported by Frame  e t a l .  (10). Be- 
cause there was no available value in the l i terature  
for the heat of fusion of sodium nitrite, it was not 
possible to construct the ideal freezing point curves 
for the solutes added. Figure 2 presents the experi-  
menta l  points given in  Table I. The solid lines shown 
for v = 1, 2, and 3 were d rawn using the heat  of 
fusion obtained by leas t -mean-squares  analyses on the 
data obtained for the solutes Na2SO4, NaSCN, and 
Na2CO3. The reasons for this are discussed later. The 
slope of the AT vs. m plot (i.e., Ks) for the three 
solutes taken together gave a value of 17.0 deg/mole 
with a s tandard deviation of ___0.5 deg/mole. The heat 
of fusion calculated from Eq. [2], was found to 
be 2.48 • 0.07 kcal/mole.  The entropy of fusion, 
~Sf, was calculated as 4.47 • 0.13 eu. 

The solubili ty of water  in molten sodium nitr i te  
was determined by varying  the vapor pressure of 
water  above the melt  and obta ining the freezing-point  
depression at a known vapor pressure. By assuming 
that water  behaves in the same manne r  in  sodium ni-  
tr i te  as has been found in sodium ni t ra te  (11), Le., that  
water  dissolves as a monomer,  the folIowing concen- 
trat ions of water  in  the melt  were obtained; 0.63 x 
10-2M at 7 mm Hg, 2.86 x 10-2M at 19.5 mm Hg, and 

Table I. Experimental data for freezing point depressions 
in NAN02 

M o l a l i t y  M o l a l i t y  
AT, ~ • 10~ S o l u t e  AT, ~  • 10 ~ S o l u t e  

0.14 0.903 Na~SO~ 0.21 1.702 NaC2H~02 
0.40 1.991 0 .89 3.30,1 
0.59 3.070 1.68 5.044 
0.73 4.197 2,13 6.872 
1.22 6.488 3.35 8.632 
1.40 8.046 3.75 10.381 
1.65 9.765 4 .90 11.747 
1.80 11.425 

0.52 0.596 Ba(CIOa)2  
0.21 1.189 Na.~CO~ 0.'/7 1.192 

1.61 3.071 
0.27 1.159 N a S C N  
0.39 2.402 
0.58 3.240 
0.89 5.223 
1.09 6.379 

-- 0.46 2.202 NaC1 
-- 1.23 4.805 
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4.54 x 10-2M at 37.9 mm Hg. This last va lue  was ob- 
tained by extrapola t ion from the first two because, for 
two pressures above 37.9 mm Hg, the depression of the 
freezing point  became independent  of the vapor  pres-  
sure of water.  This represents the max imum solubili ty 
of water  in the mel t  at its f reezing point, which cor- 
responds to a concentrat ion of 31.4 x 10 -4 moles w a t e r /  
mole sodium nitrite. An approximate  value of 8 x 10 -5 
moles wa t e r /mo le  sodium n i t r i t e -mm Hg was ob- 
tained for K, the Henry 's  law constant. 

Discussion 
Fusion of the dried mater ia l  resul ted in a clear 

yel low l iquid which displayed no bubbl ing at a tmos-  
pheric pressure under  nitrogen. This condition could 
be mainta ined for weeks if the tempera ture  of the 
melt  was not al lowed to exceed 325~ Above this 
temperature ,  an increasing amount  of fine sodium 
oxide precipi tate (12) appeared in the melt. With con- 
t inued overheat ing,  no gas evolut ion was noted in or 
on the melt, al though the flowing purge gas would  
have prevented  the buildup of ni t rogen dioxide and 
nitrous oxide reported to accompany the decomposi-  
t ion (12-14). Cooling curves  obtained on pure sodium 
nitr i te  before  and after  decomposition displayed no 
change in the melt ing point, indicat ing that  solubili ty 
of the Na20 was less than 1 x 10-3M. 

The choice of solutes for freezing point measure-  
ments in sodium ni t r i te  is l imited because of double 
decomposit ion reactions which form unstable metal  
nitr i tes (15). At tempts  to use cadmium and lead 
salts were  unsuccessful because of this reason. This 
limits the choice of solutes to alkali  or alkal ine earth 
metal  salts. Within this range of compounds, fur ther  
l imitat ions are imposed by the format ion  of solid solu- 
tions between sodium nitr i te  and salts containing po- 
tassium (16), ni t r i te  (16), and chloride ions. In  the case 
of BaSO4 very  low solubili ty was found, since no de-  
pression of the freezing point could be detected in a 
saturated solution. 

The bes t -behaved  solute was  sodium sulfate, since 
clear solutions wi th  no bubbling were  obtained up to 
the highest concentrat ion studied, 11.4 x 10-2/YF. Only 
one point was obtained for Na2COs, because at tempts  
to go to higher concentrations resulted in bubbl ing 
and the format ion of a fiocculent precipitate,  p resum-  
ably sodium oxide. Additions of sodium thiocyanate  
gave wel l -behaved  melts up to concentrations of 6.4 x 
10 -2 M. Above these concentrations slight evolut ion of 
gas was observed; therefore,  only results in we l l -be -  
haved melts are reported. These three  solutes should 
all introduce one foreign part icle in the melt, and, as 
can be seen in Fig. 2, they all fal l  on the same line. 
Because of this good agreement  wi th  expected be- 
havior,  these data were  used to calculate • s for so- 
dium ni t r i te  which was then used to describe the 
other  solute systems. The va lue  of 2.48 --+_ 0.07 kca l /  
mole obtained is not direct ly comparable  with pub-  
lished data. Est imates were  made f rom the heat -  
capacity data of Voskresenskaya et al. (17) and f rom 
the phase diagrams reported by Protsenko and his co- 
workers  (2, 4). In the former  case the heat  of fusion 
was est imated to be in the range 2.1 to 2.9 kca l /mole  
at 282~ From the phase diagrams (Li +, Na+) ,  
(NO~-) and (Sr 2+, Na+), (NO2-) values of 4.3 and 
9.5 kcal/mole at 284~ were calculated. Our value falls 
toward the middle of the value obtained from the 
heat-capacity data, which ]ends good support to its 
accuracy. A value of 6 _ I kcal/mole was reported 
by Rapoport (18) in his work on the effect of pres- 
sure on the melting point of sodium nitrite. However, 
it was pointed out (19) that this method of obtaining 
thermodynamic data does involve considerable ex- 
trapolation, which can greatly affect the final value. 

Solutions with sodium acetate gave unexpected re- 
sults. Freezing-point depressions characteristic of 
v ----- 2 rather than the expected v ~ 1 were found. As 
can be seen from Fig. 2, there is considerable scatter 

in the points; the lowest concentrat ion fell  on the ~ ---- 1 
line, but  at higher  concentrat ions the data tended to 
fall  on the v -~ 2 line. Recent  work  by Hazlewood 
et al. (20) on the propert ies  of mol ten alkali  meta l  
acetates indicated that  sodium acetate was thermal ly  
stable iust above its mel t in~ uoint of 329~ This is 
4~ higher than the highest t empera tu re  used in our 
work. They also pointed out that  the the rmal  stabil i ty 
of mol ten  acetate~ is enhanced bv the absence of oxy-  
gen above the melt. Therefore,  the freezing point re -  
sults found for  sodium acetate cannot be explained on 
the basis of thermal  instability. The concentrat ion of 
acetate was kept  below 11.7 x 10-2M in this work, 
and, despite the care used in control l ing the t empera -  
ture, slight bubbling did occur. The behavior  of alkali  
acetates in mol ten alkali  meta l  ni trates has been ex-  
amined in this laboratory using freezing point mea-  
surements,  infrared,  polarography,  and mass spectra 
(21). Reactions do occur, the products being alkali  
nitrites, carbonates, oxides, and gases. On the basis 
of the results for the ni t ra te  systems, it is suggested 
that  the value  of ~ ~ 2, found for sodium acetate in 
sodium nitrite, occurs because of a chemical  react ion 
be tween the solute and solvent. Fur ther  study is re-  
quired in order to elucidate the reaction mechan- 
isms and products in mol ten nitrites. The small  
amount  of ni tr i te  which may be removed from the 
solvent because of the react ion would not signifi- 
cantly al ter  the concentrat ion t e rm defined in Eq. [1]. 
Only three concentrat ions are shown on Fig. 2 for the 
addit ion of Ba(C10~)2 because, at concentrat ions in 
excess of 3.1 x 10-2M, slight evolut ion of gas was noted. 
However ,  the data obtained fell on the calculated ~ ~ 3 
line within exper imenta l  error. This indicates that  at 
the lower concentrat ions any react ion taking place is 
negligible, since the expected three-par t ic le  depression 
was found. The addition of NaC1 gave an increase 
in the freezing point of NaNO2, indicat ive of solid- 
solution formation. 

The m ax im um  wate r  solubil i ty of 31.4 x 10 -4 moles 
w a t e r /m o le  sodium nitr i te  can be compared with  14.1 
x 10 -4 and 3.9 x 10 -4 moles w a t e r / m o l e  mel t  at 20 
mm Hg of wa te r  for sodium ni t ra te  and potassium ni-  
trate, respectively,  repor ted  by Frame et al. (11). All  
of these values are for the melts at their  freezing 
points. A Henry ' s  law constant of 7 x 10 -5 for so- 
dium nitrate,  calculated f rom their  data, is ve ry  near  
the value found for sodium nitrite. The presence of a 
react ion or some unusual  dissolution mechanism, e.g., 
the passage of water  into the melt  as (H20)2 ,  would 
have resulted in different values of K. It  is sug- 
gested that  the placement  of water  molecules in the 
sodium nitr i te  mel t  near  its mel t ing point proceeds 
with  the same mechanism postulated for the nitrate,  
viz., "interst i t ia l  dissolution." In retrospect,  this con- 
clusion could have been implied f rom the s t ructural  
s imilar i ty of ni t r i te  and ni t ra te  melts, as wel l  as the 
low solubilities of wa te r  found in the  course of the 
investigation. 

F rom the preceding discussion it is evident  that  
sodium nitr i te  is not as good a solvent for cryoscopic 
work as sodium ni t ra te  (22, 23). The grea ter  chemical  
react ivi ty  of the melt  to added solutes and the ease 
with which solid solutions are formed restr ict  its use. 
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Nitrosyl Fluoride Electrolytes 
Madeline S. Toy and William A. Cannon 

Astropower Laboratory, Missile and Space Systems Division, 
Douglas Aircraft Company, Inc., Newport  Beach, California 

There is a growing interest  in the field of low- tem-  
perature  electrolytes which may be util ized in  elec- 
trochemical energy conversion devices for operation 
at well  below --60~ As par t  of a s tudy of low- tem-  
perature  electrolytes, we have measured the electrical 
conductivities of solutions of Lewis acid fluorides in 
nitrosyl  fluoride. The electrical conductivi ty of pure 
ni t rosyl  fluoride has been reported by Christe and 
Guer t in  as 5.4 x 10 -5 ohm -1 cm -1 at --79~ (1). This 
value indicates a relat ively high degree of self-ioniza- 
t ion which probably occurs in the following m a n n e r  

NOF ~ NO + + F- 

Toy and Cannon (2, 3) have reported the large in- 
crease of electrical conductivity of a self-ionizing 
solvent (bromine trifluoride) on addition of a Lewis 
acid fluoride (boron trifluoride). This paper describes 
the self-ionizing properties of nitrosyl fluoride (bp 
--59.9 ~ and mp --137.5 ~ in the presence of fluoride ion 
acceptors (boron trifluoride, phosphorus pentafluoride, 
and arsenic pentafluoride) leading to lormat,on of 
moderately conductive low-temperature electrolytic 
solutions below --60~ An electrochemical energy 
conversion system using halogen fluoride electrolytes 
has been reported to be applicable at room tempera- 
ture to as low as --40~ (4). This paper suggests that 
an electrochemical energy conversion system using 
nitrosy] fluoride electrolytes is capable of reaching 
even lower temperatures. 

Exper imenta l  

Materials.--Nitrosyl fluoride and arsenic penta-  
fluoride were obtained from Ozark-Mahoning Com- 
pany. Boron trifluoride and phosphorus pentafluoride 
were obtained from Matheson Company. All  materials  
were purified by low-tempera ture  distillations. The 
pur i ty  of the samples was checked by infrared analysis  
of the vapor. The specific conductivities of boron t r i -  
fluoride, phosphorous pentafluoride and arsenic penta-  
fluoride in the liquid phase were less than 10 -9 ohm -1 
cm -1. The specific conductivi ty of l iquid ni t rosyl  
fluoride reported by Christe and Guer t in  as 5.4 x 10 -2 
ohm -1 cm -1 at --79~ (1) falls on the specific con- 
duct ivi ty vs. temperature  curve of pure  ni t rosyl  
fluoride given in Fig. I. All  electrodes were h igh-pur -  
i ty commercial  materials  of 99.9% pur i ty  or better,  
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Fig. 1. Specific conductivity of NOF and NOF solutions as o 
function of  temperature .  

Apparatus.--The conduct ivi ty cell (Fig. 2) was 
made of stainless steel wi th  a Teflon l iner  and 
equipped with two smooth p la t inum electrodes. The 
leads passed through Teflon plugs and were com- 
pressed between metal  fittings to effect a vacuum and 
pressure tight seal. Tempera tures  were measured by a 
thermocouple inserted into a hole dril led in the wal l  
of the conductivi ty cell. Cell constants ranging  from 
0.2 to 0.5 cm -1 were used. Cell constants were deter-  
mined by measur ing the resistance of s tandard potas- 
sium chloride solutions in  the cell. In  a conduct ivi ty 
cell of this design, the cell constant  varies slightly 
with the volume of solution due to the var iable  im-  
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Fig. 2. Conductivity cell 

mersion of the p la t inum lead wires;  therefore,  cal ibra-  
tion and measurements  were  made wi th  a constant 
vo lume of solution. 

Cell resistance measurements  w e r e  made wi th  a 
General  Radio Type 1650-A impedance bridge. It  was 
equipped with  an internal,  1000-cycle signal source and 
tuned nul l  detector. Measurements  were  also made 
with  an externa l  signal source ranging f rom 200 to 
10,000 cycles to permit  correct ion for polarization. For  
more sensitive balance, a Hewle t t  Packard  400 L vac-  
uum tube vo l tmeter  was used as an ex te rna l  nul l  de- 
tector. 

Glass systems cannot be used for handl ing ni trosyl  
fluoride; therefore,  a vacuum line constructed of 304 
stainless steel tubing, 316 stainless steel valves  with 
Teflon packing, and cal ibrated stainless steel vapor  re-  
ceivers was employed for dist i l lat ion and t ransfer  of 
nitrosyl fluoride, boron trifluoride, and the volat i le  
pentafluorides. Mercury  manometers  cannot be used. 
Pressure  was measured  wi th  a stainless steel Bourdon 
gauge (30-in. vacuum to 60 psi). Careful  exclusion of 
moisture is essential in handl ing these compounds 
as the presence of any water  vapor  wi l l  cause notice-  
able attack on stainless steel and wil l  l ikewise affect 
conduct ivi ty  measurements .  The vacuum system was 
first degreased wi th  t r ichloroethylene,  r insed wi th  
Freon, then vacuum dried. After  assembly, the vacuum 
system was passivated by filling wi th  gaseous fluorine 
to 1 a tm for 1 hr. F ina l ly  the system was evacuated.  
Under  these conditions, it is found that  ni t rosyl  fluo- 
r ide and its solutions do not attack the stainless steel 
appreciably during the t ime requi red  to carry  out the 
experiments ,  viz, 1-2 hr. 

Open-ci rcui t  voltages of bielectrode cells were  mea-  
sured in a cell  s imilar  to that  shown in Fig. 2 wi th  the 
electrodes uni formly  spaced 1 cm apart. Cel l  voltages 
were  measured across the two electrodes wi th  a vac-  
uum tube voltmeter .  

Results and Discussion 
The specific conduct ivi ty  of ni t rosyl  fluoride in-  

creases marked ly  on addit ion of boron trifluoride, 
phosphorous pentafluoride, and arsenic pentafluoride, 
and at the same t ime there  is a decrease of the tem-  
pera ture  coefficient of conduct ivi ty  as shown in Fig. 
1. The increase of specific conduct ivi ty  of NOF solu- 
tions as a function of concentrat ion of these Lewis 
acid fluorides is shown in Fig. 3. On evaporat ion of the 
solvent at room tempera ture ,  each solution yie lded a 
solid residue. The inf rared  spec t rum of each ni t rosyl  
salt showed a strong absorption peak at about  2,350 
cm -1 indicat ing (NO) + ion (5). These salts ar e  r e a d -  
i l y  soluble in l iquid NOF as wel l  as sulfur  dioxide to 
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Fig. 3. Specific conductivities as a function of concentrations 
of BF3, PF5, and AsF5 in NOF solutions at --60~ 

yield modera te ly  conductive low- tempera tu re  e lec-  
t rolyt ic  solutions below 60~ (6). 

The Lewis acid fluorides (BFs, PFs, and AsFs) are 
potential  electrolytes which funct ion as acids by fluo- 
r ide ion acceptance giving the cation NO + and the 
corresponding anions (BF4- ,  PF6- ,  A sF6- ) .  The 
higher  conduct ivi ty  of the pentafluoride solutions com- 
pared to the boron trifluoride solution may  be due to 
boron trifluoride being a weaker  fluoride ion acceptor. 

The open-circui t  potentials were  measured in n i t ro-  
syl fluoride solution containing 0.3M phosphorus 
pentafluoride at --70~ Except  for the t in -p la t inum 
bielectrode cell, the calculated potentials lack correla-  
t ion with  observed potentials. The postulated cell  re -  
actions are as follows 

Anode 
Cathode 

M + 2 F -  --> MF2 + 2e 
2NOF + 2e-> 2NO -p 2 F -  

Over -a l l  cell reaction M -t- 2NOF -> 2NO + MF2 
[1] 

Standard f ree  energy change at 25~ for lead (7-9) 
--39.86 kcal; E ~ ~ 0.864v (1.55v observed a t - -70~  

Standard free energy  change at 25~ for  t in (7-10) 
z --38.76 kcal; E ~ = 0.840v (1.10v observed at --70~ 

Standard f ree  energy change at 25~ for cadmium 
(7-9) = --46.56 kcal; E ~ ~ 1.01v (0.27v observed at 

- -70~ 

The tempera tu re  difference may  account for some of 
the discrepancies of calculated and observed potentials. 
Due to the l imited data on free energy  of format ion of 
reactant  NOF at --70~ the potential  of postulated 
cell react ion (Eq. [1]) was thus calculated at 25~ 
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Polarographic Reductions of Benzyl Halides. A Correction 
L. B. Rogers 

Deparkment of Chemistry, Purdue University, Lafayette, Indiana 

and A. J. Diefenderfer 
Department of Chemistry, Lehigh University, Bethlehem, PennsyZvania 

An earlier report from our laboratory (1) postu-  
lated formation of the benzyl  radical in electrochemi- 
cal reductions of the benzyl  halides pr imar i ly  be-  
cause mass-spectral  lines derived from bibenzyl  were 
the major  ones in mass spectra of the product from 
control led-potent ia l  electrolyses on the l imi t ing-cur -  
rent  plateau of the first reduction step. Although lines 
a t t r ibutable  to mercury  in the product were also re-  
ported (1), mercury  was dismissed as an impur i ty  
when  products from blank electrolyses also gave mass 
spectra that  showed mercury  to be present. However, 
our most recent work has shown that b ibenzylmercury  
(also benzylmercuric bromide) decomposes while its 
mass spectrum is being obtained and produces bi-  
benzyl  as the chief product. Mercury is also clearly 
present. 

As a result  of that finding, we have re -examined  the 
ent i re  process for the electrochemical reductions of 
the benzyl  halides. The new evidence reported below 
supports the general  mechanism suggested for al lyl  
bromide (2). 

First, a chronopotentiometric study clearly indicated 
that a prior (chemical) step preceded the electron 
transfer, in accord with the criteria of Re inmuth  (3). 
Second, after approximately 90 rain, contact wi th  an 
open-circui t  dropping mercury  electrode (and its 
accumulated mercury  pool), the concentrat ion of 
benzyl  chloride (or bromide) in  a st irred 1.0M solution 
of l i th ium chloride in 1:1 methanol -wate r  had de- 
creased to half  of its value. The concentrat ion was 
measured by connecting the dropping electrode to a 
polarograph only long enough to measure the l imi t -  
ing current  for the benzyl  halide. When uv  spectra of 
the product obtained by shaking mercury  with a 5.0 
mM solution of benzyl  bromide in  1M LiC104 in  1:1 
methanol -wate r  were compared with spectra obtained 
using authentic samples, they indicated the formation 
of benzylmercuric  bromide. BenzyI chloride reacted 
more slowly, but  in a s imilar  fashion. 

When a solution of benzyl  bromide was electrolyzed 
at --0.50v vs. SCE, a potential  on the plateau of the 
first reduction step, the resul t ing solution had a uv 
spectrum with the same characteristics as those for 
bibenzylmercury.  In  addition, the isolated product did 
not depress the mel t ing point of bibenzylmercury.  

Final ly,  with regard to reduct ion at a potent ial  on 
the second l imi t ing-cur ren t  pla teau for benzyl  chlo- 
ride, Wawzonek et al. (4) have shown that, in the 
presence of carbon dioxide, toluene is the main  prod- 
uct and phenylacetic acid, a minor  one. That  result  
has been interpreted as confirmation of a two-elec-  
t ron reduction that  forms a benzyl  carbanion.  Al-  
though their  results were obtained using solutions of 
the benzyl  halides in  dimethylformamide,  a change in 
solvent to 1:1 methanol -wate r  would not be expected 
to alter the findings. 
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Preparation and Characterization of Manganese 
Oxide Thin Films 

R. M. Valletta and W. A. Pliskin 
IBM Components Division, East Fishkil~, New York 

ABSTRACT 

Reactive sput ter ing has been found to be a desirable method for the prepa-  
rat ion of conductive manganese  dioxide films. The major  parameter  deter-  
mining,  conductivi ty and the oxide of manganese  formed by reactive sput-  
ter ing is substrate temperature.  At substrate temperatures  in excess of ap-  
proximately 350 C, low-conduct ivi ty  lower oxides of manganese  are formed. 
The infrared spectrum of films is sensitive to variat ions in the stoichiometry 
of the oxides and is a valuable tool for the characterization of manganese  
oxide th in  films. 

Manganese dioxide is a mater ia l  which has aroused 
considerable interest  because of its importance in  the 
electrical components industry.  It  has been established 
that  the physical and chemical  properties of the ox- 
ides of manganese  are extremely complex. The oxides 
MnO, Mn~O4, Mn203, MnO2, and Mn20~ exist (1-4). 
With the exception of Mn20~, which has not  had ex- 
tensive study, these oxides exhibit  at least two crystal  
structures and nonstoichiometry (1). In  general,  the 
lower oxides of manganese  are not as good conductors 
as MnO2. 

Recently, interest  has 'been generated in thin films 
of manganese  dioxide since the in t roduct ion of these 
films to t an ta lum thin  film capacitors improves both 
the rel iabi l i ty  (5, 6), thermal  stabili ty (7), and yield 
of capacitors (6). It is believed that  this results from 
the abil i ty of MnO2 to act as an oxidizing agent heal-  
ing weak points in the anodic oxide by oxidizing ex- 
posed tantalum. The effect of the manganese dioxide 
film is especially noted in the abi l i ty  of th in  t an t a lum 
oxide capacitors ( ~  250A Ta2Os) with a film of m a n -  
ganese dioxide to withstand heat ing at temperatures  
in excess of 300~ without  shorting (7). However, be-  
fore heating, capacitors with sprayed MnO2 layers 
were found to have a large dependence of capacitance 
on frequency. This was explained as resul t ing from 
the low conductivi ty of the spray deposited manganese  
dioxide films (7). It could be semiquant i ta t ively  ex- 
plained by t reat ing the capacitor with MnO2 as a 
Maxwel l -Wagner  two- layer  capacitor (8). 

During the course of the above-ment ioned invest iga-  
t ion (7), the manganese  oxide films formed by pyro-  
lysis of a manganous  ni t ra te  solution were found to 
vary  in  composition depending on the conditions em-  
ployed dur ing  the deposition. It  was possible to iden-  
t ify the various phases prepared by the spray deposi- 
t ion method from the transmission infrared spectra 
of the oxides. Also, it was possible by use of the in-  
frared spectrum to gain some informat ion about the 
incorporation of water  and NOa- as impurit ies in the 
films. Substrate temperature  was found to be one of 
the most impor tant  parameters  de termining the  phase 
obtained by spray deposition. However, concentrat ion 
of the manganous  ni t ra te  solution and spray rate 
were also found to be important .  

Since the resistivity of the manganese  oxide is de- 
termined by composition, and the resistance of the 
manganese  oxide layer  wil l  to a large extent  deter-  
mine  the effect of f requency on the capacitor (7), a 
s tudy was performed of the effect of various prepara-  
tive parameters  on the physical and chemical proper-  
ties of manganese  oxide th in  films formed by reactive 
sputtering. The methods employed to prepare and 
characterize the films in  this study were similar  to 
those reported for react ively sputtered (9, 10) SlOe 
and SiO2 films deposited by other techniques (10). 

Cash and Clark (6) reported on the application of 
reactive sput ter ing for the preparat ion of manganese  

dioxide films. They reported that  conductive MnO2 
can be prepared by reactive sputtering. They found 
that the percentage oxygen in the sput ter ing gas de- 
termined the composition of the manganese  oxide. At 
a lower oxygen percentage, Mn304 and MnO were 
formed. 

Experimental 
The sputter ing apparatus employed for deposition of 

the manganese  oxides is shown in Fig. 1. Rods A are 
�89 in. diameter stainless steel support  rods. B is the 
8 x 8 x % in. sample support plate on which the 
sample wafers are fastened with clips. C is a circular 
grounded shield plate, the outer thin plate is 6 in. 
in diameter  and is screwed into plate G; the inner  sec- 
tion of C is 4V4 in. in diameter  with a 2 in. diameter  
hole in  the center. D is the 3�89 in. diameter  cathode on 
which a manganese plate is fastened by screws. E is 
the electrical lead which screws into the cathode and 
is a metal- to-glass  seal with the metal  par t  shielded 
by the grounded metal  of the cathode support. The 
unshielded area of the cathode is approximately 20 
cm 2. F is a Vs in. thick quartz plate on which the 
cathode rests. G an 8 in. square plate with a �89 in. 
diameter hole (for the electrical connection of E to 
the cathode) is a support  for the cathode and the 
cathode shielding. The rods (A) are fastened to the 
grounded base plate so that  all of the sput ter ing ap- 
paratus is at ground potential  with the exception of 
the cathode (D) which is connected to the negat ive 
electrode of a high voltage d-c power supply through 
the connector (E). All  of the metal  parts of the ap- 
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paratus are fabricated f rom stainless steel. Plates B 
and G are supported by adjustable  clamps (not shown 
in Fig. 1 for clari ty)  to allow the re la t ive  position of 
plates B and G to be adjusted. A horse-shoe magnet  
was at t imes placed on plate B. A nonmagnet ic  meta l -  
lic spacer placed be tween  plate B and the magnet  ad- 
jus ted the re la t ive  position of the magnet.  Plates B 
and G had copper coils (not shown) brazed to them 
to al low wate r  cooling of the plates. The sput ter ing 
apparatus was placed in a vacuum system with  an 
18 in. d iameter  bell  jar. 

The system was pumped to 2 x 10 -5 mm Hg or 
lower  prior to the deposition and a 30-min cleanup 
of the cathode wi th  the wafer  shielded was per formed 
with  the same gas mix tu re  (usually pure O2), pres- 
sure (usual ly 50~) and voltage (1-4 kv) as were  to 
be used dur ing the deposition. The cathode-sample  
spacing usually was 1% in. wi th  the  magnet  placed 
2% in. f rom the cathode. The exact  conditions de- 
scribed above were  a r r ived  at arbi trar i ly.  There  was 
no extensive invest igat ion to de termine  if these con- 
ditions optimized the propert ies of the  manganese 
oxide films. 

The wafer  t empera tu re  as a function of power  was 
established by a thermocouple  soIdered to the back of 
a sample wafer  or by t empera tu re  indicating salts 
deposited on the back of the  wafer.  The agreement  
be tween  these two methods was excellent.  An  estimate 
of the difference in t empera tu re  be tween the front  
and back surface of the wafers  was made. Under  the 
assumption that  all of the power  used was flowing 
through the wafer,  the max imum tempera ture  dif-  
ference between the front  and the back of the silicon 
wafer  was only 15~ For  this reason, the substrate 
tempera tures  quoted in this paper are uncorrected 
and are the tempera tures  measured  at the back sur-  
face. 

For  infrared spectral  evaluat ion (4000-400 cm-1 ) ,  
the samples were  deposited on thick (,-~ 28 mils) sil- 
icon wafers  with a resis t ivi ty of 2 ohm-cm or greater.  
The resis t ivi ty of the films was measured by a four 
probe method on films deposited on ,-~ 5000A of ther -  
mal  SiO2 on 7 mil  thick silicon wafers. F i lm thick-  
nesses were  measured by using a Talysurf  or Tolansky 
in ter ferometr ic  technique. 

Results 
In agreement  wi th  the results reported for the 

spray deposited films (7), the most impor tant  deter-  
minant  of the phases obtained by react ive sputter ing 
was the tempera ture  of the substrate. The t empera tu re  
of the substrate dur ing sput ter ing as a funct ion of the 
power  input  to the sample is i l lustrated in Fig. 2. The 
wafer  usual ly at tained this m a x i m u m  tempera tu re  
after  15-30 min of sputtering. All  measurements  were  
made at 50~ of pure O2 with  vary ing  voltages. 

The effect o f . va ry ing  substrate t empera tu re  on the 
composition of the oxides is shown in Fig. 3. All  films 
are  ~ 3000A thick wi th  a deposition rate  of 5-10 
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Fig. 2. Variation of temperature with power input--no magnetic 
field. 
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Fig. 3. Infrared spectra of films prepared with different sput- 
tering voltages, 900-400 cm -1.  

A/min .  What  appears to be an inverse absorption band 
at 610-620 cm -z  in some of the spectra is due to in-  
complete compensat ion of the silicon latt ice absorption 
bands due to the use in the reference beam of a silicon 
wafer  which is somewhat  too thick. The reference  
silicon wafe r  should be somewhat  th inner  than the 
sample wafer  depending on the ref rac t ive  index of 
the sample film (11). The crystal  s t ructures of the 
phases were  de termined  by electron diffraction. How-  
ever,  the infrared spectra has also been found to be 
a good method of de termining the composit ion of the 
phases (7). Note in Fig. 3 that  there  is more similar i ty 
between spectra II and III  which have different crys-  
ta l l ine structures than I and II which are both fl-MnO2. 
Spect rum III  is ve ry  similar  to that  of the spray de- 
posited MnO2 (7). The resistivit ies of these films are: 
I ( ~  5 ohm-cm) ,  II ( ~  103 ohm-cm) ,  and III  ( ~  104 
ohm-cm) .  The spray deposited films had resistivit ies 
of ~ 10~-105 ohm-cm. Thus, it can be concluded that  
the infrared spectra are more  sensitive to the stoichi- 
omet ry  of the phase than the crystal  structure. Since 
the lower oxides are poorer conductors than MnO2, 
the results indicate that  the sample wi th  spectrum II 
was closer to Mn20~ in composit ion than it was to 
MnO2. Comparison of the results presented in Fig. 
2 and 3 establish 300~176 as the l imit ing substrate 
t empera tu re  for the deposition of conductive MnO2 
thin films. 

To increase the deposition rate, a magnet ic  field was 
introduced into the region of the glow similar  to the 
method used for the prepara t ion  of react ively  sput-  
tered SiO2 films (9). In addit ion to making  it possible 
to increase the deposition rates to as much as 20-80 
A/min ,  the magnet ic  field per formed another  impor-  
tant  function. The horseshoe magnet  was placed di-  
rect ly  above the sample. This resulted in a field pr i -  
mar i ly  paral le l  to the wafer  surface direct ly  above 
the sample. The field was localized in the vicini ty  of 
the wafe r  wi th  a magni tude  of ,~ 300-400 gauss while  
at the cathode the  field was 50-60 gauss. It  was found 
that  not  only did the magnet ic  field increase the plas-  
ma density, but  it also made it possible to  increase 
the power  (and, therefore,  deposition rate)  wi thout  
obtaining ex t reme substrate temperatures .  The mag-  
netic field paral le l  to the substrate surface would de-  
flect negat ive  ions such as O -  and also the electrons 
away from the sample. 

The var ia t ion of substrate t empera tu re  as a func-  
tion of power wi th  the magnet  1% in. f rom the cath-  
ode is depicted in Fig. 4. 

It  can be seen by comparison wi th  Fig. 2 that  wi th  
the magnet ic  field a power  of 70w results  in a sub-  
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Fig. 4. Variation of temperature with power input with a mag- 
netic field. 

strate temperature  of less than  350~ However, wi th-  
out the magnetic field, 16w results in a substrate tem- 
perature in excess of 350~ Clearly, the introduct ion 
of the magnetic field makes it possible to increase the 
power without  extreme heat ing of the sample. It  is 
possible to increase the power density by a factor of 
4-5 and still ma in ta in  the same substrate temperatures  
by introduction of the magnetic  field. 

The uni formi ty  of the films was not greatly affected 
by the inhomogeneous magnetic field. The thickness 
did not vary  more than 5-7% over a 11/4 in. diameter  
wafer. Since the pressure was 50g, the sputtered atoms 
suffered several  collisions before deposition. This tends 
to decrease any nonuni formi ty  resul t ing from the in-  
homogeneous magnetic field. 

Since the temperature  of the substrates was much 
lower with the magnetic field, it was possible to pre-  
pare conductive MnO2 at voltages from 1-4 kv. The 
spectra of several  samples of ~-MnO2 prepared at dif- 
ferent  voltages are presented along with the spectrum 
of a sample of a ~-MnO2 film prepared by sedimenta-  
t ion (12) in Fig. 5. 

The film prepared by sedimentat ion was formed by 
centr i fuging a suspension of fine particles of ~-MnO.2 
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Fig. 5. Infrared spectra of several ~-Mn02 samples, 900-400 
cm--1. 

in  a mix ture  of 25% isopropyl alcohol, 50% methanol ,  
and 25% ethyl acetate. It  is apparent  that  all of the 
spectra are similar except the band is shifted toward 
a higher wave number  at higher substrate temper-  
atures (higher voltage).  There is also a band present  
beyond 400 cm -1. This is below the l imit  of the Per-  
k in -E lmer  Model 337 Infracord, bu t  it has been seen 
in the spectrum measured with a Pe rk in -E lmer  Model 
521 Spectrophotometer. Note also that  as the substrate 
temperature  increases (for example, spectrum II) ,  the 
spectrum approaches that  of the nonmagnet ica l ly  pre-  
pared ~-MnOs. The band  is centered close to 600 cm -1 
with a shoulder at ~ 520 cm -1. The resist ivity of all 
of the fl-MnO2 films was between 1 and 15 ohm-cm. 
The var iat ion in  resistivity appeared to be random 
and not significantly affected by the deposition param-  
eters. The shift in the band position is a t t r ibuted to an 
increase in  the density of the film as the substrate 
tempera ture  is increased, similar to the results ob- 
tained with various deposited SiO2 films (9, 10). The 
change in the shape of the spectrum at higher sub- 
strate temperatures  may be reflecting some change 
in stoichiometry. However, it is believed that, if there 
is a change in stoichiometry, it is small  since there is 
no significant change in the conductivi ty of the film. 
The resistivity of the films is in the range observed for 
bulk MnO2 (13, 14). 

Films were prepared at 3 kv, 50~ in the magnetic  
field with varying percentages of oxygen in  the sput-  
ter ing gas. The oxygen percentages were 100, 50, 10, 
and 1% O2 in Ar. There were no significant differences 
in samples. All were found to be ~-MnO2 by electron 
diffraction with similar spectra as shown in Fig. 6. 
The conductivity of all the films varied between 1-15 
ohm-cm. The var iat ion again appeared to be random 
and was not a smooth funct ion of oxygen percentage. 
It is felt that  the stoichiometry of the samples is little 
affected by varying  the oxygen percentage in the range 
of 100-1% 02 in Ar. The deposition rate of the MnO., 
was 35 A / m i n  with 100% 02, 60 A / m i n  with 50% 02, 
65 A / m i n  with 10% 02 and 50 A / m i n  with 1% Oz. The 
dependence of sput ter ing rate on O2 percentage did 
not show the large rate increase when the oxygen was 
reduced to 1% 02 in Ar that had been observed for 
reactively sputtered SiO2 (9). 

It was established from the infrared spectra of the 
sputtered films that  they were relat ively free of water  
incorporation in  the films. The deposition rates ob- 
served for MnOs, however, were in the lower range 
of rates employed in the format ion of reactively sput-  
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Fig. 7. Infrared spectra of a fl-Mn02 film heated in 02 at 400~ 

tered SIO2, and at these deposition rates there was no 
exper imenta l ly  observed incorporat ion of water  into 
the SiO2 films (9). 

The reactively sputtered ~-MnO2 films were found 
to be susceptible to heating in  various ambients.  For 
example, a film heated for 15 min  at 300~ in  N2 be- 
came much more resistive. The infrared spectrum had 
only one broad band centered at ~490 cm -1 and ap-  
peared to be intermediate  to the spray deposited (7) 
and reactively sputtered MnO2. 

Sputtered MnO2 films were easily reduced to Mn.~O4 
after 15 rain at 300~ in  forming gas. They could be 
reduced fur ther  by forming gas, and the behavior  in 
reducing atmospheres was completely analogous to 
that observed for the spray deposited films (7). In  fact, 
the infrared spectra can be described as almost iden-  
tical. 

There was some change in the spectrum of a fl-MnO2 
film prepared in pure O2 as a sput ter ing ambient  after 
heating in O2 at 400~ The spectra are shown in 
Fig. 7. Note that, al though there is little ini t ial  change 
after 1 hr at 400~ the spectra finally look similar to 
those of films prepared without  the magnetic  field, i.e., 
at higher substrate temperatures.  The resistivity of the 
films is changed slightly by this t reatment .  It remains  
somewhere between 1 and 15 ohm-cm. 

Once a sample has been reduced, it is not possible 
to reoxidize it to conductive /~-MnO2 by heat ing in O2 
at 400~ The phase formed after as much as a week 
of oxidation (there is little change after 16 hr) is 
7-Mn2Oa. The infrared spectra is identical to that  of a 
sprayed film after long oxidation. This phase is only 
formed if the film has been reduced. This suggests 
that  a long heat ing of ~-MnO2 at 400~ even in  oxygen 
would result  in loss of some of the oxygen and the 
formation of Mn203 after long heating. This is not un -  
reasonable when the susceptibil i ty of bu lk  MnO2 to 
thermal  decompositon is noted. Thus, it appears that  
the /~-MnO2 prepared at the highest possible tempera-  
tures (Fig. 3 spectrum I) is somewhat oxygen de- 
ficient even though a good conductor. 

Discussion 
This study established that reactive sput ter ing is a 

desirable technique for prepar ing  conductive MnO2 
films. Under  favorable conditions, low sput ter ing rates 
~80 A/rain and low substrate temperatures  ~ 3 5 0 ~  
films of /~-MnO2 with a resistivity of 1-15 ohm-cm 
are formed. The films are relat ively impur i ty  free 
when prepared by this method. 

In  light of the complex chemistry and we l l -known  
thermal  instabi l i ty  of the higher oxides of manganese,  

it is not  surpris ing that the films show sensit ivity to 
oxidizing and reducing ambients.  This susceptibili ty 
to heat ing must  be carefully considered in any capaci- 
tor employing these films to enhance the stabili ty of the 
capacitor since it is known that the formation of a 
resistive manganese  oxide film results in the formation 
of a f requency dependent  capacitor (7). 

It  has been found that  t ransmission infrared spec- 
troscopy is a very sensitive technique for de termining 
the type of manganese oxide film formed. In  addit ion 
to being sensitive to stoichiometry and density changes 
in the same crystal l ine phase, it also makes it pos- 
sible to determine the presence of impuri t ies  such as 
water. 

It was not possible to make any direct correlation 
between the infrared spectra previously reported in the 
l i terature for manganese oxides and the th in  films 
described herein. However, there is some similari ty of 
the spectrum of reactively sputtered ~-MnO2 and that  
of finely ground MnO2 reported by McDevitt and Baun 
(15). It  is believed, however, that  the use of infrared 
techniques wil l  facilitate an unders tand ing  of the 
preparat ion and properties of manganese oxide th in  
films. 

The study has definitely indicated that, if a conduc- 
tive film of MnO2 is required (for example, in th in  
film capacitors),  reactive sputter ing is a more desir- 
able means of preparat ion than the spray deposition 
method. 
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Deposition and Properties of Aluminum Oxide Obtained by 
Pyrolytic Decomposition of an Aluminum Alkoxide 

J. A. Aboaf  

IBM Watson Research Center, York tawn Heights, New York 

ABSTRACT 

Amorphous a luminum oxide films were deposited at 420~ by thermal  
decomposition of an a luminum alkoxide. The reducing or oxidizing atmos- 
phere used dur ing deposition affects the chemical and electrical properties 
of the oxide films. These films have shown superior characteristics when  com- 
pared to SiO2 films deposited by a similar process unde r  the same conditions. 
The dielectric properties of these A1208 films compare favorably with ano- 
dized A1203 films�9 The resistance of these films to moisture makes them at-  
tractive as coatings for passivation of e lec t ron devices. The electrical prop- 
erties of silicon and germanium surfaces covered with these A1208 films vary  
according to the deposition atmosphere. 

In  the present  technology of transistor  fabrication, 
the characteristics required of thin amorphous oxide 
films are numerous�9 These glassy films should be 
dense, pin-hole free, homogeneous, uniform in  thick- 
ness, chemically inert  bu t  still easily etchable, of high 
dielectric strength,  of high thermal  conductivity,  re-  
sistant to thermal  shock, should have a coefficient of 
thermal  expansion very near  to that of the substrate on 
which they are deposited so that bet ter  adherence is 
obtained and finally should have surface passivating 
properties. 

Vapor deposition techniques for oxide films consist- 
ing in the decomposition of metal lo-organic compounds 
in the vapor phase, with or without  oxygen, have been 
used extensively. The oxide mostly used is SiO2 ob- 
tained from the pyrolysis of tetraethylorthosil icate at 
high temperature  (650~176 (1). The oxide can also 
be obtained at low temperature  (300~176 but  
the reaction requires the use of oxygen (2). The SiO2 
films deposited at low temperature  have some short-  
comings; they are not as dense as the h igh- tempera-  
ture  SiO2; cracking occurs when  films over 2000A are 
heat- t reated at 800~ resistance to moisture leaves 
something to be desired�9 

Quite an extensive l i terature  (3) exists on poly- 
crystal l ine and single crystal A1203, on anodized alu-  
m i n u m  and on films obtained by oxidation of a lumi-  
num in oxygen and water  vapor. Only recently,  in -  
terest was focused on AI203 obtained by vapor dep- 
osition: thermal  evaporat ion of A1203 by electron beam 
bombardment  (4), evaporation of a luminum and oxi- 
dation in a vacuum system in which a part ial  pres- 
sure of oxygen is main ta ined  (5), and finally sput ter-  
ing (6). The A12Os films obtained are considered 
amorphous since they do not reveal any structure to 
electron diffraction analysis�9 A1203 obtained by ther-  
mal  decomposition of a luminum tr iethoxide in vacuo 
at 550~ was described by Tvorogov (7). In  the pres-  
ent study, A1208 films were obtained by a similar 
process, but  the a luminum alkoxide was t ransported 
to the hot zone in  a carr ier  gas. Thick coatings of 
A1203 on metals and tempera ture  resistant  materials,  
produced by this method, were described (8.) bu t  no 
s tudy of thin films for electron device applications is 
known to the author. 

Experimental 
In  the process used, vapors of an a l u m i n u m  alkoxide 

compound are t ransported in  nitrogen, mixed with 
another  gas (forming gas, nitrogen, or oxygen) and 
pyrolyzed in the hot zone of a resistance furnace�9 

Aluminum Tri-isopropoxide.--Various a luminum 
alkoxides could be used for the deposition of A120~; 
the results given below were obtained using a luminum 
triisopropoxide AI(OCsH~)~. The latter,  a crystalline, 

white powder was obtained from Eas tman Kodak and 
was used without  purification. Melting point of the 
compound is 118~ its vapor pressure is 5 mm at 
134~ (9). An  emission spectroscopy analysis of the 
powder shows that  the impur i ty  with the highest 
content  was silicon (100 ppm).  

During vapor deposition, the a luminum alkoxide 
bubbler  was main ta ined  at 125~ in a constant  tem- 
perature oil bath. It was noticed that, on mel t ing 
the alkoxide in a ni t rogen or in  an oxygen atmosphere, 
a solid phase appeared. On cooling of the mass, the 
compound did not solidify, and a whitish, viscous l iq- 
uid resulted. An incomplete separation of the solid 
phase from the l iquid was made, and both portions 
were chemically analyzed for a luminum and isopropyl 
alcohol. While the composition of the viscous phase is 
equivalent  to a luminum tri-isopropoxide, that  of the 
solid phase could be explained only by a mix ture  of 
compounds such as AI(OH)~, Al(OR)2OH, AI(OR) 
(OH)2. It appears then that  the a luminum tr i - isopro-  
poxide powder used contained various products of hy-  
drolysis. 

Molecular weight determinat ion of a luminum tr i -  
isopropoxide (10) indicates a fourfold polymerization 
of this compound; this polymerizat ion is present  also 
in the vapor phase�9 

Deposition apparatus.--A schematic of the apparatus  
for the deposition of A1203 films on germanium,  sili- 
con, or gold substrates is shown in  Fig. 1. Dry ni t rogen 
gas is bubbled through the a luminum source at con- 
stant temperature,  and vapors of the organic com- 
pound mixed with another  gas (ni t rogen and oxygen 
or forming gas) are t ransported to the hot zone of a 
resistance furnace where  they pyrolyze to form A1203. 
The resistance furnace is 32.5 cm long and the quartz 
furnace tube 55 mm in diameter. 

The top part  of the quartz substrate holder was 
20 x 2.5 cm and had a curved bottom which permit ted  

r 

A B C 

Fig. 1. Schematic of apparatus for deposition of AI203 films: 
A, dry N2; B, dry N2, 02, or 90N2 + 10H2; C, flowmeters; D, 
constant temperature bath; E, aluminum tri-isopropoxide; F, 
heating mantle; G, tube furnace; H, substrate holder; I, oil bub- 
bler; J, exhaust. 
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its posit ioning on the bot tom part  of the furnace tube. 
Al l  gases flowed only on the top part  of the substrate 
holder. The t empera tu re  of the uni form hot zone on 
top of the substrate holder  (the deposition tempera-  
ture  of A1208 films) was measured with  a chromel -  
a lumel  thermocouple,  the junct ion of which rested on 
it; this t empera tu re  was cal ibra ted against  the tem-  
pera ture  obtained wi th  a thermocouple  situated inside 
the substrate holder. Dur ing deposition of A12Oa films, 
only the t empera tu re  inside the substrate holder  was 
recorded. 

Formation of A120~ f i /ms.--The parameters  involved  
in the deposition of Al203 films are the vapor  pressure 
of a luminum tr i- isopropoxide,  deposition temperature ,  
total  flow rate  of gases, and geometry  of the sample 
holder and tube where  the react ion takes place. 

The a luminum t r i - i sopropoxide  t empera tu re  was 
kept at 125~ The amount  of organic vapors t rans-  
ported by the gases was changed by vary ing  the gas 
flow bubbling through the liquid. A luminum tr i - iso-  
propoxide starts to crack at around 270~ in nitrogen, 
and at about 250~ in oxygen. At higher  temperatures ,  
deposition of the oxide occurs ahead of the zone of 
interest. The deposition at h igher  tempera tures  was 
made possible by using a high gas veloci ty  so that  
cracking and /o r  deposition occur in the zone of in ter -  
est. The total  flow rate  does have an effect on the rate  
of deposition of the oxide. Deposit ion rates of 100 
A / m i n  could be obtained at 420~ when the total  gas 
flow was 10 l/rain. This had to be increased to 30 
l / ra in  for deposition at 600~ The deposition rate is 
dependent  also on the geometry  of the react ion tube and 
substrate as these affect the flow pat tern  of the gases. 
Every th ing  being equal, depending on the ver t ical  
positioning of the substrate holder  in the furnace tube, 
different deposit ion rates were  obtained. The highest  
deposition rate  was obtained when the substrate holder  
was sit t ing on the bot tom part  of the furnace tube so 
that  all gases flowed on top of it. 

Film etch ra tes . - -The  etch rate  of A12Oa films de- 
posited on germanium or silicon was measured by ob- 
serving visual ly the change in in ter ference  colors on 
the basis of the  color char t  used for SiO2 (11) ad- 
justed for the ref rac t ive  index of the A1203 film in 
question. The reproducibi l i ty  obtained indicates that  
the method gives satisfactory re la t ive  values of etch 
rate. Two etchants were  used: HsPO4 (85%) at 55~ 
and buffered HF  (l13g NH4F, 22.7 cc HF 48%, and 
168 cc of H20).  

Index  of re f rac t ien . - -The  index of refract ion of 
A12Os films was de termined  by comparison with  l iq-  
uids of known index of refract ion using the method 
described by Lewis (12). 

Dielectric measurements . - -A1203 films, 2000A thick, 
were  deposited on p - type  germaniur~ substrates of 
0.0013-0.0015 ohm-cm resistivity. A luminum dots, 30 
mils in d iameter  and 5000A thick, were  evaporated 
through a mask over  the oxide, and a film of a lumi-  
num of the same thickness was deposited on the back 
side of the sample. The specimen was held down by 
a vacuum chuck on a stage that  served as one te rminal  
of the measur ing circuit  (Fig. 2). The other  te rmina l  
was a metal  probe brought  into contact  wi th  any dot 
by means of a manipulator .  The stage was provided 
with  a heater  and an insulat ing cap so that  the di-  
electric propert ies  could be measured as a function of 
tempera ture ;  the t empera tu re  was measured  near  the 
a luminum dot studied by means of a chromel  a lumel  
thermocouple.  

The equipment  used for measurement  of dielectric 
propert ies was a Genera l  Radio, Model 716-C, Scher-  
ing- type  bridge, generator,  and detector  instruments.  
The substi tut ion method was used to obtain a bridge 
balance. The dissipation factor and capacitance of the 
specimen were  obtained in a s t ra ight forward  manner  
f rom the  bridge balance conditions. The ins t rument  
allows an accuracy for the calculated capacitance of 
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Fig. 2. Experimental set-up for measurement of dielectric prop- 
erties (not to scale): A, aluminum hot stage connected to vac- 
uum; B, aluminum dots 0.026 in. diameter 5000• thick; C, AI20~ 
film, approx. 2000A thick; D, p-Ge 0.0013 ahm/cm; E, aluminum 
film; F, G, leads connected to measuring circuit (General Radio 
Bridge or to V-I circuit); H, insulating cap. 

2 ;~;~f or 0.2% whichever  is grea ter  and for the calcu-  
lated dissipation factor 5 x 10 -5 or 2% er ror  which-  
ever  is larger. F rom the known area of the a luminum 
dot, and the thickness of the oxide near  it as measured 
by double beam in te r fe romet ry  after  etching a step, it 
was possible  to calculate  the re la t ive  dielectric con- 
stant [k' ~ 3.6 ~ t ( C / A ) ,  t ----- thickness in cm, C 
capacitance in ~ F ,  A area in cm2], the loss factor and 
the a-c conductivity.  Dielectric values repor ted  are 
the average of at least three  readings on a film and for 
at least three  wafers.  

V - I  characteris t ics . --The same specimen geometry  
used for the dielectric measurements  was used to obtain 
V-I  characterist ics of the oxide. A type 531 Tektronix  
oscilloscope with  a type-0 operat ional  amplifier 
p lug- in  unit  equipped wi th  a leakage current  adapter  
was used. A sawtooth vol tage drove the adapter,  and 
a V- I  curve  was obtained on the scope. 

Results and Discussion 
El~ect of gas ambient ,  temperature ,  and d epasition 

Tare on f i Ims . - -S tar t ing  with  a clean furnace tube, 
reproducible  deposition rates of A1203 films at 420~ 
were  obtained only af ter  several  hours of deposition. 
This decrease in rate  of deposition in the 420 ~ zone 
might  be due to an increase in the decomposition rate  
of the incoming organic vapors  because of the high 
surface area and /o r  the catalytic effect of oxide pow-  
ders a l ready deposited ahead of the  hot zone. This 
effect was found to be more pronounced in the deposi-  
t ion of aluminosil icate films, obtained f rom the s imul-  
taneous decomposit ion of a luminum t r i - i sopropoxide  
and tetraethylorthosi l icate ,  where  the ra te  decreased 
to zero (13). 

The rate  of deposition of A12Os, at equil ibrium, on 
germanium or silicon substrates as a function of gas 
flow through a luminum t r i - i sopropoxide  and for a 
total gas flow of 10 1/min, at 420~ is shown in Fig. 3. 
This ra te  increases wi th  the increase of the concen- 
t rat ion of oxygen of the gases and wi th  the amount  of 
a luminum t r i - i sopropoxide  transported.  The a luminum 
alkoxide can absorb sufficient thermal  energy to cause 
bond rupture  and format ion  of (A1-O) species in a 
ni t rogen atmosphere.  The oxygen content  in the mole-  
cule is sufficient to form A120~. The oxygen apparent ly  
assists the process of decomposit ion of the organic 
molecule  and influences the ra te  of deposition. While 
the deposition rate  in n i t rogen seems to become flow 
independent  at about 2 1/min, that  of oxygen is still 
l inear  at this flow. 

The gaseous products evolved  dur ing the decom- 
position in ni t rogen of a luminum tr i - isopropoxide are 
most probably similar  to those obtained for the de-  
composit ion of te t raethylor thosi l icate  (14). In oxygen, 
water  vapor  would  also be formed. Inf ra red  analysis 
of the A12Os films (Perkin  E lmer  Model  21 double 
beam spectrometer)  do not show any wate r  absorption 
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Fig. 3. Deposition rate of AI203 as a function of gas flow 
through AI(OR).~. Temperature 420~ total flow of gases 10 I/min: 
A ~ 83% 02; B ~ 3% 02; C ~ N2 or 90N2 -J- 10H2. 

band; thus, if wa te r  is formed during reaction, it is 
not incorporated in the oxide deposited. 

Fi lms deposited at 270~ are mechanical ly  soft and 
can be easily scratched wi th  a steel point. Their  etch 
rate is one order of magni tude  higher  than those de-  
posited at 420~ Their  dielectric propert ies are poor. 
The oxides studied below were  deposited at 420~ in 
various ambients at a ra te  of 67 A/min .  I t  is possible 
to obtain deposition rates of over  100 A/min ,  but  the 
qual i ty  of the oxide deteriorates.  Hazy looking oxides 
are deposited and a microscopic examinat ion shows a 
ve ry  porous structure. These oxides have a faster  rate  
of etching, i.e., for O2-deposited A1203, the etch rate  in 
phosphoric acid at 55~ is 200 and 325 A/ r a in  for dep-  
osition rates of 33 and 330 A/min ,  respectively.  The 
oxide deposition rate  is l inear  wi th  t ime and is not 
influenced by the amount  of oxide already on the sub- 
strate. 

Structure of ftlms.--(a) As-deposited.--Oxide films 
deposited at 420~ on % in. d iameter  ge rmanium or 
silicon wafers  were  clear, t ransparent ,  and hard. 
Thickness var ia t ion f rom one edge of the wafe r  to the 
other  was less than 10 %. The max imum thickness ob- 

Table I. Properties of oxide films 

E t c h  ra te  
Films deposited A/rain 

a t  420~ I~PO4 buff.  H F  I n d e x  of Die lec t r i c  
r a te :  67 A / r a i n  55~ r . t .  r e f r a c t i o n  c o n s t a n t  

90N2-10H~ 160 635 1.610"4-0.006 7.7 
N~ 180 620 1 .600"~0.004 7.7 
O~ 210 1006 1.594___0.006 7.7 

SiO~ 
( l o w - t e m p e r a t u r e  1700 1.454 4.9 
o x y g e n  process)  

rained wi thout  cracking of the film on a germanium 
substrate was approximate ly  1~. A 7500A thick film 
could be thermal ly  cycled be tween  25 ~ and 8O0~ 
without  developing l ine cracks. 

No structure could be detected wi th  the optical mi-  
croscope. Electron micrographs  of 2000A thick A1203 
films show a uniform texture  of spots, the bigger  be- 
ing about 1000A in d iameter  (Fig. 4). These raised 
spots (about a few tens of Angstroms high) are seen 
over  the entire wafer,  for the Ns-deposited oxide as 
well  as for the O2-deposited oxide. These spots are 
very  thin platelets and not spheres; 1000A in d iameter  
spots are seen when 500A thin films are deposited, i t  
is interest ing to note that  the surface of A1203 films 
deposited at 270~ as seen at the electron microscope, 
is very  smooth. It is suggested that  at 420~ deposi- 
tion of ve ry  fine part icles occurs on top of the wafer,  
particles formed on cracking of the a luminum tr i -  
isopropoxide prior to reaching the substrate zone in 
the furnace. However ,  the s t ructure  obtained is not 
porous as wi l l  be shown later. 

Electron diffraction of the films deposited at 420~ 
shows a pat tern of diffuse rings. 

(b) After heat-treatment.--On heating these oxides 
in argon, s t ructural  and physical proper ty  changes 
occur. For  a hea t - t r ea tment  at 600~ for 1 hr, diffuse 
electron diffraction pat terns are  still obtained. After  
1 hr  at 800~ three  phases are detected, amorphous, 
-/'-A120~ and ~-A120~ (respectively,  fcc and spinel 
s t ructure  with latt ice constant 3.95 and 7.9). Af ter  a 
3-hr  hea t - t rea tment ,  only the ~ and -~' phases are de- 
tected. Anodized A1203 at room tempera ture  on hea t -  
t r ea tment  is t ransformed to the v-phase. The -t '-phase 
is obtained on anodization at 100~ (15). 

Etching.--The A120~ films deposited at 420~ are 
insoluble in water,  but  are soluble in bases and acids. 
Etch rates in angstroms per minute,  in phosphoric acid 
at 55~ and in buffered HF at room tempera tu re  are 
shown in Table I. Oxides deposited on ge rmanium etch 
un i formly  down to the substrate as could be seen by 
successive electron micrographs of the resul t ing sur-  
face. The etch rate, in buffered HF, of the oxide de-  
posited in forming gas is lower  than that  deposited in 
oxygen (.635 and 1000 A / m i n ) .  For  comparison pur-  
poses, etch rates of SiO2 films deposited at the same 
ra te  and at  the same tempera tu re  via the rmal  decom- 
position of te t raethylor thosi l icate  in oxygen are shown. 

Table II. Properties of heat-treated AI203 deposited in N2 
atmosphere 

E t c h  rate 
A/min 

I~PO4 buff. HF Index of 
55~ r.t. refraction S t r u c t u r e  

Fig. 4. Electron microscope direct replica of AI203 deposited 
in N2 at 420~ Magnification ca. 20,000)(. 

As deposited at 420~ 
in N2 180 820 1.600 Amorphous 

Heat-treated at 600~ 
i n  a rgon ,  z]~ h r  125 570 1.620 A m o r p h o u s  

Heat-treated at 8O0~ Partially crys- 
in  a rgon ,  Vs h r  85 265 1.640 t a l l i n e  
in  argon ,  3 h r  i n s o l u b l e  - -  C r y s t a l l i n e  

H e a t - t r e a t e d  a t  1OO0~ 
in  a rgon ,  V~ h r  i n so lub l e  >1 .7  C r y s t a l l i n e  
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Films deposited in ni t rogen at 420~ were heat-  
treated at various temperatures  and for different 
lengths of time. The etch rate, in  buffered HF and in  
H3PO4 at 55~ decreases with increase tempera ture  
of heat t rea tment  as shown in  Table II. This is in  
agreement  with the observed change in structure. After  
a 3-hr hea t - t rea tment  at 800~ the oxide is insoluble 
in both etchants. Only hot phosphoric (200~ dis- 
solves it. 

Index of refraction.--The index of refraction, shown 
in Table I, is definitely higher (1.610) for films de-  
posited in  forming gas than  in oxygen (1.594) and in-  
creases as a funct ion of the temperature  of heat-  
t rea tment  unt i l  it reaches the index of polycrystal l ine 
A1208. The index of refraction of the as-deposited film 
is comparable to that of A1203 prepared by thermal  
evaporation using electron bombardment  of polycrys- 
tal l ine a lumina  (n  ---- 1.60 ___ 0.01) (4). The index of 
refraction reported in  the l i terature for anodized 
A1203 is higher (15, 16). Dorsey (17) shows the ano- 
dized layer to be a hydrated  A1203. 

Masking properties.--Aluminum oxide th in  films on 
germanium can be used for masking of n - type  dopants 
such as an t imony and arsenic at 700~ At 800~ a 
2200A thick film of A1203 on germanium mask gal- 
l ium and ind ium (surface concentrat ion of gall ium 
5 x 1019 atoms/cc; of ind ium 4 x l0 Is atoms/cc) for 
1 hr only. Aluminosil icate films provide somewhat 
bet ter  masking (13). Films with an a lumina  content, 
ranging between 70 and 90 w/o  (weight per cent) act 
as mask against gal l ium for 3 hr; this range is ex- 
tended to 97 w/o  for indium. 

Surface electrical properties.--It is known that the 
presence of SiO2 on silicon tends to make the surface 
of silicon more n - type  independent  of the bu lk  con- 
ductivi ty type (18). Differences between forming gas, 
N2-deposited and O2-deposited A1203 and SiO2 (low- 
temperature  oxygen type, h igh- tempera ture  ni t rogen 
type) are noted when  s tudying the surface properties 
of silicon and germanium covered with A1208. Metal-  
oxide-semiconductor measurements  show that  a more 
p- type surface occurs under  forming gas or N2-de- 
posited A120~, while a neut ra l  or more n - type  occurs 
under  O2-deposited oxide (19). Enhancement  mode 
npn  field effect devices on 8 ohm-cm silicon were made 
using N2-deposited A120~ while npn  depletion mode 
devices were obtained with O2-deposited A1203. After  
a hea t - t rea tment  in  nitrogen, at 350~ for 2-hr, the 
threshold voltage was about + 5 v  in the first case and 
- - l v  in the second (20). 

Dielectric properties.--(a) Films as-deposited and 
after heat-treatment.--The dissipation factor (Fig. 5) 
increases as a funct ion of the oxygen in  the gas flow 
and is not par t icular ly  sensitive to the frequency 

Dis  g ipa t l on  F~c to r  

ALUMINUM ALKOXIDE 

Table III. Dielectric properties of AI203 and SiO2 films at 
1 kc. Thickness: approximately 2000A* 

951 

N,.,-AI203 O~-A.I~0~ O2-SiO~ 

D i s s i p a t i o n  f ac to r  of f i lm as depos i t ed  0.26 0.76 

D i s s ipa t i on  fac to r  a f t e r  h e a t - t r e a t m e n t  
to  420~ 1/2 h r  0.22 0.25 

Capac i t ance  c h a n g e  of f i lm as de-  
pos i t ed  ( f rom 0.1 to  1 kc} 0.5 1.2 

As a b o v e  + h e a t - t r e a t m e n t  to 420~ 
V~ hr  0.5 0.5 

D i s s i p a t i o n  fac to r  change  f r o m  r o o m  
t e m p e r a t u r e  to 85~ 0.35 

Capac i t ance  c h a n g e  f r o m  r o o m  t e m -  
p e r a t u r e  to  65~ 1.2 

0.16 

0.09 

* A l l  f igures  i n % .  

range measured (100 cycles to 100 kc) for the oxide 
deposited in  a neut ra l  or reducing ambient.  Some 
results are given in  Table III. The dissipation factor 
for O2-deposited A1203 is much higher (~0.75%) 
than that  for A1203 deposited in  l ightly oxidizing or 
reducing atmospheres (i.e., 0.3%). The dissipation 
factor of SiO2 films deposited in oxygen at 420~ in 
the same conditions is shown for comparison. The 
dissipation factor decreases very  slightly from 0.26 to 
0.20% for A1208 films deposited in  ni t rogen when these 
are heat - t rea ted to 420~ A large decrease (from 
0.75 to 0.22%) down to the dissipation factor of Na- 
deposited films is observed for the same t rea tment  for 
the O2-deposited oxide. The capacitance change for the 
O2-deposited oxide (3%) is higher than  that  for the 
N2-deposited oxide (1%) (Fig. 6). After  hea t - t rea t -  
ment  to 420~ the resul t ing capacitance change is the 
same, about 1%, for all oxides. On hea t - t rea tment  of 
the O2-deposited SiO2 oxides, the dissipation factor 
drops from 0.16 to 0.09%. The dissipation factor of 
these A1203 films compares favorably with anodized 
a luminum capacitors (21, 22). 

The dissipation factor and capacitance change as a 
funct ion of tempera ture  at 1 kc are shown in Fig. 7. 

0 "~ 1 10 100 K r  

B 

ch~g~ 

Fig. 6. Capacitance change as a function of frequency for 
AI203 films: A ~- N2 or 90N2-10H2; B ~ 83% 02. 

A 

B 

E 

1' i o  l oo  K~ 

Fig. 5. Dissipation factor as a function of frequency for AI203 
films (A,B,C,D) and for low-temperature SiO2 films (E): A 
83% 02; B ~ 3% 02; C ~ N2; D ~ 90N2-10H2; E ~ SiO2. 

so l oo  15o zoo ~  

Fig. 7. (left). Dissipation factor (%)  at 1 kc of N2-AI203 films 
as a function of temperature. (Right). Capacitance change (%)  at 
1 kc of N2-AI203 films as a function of temperature. 
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1 A c t u a l l y  c r a c k i n g  of  SiO~ on  G e  o c c u r r e d  a f t e r  t h e  t r e a t m e n t  in  
m o i s t  a m b i e n t .  No  c r a c k i n g  o c c u r s  w h e n  SiO2 f i lms  a r e  d e p o s i t e d  
on  S i ;  t h e  d i s s i p a t i o n  f a c t o r  i n c r e a s e s ,  h o w e v e r  (25}. A l u m i n o s i l i c a t e  
f i lms,  o f  h i g h  SiO~ c o n t e n t  (13),  a lso  s h o w  s o m e  c r a c k i n g  a n d  i n -  
c r e a s e  d i s s i p a t i o n  f a c t o r  a f t e r  the  t r e a t m e n t  in  m o i s t  a m b i e n t .  

Conclusion 
A l u m i n u m  oxide thin  films ob ta ined  b y  cracking  of 

a luminum t r i - i sopropox ide  at  low t empera tu re  have  
shown some super ior  character is t ics  when compared  
to SiO2 films obta ined by  a s imi lar  process in the  same 
conditions.  These films compare  favorab ly  wi th  ano-  
dized A1203. The resistance of A1203 to moisture,  its 
dielectr ic  propert ies ,  and the different  surface elec-  
t r i ca l  p roper t ies  i t  confers  on ge rman ium and si l icon 
according to the deposi t ion a tmosphere  make  i t  qui te  
a t t ract ive.  
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The retrace of the dissipation factor as a function of 
temperature after excursion to 220~ is also shown. 
The capacitance change is the same, before and after 
excursion to 220~ 

The dielectric constant of the as-deposited films is 
7.7 ___ 0.3. It was not possible to differentiate between 
the O2-deposited A1203 and the N2-deposited oxide. 
After heat-treating at 800~ for 1 hr, the measured 
dielectric constant was 8.5 very near to the value for 
crystalline A1203 (23). 

From the dielectric constant and the dissipation 
factor, at 350~ the a-c conductivity of A1203 oxide 
was calculated. At 350~ the value calculated, 2 x 10 -I0 
ohm -l cm -I, is in the range of values obtained by 
various workers for polycrystalline A1203 (24). 

The dielectric breakdown of the A1203 films is better 
t han  3 x l0 s v lcm.  Typica l  V- I  character is t ics  gives 
1 m~a at 55v for  a 2000A thick film. I t  was noted tha t  
sha rpe r  b r eakdown  occurred for A1203 deposi ted in a 
reducing  ambien t  than  in an oxidizing a tmosphere .  
A h igher  b r eakdown  (6 x 106 v / cm)  for  N2-deposi ted 
AlsO3 films is obta ined af ter  a h e a t - t r e a t m e n t  at  
800~ 

(b)  E~ect of hu~n~dity.--The dielectr ic  proper t ies  of 
A120~ films were  s tudied af ter  a t r ea tmen t  of 22 days  
in a 100% re la t ive  humid i ty  ambien t  at  room t empera -  
ture.  The dielectr ic  proper t ies  are  s imi la r  to the  non-  
t rea ted  specimen. On the contrary ,  O2-deposited SiO2 
for the same t r ea tmen t  degrades  and gave ve ry  poor 
dielectr ic  character is t ics .  1 A1203 films have thus the  
advan tage  of being res is tan t  to mois ture;  they  are  
super ior  to SiO2 films deposi ted at  low t e m p e r a t u r e  
and could be used as pass iva t ing  films. 

The high dissipat ion factor  and  the r e l a t ive ly  large  
change in capaci tance  of the  oxygen-depos i t ed  oxides 
might  be due to wa te r  vapor  formed dur ing  the c rack -  
ing process. The reduct ion in the diss ipat ion factor  as 
wel l  as the capaci tance change on hea t ing  the speci-  
men  to high t empera tu re s  would  suppor t  such a con-  
clusion. However ,  in f ra red  measurements  did  not  show 
any OH absorpt ion  band af te r  deposition. No OH band 
was detected af ter  t r ea t ing  A1203 specimens for  22 
days,  at  25~ in a 100% re la t ive  h u m i d i t y  ambient .  

I t  might  be possible to exp la in  the  difference in 
te rms of an oxygen  sorpt ion mechanism. Dur ing  depo-  
sit ion of A1203 in oxygen,  incorpora t ion  of oxygen  in 
the  oxide  t akes  place. The  resu l t ing  film wou ld  be 
more  "porous" in respect  to A1208 deposi ted in n i t ro-  
gen. This would  exp la in  the  h igher  e tching ra te  and  
the lower  index  of re f rac t ion  of the oxide. The h igher  
diss ipat ion factor of the  O2-oxide and its increase  wi th  
the  oxygen  pressure  would  be accounted for by  the  
polar iza t ion  of the  oxygen.  On hea t ing  the  oxide  in 
air ,  desorpt ion  of oxygen  takes  place  wi th  consequent  
reduct ion  of the  dissipat ion factor. A mass  spec t ro-  
metr ic  s tudy  of the  gas evolved  on hea t ing  the oxide  
in high vacuum would p robab ly  shed some l ight  on 
this problem.  
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ABSTRACT 

Fluorescence and excitat ion spectra of YVO4:Bi and YVO4:Eu,Bi are re-  
ported and discussed. Energy  t ransfer  f rom Bi z+ center  to Eu 8+ was ob- 
served. The absorption of BP + in YVO4, deduced f rom excitat ion spectra, 
is compared with  other  bismuth activated matrices. 

Yt t r ium or thovanadate  crystall izes in the te t rag-  
onal system of zircon (ZrSiO4) wi th  ys+ and V 5+ 
replacing Zr 4+ and Si 4+, respectively.  The uv prop-  
erties of YVO4:Eu phosphor have been studied ex ten-  
sively (1, 2), and its ut i l i ty  as a red emit t ing cathode-  
ray (cr) phosphor is now wel l  known (3). In  the pres-  
ent work  we studied the luminescent  propert ies  of 
YVO4 with  and wi thout  various activators. In par-  
ticular, we wish to repor t  on the exci tat ion and fluo- 
rescence spectra of YVO4,YVO~:Bi and YVO4:Eu,Bi 
under  both cr and uv excitations. 

Experimental 
Phosphors, as polycrystal l ine materials,  were  pre-  

pared by solid state reactions (3). UV emission and 
exci tat ion spectra were  measured  with  a Pe rk in -  
E lmer  spectrofluorimeter  (4). For  cathodolumines-  
cent measurements ,  the phosphors were  set t led on 
glass slides and i r radiated wi th  12 kv  electrons at 6 
~a current.  The fluorescence was recorded wi th  a GE 
spectroradiometer  using a 1P22 photomult ipl ier .  

Results and Discussion 
The fluorescence of various act ivators in YVO~, their  

t empera ture  dependence, and concentrat ion quench-  
ing cannot be in terpre ted  adequate ly  wi thout  first at-  
tempt ing  to unders tand the na ture  of the bonding 
among the three  ions in YVO4 itself. The broad exci -  
tation and emission spectra (Fig. 1) can be due to 
more than one electronic transition. Such transit ions 
may be of the charge t ransfer  type or among the mo-  
lecular  states of the VO48- anions. 

McClure (5, 6) discussed the series of isoelectronic 
te t rahedra l  ions MnO4 ~-, CrO42-, VO43-, TiO44-, and 
rev iewed the semiempir ical  calculations of the molecu-  

'~176 I / ~  Y V O , / ~  . . . .  EXCITATION 
"~ / I / \ EM,SS,ON~ ....... 

,o  

o , 'o 200 200 " . . . .  
WAVELENGTH -- NANOMETERS 

Fig. 1. Excitation and emission (253.7 nm) spectra of W O 4  

lar orbital  energies for MnO41- and CrO42- by Wolfs-  
berg (7). The lowest  al lowed electronic t ransi t ion was 
in terpre ted  to be a charge t ransfer  f rom a predom- 
inantly oxygen orbital  to a 3d orbital. The long wave -  
length absorption in YVO4 was a t t r ibuted to such 
transit ions f rom an exper imenta l  s tudy of the 
YVl-xPxO4 system (8). McGlynn and Kasha (9) 
studied the lowest electronic transit ions of simple 
molecules of the type XOy ~-, where  O is an oxygen 
atom; X is a nonmetal l ic  or a t ransi t ion meta l  atom; 
y = 1, 2, 3, 4; z = 0, 1, 2, 3. The VO4 s -  spectrum was 
in te rpre ted  as n - ~ *  transit ion,  where  n is a nonbond-  
ing oxygen orbital  and ~* is the ant ibonding molecular  
orbital  of the whole anion. 

A process that  can be of significance in YVO4 is 
that  of a charge t ransfer  f rom an atomic or molecular  
orbital  of the anion to ys+.  The importance of such 
transitions depends on the nature  and s trength of the 
bonds in the VO43- ion. If the la t ter  is not  a t ight  
molecular  entity, then  YVO4 woul l  not  be appropr i -  
a te ly  considered a lattice of molecular  ions but  ra ther  
should be re la t ive ly  more ionic in na ture  (6). This 
may enhance charge t ransfer  processes to ys+ and 
contr ibute  to the format ion of exciton and band proc- 
esses. 

A comparison of electronic spectra of MnO41-, 
CrO42-, and VO43- suggests that  the VO43- ion is a 
much less t ight ly bound molecular  unit  (5, 6). IR 
spectra of these ions support  this conclusion. The 
stretching force constants fr of the M-O bond (M: t ran-  
sition metal)  for these ions were  calculated using the 
simple harmonic oscillator approximat ion (10). The 
results are shown in Table I which also includes the 
PO4 s -  ion. An average of the two observed s tretch-  
ing frequencies  belonging to the A1 and F2 species 
was used. The va lue  of fr obtained in this manner  for 
the PO4 s -  ion is in fair  agreement  wi th  that  calcu-  
lated for YPO4 by Wilson's GF mat r ix  method (13). 
Table I indicates c lear ly  that  the V-O bond is the 
weakest ,  support ing the conclusion der ived f rom the  
electronic spectra of these transi t ion meta l  ions. 

F rom a study of the molecular  vibrat ions of te t ra -  
hedral  XO4 ions at a site symmet ry  Dfd and a con- 
sideration of the zircon structure,  it was shown (13, 
14) that, in YVO4, ~-bonding orbitals of a specific 
VO43- ion may  over lap two different yz+ along the 
$4 axis and, therefore,  along this axis there  should be 
a continuous overlap of x-bonding orbitals of the 
VO43- group and the orbitals of y3+. This geometr ic  
and electronic coupling should contr ibute  to a band 

Table I. Fundamental frequencies (cm -1) and stretching 
force constants (10 -5  x dynes/cm) 

Ion  vl(A~) v3 (F2) f r (M-O)  

V04 ~- (II) 824 790 4.7 
Cr04 ~- (II) 847 884 5.4 
IVLn04 -I (II) 845 910 5.6 
P04 S- (12) 980 1082 6.6 
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p roces s  in  YVO4. I t  a lso m a y  a l l o w  o n e  to c o n s i d e r  
t h e  $4 ax is  as one  l a r g e  m o l e c u l e  a n d  i n t e r p r e t  some  
a spec t s  of t h e  a b s o r p t i o n  a n d  t r a n s f e r  of e n e r g y  as 
i n t r a m o l e c u l a r  process .  

T h e  a p p l i c a b i l i t y  of t h e  t e r m  " c h a r g e  t r a n s f e r "  m u s t  
d e c r e a s e  as t h e  i n i t i a l  a n d  f ina l  o r b i t a l s  of t h e  v a r i o u s  
ions  b e c o m e  less local ized.  Th i s  d e l o c a l i z a t i o n  c a n  b e  
d o m i n a n t  in  YVO~; hence ,  m o l e c u l a r  o r b i t a l s  a n d  b a n d  
p rocesses  s h o u l d  be  m o r e  a p p r o p r i a t e  i n  a t t e m p t i n g  
to u n d e r s t a n d  t h e  v a r i o u s  ef fec ts  in  t h i s  p h o s p h o r .  
A d d i t i o n  of 0.025 m / o  ( m o l e  p e r  c e n t )  E u  3+ r e d u c e s  
i ts  e m i s s i o n  p e a k  h e i g h t  b y  a b o u t  60% u n d e r  c r  e x -  
c i t a t i o n  a n d  w i t h  0.008% Bi  3 +, 35% q u e n c h i n g  w a s  o b -  
s e rved .  C o m p a r a b l e  effects  w e r e  o b t a i n e d  w i t h  T m  3+ 
a n d  Dy 3 + add i t ions .  T h e s e  r e s u l t s  do s ugges t  t h a t  t h e  
e x c i t e d  s t a t e s  in  YVO4 a r e  q u i t e  mob i l e ,  a n d  a n  e f -  
f ic ient  e n e r g y  t r a n s f e r  a n d  m i g r a t i o n  t h r o u g h  a n  e x -  
t e n d e d  r e g i o n  of t h e  c r y s t a l s  exis ts .  E x c i t o n  m o t i o n ,  
e x c h a n g e  effects,  a n d  n o n r a d i a t i v e  (dd )  a n d  (dq )  
r e s o n a n c e  e n e r g y  t r a n s f e r  (15) c a n  o c c u r  a n d  a c c o u n t  
fo r  t h i s  ef f ic ient  t r a n s p o r t  of e n e r g y .  T h e  r e l a t i v e  
i m p o r t a n c e  of t he  v a r i o u s  m o d e s  of t r a n s f e r  is dif f icul t  
to a s c e r t a i n  f r o m  t he  p r e s e n t  work .  

T h e  a b s o r p t i o n  of Y V O ,  in  t h e  360 n m  r e g i o n  was  
p o s t u l a t e d  as  a c h a r g e  t r a n s f e r  t r a n s i t i o n  i n  t he  V - O  
b o n d  (8) .  Th i s  c o n c l u s i o n  w a s  b a s e d  on  t h e  a b s o r p t i o n  
s p e c t r a  of t h e  s y s t e m  Y V l - x P x O 4 : E u ,  w h e r e  t h e  s u b -  
s t i t u t i o n  of PO43-  for  VO43-  ions  r e d u c e d  t h e  a b s o r p -  
t i o n  in  t h e  3600A reg ion .  Th i s  d e c r e a s e  in  a b s o r p t i o n  
c a n  also be  u n d e r s t o o d  as a d i l u t i o n  ef fec t  (16) .  T h e  
b r o a d n e s s  of t h e  VO43-  (o r  Y V O D  b a n d  m a y  be  d e -  
c r e a s e d  b y  d i l u t i o n  w i t h  PO43-  (o r  Y P O D  ions. S i m -  
i l a r  ef fects  w e r e  o b s e r v e d  i n  KMnO4,  i.e., b a n d  b r o a d -  
e n i n g  in  t he  M n O 4 -  s p e c t r u m  w h e n  t h e  ion  is in  p u r e  
K M n O 4  c o m p a r e d  to  t h e  s p e c t r u m  i n  d i l u t e  so l id  so-  
l u t i o n  wi th ,  f o r  e x a m p l e ,  KC104. T h i s  e f fec t  s h o u l d  b e  
e v e n  m o r e  e n h a n c e d  in  YVO4 if  w e  c o n s i d e r  t h e  n a t u r e  
of t h e  b o n d i n g  in  VO43- ,  as d i s c u s s e d  ea r l i e r .  

T h e  c h a r a c t e r i s t i c  o x i d a t i o n  s t a t e  of b i s m u t h  is 
v e r y  o f t en  B P  +. T h e  ion  ha s  6s 2 o u t e r  e l ec t rons ,  a n d  
i ts  r a d i u s  is c o m p a r a b l e  to t r i v a l e n t  y t t r i u m .  T h e  e f -  
fec t  of i t s  u t i l i t y  as a n  a c t i v a t o r  in  YVO4 is s h o w n  
in  Fig. 2. Th i s  b r o a d  e m i s s i o n  is r e l a t i v e l y  i n t e n s e ,  
a n d  i ts  b r i g h t n e s s  is c o m p a r a b l e  to t h e  p r e s e n t l y  u s e d  
l o w - p r e s s u r e  m e r c u r y  l a m p  p h o s p h o r s  of  a p p r o x i -  
m a t e  color .  I t s  b r i g h t n e s s  d e c r e a s e s  a t  e l e v a t e d  t e m -  
p e r a t u r e s .  

As  to h o w  Bi  3 + a d d i t i o n  modi f ies  t h e  e n e r g y  l e v e l s  
of YVO4, one  m u s t  s t a r t  w i t h  i ts  s u b s t i t u t i o n  as  a 
m a t r i x  c a t i o n  fo r  y3+  and ,  t h e r e f o r e ,  a n y  t r a n s i t i o n s  
i n v o l v i n g  y3+  s h o u l d  also b e  c o n s i d e r e d  fo r  B i  3+. 
S i n c e  t he  l a t t e r  a lso possesses  o u t e r  6s 2 e l ec t rons ,  w e  
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m u s t  a lso  c o n s i d e r  s2--*sp t r a n s i t i o n s .  T h e  e x t e n s i v e  
t h e o r e t i c a l  a n d  e x p e r i m e n t a l  w o r k  o n  s u c h  t r a n s i -  
t i ons  of i soe l ec t ron ic  T1 l+ in  a l k a l i  h a l i d e s  is we l l  
k n o w n  (15, 17). T h e  e x p o s e d  n a t u r e  of t h e s e  o u t e r  
e l e c t r o n s  i n d u c e s  i n t e r a c t i o n s  w i t h  t h e  n e i g h b o r i n g  
a n i o n s  in  solids.  T h e  e n e r g i e s  of t he  loca l i zed  s t a t e s  of  
T1 + are ,  thus ,  u s u a l l y  t r e a t e d  as a f u n c t i o n  of t h e  
a n i o n  c o o r d i n a t e s  w h i c h  i n t e r a c t  d i f f e r e n t l y  w i t h  t h e  
g r o u n d  a n d  e x c i t e d  s t a t e s  of T1 +. T h e  c e n t e r  is, t h e n ,  
t r e a t e d  as a p o l y a t o m i c  m o l e c u l e  a n d  c o n f i g u r a t i o n  
c o o r d i n a t e  d i a g r a m s  a r e  u s e d  to  c o m p u t e  t h e  e n e r g i e s  
of t h e  v a r i o u s  e l e c t r o n i c  t r a n s i t i o n s .  T h e  a b s o r p t i o n  
a n d  e m i s s i o n  of t h e  Bi  3 + c e n t e r  in  YVO4 is a t t r i b u t e d  
to s i m i l a r  t r a n s i t i o n s ,  i.e., 6s2~6sp  a n d  t he  i n t e r a c t i o n  
of t h e  a n i o n s  of t he  m a t r i x  w i t h  t h e  s i ng l e t  S g r o u n d  
a n d  t r i p l e t ,  s i ng l e t  P e x c i t e d  s t a t e s  of B P  +. 

T h e  e x c i t a t i o n  a n d  f l uo re scence  s p e c t r a  of YVO4: 
E u  w e r e  d i s cus sed  b y  s e v e r a l  i n v e s t i g a t o r s ,  as  n o t e d  
ea r l i e r .  W e  s t u d i e d  t h e  effects  of b i s m u t h  a d d i t i o n  to 
th i s  p h o s p h o r .  S i n c e  b o t h  B i  3 + a n d  E u  3 + a r e  p r i m a r y  
a c t i v a t o r s ,  t h e  e x c i t a t i o n  a n d  e m i s s i o n  s p e c t r a  of  
Y V O 4 : E u , B i  d e p e n d  o n  t h e  r e l a t i v e  c o n c e n t r a t i o n s  of 
t h e  two  add i t i ve s .  E x a m i n a t i o n  of t h e  e x c i t a t i o n  spec -  
t r a  of Y V O 4 : E u  a n d  Y V O 4 : E u , B i  fo r  t h e  5D0-->TF2 
t r a n s i t i o n  of E u  3+ a t  619 n m  (Fig.  3) s h o w s  t h a t  t h e  
two  c u r v e s  cross  a t  a b o u t  340 nm.  Thus ,  B i  3 + a d d i t i o n  
to Y V O 4 : E u  e n h a n c e s  t he  619 n m  e m i s s i o n  u n d e r  340 
or  l o n g e r  w a v e l e n g t h  exc i t a t i ons .  Th i s  e n h a n c e m e n t  
is i n t e r p r e t e d  as e v i d e n c e  of e n e r g y  t r a n s f e r  f r o m  t h e  
B i  3+ c e n t e r  to E u  8+. Note  t h a t  a t  320 nm,  t h e  e x c i t a -  
t ion  p e a k  of p u r e  YVO4, E u  e m i s s i o n  decreases .  

B i s m u t h  a d d i t i o n  m u s t  i n c r e a s e  t h e  a b s o r p t i o n  co-  
eff ic ient  of  t he  p h o s p h o r  w i t h  340 n m  a n d  h i g h e r  w a v e  
l e n g t h  exc i t a t i on .  F i g u r e  4 c l e a r l y  i n d i c a t e s  th is ,  
w h e r e  t h e  p e a k  a t  a b o u t  340 n m  is a t t r i b u t e d  to B i  
c e n t e r  a b s o r p t i o n .  T h e  a b s o r p t i o n  of  t h e  l a t t e r  i n  
S rO:  Bi  w a s  o b s e r v e d  a t  367.2 n m  a n d  h i g h e r  e n e r g i e s  
(18) .  In  t h e  m o l t e n  LiC1-KC1 eu t ec t i c  c o n t a i n i n g  
BiC13, Bi  a b s o r p t i o n  is a t  330.6 n m  w i t h  a m o l a r  e x -  
t i n c t i o n  coeff ic ient  of 7000 1 / m o l e - c m  (19) .  T h i s  a b -  
s o r p t i o n  is no t  v e r y  d i f f e r e n t  f r o m  t h a t  o b s e r v e d  in  
YVO4 a n d  sugges t s  t h a t  se--~sp t r a n s i t i o n s  p l a y  a d o m -  
i n a n t  ro le  in  t h e  e l e c t r o n i c  t r a n s i t i o n s  of t h e  B i  3+ 
c e n t e r  i n  YVO4. 

T h e  i n c r e a s e  in  t h e  f l uo re scence  i n t e n s i t y  of E u  3+ 
w i t h  Bi  3 + c o a c t i v a t i o n  is due  to e n e r g y  t r a n s f e r  f r o m  
the  Bi  3+ c e n t e r  to E u  ~+ as m e n t i o n e d  ea r l i e r .  S u c h  
t r a n s f e r ,  i n  t h e  a b s e n c e  of m o v e m e n t  of  c h a r g e  c a r -  
r iers ,  c a n  occu r  b y  r a d i a t i v e  c a s c a d e  a n d  n o n r a d i a t i v e  
r e s o n a n c e  t r a n s f e r  as w e l l  as t h e  s h o r t - r a n g e  e x c h a n g e  
m e c h a n i s m .  T h e  c o n d i t i o n s  a n d  c h a r a c t e r i s t i c  p r o p e r -  
t ies  of t h e s e  v a r i o u s  m o d e s  of t r a n s f e r  a r e  d i s c u s s e d  
e l s e w h e r e  (15, 20, 21).  T h e  b r o a d  e m i s s i o n  of YVO4: B i  
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Fig. 4. Excitation spectra for the 550 nm Bi 3+ center emis- 
sion YVO4:Bi (0.5 m/o) and Yo.945Euo.osVO4:Bi (0.5 m/o). 

does not show any sharp depressions (missing lines 
corresponding to Eu 8+ absorption) wi th  Eu 3+ co- 
activation and, since the la t ter  absorbs weak ly  in this 
spectral  range, energy t ransfer  by the cascade proc- 
ess cannot be significant here and nonradia t ive  res- 
onance t ransfer  Should dominate. 

To study the par t i t ion of exci tat ion energy between 
Bi s+ and Eu 8+, the intensi ty of Bi ~+ emission (peak 
height)  wi th  increasing content  of Eu 3 + was measured  
under  255, 300, and 337 nm excitations. Table  II  sum- 
marizes the results. On addition of Eu 3+ to YVO4:Bi 
the intensi ty of Bi 3+ emission decreases under  all 
three uv  excitations. However ,  wi th  255 and 300 nm 
the decrease is more  pronounced than under  337 nm. 
Hence, the ratio of the Bi 3+ peak height  wi th  337 nm 
over  that  for 300 or 255 nm increases wi th  increasing 
concentrat ion of Eu 3+. These results can be understood 
if we  consider that  255 and 300 nm energy ini t ia l ly  ex-  
cites the ma t r ix  YVO4 fol lowed by competi t ion for 
this energy by Eu 3+ and Bi ~+ centers. Under  337 nm 
excitat ion some of the energy is direct ly absorbed by 
the Bi s+ center  (Fig. 4) and, thus, does not undergo 
competi t ion with  Eu 3+. These results  should be useful  
in s tudying the nature  and re la t ive  efficiencies of 
energy t ransfer  f rom excited YVO4 to Eu 3+ vs. that  
for Bi 3+ center. 

The increase in Eu 3+ emission on addit ion of Bi 
(Fig. 3) was used to indicate energy t ransfer  be tween 
the two activators. However ,  even  in the absence of 
such increase this t ransfer  can still  occur as long as 
one observes the characterist ic Bi emission. Under  cr 
exci tat ion YVO4:Eu,Bi is br ighter  than  YVO4:Eu (5 
m / o  EuS+). At  ve ry  low concentrat ions of Bi (,~500 
ppm) the increase in brightness i s  due to a re la t ive ly  
slight enhancement  of Eu emission as wel l  as the ap- 
pearance of the yel lowish whi te  fluorescence of Bi 3+, 
the extent  of each effect being very  dependent  on the 
re la t ive  concentrat ions of the two activators. At high 

Table II. Relative peak heights of YVO4:Bi (0.5 m/o) emission 
under 255, 300, and 337 nm excitations with increasing 

Eu 3 + concentration 

R e l a t i v e  peak  h e i g h t s  

Eu  ~§ m / o  337/300 337/255 

0 1.05 1.42 
0.05 1.13 1.47 
0.10 1.24 1.62 
0.20 1.49 1.97 
0.50 1.96 2.50 

concentrat ions of Bi 8+ (0.5 m / o )  the Eu omission de- 
creases wi th  an increase in Bi emission. As in the case 
of uv  excitation,  energy t ransfer  can occur f rom the 
Bi s+ center  to Eu s+. 

Addit ion of 0.5 m / o  Bi s+ to Y0.95Eu0.05VO4 decreases 
the 619 nm Eu 3+ emission under  both 320 nm and cr 
excitations. These effects may  be re la ted if we con- 
sider the na ture  of energy loss of fast electrons in 
mat te r  (22). The re tardat ion of incident  electrons 
(primaries)  occurs by detachment  of electrons (sec- 
ondaries) f rom the lattice ions. The secondary elec-  
trons, in turn, exci te  the matr ix.  The act ivator  (Eu 3+) 
absorbs this exci ta t ion energy direct ly  f rom these sec- 
ondary electrons and indirect ly  f rom the exci ted 
ma t r ix  by some mode of energy transport .  If  we  
assume that  wi th  320 nm excitation, the peak of the 
exci tat ion spectrum of YVO4 matr ix ,  the energy is 
substant ial ly absorbed by the ma t r ix  and eventual ly  is 
t ransfer red  to the act ivator  (Eu3+), then, this process 
is similar  to that  discussed for cr excitation. 

Bismuth addit ion may decrease the  efficiency of en-  
ergy t ransport  f rom mat r ix  to Eu, perhaps by dis tor t -  
ing the former.  Such distortion can be understood f rom 
comparing the chemical  and electronic na ture  of Bi 3 + 
and y3+ ions and the fact  that  BiVO4 does not have  
the zircon structure.  The above decrease in Eu  3 + emis-  
sion with  Bi 3+ addit ion can also be due, at least par-  
tially, to simple competi t ion for the ma t r ix  excitat ion 
energy between the two activators. Such competi t ion 
is not sufficient to in terpre t  these effects, since wi th  
smaller  amounts  of Bi 3+ coactivation a slight increase 
in Eu 3 + emission was observed under  cr excitation, as 
discussed earlier.  

Manuscript  received June  6, 1967. This paper was 
presented at the Dallas Meeting, May 7-12, 1967. 

Any  discussion of this paper wil l  appear in a Discus- 
sion Section to be published in the June  1968 JOURNAL. 
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ABSTRACT 

Total chemical analysis of luminescent  apatite together with quant i ta t ive 
x- ray  diffraction analysis for secondary phases have made it possible to 
delineate the max imum permissible nonstoichiometry.  Based on the accuracy 
of the various methods and expressed as a deficiency of calcium, the extent  of 
nonstoichiometry is less than the absence of one calcium in every 380 calcium 
sites. Quant i ta t ive exper imental  evidence is also presented to support  the 
hypothesis for charge compensat ion of ant imony by a corresponding oxygen 
subst i tut ion at halogen sites. 

Stoichiometry of Luminescent  Apatites 
In  a previous publicat ion (1), the authors reported 

studies on the phase relationships of calcium halo- 
phosphate phosphor systems. Of major  interest  were 
per t inent  compatibil i ty triangles and tetrahedra. The 
question of the extent  of nonstoichiometry of lumi-  
nescent a•atites was not explored. Previous publica-  
tions which touch on this point have implied that the 
chemically measurable  deficiencies or excesses of the 
various components of luminescent  apatites were as- 
sociated with gross defect structures. Ouweltjes and 
Wanmaker  (2) suggested that halophosphates may be 
examples of phosphors requir ing an excess of one of 
the components wi thin  the crystal lattice for highest 
efficiency. Strange (3) in considering the importance 
of imperfections to luminescence noted that  halophos- 
phates are improved by an excess of the acid radicals. 
Froelich (4) has observed from general  experience 
that  phosphor compositions are preferably nonstoi-  
chiometric. Ross (5) reported that improved halo- 
phosphates were obtained with halogen deficiencies 
of from 0.16 to 0.18 moles halogen per mole of apatite. 

These publications would lead one to believe that 
fluorescence in calcium halophosphate phosphors was 
indeed associated with a gross defect structure,  ap- 
parent ly  one that was deficient in calcium or halogen 
ions. Some of the compositions ment ioned by Ouwelt-  
jes and Wanmaker  (2) should have one calcium empty 
out of every 10 calcium sites. The work of Posner and 
Perloff (6) would indicate that, in chemically pre-  
cipitated hydroxyapati tes,  nonstoichiometry could 
exist even with calcium to phosphate ratios of 9 to 
6. However, their studies do not prove conclusively 
the absence of secondary phases especially since they 
state that precipitated apatites are usual ly finely 
divided materials  yielding x - ray  diffraction pat terns 
wi th  broadened maxima. Under  these conditions, the 
presence of a few per cent of secondary phases would 
be almost impossible to detect by either the optical or 
x - ray  diffraction methods which they used. 

Although calcium metaant imonate  has been detected 
as a secondary phase (7) in most halophosphate phos- 
phors, little a t tent ion was given to the possibility that  
other phases may also be present  and thus contr ibute  
to the so-called "nonstoichiometry" of these phosphors. 
The present  authors (8) have reported that  under  
certain conditions calcium orthophosphate may be 
present. With the publicat ion of phase studies (1) in 
this system, it becomes impor tant  to reexamine the 
extent  of nonstoichiometry in halophosphate phos- 
phors. 

This paper deals with this general  question. Experi-  
menta l  evidence is also presented to support  the con- 
cept first proposed by Ouweltjes (9) that for t r ivalent  
an t imony  subst i tut ion in the apatite s t ructure elec- 
trical neu t ra l i ty  is main ta ined  by oxygen subst i tut ion 
for a halogen atom. 

Methods 
Total calcium as Ca (10, l l ) . - - C a l c i u m  is determined 
volumetr ical ly by back t i t rat ion of an excess of EDTA 

with magnes ium solution using a mixed Eriehrome 
Block T-methy l  red indicator. Manganese, which is 
also chelated, is determined colorimetrically, and the 
equivalent  amount  of EDTA used in complexing the 
Mn is subtracted from the total volume used. Results 
are accurate to wi thin  ___0.05 w/o  (weight per cent) 
Ca. 

Total phosphate as PO~ (12) . - -After  hydrolysis of 
any nonortho phosphate to the ortho form the phos- 
phate is determined as the yellow molybdivanadophos-  
phate complex by differential spectrophotometry. Re- 
sults are accurate to wi th in  +0.2 w/o  PO~. 

Soluble antimony as Sb +8 (13, 14) . - -Ant imony in the 
t r iva lent  form is determined volumetr ical ly  by t i t ra-  
tion with potassium bromate using methyl  orange in-  
dicator. The t i t rat ion is based on the oxidation of t r i -  
valent  an t imony to the pentavalent  form. Results are 
accurate to wi thin  _0.01 w/o Sb. 

Manganese as Mn (15) . - -Manganese  is oxidized to 
permanganate  using potassium periodate and deter-  
mined eolorimetrically with a spectrophotometer. 
Results are accurate to wi thin  ___0.02 w/o  Mn. 

Fluoride as F (16-19) . - -Fluor ine  is separated from 
interfer ing ions by steam disti l lation from perchloric 
acid solution as hydrofluo-silicic acid. The fluoride is 
then determined by t i t ra t ion with thor ium ni t ra te  
using sodium alizarin sulfonate as indicator. Results 
are accurate to wi th in  • w/o  F. 

Chloride as C1 (20-22).--Chloride is determined by a 
modification of the classical Volhard method. An ex- 
cess of silver ni t rate  is added to form silver chloride 
and the excess back t i trated with ammonium thiocy- 
anate using ferric a lum indicator. Results are accurate 
to wi th in  ___0.003 w/o  C1. 

Calcium metant imonate as Ca (SbOa) 2 (23) . - -Calcium 
ant imonate  or "acid insoluble" is separated by filtra- 
t ion from a hydrochloric acid solution and determined 
gravimetr ical ly after ignit ion of the insoluble residue. 
Results are accurate to wi th in  • w/o  Ca(SbO3)2. 

Calcium pyrophosphate as Ca2P2OT (12) . - -Calcium 
pyrophosphate as a secondary phase is determined by 
a modified differential spectrophotometric method as 
the molybdivanadophosphate complex. The phosphor 
is solubilized by agitat ing in  a s lurry  of cation ex- 
change resin and water. The resul tant  solution of ha-  
lide and phosphate acids is separated from the resin 
by filtration. An aliquot of the filtrate is acidified and 
heated to hydrolyze the pyrophosphate to the ortho 
form. Equal  size aliquots of the hydrolyzed and non-  
hydrolyzed solutions are treated with a mixed molyb-  
date-vanadate  solution to form the yellow molybdi -  
vanadophosphate complex. The hydrolyzed port ion is 
compared spectrophotometrically against the nonhy-  
drolyzed portion. Since the complex is formed with 
phosphate in  the ortho form only, the hydrolyzed 
aliquot wil l  possess a greater in tensi ty  of color that  is 
directly proport ional  to the amount  of Ca pyrophos- 
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phate that has been hydrolyzed.  Results are accurate 
to within --+0.2 w / o  Ca2P207 as a secondary phase. 

Calcium orthophosphate, Ca3(PO4)2.--The method 
utilizes the Ge XRD-5 x - r a y  diffraction apparatus. 
Counts are made for 400 sec at 31.05 ~ 2o for the pr in-  
cipal l ine of ~ Ca3(PO4)2 and at 36.6 o 2o for back- 
ground correction. The ratios of the counts are plotted 
against weight  per  cent fl Ca~ (PO4)~ in mixtures  con- 
taining fluorapati te and fl Caa(PO4)~. The per cent 

Ca3(PO4)2 for the test sample is de termined from 
this graph. Accuracy of -+0.3% ~ Ca~(PO4)~ as a sec- 
ondary phase can be obtained. 

Results and Discussions 
Total chemical  analyses have  been made on many 

commercial  halophosphate  phosphors. Analyses are  
shown in Table I for three  typical  phosphors. Phos-  
phor A is a blue halophosphate,  phosphor B is a white  
halophosphate,  and phosphor C is a cool whi te  halo-  
phosphate. It is immedia te ly  evident  that, in this 
form, the analyt ical  results have very  l imited value. 
The variat ions in PO4 from 55.91 to 56.90% together  
wi th  meta l  and halogen variat ions are real  differences 
based on the precision of the chemical  analyses as 
shown in the methods section. The calcium and phos- 
phate contents as measured agree very  closely with 
the amounts  present  in the formulat ion which were  
known to four  significant figures. The total other  
cation impuri t ies  such as Sr, Ba, Na, etc., are present 
to less than 500 ppm. As such these are not used in the 
fol lowing calculations. 

Before a meaningful  in terpre ta t ion  can be made of 
the results shown in Table I, it is essential to deter-  
mine the extent  of secondary phases present in these 
phosphor compositions. When subjected to precision 
x - r a y  diffraction analysis for ~ Ca:~(PO~)~ and to 
chemical  analysis for Ca2P2OT, secondary phases were  
found in these samples. Results are presented in Table 
II. Phosphor  A has over  9.0 w / o  of secondary phases. 
On the other  hand, phosphor C has less than 0.3 w / o  
of secondary phases. I t  is obvious that  these secondary 
phases de termine  in par t  the differences in the con- 
sti tuents shown in Table  I, especially in the halogen 
content. 

With the results of Tables I and II avai lable it is 
now possible to examine  the s toichiometry of lumines-  
cent apatites. In considering this question, certain 
crystal lographic principles must  be observed since 
x - r ay  diffraction analyses show no unaccountable 
changes in unit  cell parameters.  The chlorofluoro- 
apatites have the Naray-Szabo-hexagona l  s t ructure  
wi th  space group P%/m.  (24, 25) 

The uni t  cell is composed of 42 sites and can be 

Table I. Total chemical analysis of three calcium 
halophosphate phosphors 

P h o s p h o r  P h o s p h o r  P h o s p h o r  
C o n s t i t u e n t  A, 5~ B, ~ C, e~ 

Ca 38.49 37.40 38.49 
M n  - -  1.17 0.87 
Sb 1.33 1.17 0.71 
PO~ 56,90 56.90 55,91 
F 3.18 2.76 3.33 
CI 0.913 0.62 
A c i d  inso l  ~.22 0.27 0,06 

Table Ill. Luminescent apatite formulas calculated 
from chemical analyses 

I. F r o m  to ta l  c h e m i c a l  ana ly s i s  
P h o s p h o r  A r + Sb}9.~lfPOD,~.ooFLo7 
P h o s p h o r  B ~Ca § M n  + Sb)9.~POD~.ooqF + CDu;v 
P h o s p h o r  C qCa + M n  + Sb)9.97(PO~L;.oolF + C I ) ~  

If.  F o r m u l a  co r rec ted  for  s e c o n d a r y  phases  
P h o s p h o r  A (Ca + Sb~m.eo (POD~.ouFI.~ 
P h o s p h o r  B tCa + M n  + Sh~lo.o: IPO~}~.ooIF + C1)l.9.. 
P h o s p h o r  C qCa + M n  + Sb)w.~,~ IPOD~.oo(F § C1~1..~ 

expressed as 
M10 (PO4) 6X2 [1] 

where  M are the metal  ions and X are  the halogen 
ions. Since interst i t ial  substi tut ion of cations is ex-  
t r emely  unl ike ly  in the re la t ive ly  close packed hexag-  
onal s t ructure of apatites only vacancies are con- 
sidered (no real  excess of any component  exists on a 
unit  cell basis). Final ly  electrical  neut ra l i ty  must be 
obeyed in any scheme of reconcil ing total  chemical  
analysis wi th  s t ructural  considerations. 

Based on these factors, the total chemical  analyses 
listed in Table I can be readily conver ted to moles of 
the cations and halogen ions per  6 moles of PO4 -3 ions 
such that  the results can be compared to the theo-  
ret ical  stoichiometric expression, M~0(PO4)6X2, pre-  
viously mentioned. Further ,  appropriate  calculations 
have been made to proper ly  account for the secondary 
phases present in each phosphor (Table II) .  Calculated 
results are listed in Table III. These results show that, 
when the total  chemical  analyses are used to calculate 
the formula,  the apparent  nonstoichiometry of phos- 
phors A and B are large. Phosphor  A, for example,  
would be deficient in both Ca +~ and F -  ions. How- 
ever,  when  the impur i ty  phases are accounted for in 
the calculations the formulas  are now much closer to 
stoichiometry. Deficiencies still exist in the halogen 
sites. 

Measuring the amounts  of the secondary phases 
present  in the phosphors and using these values in 
calculat ing the formulas  are major  steps in de termin-  
ing the extent  of nonstoichiometry in luminescent  
apatites. However ,  one more factor must  be con- 
sidered, namely  the charge compensat ing mechanism 
for the substi tution of Sb +3 for Ca +2 cation sites. 
Three  possible mechanisms have been suggested. To 
maintain  charge balance, Ouwelt jes  (9) proposed a 
simple O -2 substi tution for X -  as Sb +3 substitutes 
for Ca +2. No vacancies are necessary. The size of 
0 -2 at 1.40A is compatible with the F -  size of 1.36A. 
Another  mechanism proposes the creat ion of appro-  
priate cation vacancies as Sb +3 is substi tuted into the 
apati te s t ructure such that  the vacancy concentrat ion 
is expressed as equal  to one-hal f  the ant imony concen- 
tration. The third mechanism as proposed by But ler  
and Je rome  (26) involves a s t ra ight forward  substi tu- 
t ion of Sb +3 for Ca +2 ions wi th  interst i t ia l  0 -2 ions 
accounting for  charge compensation. Appropr ia te  
calculations were  made for each of these mechanisms 
and are listed in Table IV for phosphor A. The 

Table IV. Calculations of phosphor A formula and charge balances 
for the three mechanisms of charge compensation 

Tota l  100.12 99.79 99,99 T o t a l  ca t ion  To ta l  a n i o n  
C a l c u l a t e d  f o r m u l a  cha rges  c h a r g e s  Charge  diff.  

Table II. Secondary phases present in three calcium 
halophosphate phosphors 

S e c o n d a r y  P h o s p h o r  P h o s p h o r  P h o s p h o r  
p h a s e  A,  % B, % C, % 

Ca3 (P04 } ._, 5.1 2.7-- 0.0 
Ca2P~07 4.0 4.0 0.20 
Ca (SD03}._, 0.22 0.27 0.06 

I O u w c l t j c s  m e c h a n i s m  
(Ca + Sb)lo .~ 

(POD6.oo(F + O)~,oo 50.11 50.11 9 

I I  Vacancy  m e c h a n i s m  
(Ca + S b  + vac)~o.~ 

(PO~ + vac)~.0o(F + vac)2.co 49.84 49.62 +0.22 

I I I  Buf fe r  a n d  J e r o m e  m e c h a n i s m  
(Ca + Sb)1o.0o 

(POD~.ooF<l..9+~-ar Oo.o~ 50.11 50.00 + 0 . I i  
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Ouweltjes mechanism simply involves the addit ion of 
0.11 moles of O -2 ions to the halogen sites since the 
Sb +3 concentrat ion was 0.11 moles. The vacancy mech- 
anism is somewhat  more involved because as 0.055 va-  
cancies are added to the cation sites to obtain electrical 
neut ra l i ty  ([Vacancy] = ~ [Sb +3] where [Sb +3] = 0.11 
moles),  the total  cation concentrat ion becomes 10.055 
relative to 6.00 PO4. By dividing through by 1.0055 the 
formula is changed back to one with no excess cation 
sites. (This mainta ins  a uni t  cell with a total of 42 
sites.) The Butler  and Jerome mechanism does not 
change the calculations since it invokes interst i t ial  
0 - 2  for charge compensation. However only 0.055 
moles of interst i t ial  O -2 are required for the 0.11 
moles of Sb +3. The results in Table IV clearly indi-  
cate the Ouweltjes mechanism most near ly  fits the 
criteria of balanced charges and all sites being oc- 
cupied by appropriate ions. The vacancy mechanism 
not only does not satisfy charge balance but  invokes 
vacancies of different concentrat ions at all sites (Ca +-~, 
p+5, O-2, and X - ) .  These vacancies are relat ively 
large for ionic crystals. The Butler  and Jerome mech- 
anism, in  addition to having a slight excess of posi- 
tive charges, requires a cell distortion for interst i t ial  
0 - 2  together with fluorine ion vacancies. It is un -  
l ikely that these two conditions can exist s imul tane-  
ously. O -2 ions would tend to move from the in ter -  
stitial sites into fluorine vacancies in order to relieve 
the stress on the uni t  cell. Similar  calculations were 
made on many  other luminescent  apatites, and the 
results invar iab ly  show that the Ouwelt jes mech- 
anism fits the exper imental  results most closely. In  
every case, a significant halogen deficiency was pres- 
ent  and, when the oxygen charge compensation mech-  
anism as proposed by Ouweltjes was employed, the re- 
sul t ing formulas were much closer to stoichiometry. 
The deviations from stoichiometry and in charge im-  
balance are small  and may be at t r ibuted pr imar i ly  to 
the analyt ical  accuracy. For instance, phosphor C 
showed a 0.02 excess of X -  ions and a 0.02 excess 
of negative charge. 

A somewhat independent  approach to the determi-  
nat ion of stoichiometry in halophosphate phosphors 
involved the preferential  solubili ty of various phos- 
phates in ethylenediaminetetraacet ic  acid (EDTA) 
solutions. Table V lists the solubil i ty of several phos- 
phates in 5% EDTA at pH 10. C a 3 ( P O 4 ) 2  is most 
rapidly soluble in EDTA. Halophosphate phosphors 
are incompletely soluble even after 16 hr at pH 10. 
The difference in solubil i ty of apatite compared to the 
high rate of solubili ty of the impur i ty  phases was used 
as a means of dissolving out the impur i ty  phases. The 
results are presented in  Table VI for three typical 
phosphors. Analyses for the Caa(PO4)2 and Ca2P207 
were made according to the procedures outl ined in the 

Table V. Per cent solubility of Ig samples of various phosphates 
in 250 ml of 5% EDTA at pH 10, 16 hr 

C o m p o u n d  % S o l u b i l i t y  

Cas{POD.- 100 
Ca3 (PO~).-' CaCI~ 1 O0 
Ca.-P~OT I00 
Fluorapatite 15 

Table VI. Secondary phase prese.t in EDTA treated vs. 

untreated phosphors 

% % 
Phosphor ~ Dissolved ~ Ca3 (PO~) 2 Ca~P~O~ 

A, u n t r e a t e d  - -  5.1 4.0 
A, t r e a t ed  14.2 ND <0 .1  
E, u n t r e a t e d  - -  0.S 3.9 
E, t r e a t e d  15.7 ND <0 .1  
D, u n t r e a t e d  - -  ND 1.1 
D, t r e a t e d  14.2 ND <0 .1  

methods section. Note that in  all  cases, the secondary 
phases were essentially absent  after t r ea tment  with 
EDTA. 

When phosphor A was fur ther  subjected to total 
chemical analysis after EDTA t rea tment  [Ca3(PO4)a 
and Ca2P207 removed] the changes in amounts  of the 
components were significant compared to the chemical 
analyses before EDTA treatment .  When the new data 
were converted to the formula based on 6(PO4) 
groups the results were 

(Ca -5 Sb) 10.00 (POD 8Fl.s9 

in agreement  with those shown in Table III. When the 
Ouweltjes charge compensation mechanism was ap- 
plied, the formula became essentially stoichiometric as 
shown in Table IV. 

The previous results can be interpreted to mean  
that luminescent  apatites are very close to stoichiom- 
etry. Any  nonstoichiometry due to vacancies is not 
detectable by chemical means. Based on the accuracy 
of the chemical analyses, this nonstoichiometry does 
not exceed one phosphorous ion vacancy out of every 
140 phosphorous sites. In all likelihood, the total  
vacancy concentrations (nonstoichiometry) are con- 
siderably less than one vacancy in 1000 sites. Schottky 
defects are probably present in very low concen- 
trations. If analogy to alkali halides can be made (27), 
about one in every 105 to 10 e anions and cations may 
be missing from the structure. 

Manuscript  received Jan. 9, 1967; revised manu-  
script received June  4, 1967. This paper was presented 
at the Cleveland Meeting, May 1-6, 1966. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June  1968 JOURNAL. 
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Radial Solute Segregation in Czochralski Growth 
J. R. Carruthers 1 

Department of Metallurgy and Materials Science, University of Toronto, Toronto, Ontario, Canada 

ABSTRACT 

The radial variat ion of solute concentrat ion in  Czochralski-grown silicon 
crystals is shown to be greatly influenced by the effects of secondary liquid 
flows not associated with crystal rotation. These flows are caused by  crucible 
rotat ion and thermal  convection, and show the greatest effects in  the outer 
regions of the growth interface. 

The radial  macrosegregation of solute in  Czochral- 
ski -grown crystals has been quant i ta t ive ly  studied in 
germanium crystals by Dikhoff (1) and in silicon crys- 
tals by Benson (2). Dikhoff a t t r ibuted his results to 
differences in the effective distr ibution coefficient on 
and off the ( l l l ) - t y p e  interface facet. However, as 
Benson points out (2), variations in the diffusion 
boundary  layer thickness at the freezing interface will  
also contr ibute  to radial  macrosegregation. 

In  this paper, the types of liquid flow and the ob- 
served flow patterns in a simulated model are de- 
scribed, and the qual i ta t ive influence of these flows 
on the diffusion boundary  layer is discussed. The data 
of Benson (2) on radial  solute segregation in silicon 
crystals may be qual i tat ively interpreted by consider-  
ing both the solute diffusion problem in the l iquid at 
the growth interface and the flow patterns. 

Fluid Flow During Czochralski Growth 
Before describing the flow configurations which 

arise in Czochralski growth, the contr ibut ions to con- 
vection are discussed separately. 

Forms of convection. Forced convection at a rotat- 
ing crystaL--The velocity boundary  layer thickness 
has been shown (3) to be uni form across the surface 
of a disk rotat ing i n ' a n  infinite isothermal medium, 
and is roughly equal to (~/~)1/2 where ~ is the k ine-  
matic l iquid viscosity and o~ the crystal rotat ion rate. 
A rigorous analysis has been performed by Cochran 
(3), and this has been extended for diffusion boundary  
layers in  crystal growth by Burton, Prim, and Slichter 
(4). According to the model, the liquid forced out- 
ward by centr ifugal  acceleration is replaced by a cen- 
tral  flow up to the disk surface. Observations confirm- 
ing this mode of flow were made by Goss and Adlington 
(5) in a s imulated t ransparen t  l iquid model. Thus, if 
crystal  rotation is the only source of convection, then 
no radial  solute segregation would result  from fluid 
flow effects. 

Thermal convection.--It has been known  for many  
years that  thermal  convection flow will  be gen- 
erated as steady circulation in any liquid where the 
tempera ture  gradient  is not aligned with the direction 
of gravi ty  and no other external  forces are present  (6). 
In  many  geometric configurations, this flow is the 
steady s treamline circulation generated between ver t i -  
cal boundaries  by horizontal temperature  gradients 

1Presen t  address :  Crysta l  Chemis t ry  Research  Depar tment ,  Bell 
Telephone Laboratories ,  Inc., M u r r a y  Hill, New Jersey .  

and occurs in Czochralski growth as hot l iquid rising 
at the s tat ionary crucible walls and fal l ing in the 
center. However, when heat t ransfer  also occurs at 
the horizontal surfaces, the classical Rayleigh ins ta-  
bil i ty may develop close to these surfaces where hot 
l iquid is located vert ical ly below colder l iquid in an 
otherwise relat ively stat ionary region of l iquid (7). 
A detailed unders tanding  of the cross effects of these 
two types of flow is now lacking, but  both should re- 
sult in large variations in diffusion boundary  layer 
thickness in the absence of other forms of convection. 

Forced convection in a rotating crucible.--During cru-  
cible or melt  rotation around a vertical  axis, the 
boundary  layer  at the upper  liquid surface cannot  
remain uni form for the following simple reason. The 
rotat ion of an isothermal l iquid in a cylindrical  con- 
ta iner  results in a parabolic depression at the upper  
free surface, due to the velocity and pressure changes 
(8). Consequently, the boundary  layer produced when 
a s tat ionary disk is placed on the top surface should 
show a max imum thickness at the rotat ion axis where 
the radial  velocity has its lowest value. 

Combined liquid rotation and thermal convection.-  
When a liquid which is under  thermal  convection is 
spun about a vertical  axis, a stabilizing force is pro- 
vided which discourages thermal  convection (9). This 
addit ional  force is the Coriolis force which acts on 
particles having a horizontal velocity component.  
From an analysis by Nakagawa and Frenzen  (9), it is 
possible to show that, in  rotat ing liquid silicon wi th  a 
free upper surface, unstable  thermal  convection should 
commence at an adverse vertical  tempera ture  gradient  
of 3.5~ in a l iquid 4 cm high which is rotat ing at 
25 rpm. At 100 rpm, an adverse vertical  gradient  of 
24~ is required. This analysis assumes that only 
the vertical tempera ture  gradient  is present  and that  
the l iquid is of infinite la teral  extent. Neither of 
these assumptions is valid for Czochralski growth, but  
the analysis should serve as a good basis for future  
work. From a similar analysis by Chandrasekhar  and 
Elbert  (10), it is possible to correlate the theoretical 
period of overstable oscillations, a form of instabil i ty 
arising from the interact ion of l iquid spin and thermal  
convection, with the observed period of growth fluctu- 
ations on the outer surface of nonrotated silicon crys- 
tals (11). Thus, the re laxat ion of the previous assump- 
tions in  Czochralski growth should not modify the 
theoretical arguments  drastically. 
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Sirc~ulated fluid flow models.--Previous wo~'k.--Goss 
and Adl ington (5) used a simulated t ransparent  l iq-  
uid model with dyes to observe the effects of crystal 
rotation on flow in an otherwise s tat ionary liquid. 
They confirmed the simple picture that  l iquid in  the 
immediate  neighborhood of the disk is carried by fric- 
t ion and then forced outward by centr i fugal  accelera- 
tion. This fluid is replaced by an axial flow up to the 
center  of the disk. 

Turovskii  and Mil 'vidskii (12) at tempted to view 
the flow occurring in a rotating, heated, t ransparen t  
l iquid model. Their  apparatus made observations diffi- 
cul t ,  but  they found that  a flow was formed as an  in-  
ward  spiral around the upper  surface which de- 
scended axially. When a disk was introduced at the 
upper  surface, this flow was very much intensified. 
When the crystal was rotated, a region of localized in-  
tensive mixing  was formed under  the crystal because 
the crystal  and crucible flows moved in opposite direc- 
tions in this region. 

Present worlc.--Experiments  were designed to s imu-  
late fluid f lowex i s t ing  dur ing  Czochralski growth. A 
water -g lycer ine  mixture  of 42.5 w/o  glycerine was 
selected to produce a t ransparen t  l iquid with vis- 
cosity equivalent  to that  of most l iquid metals (1-4 
centipoise).  

The apparatus is shown in Fig. 1 and consists of a 
collimated light beam imaging the quartz crucible on 
a ground-glass screen. A large square Lucite box was 
placed around the crucible and filled with glycerine to 
el iminate the converging effect of the cylindrical  
quartz crucible on the t ransmit ted  light beam. The 
quartz crucible was rotated independent ly  of the 
Lucite box and, since interest  was centered only on 
the flow in the crucible, baffle plates were used in the 
Lucite box to minimize any flow pat terns in the sur-  
rounding glycerine due to crucible rotation. 

The temperature  gradient  was established in  the 
crucible by cooling the crystal  below room tempera-  
ture rather  than by heat ing the l iquid above room 
temperature.  This procedure el iminated the necessity 
of heating coils around the crucible which would have 
obstructed the view. The crystal consisted of a cop- 
per cyl inder of 1-in. diameter  with a peripheral  cone- 
shaped container  around it for containing mixtures  of 
dry ice and acetone. Both the copper cyl inder  and 
quartz crucible could be rotated independent ly  in 
either direction at rates up to 98 rpm. 

During operation of the model, drops of ink were 
injected into the bottom of the crucible by means of 
a capil lary tube. The flow could be followed on the 
ground-glass screen. Dur ing  all runs,  an actual crystal  
of water -g lycer ine  grew on the copper cylinder,  and 
the crysta l -mel t  interface tempera ture  was --17.0~ 
The tempera ture  of the quartz crucible itself was held 
close to room tempera ture  by the thermal  iner t ia  of 
the large amount  of sur rounding  glycerine. Conse- 
quently,  the max imum tempera ture  difference which 
existed in the l iquid was about 42~ 

Experimental results.---The flow patterns observed are 
shown schematically in  Fig. 2 for the various si tua-  
tions indicated. Treat ing the crystal  and crucible rota-  

Fig. 1. Transparent liquid model apparatus used to study flow 
patterns during Czochrolski growth. 

(a) t h e n . a l  c o n v e c t i o n  or&y 

.•10 rpm 

(b) (d) 25rpm 
low crystal rotation rate low crucible ~tation rate 

~ 100 rpm 

(c) (e) 100 rpm 
high crystal rotation rate high clmcible ~tation rate 

Fig. 2. Schematic flow patterns in transparent liquid model. (a) 
thermal convection only; (b) low crystal rotation rate; (c) high 
crystal rotation rate; (d) low crucible rotation rate; (e) high cru- 
cible rotation rate. 

tion rates separately, the following observations were 
made: 

(i) Crystal  ro ta t ion . - - the  l iquid flow configuration 
for thermal  convection alone, i.e., no crystal  rotation, 
is shown in Fig. 2(a) .  The hot l iquid rose at the 
outer crucible wall  and descended gradual ly  near  the 
center. At low crystal  rotat ion rates, thermal  convec- 
tion flow was diminished close to the interface because 
the fluid flow from the rotat ing crystal was counter-  
current  to that caused by thermal  convection. The de- 
flection of s treamlines is schematically i l lustrated in 
Fig. 2 (b). At higher crystal rotat ion rates, the crystal  
acted l ike a fan, drawing l iquid up at the center and 
spinning it out at the sides. Thermal  convection is 
relat ively un impor tan t  in this ease [Fig. 2 (c)] and the 
assumptions made in the boundary  layer analysis for 
the rotat ing disk wil l  apply. 

(ii) Liquid ro ta t ion . - -At  low crucible rotat ion rates, 
the l iquid flow close to the crucible wall  moved in a 
long closed s treamline path, and the extent  of thermal  
convection was diminished. The boundary  layer  at the 
upper  surface tended to become more nonuniform,  as 
shown in Fig. 2(d) .  For faster crucible rotat ion rates, 
flow separation occurred at the periphery of the crys- 
tal, and eddies developed in  the outer regions of the 
liquid. The region close to the crysta l -mel t  interface 
still possessed the same basic nonuni form flow, as 
shown in Fig. 2 (e).  

(iii) Combined crystal  and crucible ro ta t ion . - -Com- 
binat ions of crystal and crucible rotation in  the same 
directions produced only a modification of the simple 
crucible rotat ion flow. The crystal  rotation did not  
exert  its previous influence on the bu lk  fluid flow, 
except at low crucible rotat ion rates. For  counter  ro-  
tations, the central  convection cell shown in  Fig. 2(e) 
became quite stable, and ink  did not move readily 
out of the central  region. This effect is shown in  Fig. 3, 
where the crystal  and crucible were counterrotated 
at 60 rpm and the ink introduced into the central  re-  
gion continues to circulate there after several minutes.  
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Fig. 3. Liquid flow pattern in water-glycerine model; crucible 
and crystal counterrotating at 60 r each. 

Radial Solute Segregation 
The importance of fluid flow in any crystal  growth 

technique is to influence the redis t r ibut ion of solute 
at the growing interface. However ,  the re levance of 
convection to such transport  also depends very  much 
on other  parameters,  such as the equi l ibr ium distri-  
but ion coefficient, ko, the l iquid diffusion coefficient, 
D, and the growth rate, R. The contr ibpt ion of these 
parameters  may be determined by differentiat ing the 
Burton, Prim, Sl ichter  expression (4) for  the effec- 
t ive distr ibution coefficient, ke, with respect to 5, the 
diffusion boundary layer  thickness. This gives 

Oke "~(R/D) exp (--Rb/D) 

08 [1 -t- ~ exp ( - -R6/D)  ]2 

where  -y ---- (1 - -  ko) /ko .  This relat ionship is val id  for 
s teady-state  changes in 5 and negligible la teral  solute 
diffusion. The various solutes in silicon give the curves 
shown in Fig. 4 where  Oke/05 is plotted against 6 for 
R / D =  100 cm -1. For a rotat ing crystal, the diffusion 
boundary layer  should be about 0.01 cm for normal  
Czochralski growth conditions. It can be seen that in 
this range, only phosphorus and arsenic exhibi t  any 
large variat ions in solute concentrat ion wi th  differ- 
ences in the diffusion boundary layer  thickness. At  
faster  growth rates, the other  solutes (except  B) wi l l  
show larger  radial  solute variat ions for the same 8. 

I t  is necessary at this point to explain why  data on 
radial  solute segregation should not be used direct ly 
to calculate the amount  of preferent ia l  solute adsorp- 
tion due to the facet effect, as described in previous 
work  (1). 

For  the range of 5 interest  (0.01-0.03 cm),  it is ob- 
vious f rom Fig. 4 that  N- type  solutes show an en-  
hanced var ia t ion of concentrat ion with  boundary  layer  
thickness. The most rel iable method of separat ing the 
two effects is to grow a <100> crystal  where  the facet 
effects should be minimized.  Benson (2) reports  such 

R "  I00 GM -I 

Sb Go AI In 

dke 
d--'~ ~ 

(cm-I) 

10 

~0 

2O 

0 o .Or .02: .03 .04 D5 .06 .07 .08 .09 
8 (cm) 

Fig. 4. Variation of solute concentration with steady-state changes 
in the diffusion boundary layer thickness for different solutes in 
silicon. 
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results for an t imony-doped  silicon crystals where  a 
7% radial  var ia t ion  was observed. F r o m  Fig. 4, using 
an average 8 ~ 0.015 cm, and assuming R/D ---- 100 
cm -1, it is seen that  Oke/05 = 8.75 for antimony. Thus, 
wri t ing 

Oke Ake 0.07 
~ ~ -~ ---- 8.75 

08 48 48 

then ,.%5 ---- 0.008 cm or -%8/8 ---- 0.53 for the m ax imum 
variat ion in diffusion boundary layeT shape under  
these growth conditions. This change in boundary 
layer  thickness must  be considered when determining 
the amount  of solute adsorption on a facet for  growth 
in more  close packed directions. 

Benson (2) has published a comprehensive  study 
of radial  solute segregation in Czochralski-grown 
silicon crystals, and the remainder  of this paper  wil l  
in terpret  his data  using the informat ion on fluid flow 
that  has been presented earlier. The results of interest  
were  obtained for phosphorus-doped crystals which, 
according to Fig. 4, should be quite sensit ive to 
changes in 8 for the growth rate  range used by Ben-  
son. It  was found that m ax im um  variat ions in the ra-  
dial  solute distr ibution occurred at a crystal  rotat ion of 
10 rpm and a crucible rotat ion of 25 rpm, and that  
these effects were  independent  of each other. Fu r the r -  
more, larger  growth rates also gave larger  variations,  
but did not displace the position of the m ax im um var i -  
ations associated with rotat ion of ei ther  crystal  or 
crucible. Lastly, larger  diameters  were  found to give 
a markedly  smaller  degree of radial  solute segregation. 

The var ia t ion  of radial  solute distr ibution with  crys-  
tal rotation rate  wil l  now be discussed. It  is important  
to realize that  the Cochran analysis of l iquid flow 
around an infinite plane disk (3) must  be modified in 
the presence of thermal  convection in an otherwise 
s tat ionary liquid. The l inear  flow veloci ty normal  to 
the interface at a crystal  rotation of 10 rpm is in the 
range, 10 -3 to 10 -2 cm/sec  (4), whereas  the thermal  
convection veloci ty is in the range 1-10 cm/sec.  Fu r -  
thermore,  whereas  the flow normal  to the interface 
due to rotation is uni form over  the radius, that  
flow due to thermal  convection wil l  follow more  
gradual ly  curved streamlines and possess a definite 
stagnation point near the center  of the interface. Thus, 
at Iow crystal  rotation rates, the boundary  tayer  
thickness near  the stagnation point remains unchanged 
while,  at the outer  regions of the interface, the th ick-  
ness is reduced by the addi t ive effects of the tangent ia l  
veloci ty component  and the the rmal  convection ve-  
locity. This effect will  then cause an increase in the 
radial  gradient  of solute concentrat ion as the crystal  
rotat ion increases in the low range. 

The effect of crucible rotat ion is to inhibit  thermal  
convection, but again not  to change the position of the 
stagnation point, since the s t reamline flow at the 
crystal  interface is quite  s imilar  to that  of thermal  
convection, as shown in Fig. 2. Thus, the tangent ia l  
flow component  should again be enhanced at the outer  
port ion of the interface and the degree of radial  solute 
segregation increased. 

Crystal  rotat ion rates above 10 rpm were  observed 
to be much more effective in reducing radial  solute 
segregation than high crucible rotat ion rates. This 
effect was observed to be associated with  a more rapid 
decrease in solute concentrat ion and, hence, in 5 near  
the interface cen ter  than  at the outside, so that  effects 
of secondary flow at the  outer  per iphery  are mini -  
mized. 

The var ia t ion of radial  solute segregation with  crys-  
tal d iameter  wil l  now be discussed. It  is wel l  known 
that  an increase in d iameter  will  decrease 8/D (13) 
and consequent ly 5 alone. This decrease in b will  act 
in a similar  way as a decrease in R to reduce radial  
solute segregation since, f rom the curve  for phos- 
phorus in Fig. 4, both effects wil l  probably occur to 
left  of the m ax im um  and, hence, decrease Ok,~aS. An 
explanat ion  for the decrease in 8 wi th  an increase in 



962 J. Electrochem. Soc.: S O L I D  S T A T E  S C I E N C E  S e p t e m b e r  1967 

crystal  diameter  is that for smaller crystal  diameters 
the edge effects are of increasing importance, i.e., the 
rotat ing disk analysis ceases to be valid and the 
boundary  layer thickness becomes a funct ion of the 
radius. 

Summary 
The radial  solute segregation in Czochralski-grown 

silicon crystals has been shown to be greatly in-  
fluenced by the effects of secondary l iquid flow in the 
outer regions of the solid-l iquid interface. The exist- 
ence of interface facets will also cause large radial 
segregation because of the orientat ion dependence of 
the equi l ibr ium distr ibution coefficient. However, the 
effects of l iquid flow must  be studied independent ly  
if unambiguous  information is required on the facet 
effect alone. Maximum radial  solute uni formi ty  is 
possible only when the diffusion boundary  layer  at 
the growing interface is pr imari ly  controlled by crys- 
tal rotation, when the factor Oke/08 for the solute is 
insensitive to changes in 5 at any part icular  growth 
rate and when the crystal  orientat ion does not permit  
the development of an extensive close-packed in ter -  
face facet on an otherwise curved interface. 
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Deposition of Silicon Nitride Films 
by the Silane-Hydrazine Process 

Satoshi Yoshioka and Shigetoshi Takayanagi 
Research Laboratory, Matsushita Electronics Co~oration, Takatsuki, Osaka, Japan 

ABSTRACT 

A new pyrolytic process for depositing silicon ni tr ide films using si lane-  
hydraz ine-hydrogen gaseous mixture  is described. This system is useful at a 
temperature  between 550 ~ and ll50~ The hydrazine process gives more 
rapid deposition rate than the ammonia  process, so that  the use of this 
process can reduce the lower l imit  of deposition temperature.  Rate curves 
are presented for various temperatures  and concentrations. In  the lower part  
of the temperature  range a l inear  dependence of log rate vs. I /T  is obtained. 
The rate reaches a saturat ion value above 750~ The films produced are 
t ransparent ,  smooth, and t ightly adherent.  The films from this process have 
relat ively larger etch rates in hydrofluoric acid than those from the am- 
monia process. Some film properties such as structure, Si-N atomic distance, 
Si-N IR absorption band, refractive index, density, dielectric constant, di- 
electric strength, and surface charge are presented. 

Silicon nitr ide films show a high electrical resistiv- 
ity, high dielectric strength, and ext remely  high re-  
sistance against chemicals, which properties are im-  
portant  for applications to microelectronic devices. 
Formation of silicon ni tr ide films has been reported by 
reaction of silane and ammonia  under  a r.f. discharge 
(1), by pyrolytic reactions of either the s i lane-am-  
monia system (2) or the s i l icontetrachlor ide-ammonia 
system (3), and by reactive sput ter ing of silicon in 
ni t rogen (4). This paper  describes a new pyrolytic 
reaction between silane and hydrazine for depositing 
silicon ni t r ide films and gives some properties of the 
films obtained by this process. 

It  is known that in the s i lane-ammonia  process, for 
the decomposition of ammonia,  the tempera ture  of the 
reagent  must  be above 750~ to get a deposition of 
pure silicon ni tr ide films (2). The use of hydrazine in  
place of ammonia  will  reduce the lower l imit  of the 

deposition temperature  since the hydrazine decom- 
poses at lower temperatures  than  ammonia.  Indeed 
experimental  results show that with the s i lane-hydra-  
zinc process adherent  silicon ni tr ide films are formed 
at relat ively high growth rates at temperatures  
slightly above the decomposition temperature  of silane 
(50O~ 

Experimental 
A schematic diagram of the apparatus for the film 

deposition is shown in Fig. I. A mirror  polished Si 
wafer was placed in a quartz tube of 60 mm diam- 
eter. The substrate temperature  could be varied be- 
tween 550 ~ and l l50~ using r.f. heat ing of a graphite 
susceptor. The hydrazine was introduced into the re- 
action chamber by bubbl ing  H2 through l iquid hydra-  
zinc kept  at a constant  temperature.  Before enter ing 
the quartz tube this gas was mixed with a mixture  
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H= 7 

Sill4 +H= 

•l• A - - - ~  ,I 

Fig. 1. Schematic diagram of the apparatus. A, B, C flowmeters; 
1, silicon wafer; 2, graphite susceptor; 3, r.f. coil; 4, quartz pla- 
teau; 5, reaction chamber; 6, hydrazine saturator; 7, gas purifier. 

of H2 and Sill4. The total gas flow rate applied was 
0.6 1/min, the Sill4 concentrat ion was 0.03-0.4% and 
the Sill4 to N2H4 ratio was 1 to 0.5-50. The hydrazine 
was purified by repeated distil lation on sodium hydrox-  
ide unti l  it showed a refract ive  index of 1.470 at 22~ 
The sodium concentrat ion in the purified hydrazine 
was about 6 ppm by flame analysis. The index of re-  
fraction of the deposited films was determined by 
the optical method described by Booker et al. (5). The 
densi ty was calculated by measur ing  the film thick- 
ness and the weight  change before and after removal  
of the film from the substrate. The electrical  prop- 
erties were  measured on the MIS capacitors. 

Results 
Growth rates obtained are plotted as a function 

of the reciprocal  substrate temperatures  for different 
concentrat ions of the reagents  for the hydrazine proc- 
ess and for one set of concentrations for the ammonia  
process in Fig. 2. In the t empera tu re  range between 
550 ~ and 650~ a straight  line was obtained for the 
hydrazine process f rom which an act ivat ion energy 
could be calculated of about 54 kcal /mole .  Above 
650~ the growth  ra te  reached a saturat ion value  at 
about 750~ and then decreased sl ightly wi th  a fur-  
ther  increase of temperature .  An abrupt  decrease of 
growth rate  occurred at a tempera ture  above 1000~ 
when the Sill4 to N2H4 ratio was re la t ive ly  small. The 
SiH4-NH3 process gave a s traight  line relat ion in the 
t empera tu re  range between 750 ~ and 1000~ and 
showed an abrupt  decrease in growth rate  above 
1000~ in agreement  wi th  the results obtained by Doo 
et al. (2). The growth rate  of the hydrazine process 
changed l inear ly  wi th  the Sill4 concentrat ion in the 
t empera tu re  range be tween  550 ~ and 1000~ (Fig. 
3B). The dependence on the N.~H~ concentrat ion was 

TEMPERATURE (~ 
iio0 io0o 900 800 700 600 

' ~ ! - - o - ~ 1 7 6 1 7 6 1 7 6  

W 

o ~ _ - ~ 0.~'. ~, % 
- - -  N H 3  1 . 0  % ~,~ 

I 0  7 9 I 0  I I 12 

I / T  X I 0  4 ( 'K-') 
Fig. 2. Growth rate of silicon nitride films vs. substrate tempera- 

ture for the SiH4-N2H4 process and for the SiH4-NHa process. 
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Fig. 3. Dependence of film growth rate. A, mole concentration 
of N2H~ (Sill4 mole. conc. 0.05%); B, mole concentration of Sill4 
(N2H~ mole. conc. 0.50/0). 

more complicated;  at high tempera tures  the growth 
rate became gradual ly  independent  of the N2H4 con- 
centrat ion (Fig. 3A). 

Etching of films in a 20% HF solution at a room 
tempera ture  showed that  the etch rate of silicon ni-  
tr ide films prepared by the SiH4-N2H~ process was 
str ikingly dependent  on the deposition tempera ture  
(Fig. 4) and higher  than those grown at the same 
tempera tu re  by the SiH~-NH3 process. High etch rates 
of films are impor tant  in a photoengraving process for 
fabrications of electronic devices. A hea t - t r ea tmen t  at 
a t empera tu re  higher  than that of the deposition con- 
siderably reduces the etch rate  as has been i l lustrated 
in Fig. 4. Af ter  such a hea t - t r ea tmen t  some films de- 
veloped cracks which probably ini t iated at the sub- 
strate film interface. The crack density of the films 
increased wi th  the film thickness and with  the growth 
rate. A decrease in etch rate  indicates that the heat  
t rea tment  resul ted in a densification of the films. 

Some film propert ies are given in Table I. The films 
prepared at 550~176 are amorphous with ex-  
t remely  short  range order by transmission electron 
diffraction (Fig. 5). F rom the diameter  of the outer  
r ing the spacing between neighboring atoms, prob-  
ably silicon and nitrogen, was calculated as 1.3 
0.05A. Electron microscopy shows no difference of sur-  
face tex ture  be tween the films deposited by the Sill4- 

5O 

A 

40 

F 

- r  
0 

0 , 
600 700 800 900 I000 

DEPOSITION TEMPERATURE("C) 
Fig. 4. Etch rate of silicon nitride films in a 20% HF vs.  deposi- 

tion temperature in the SiH4-N2H4 process and the SiH4-NHs 
process. Q ,  Sill4 0.05%, N2H~ 0.50/0, no heat-treatment after 
deposition; e, Sill4 0.05%, N2H4 0.5%, heat-treated for 1 hr at 
900~ after deposition; E], Sill4 0.05%, NH3 1.0%, no heat- 
treatment after deposition. 
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Table I. Properties of silicon nitride films 
Deposition temperature: 600~176 SiH4NsH4 mole ratio: 0.1 
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A m o r p h o u s  w i t h  e x t r e m e l y  
S t r u c t u r e  s h o r t  r a n g e  o r d e r  

1.3 + 0 . 0 5 A  
11.3-11.1/L 
2 . 0 - 2 . 1  
3 . 0 - 3 . 1  g e m  -~ 
6.1 ( D e p o s i t i o n  t e m p e r a t u r e :  8 0 0 ~  
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I n d e x  o f  r e f r a c t i o n  
D e n s i t y  
D i e l e c t r i c  c o n s t a n t  
D i e l e c t r i c  s t r e n g t h  
S u r f a c e  c h a r g e  ~NFB) 
ANFB a f t e r  B .  T .  t r e a t m e n t s  

N2H4 and SiH4-NHa process and between those de- 
posited at 550 ~ and 1150~ by the former  process. A 
1800A film was essentially free of pinholes when 
heated at 800~ for 10 min in a flow of argon contain-  
ing 30% chlorine. 

Inf rared  transmission spectra of films grown by the 
SiH4-N2H4 process showed a broad absorption band 
as shown in Fig. 6 due to Si-N stretching vibration. 
The absorption peak shifted slightly to shorter  wave  
lengths wi th  increasing deposition temperature.  Fi lms 
deposited at 600 ~ 800 ~ and 1000~ give absorption 
peaks at 11.3, 11.2 and 11.1~, respectively.  No shift of 
absorption peak was detected after  hea t - t r ea tment  
of the films at temperatures  below 1200~ for 1 hr. 
The absorption peak for  films grown by the SiH4-NH3 
process, however ,  occurred at 11.5-11.6~. 

Fig. 5. Electron diffraction pattern of a silicon nitride film de- 
posited by the SiH4-N2H4 process. 
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I '  ' ' ' I , ' ' ' i 

11.3p 

sooo 

I [ I l I I t [ T ~ I l 
2 4 6 8 IO 12 14 

WAVE LENGTH ( MICRONS ) 

Fig. 6. Infrared spectrum of a silicon nitride film deposited by 
the SiH4-N2H4 processs at 600~ (Sill4 0.05%, N2H4 0.5%). 

Discussion 
The large difference be tween the tempera tures  for 

a certain film growth rate of the SiH4-N2H4 process 
and the SiH4-NH8 process must  be at t r ibuted to the 
fact that  decomposition of N2H4 occurs at a lower tem-  
pera ture  than that  of NH3. It  is known that  N2H4 is 
decomposed into N2, H~, and NH3 by a s teady-state  
chain mechanism (6). The init iat ion reaction [7J is 

N~H4 --> 2NH2 H ---- 60 kcal  [7] 

In a gaseous mix ture  with a low concentrat ion of 
N2H4, however,  the thermal  decomposit ion of N2H4 is 
probably a homogeneous reaction, because the prop- 
agation reactions are re tarded by the collisions be- 
tween the chain centers and the foreign gas molecules. 
The observed act ivat ion energy for the growth of 
silicon ni tr ide films by the SiH4-N2H4 process, about 
54 kcal /mole ,  is close to the energy required for the 
N-N bond rupture  of NzH4. So it is reasonable to as- 
sume that  the N-N bond rupture  is the ra te - l imi t ing  
step for the film growth at a t empera ture  be tween 
550 ~ and 650~ The silicon ni tr ide films are probably 
formed according to 

SiH~ + N2H4 ~ SiH~ �9 N2H4--> S i (NH)2 + 3H2 
2Si(NH)~-> (SiN)2Ntt  -t- NHs 

3 (SIN) 2NH --* 2Si3N4 ~ NH3 

The growth rate of the films reaches a saturat ion 
value at about 750~ This suggests that  the supply of 
the reactants, in par t icular  Sill4, becomes rate  de ter -  
mining above this temperature .  The abrupt  decrease in 
the growth rate at tempera tures  above 1000~ both for 
the SiH4-N2H4 as for the SiH4-NH3 processes is 
probably caused by a decrease of the Sill4 concentra-  
tion near  the substrate due to p remature  decomposi-  
tion of Sill4, as was suggested by Doo et al. (2). 

The increase in etch rate wi th  decreasing deposition 
tempera ture  of silicon ni tr ide films may be due to a 
decrease in the bond s trength of Si-N. This is con- 
sistent wi th  the infrared absorption data. The large 
decrease in etch rate  after  a hea t - t r ea tmen t  at 900~ 
where  the film does not show any shift of the ab- 
sorption peak cannot be explained in the same way. 
No more can the effect be explained by assuming con- 
taminat ion of the silicon ni tr ide films by oxygen be- 
cause the react ion occurs in purified hydrogen atmos- 
phere. The most probable cause for the large etch 
rates of films grown at lower tempera tures  wil l  be a 
re la t ively  large porosity of the films al though the sur-  
face texture  detected by electron microscopy does not 
clearly show the existence of a porous structure.  The 
difference of etch ra te  be tween  the films prepared  by 
the SiH4-N2H4 and the SiH4-NHa process can also be 
explained by the difference of porosity. 
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A Water-Amine-Complexing Agent System 
for Etching Silicon 

R. M. Finne 1 and D. L. Klein 2 
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ABSTRACT 

Ternary  mixtures  of water,  amine, and complexing agent have been found 
to etch silicon. The silicon etch rate has been invest igated as a funct ion of 
variat ions in both solution and mater ia l  parameters .  A paral le l  invest igat ion 
has been concerned with  the etching characterist ics of silicon samples coated 
with silicon dioxide films. Applicat ions of this etching system to semicon- 
ductor device technology has provided a tool for the chemical  shaping of sili- 
con as well  as the evaluat ion of protect ive surface films on silicon substrates. 

It has been found that  te rnary  mixtures  of water ,  
amines, and complexing agents dissolve silicon, wi th  
water  being a necessary and active component  of the 
etch. Significant among the propert ies  of these etches 
are the large number  of parameters  on which the 
etch rate  depends and the ex t remely  low rate  of attack 
on silica. It has been possible to etch silicon into 
unique shapes by the proper  choice of etching pa ram-  
eters. These etches have  also been used in the invest i -  

though hydrazine was used for the ini t ial  exper iments  
the major i ty  of the work was performed with  e thylene-  
diamine. This choice was based on the higher  etch 
rates exhibi ted by e thylenediamlne  systems, their  
h igher  stabil i ty and lower  toxicity. The fol lowing 
composition was used for most of the work  described 
in this paper:  

gation of the etching characterist ics of silica films on component Formula Amount Mole % 
silicon substrates. 

The etch rates in this t e rnary  system have  been Water H.~O 8 ml 61.2 
E t h y l e n e d i a m i n e *  NH~(CI~).zNH~ 17 m l  35.1 

found to exhibi t  a marked  dependence on the crysta l -  Pyrocatechol CuH4(OH)2 3g 3.7 
lographic orientat ion and doping of the silicon. Due 
to the complex etch rate dependence and because there  
are also variat ions in etch rate  re la ted to the etch 
composition, a complete  s tudy of this system is ex-  
t remely  complicated. On the basis of data presented in 
this paper a reaction mechanism is proposed and some 
applications of the system are discussed. 

An  etch of this general  type was first described by 
Crishal and Harr ington (1) who repor ted  the etch as a 
two-component  mix ture  of hydrazine and pyrocatechol  
which etched silicon forming  (N.~Hs)~[Si(C6H402)3] �9 
N2H4 with  accompanying evolut ion of ni trogen and 
hydrogen. The present study has shown that  the silicon 
etch rate  is a function of water  content  of the etch and 
falls to zero for  anhydrous amine-pyrocatechol  mix -  
tures, and that  the dissolution is accompanied by only 
the evolut ion of hydrogen.  

Experimental Procedure 
Equipment.--A glass refluxing system was used to 

prevent  composition change by loss of volat i le  matter .  
A stream of ni t rogen was bubbled through the etching 
solution to prevent  air oxidat ion of the amine and 
complexing agent, and to provide agitation of the 
samples. Drying tubes were  used to prevent  moisture 
absorption from the air. The operat ing t empera tu re  
was 110 ~ _ I~ Reagent  grade mater ia ls  were  used 
throughout.  

Etch rate determinations.--The method selected for 
rate determinat ion was an optical technique which 
utilized the ex t remely  low etch ra te  on silica films 
(i.e., ~200 A / h r ) .  Etch rates were  determined as fol-  
lows: polished silicon slices were  masked wi th  a tmos-  

P y r o c a t e c h o l  c o n t e n t ,  Vol.  H~ e v o l v e d ,  M o l a r  r a t i o  pheric s t eam-grown silica dots, etched, and the re-  mole % mlsatSTP H2/Si 
sult ing step heights were  measured microscopically 
using a focusing stage cal ibrated to one micron per 
scale division. The object ive  employed in the micro-  0 21.60 1.916 3.7 22.40 1.934 
scope had a depth of field of 1~. The smallest  step 
heights measured were  in the order  of 10~. 

Etch solutions.--For most of the etching studies de-  
scribed an etch composit ion was selected which would 
give close to the max imum etch ra te  on silicon. A1- 

~ P r e s e n t  a d d r e s s :  J o h n  O ' C o n n e l l  A s s o c i a t e s  K .K . ,  17-2 A k a s a k a  
7 - C h o m e ,  M i n a t o - K u ,  T o k y o ,  J a p a n .  

P r e s e n t  a d d r e s s :  I B M ,  E a s t  F i s h k i l l  Fac i l i t y ,  H o p e w e l l  J u n c t i o n ,  
N e w  Y o r k .  

* T h e  a b b r e v i a t i o n  en  wi l l  be  u s e d  fo r  e t h y l e n e d i a m i n e ,  pn  fo r  
propylenediamine,  h n  f o r  hexanediamine.  

Etch solutions employing this molar  ratio of compo- 
nents wil l  be re fer red  to as "solution 1". Solutions 
were  freshly made for each run and stored under  dry 
ni t rogen prior  to use. 

Data and Discussion 
Gas analysis.--The gaseous react ion products were  

collected f rom an argon flushed system and analyzed 
by mass spectrometry.  Results of this analysis are 
shown below. 

M a j o r  c o m p o n e n t s  C o n c e n t r a t i o n  

H y d r o g e n  57% 
A r g o n  43% 

T r a c e  c o m p o n e n t s  

N i t r o g e n  450 p p m  
O x y g e n  110 p p m  

The concentrat ion ratio of ni t rogen to oxygen (~4:  1) 
suggests that  their  presence was due to a trace quan-  
t i ty of air in the system. A volumetr ic  analysis of the 
hydrogen evolved for the total  dissolution of weighed 
silicon samples in e thy lened iamine-wate r  mixtures  
showed the s toichiometry to be close to 2H2/Si both 
in the presence of and in the absence of pyrocatechol.  
For  0.0140g silicon samples (0.499 mM silicon) the fol- 
lowing results were  obtained: 

Product analysis.--On the basis of several  known 
pyrocatecholato complexes of group IV elements  (2) 
the expected empir ical  formula  for the react ion prod-  
uct formed in the e thylenediamine  system was 
S I C 2 2 N 4 I ~ 3 0 0 6 .  The fol lowing is a table showing the 
average values of three  combustion analyses per -  
formed on the react ion product. This product,  a white  

965 
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Fig. I .  Etch rate of silicon as a function of the water content 
of the etch with pyrocatechol content held constant. 

crystal l ine solid, was isolated by the addit ion of 
ethanol to the react ion mixture .  

E l e m e n t  F o u n d ,  % 

C 64 .31  
H 6 .41 
N 11 .05  

R e s i d u e  ( a s s u m e d  a s  SiO~) 12 .97  

The empir ical  formula  der ived f rom these analyses is 
as follows: Sil.0Cel.sN3.~H30.2Os.7. 2 

Etching sys tem parameters.--For the major i ty  of 
the investigations in which the or ientat ion of the crys-  
tal was not considered of fundamenta l  significance, 
silicon was used which was nominal ly  oriented; that  
is, wi th in  3.5 ~ of the major  low index plane. In those 
cases where  the orientat ion was considered significant, 
on-or ientat ion samples wi thin  0.5 ~ of the plane were  
used. 

Water content of the e~ch.--Figure 1 shows the etch 
ra te  of silicon as a funct ion of the water  content  of 
the etch. The specific system considered was w a t e r - e n -  
pyrocatechol,  wi th  3g(0.03M) of pyrocatecbol  added to 
the wa te r - en  solutions. A m a x i m u m  was observed 
for the etch composition corresponding to a mole ratio 
of water  to en of approximate ly  two. The silicon etch 
rates fall  to zero for solutions wi th  mole fractions of 
water  equal  to one and zero. This was found for all 
amines studied including hydrazine. The curve  shape 
was found to be independent  of the resist ivi ty of the 
silicon in the resis t ivi ty range tested. 

Pyrocatechol content o~f the etch.--Figure 2 shows 
the silicon etch rate  as a function of pyrocatechol  
content  of the etch. When the pyrocatechol was 
omit ted the etch rate was reduced. However ,  the etch 
ra te  was finite in the absence of pyrocatechol.  This 
fact, coupled wi th  the data shown in Fig. 1, suggests 
that  wa te r  and amine, unl ike  pyrocatechol,  are the 
necessary components  of the etching system. 

Etchant compo~ents.--Figure 3 shows a plot of etch 
rate  as a function of res is t ivi ty  for etches using the 

o T h e  s i l i c o n  w a s  d e t e r m i n e d  b y  c o n s i d e r i n g  t h e  i g n i t i o n  r e s i d u e  
t o  b e  SlOe.  T h e  o x y g e n  w a s  d e t e r m i n e d  b y  d i f f e r e n c e .  

35 
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Fig. 2. Etch rate of silicon as a function of the pyrocatechol con- 
tent of a constant composition en-water mixture. 
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Fig. 3. Etch rate of 0.01 and 100 ohm-cm silicon as a function 
of the member of carbon atoms between amine groups for oriented 
and misoriented samples. 

fol lowing amines: 

Hydrazine 
en 
1,2-pn 
1,3-pn 
1,6-hn 

(NH2-NH2) 
(NH2-CH2-CH2-NH2) 
(NH2-CH2-CHCH3-NH2) 
(NH2-CH2-CH2-CH2-NH~) 
[NH2- (CH2) 6-NH2] 

The etching solutions were  made using the molar  com- 
position cited in the section on etch solutions. The data 
shown in Fig. 3 suggest that  for the amines tested the 
etch ra te  of nominal ly  or iented silicon tends to in-  
crease wi th  the number  of carbon atoms be tween  
amine groups. For  or iented silicon, no significant 
change in silicon etch rate  was observed for  the 
different amines tested. The behavior  of 1,3-pn is 
discussed in the section on react ion mechanism. It is 
to be expected that  the etch rates would be similar in 
the case of en and 1,2-pn since 1,2-pn can be con- 
sidered a methyl -subs t i tu ted  en. Smal l  differences in 
etch rate  might  be due to steric factors or electron 
donor propert ies of the subst i tuted methyl  group. 

In the absence of pyrocatechol,  6 hr  of etching pro-  
duced a th in  t ranslucent  layer  on an exposed silicon 
surface. Figure  4 shows a photograph of such a sur-  
face layer. The dark areas are exposed regions of sil- 
icon viewed through openings in the film. The hex-  
agonal shapes are etch pits formed in the silicon sur-  

Fig. 4. Silicon surface after etching for 6 hr in an en-water 
mixture with no added pyrocatechol. 
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Fig. 5. Etch r-te of silicon as a function of temperature for two 
compositions of etchant. 

face. Since the crystallographic sensit ivity of the etch 
persists in  the absence of pyrocatechol it is concluded 
that the complexing agent does not control the sensi- 
t ivity of the etch for various crystal planes. 

Temperature.--A plot of etch rate as a funct ion of 
temperature  for two compositions of etchant  is shown 
in Fig. 5. Etch rates were determined between ap- 
proximately  50 ~ and 127~ From the Arrhenius  equa- 
tion, the apparent  activation energy was determined 
to be approximately 11 kcal /mole (0.48 ev) for both 
concentrations. This indicates that  the etching rate is 
probably not controlled by solution diffusion. The pro- 
posed etching mechanism, discussed in the following 
section, is based on the presence of O H -  groups. Some 
support  for this is found in work done by Faust  (3) 
who has determined the activation energy for the re- 
action between 10% NaOH solutions and silicon to 
be approximately 13 kcal /mole (0.56 ev). (The NaOH 
solution is also a preferential  etch on silicon; how- 
ever, it attacks silica rapidly whereas the present  sys- 
tem does not.) 

Chemical mechanism.--It  has been suggested in this 
paper that water  is a necessary etch component  and 
plays an active part  in  the etching process. This is 
based on the observation that no silicon etching oc- 
curs for either anhydrous  amine or anhydrous amine-  
pyrocatechol mixtures.  Etching occurs only with the 
in tent ional  or accidental introduct ion of water  into 
the system. 

The following reactions are proposed for the specific 
system water-en-pyrocatechol  

Ionization 
NH~ (CH.2) ~NH2 + H20 -> NH2 (CH2) 2NHs + + (OH) - 

[I] 

Oxidation -Reduction 

Si + 2 (OH) - + 4H20 --> Si (OH)6 = + 2H2 [2] 

Chelation 
amine 

Si (OH) 6 = + 3C6H4 (OH)2 �9 > 

[ + 

Over-a l l  Reaction 
2NH2 (CH2) 2NH2 + Si + 3C6H4 (OH) 2 -> 

2NH2(CH2)2NH8 + + [Si (C6H402)s] = + 2H~ [4] 

During the ionization step (Eq. [1]) hydroxyl  and 
aminium (protonated amine) ions are formed. The 
hydroxyl  ions, together with water, then oxidize the 
silicon to form hydrous silica with the evolution of hy-  
drogen (Eq. [2] ). The hydrous silica is converted to 

the complex pyrocatecholate which is soluble in the 
amine  solution (Eq. [3]). 

Examinat ion  of Eq. [4] shows that water  does not 
appear in the over-al l  equation. This occurs because of 
the regenerat ion of water  in the chelation step (Eq. 
[3]).  Consequently,  the reaction is not  l imited by 
water  depletion, and the etch rate should remain  con- 
stant over long periods of t ime in  the presence of suf- 
ficient amine and complexing agent. 

Several pyrocatecholato complexes of silicon were 
first reported by Rosenheim, Raibman, and Schendal 
(3). They isolated various tris(pyrocatecholato) sili- 
con(IV) compounds by react ing freshly prepared 
silicic acid with pyrocatechol. In  the present  work the 
silicic acid was generated in situ at the silicon sur-  
face (Eq. [2]). The isolated e thylenediaminium com- 
pound has not  been previously reported. 

On the basis of the proposed mechanism we may 
account for the necessity for water in the system since 
in the absence of water  no oxidation can take place. 
The suggested mechanism also explains the slow etch 
rate on silica films grown at high temperatures,  since 
they contain few silanol (Si-OH) groups. These silica 
films must be converted to hydrous silica prior to their  
dissolution as the pyrocatecholato complex. This is 
apparent ly  a slow step. 

The addition of pyrocatechol to wa te r -en  solutions 
was found to increase the etch rate up to a l imit ing 
value (Fig. 2). At about 4 mole % pyrocatechol the 
rate saturates. This suggests that above this level of 
complexing agent the kinetics become limited by the 
oxidation step (Eq. [2]).  

This mechanism can also account for the appearance 
of the silicon surface after etching in  the absence of 
a complexing agent (Fig. 4). The l imited etching of 
the silicon which takes place can be due to the slow 
dissolution of the hydrous silica by the en to form 
soluble bis (ethylenediaminium) silicate. However, the 
dissolution rate of the hydrous silica in  this case is 
evidently slower than the rate of formation of the 
hydrous silica, resul t ing in a bu i ld -up  of the hydrous 
silica layer. The dissolved areas of the surface layer 
may be explained as follows. Conversion of silicon to 
silica requires expansion of the lattice and can pro- 
duce locally stressed areas which etch faster than 
unstressed areas. Alternat ively,  variat ions in the con- 
centrat ion of silanol groups on the silica surface of 
s tructural  modifications of the silica may result  in 
enhanced etching in localized areas. 

This mechanism differs from that proposed by Chris- 
hal and Harr ington  (1), in which an oxidation of the 
silicon by hydrazine  was postulated, with the evolu- 
t ion of ni t rogen and hydrogen. Analysis of the gaseous 
reaction products in the present  system showed hy-  
drogen to be the sole gaseous reaction product. Volu- 
metric analysis showed the hydrogen to be present  in 
approximately the stoichiometrically predicted amount  
(Eq. [2]) both in the presence and absence of pyro-  

catechol. 
If the reaction is performed in an open system, ab-  

sorption of water  by the hygroscopic anhydrous  amine 
will result  in the formation of a wa te r -amine-pyro-  
catechol system of uncontrol led composition. Nitrogen 
evolution could then occur due to the decomposition 
of hydrazine in the presence of absorbed water  and 
air. 

With regard to the variat ion of silicon etch rate with 
amine, the base strength of the amine cannot  be taken  
as an index of etch rate. Gero (4) has reported on 
the base strengths of polymethylenediamines.  He 
found that en was the weakest base, and that  1,3-pn 
was abnormal ly  strong due to chelate r ing  stabiliza- 
t ion of the monocation. The present  s tudy has shown 
that  en has the higher etch rate. The following ex- 
planations are proposed. 

An amine env i ronment  is required for the pyro-  
catechol to dissolve (chelate) the hydrous  silica. For  
small chain length diamines, where the amine  separa- 
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tion is small, the positive charge on the monocat ion 
withdraws electrons from the second amine group, 
reducing its protophilic activity (amine na ture) .  For 
hydrazine, the cation formed is NH2-NH3 +. In en the 
charge separation is greater, and the second amine re-  
tains its protophilic activity (Eq. [1]). For  1,3-pn, the 
second amine is thought by Gero (4) to be hydrogen 
bonded in the following manne r  

H2 

H~C/C ~CH2 
l I 

I-I2N,.,H / Nile 

This type of cation would exhibit  a lessening of 
amine character due to the uti l ization of the normal ly  
unbonded  ni t rogen electrons in  the hydrogen bond. 
The succeeding cations of this diamine series should 
retain their amine na ture  and, therefore, provide a 
suitable env i ronment  for etching. A second possible 
explanat ion is based on the following information.  
Hooley (5) has observed that  the dissolution rate of 
silica glass in  aqueous solutions of alkali  meta l  hy -  
droxides is a function of effective cation size. The 
dissolution rates were found to be in the order 
Na > K > Li > Rb > Cs. In  the present  system, the 
protonated amine is a cation and is of an ionic size 
comparable to that of the alkali  metal  cations. I-Iooley 
(5) proposed no firm explanat ion of the rate var ia-  
t ion as a funct ion of cation size. Weiss et aL (6) have 
found that  the kaolinite s tructure (A12Oa'9.SiO2.9.H20) 
is expanded from an init ial  p lanar  spacing of ~10N 
by exposure to hydrazine. On the basis of these in-  
vestigations, a relat ion between etch rate of Si in a 
cat ion-hydroxide system, in which dissolution involves 
the intermediate  formation of an oxide, and oxide 
bond distortion due to cation in t rus ion seems reason- 
able. This may relate directly to the silicon system 
under  study in  this paper. The silica structures pro- 
posed as intermediates  may undergo bond distortion 
as a result  of the intercalat ion of some amine species. 

Silicon parameters.~Using solution 1 the etch rates 
for <111>,  <110>,  and <100> oriented silicon were 
found to be approximately 3:30:50 ~/hr  for the sam- 
ples tested. A plot of this data is shown in Fig. 6. The 
data scatter for the <111> oriented samples results 
from the l imited precision of measur ing the low etch 
rates. Samples were randomly  selected with regard to 
dopant, uti l izing such dopants as B, P, As, Sb, A1, 
Ga, and In. 

For samples oriented off the three major  low-index 
planes, the etch rates of the surface were found to be 
a funct ion of the dopant concentration,  and the de- 
gree and direction of misorientation.  As the surface 
was misoriented from the plane, an increase in  etch 
rate was observed. The var iat ion in  etch rate was 
marked near  the <iii> orientation,  bu t  much more 
gradual  near  the <100> orientation. This is now being 
investigated. 

As is the case with most solid surface reactions, a 
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Fig. 6, Etch rate of silicon as a function of resistivity 
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Fig. 7. Etch pit geometries in silicon for < 1 1 1 >  and < 1 0 0 >  
oriented samples. 

description of the detailed reaction mechanism is ex- 
ceedingly difficult and cannot  be based on kinetic 
studies of the gross reaction rate. Factors such as 
supply and movement  of active surface sites on the 
silicon, reaction site spacing, activity of the reacting 
species in solution, and influence of impuri t ies  and /o r  
absorbants on surface diffusion may all be significant. 
At present, evaluat ion of their  respective roles is not 
possible. However,  due to the diverse funct ional  de- 
pendence of etch rate, a large amount  of informat ion 
can be gathered concerning this system. Because of 
this, it may eventual ly  be possible to gain greater in-  
sight into the detailed reaction mechanism. 

Silicon dioxide rnasking.--A paral lel  line of invest i -  
gation has been concerned with etching studies on sil- 
icon substrates with a protective coating of silica. 
St ructural  inhomogeneities in  the oxide may allow the 
etchant to penetrate  to the silicon surface where lo- 
calized etching takes place. Etch pits in the silicon 
were produced which were visible through the oxide 
film. These pits resulted from etching a concave sur-  
face which is bounded by slow etching planes (7). 
Schematic diagrams and photographs of the pits pro- 
duced on two of the major  low index planes of silicon 
are shown in  Fig. 7. 

Oxide porosity.--Oxide porosities were determined 
for various init ial  oxide thicknesses and various etch- 
ing times. A plot summariz ing this data is shown in 
Fig. 8. The samples used for these studies were ox- 
idized at 1100~ in  atmospheric pressure steam. The 
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Fig. 8. Defect densities in silica films as a function of time of 
etching, initial oxide thickness, and surface exposure. The cali- 
brated pinhole was formed using photolithographic techniqaes. 
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Fig. 9. Morphology of etch pits in ( l  1 I >  oriented silicon below 
silicon dioxide films, 

oxide defect densities were found to be reproducible. 
An increase in etch pit density with t ime can be at-  
t r ibuted to several causes. First, oxide defects which 
extend to wi thin  a few hundred  angstroms of the sub- 
strate surface will  etch through and init iate pits after 
extended etching. Second, the rate of growth of the 
etch pit is a funct ion of the size of the oxide defect. 
Extremely  small  defects p resumably  will produce pits 
which are ini t ia l ly  too small  to be seen by optical 
microscopy. As the defect enlarges the pit size in-  
creases unt i l  the pit is visible. In  addition, certain 
areas in  the oxide may be s t ructura l ly  more suscep- 
tible to hydrolysis and subsequent  dissolution. Of 
interest  is the fact that  while na tu ra l ly  occurring etch 
pits in <111> oriented silicon are not regular  hex- 
agons in  shape, the pits formed beneath  photolitho- 
graphically produced round  holes in  the silica are. 
This indicates that the hexagonal  shape of the pits is 
influenced by the geometry of the oxide defects. Ex-  
amples of various etch pit shapes are shown in Fig. 9. 

Oxide inclusions.--Also of interest  have been the 
inclusions observed in silica films. These inclusions 
have etching characteristics grossly different from the 
oxide. They appear as "phantom crystals" which have 
unique  etch pit shapes. Some of these phantom crys- 
tals manifest  themselves as hexagonal  shapes which 
disappear on fur ther  etching. Some appear as figures 
resembling dendrit ic crystals. P resumably  these crys- 
tals are second phases in  the silica (e.g., devitrified 
areas) that  etch at higher than  the average rate  of the 
film. Two~ examples of these shapes are shown in Fig. 
10. 

Applications 
Application of the etching system described to de- 

vice fabricat ion has shown promise in two general  
areas, the chemical shaping of silicon into unique  
shapes by uti l izing the widespread control possible 
over the etch rate and studies of silica films. Signifi- 
cant  in  all  applications is the low etch rate on silica, as 
well  as on m a n y  metals. This allows silica or metals 
such as Ag, Au, Cu, or Ta to be used as etching masks, 
and differentiates this etch from alkali  etches such as 
sodium hydroxide solutions which may be crystallo- 
graphically sensitive bu t  attack silica and many  met-  
als. The present  etch is compatible with metals which 
cannot be used in HNO3-HF systems. This may be 
explained by the fact that  amine-soluble  pyrocatechol- 
ares are formed predominant ly  with metals capable of 
a t ta in ing an oxidation state of IV (2). 

Fig. 10. Phantom crystals in silicon dioxide fires 

Chemical shaping with this etching system has pro- 
duced silicon forms such as tapered mesas whose sides 
form an angle of 45 ~ with respect to a (100) surface 
(Fig. I1). This is the na tu ra l  shape of a mesa formed 
on a <100> oriented sample. Also, thin films of silicon 
alloys (~10~) have been produced by etching slow 
or nonetching silicon alloys deposited on fast-etching 
silicon substrates. Ge rman ium does not etch in this 
system. It has been found that silicon alloys containing 
as little as 5% germanium were not attacked by the 
etch. Therefore, when  such alloys were epitaxial ly 
deposited on a silicon substrate, the substrate could be 
etched away leaving a nonetching film. 

In  the s tudy of silica films on silicon substrates, the 
etch pit densi ty in the silicon has been taken as an 

Fig. 11. Ramp-sided mesas formed on < 1 0 0 >  oriented silicon. 
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index of the porosity of the silica film. This technique 
has been par t icular ly  applicable where low evaluat ion 
temperatures  have been required. It  has been shown 
that silica films formed by steam oxidation, plasma 
growth (8), and the CO2 process (9) have approxi-  
mately  the same min imum porosity as determined by 
this technique. The chlorine gas etching system for 
oxide evaluat ion is general ly used at a tempera ture  of 
approximately 800~ while the present  system oper-  
ates at approximately l l0~ Samples having etch pit 
densities of less than one and greater than 100 de- 
tectable pits per square mil l imeter  have been observed 
after 2 hr of etching. In  general, and in contrast  to 
chlorine etching, indiv idual  pit growth may be ob- 
served since the etching action is slow and localized. 
Also, as previously mentioned,  the etch pit shape is 
influenced by the shape of the oxide defect. Oxide in-  
clusions or variat ions which have markedly  different 
etch rates from the bulk  oxide are delineated. Because 
of these factors, the system is a powerful  tool for the 
study and evaluat ion of silica films. 

Summary 
It has been shown that  the system wa te r -amine-  

complexing agent will  etch silicon and, to a much 
lesser extent, silica. For the specific system water-  
ethylenediamine-pyrocatechol ,  silica is etched at a 
rate of ~200 A / h r  while silicon etches at a rate ap- 
proximately two orders of magni tude  higher. The 
water  appears to be an  active component  of the mix-  
ture  and yields hydroxyl  ions in the basic solvent sys- 
tem provided by the amine. Oxidation of the silicon by 
the water  and hydroxyl  ions forms hydrogen and 
hydrous silica at the silicon surface. The hydrous silica 
is removed from the silicon surface through the for- 
mat ion of the amine-soluble  t r /s (pyrocatecholato)-  
silicon (IV). 

For  the specific etching system studied, the etch 
rates on < I 0 0 > ,  <110>,  and <111> oriented silicon 
were found to be approximately 50:30:3 #/hr,  respec- 
tively. For samples off the major  low-index plane ori- 
entat ions the etch rates were found to be a funct ion 

of resistivity and of the degree and direction of mis- 
orientation. Due to the large number  of parameters  
which influence the etch rate, this system can be used 
for fundamenta l  studies of the detailed reaction mech- 
anism of silicon etching. 

Because of the difference in etch rate on silica and 
silicon and the preferent ial  na ture  of the etch on 
crystal planes, s t ructural  studies of silica films are 
feasible. In  addition, protective oxides have been 
evaluated, and it has been possible to utilize the etch- 
ing system for the chemical shaping of silicon to form 
tapered mesas and th in  films of silicon. 
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Activation Energies in the Chemical Etching of 
Semiconductors in HNO3-HF-CH COOH 
A. F. Bogenschlltz, W. Krusemark, K.-H. L~cherer, and W. Mussinger 

Research Institute of TELEFUNKEN AG, Ulm, Germany 

ABSTRACT 

The intent  of this paper is to clarify the reaction mechanism of the etching 
of ( l l l ) - o r i e n t e d  n-si l icon and n - g e r m a n i u m  in an  etching solution of rum. 
HNO3, conc. HNOs, conc. HF, and glacial acetic acid. By comparing the tem- 
perature  dependence of the etching rates and the temperature  dependence of 
the viscosities of the etching solutions it was possible to show with some re-  
l iabil i ty that  the investigated etching processes are diffusion controlled reac- 
tions. The performed mathemat ical  calculations possibly allow the forecast 
of the effect of organic moderators and inhibi tors  in  diffusion controlled etch- 
ing systems, if the viscosity is known.  

Mixtures consisting of several components are pre-  
dominant ly  used for the chemical etching of semi- 
conductor single crystals. Consequently the etching 
process general ly  comprises a n u m b e r  of parallel  
and secondary reactions which can be determined 
analyt ical ly  only with difficulty. Without  accurate 
knowledge of the chemical reaction mechanism it is 
difficult to produce etching solutions having the de- 
sired effect. 

The activation energy yields some of the few cri-  
teria on etching mechanisms; it may be ascertained 
from the curve rise when  the etching rate is en-  
tered logari thmically as a funct ion of the reciprocal 
absolute temperature.  Some at tempts were described 
to draw conclusions on the reaction mechanism from 
such values (1-5). Since low activation energies 
around 4.5 kcal /mol  (low dependence on tempera ture  
of corrosion rate) were measured in pure diffusion 
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processes according to Moelwyn-Hughes  (6), it seemed 
obvious that  a diffusion process dominates in etching 
processes with such activation energies. This means 
that either the diffusion of the components effective 
in etching to the semiconductor surface or the removal  
of reaction products determines the rate. As a rule 
oxidation reactions feature higher activation energies. 

In  previous investigations no direct comparison was 
made between the activation energy of the etching 
reaction and the activation energy of the diffusion 
process in the etching mixture.  This paper describes 
such investigations. Since some technical difficulties 
are encountered in de termining  the activation energy 
of diffusion processes, we chose as s tandard of com- 
parison the viscosity of the etching solution, which is 
easier to measure. This seems admissible since, accord- 
ing to the reasoning of Eyr ing  (7), the viscosity, plas-  
ticity, and diffusion may be considered by vir tue of 
the kinetic theory of liquids under  the uniform aspect 
of a monomolecular  reaction, whose e lementary proc- 
ess is the transfer,  for example, of a molecule from one 
equi l ibr ium state to another  through a potential  
threshold [cf. (8)].  Comparisons of the activation 
energy of the viscosity obtained in this manner ,  and 
thus the diffusion, and the activation energy of the 
etching process prove that the etching process actual ly 
is governed by a diffusion process in the systems 
Si/HF-HNO~-CHaCOOH and Ge/HF-HNOa-CH3COOH 
which we investigated. The activation energy of the 
etching process and the activation energy of the vis- 
cosity, and thus the diffusion, agree wi th in  the error 
l imit  mainly.  

Consequent ly  it will  be interest ing to check, by 
fur ther  experiments  on other diffusion controlled etch- 
ing systems, whether  or not the effect of an added 
organic moderator  or inhibitor,  such as acetic acid, 
tartaric acid, oxalic acid, formic acid, citric acid, t an-  
nic acid, e thylene glycol, propylene glycol, glycerin, 
buty lamin,  amylamin  and n -bu ty l  thiobutane,  may be 
predicted by measur ing  the viscosity of the solution. 

Exper imental  Part  
As etching solution for our invest igat ions a mix ture  

was chosen which features a corrosion characteristic 
l inear  with t ime over a wide range  of temperatures.  
The solution was 50 ml  HNO~ rum., 30 ml  HNO3 
(65%), 20 ml HF (40%), and 80 ml  glacial acetic acid. 
This mix ture  was used for etching on polished silicon 
and germanium wafers, the activation energy of the 
etching reaction resul t ing from the etching. In  addi-  
tion the activation energy of the viscosity was ascer- 
ta ined in  the etching solution without  semiconductor. 
These exper iments  are described next. 

Etching exper~ments.--Single-crystal ( l l l ) - o r i e n t e d  
n-s i l icon having a specific resistance of 25-35 ohm-cm 
and single-crystal  ( l l l ) - o r i e n t e d  n - g e r m a n i u m  (g---- 1 
ohm-cm) were used for the etching exper iments  de- 
scribed. 

Fol lowing cut t ing and lapping the semiconductor 
wafers were polished chemically and mechanical ly as 
described in  ref. (9) in such m a n n e r  that  a flat, s truc-  
tureless, pure  surface was produced. The a r rangement  
used for etching the semiconductor wafers is shown in 
Fig. 1. In  this a r rangement  the semiconductor wafer  is 
placed horizontal ly on a sievelike Teflon moun t  with 
a recess and immersed in the etching solution. The in -  
terference with the diffusion and  thus the corrosion 
of the under  surface, caused by the Teflon sieve, is 
much lower than 5% and may  thus  be neglected. As 
etching bath a covered Teflon can was used so that, 
by means of a thermostat ,  the temperature  of the 
etching solution may  be kept  constant  dur ing  the 
etching process. A magnetic  s t i r rer  rota t ing at 180 rpm 
was used to stir  the etching liquid. In  each etching 
process the volume of the etching solution was 100 ml. 

In  order to obtain reproducible test results the 
etching bath was first brought  up to tempera ture  wi th-  
out the etching solution over a period.of 15 rain prior 

Fig. 1. Etching apparatus; (a) etching liquid, (b)Teflon con- 
tainer, (c) semiconductor wafer, (d) Teflon sieve, (e) thermostat. 

to each etching process. Subsequently the freshly pre-  
pared solution was poured in the etching bath;  its tem- 
perature was controlled thermostat ical ly for a period 
of 15 min. Af terward the wafers were etched for 2 
rain, rinsed, dried, and weighed. 

The one-sided corrosion d followed from the equa-  
t ion 

( G I -  G2) 
d =  

2F .  7 

The weight (G1 - -  Ge) was determined by difference 
weighing. The surface of the wafers (F) was mea-  
sured, and for the density 7 the value 2.33 g/cm 8 was 
inserted. The error  caused by neglecting the nar row 
side surfaces of the wafer amounted to approximately 
1%. The corrosion rate then corresponded to the quo-  
t ient  of corroded layer  thickness on one side and etch- 
ing time. 

Fig. 2. Apparatus for measuring viscosities; (a) PVC-suction 
hood, (b) carrier ball (stainless steel), (c) measuring device (Tef- 
lon), (d) interspace for measuring solution, (e) Teflon case, (f) 
outlet tube to the thermostat, (g) Teflon-screw cop. 
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Values above 53~ were  not used in the calculation 
of act ivat ion energy because at these tempera tures  the 
etching solution no longer  features a defined composi-  
t ion due to the l iberated nitrous gases and therefore  
does not yield reproducible  results. 

V i s c o s i t y  m e a s u r e m e n t s . - - T h e  viscosity measure-  
ments  were  per formed on the same etching solution 
wi thout  semiconductor  specimen using a Couette vis-  
cosimeter  (Fig. 2). The etching solution was situated 
in the space be tween two cylinders a r ranged concen- 
trically, in which a test body, l ikewise cylindrical,  ro-  
tated. Teflon was chosen as the mater ia l  for the test  
system. The shear force produced on the rota t ing test 
cyl inder  in consequence of l iquid frict ion was mea-  
sured by means of a torsion wire. In order to work  at 
defined tempera tures  the test  system was controlled 
thermosta t ica l ly  unti l  the viscosity of the etching solu- 
tion remained constant. Then the viscosity resulted in 
accordance wi th  the equat ion ~ = - - T / D .  In  this equa-  
t ion T is the shear force in dyne �9 cm -2, D is the gradi-  
ent of shear force in sec -~, and ~ is the viscosity in 
dyne "-sec �9 cm -2. This equation applies only for a 
Newton liquid (10), i . e . ,  for an etching solution in 
which the viscosity does not change under the in- 
fluence of mechanical  stress. Our etching solution com- 
plied with this requirement .  

Evaluation of the Experimental Results 
The dependence on t empera tu re  of the viscosity ~1 

is shown in Fig. 3. Accordingly In n is a l inear ly  rising 
function of l / T ,  the fol lowing thus applies 

~ e " E v i s / R T  [1] 

For  the magni tude of the act ivat ion energy -~Evis we 
obtained, in accordance with  the Gaussian method of 
least squares 

• = 4.60 • 0.09 kca l /mol  

Equations like Eq. [1] were  established empir ical ly  
for liquids over  fifty years ago (7). A corresponding 
theoret ical  equat ion 

N �9 h ( 2 n m k T ) I / 2  6 R T  �9 V I/'J 
~l ~ ~ " e •  [2] 

V h AEvap N 2/3 

E 

o 

2,8 3,0 3,2 3,4 3,6 

---- ,o [~ 
Fig. 3. Logarithm of the viscosity and etching rate as a function 

of temperature; �9 log ~ t  [~m/min] for silicon, X log ~2 
[~m/min] for germanium, 0 log ~ [cP]. 

was established by Eyr ing  (7) [cf. (12)] by v i r tue  of 
the kinetic theory  of liquids. Here  N is Avogadro 's  
number,  V the molar  volume, h the Planck donstant, 
k the Bol tzmann constant, m the part icle mass, -~Evap 
the molar  evaporat ion energy, • the act ivat ion en- 
ergy per mol, R the gas constant and b the number  2 
(for ordinary cube packing: for other packings the 

number  is not ve ry  different) .  
If the dependence on tempera ture  of the viscosity is 

determined pr imar i ly  by the exponent ia l  *factor in Eq. 
[2], then 

~ e A E v i s / R T  

applies in agreement  with the empir ical  form [1] if 
•  = -~Evis. The dependence on t empera tu re  of the 
corrosion rates ~l  and ~2 is shown in Fig. 3 likewise. 
Accordingly ]n ~1 and In ~2 are l inear  fal l ing func-  
tions of l / T ,  and it follows that  

~1,2 ~ e -AEEtch  1, 2 / R T  [ 3 ]  

A connection with  the form of Eq. [3] also follows 
f rom a theoret ical  formula  by Camp (13), insofar as 
the etching process is character ized essentially by a 
single act ivation energy. For  the magni tude  of the ac- 
t ivat ion energies ~EEtch 1,2 we obtain by the Gaussian 
method of least squares 

-~EEtch 1 ~ 4.72 + 0.5_0.9 kca l /mol  (for silicon) 
and 

AEEtch  2 = 4.96 + 0.1_0.~ kca l /mo l  (for germanium)  

(The error  was not calculated in this case but  esti-  
mated only with reference to Fig. 3. It  is much higher  
than in the findings f rom the viscosity measurements  
because the measurement  of the corrosion rate  is sub- 
ject  to a higher  uncertainty.)  

Within the measurement  er ror  -~Evls and AEEtch  
agree for both silicon and germanium.  F rom this fact 
we conclude that  a diffusion de termining  procedure is 
pr imar i ly  concerned in etching by the etching solu- 
tion under  considerat ion here, the type of etched semi-  
conductor mater ia l  playing only a minor part. 

As regards diffusion-control led processes it can be 
assumed with  some justification that  ~ is proport ional  
to the diffusion coefficient D of the etching solution 
components effective in the corrosion process. Since 
according to the theory n �9 D = const �9 T ,~ in addition, it 
follows that  • must  be equal  to -kEEtch tOO accord-  
ing to [1] and [3]. The dependence on t empera tu re  of 
the product  n " D in accordance wi th  an exponent ia l  
law, which is indicated by the theory, ought not to be 
significant in a small t empera tu re  range. 

From the foregoing it wil l  be seen that  the condi-  
tion n �9 ~ = const, must  be satisfied in diffusion-con- 
trolled processes. A graphic presentat ion of the prod-  
uct ~ �9 ~ with the measured data indicates stabil i ty 
for both silicon and germanium over  a t empera tu re  
range f rom approximate ly  18 ~ to 53~ ( c f .  Fig. 4 and 
5). At lower  t empera tu re  be tween  1 ~ and 18~ pos- 
sible induction periods in the corrosion may  cause 
falsification of the test results. At tempera tures  above 
53~ the nitrous gases start  to be l iberated f rom the 

E 
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~ 6  ~ " 
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�9 

\ 
\ 
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Fig. 4. Product from viscosity and etching rate as a function of 
temperature for the system silicon/etching solution. 
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Fig. 5. Product from viscosity and etching rate as a function of 
temperature for the system germanium/etching solution. 

etching solution thus causing a change in the composi- 
tion of the etching solution. 

Addit ional  experiments,  dur ing  which the glacial 
acetic acid moderat ing components were replaced by 
the same volumes of trichloracetic acid, o-phosphoric 
acid, or o-phosphoric acid saturated with P205, clearly 
confirm that the corrosion rate may drop by several 
decimal powers with increasing viscosity of the solu- 
t ion in  diffusion-controlled etching systems. However, 
in such comparative cases it must  be borne in mind 
that  changes in the concentrat ion of the moderat ing 
components may give rise to concentrat ion shifts 

within the components effective in  corrosion and thus 
alter the character of the etching system. 

Manuscript  received Jan. 23, 1967; revised m a n u -  
script received Apri l  18, 1967. 

Any discussion of this paper will  appear in a Discus- 
sion Section to be published in the June  1968 JOURNAL. 
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2 , , 

The Preparation and Electrical Resistance 
of Single Crystals of 3-US  

P. K. Smith and L. Cathey 1 

Savannah River Laboratory, E. I. du Pont de Nemours and Company, Aiken, South Carolina 

Semiconducting compounds of a lpha-emit t ing  iso- 
topes have potential  applications as components of 
self-heat ing thermoelectric elements. Alpha-emi t t ing  
actinide compounds with semiconductor properties are 
being sought, ini t ia l ly using u r an ium as a s t and- in  for 
elements with more highly radioactive isotopes. 

Electrical properties of semiconductors are more 
meaningfu l  when determined on single crystals. How- 
ever, single crystals of pure compounds of the actinide 
elements with group V and VI elements are difficult to 
prepare because most decompose at high temperatures,  
have high melt ing points, and are incompatible with 
container  materials.  For example, orthorhombic ~-US2 
transforms to tetragonal  a-US2 at 1350~ and va-  
porizes with a preferent ial  loss of sulfur  near  
1500~ thus single crystals cannot  be made by 
mel t ing or sublimation. 

To avoid these difficulties, we have successfully used 
the vapor- t ranspor t  technique described by Schiller 
(2) to form small single crystals of orthorhombic 
fl-US2. Using this technique, polycrystal l ine US2 was 
reacted with iodine at 940~ and the gaseous u ran ium 
iodide and sulfur  were t ransported down a tempera-  

l P r e s e n t  address :  U n i v e r s i t y  of  S o u t h  Carolina, Columbia ,  S o u t h  
Caro l ina .  

ture  gradient  and deposited at 700~ as single crystals 
of ~-US2. Resis tance- temperature  measurements  on 
the ~-US2 crystals indicated that  the crystals were 
semiconductors with a low activation energy for 
charge carrier generation. 

Experimental 
E-US., was prepared in  two ways: (i) by reacting 

the elements, and (ii) by reacting H,_,S with uranium.  
In  the first method, a heavy-wal led  "Vycor ''2 t ransport  
tube (250 mm long x 19 mm OD and constricted to 8 
mm ID in the center to minimize cross-contaminat ion 
dur ing  handl ing)  was outgassed at 1000~ under  a 
vacuum of 10 -4 mm. Stoichiometric quanti t ies of elec- 
tropolished, reactor-grade,  na tu ra l  u r an ium chips and 
reagent-grade sulfur were loaded into opposite ends 
of the t ransport  tube. A thin-wal led,  glass ampule 
containing about  250 mg of spectroscopic-grade iodine 
(8 mg/cc to produce an iodine pressure of 2 atm at 
1000~ in the tube) was placed in  the t ransport  tube. 
After  the t ransport  tube was sealed, the iodine was 
released by exploding the ampule with a torch. The 
sulfur  was then distilled onto the u r a n i um at 1000~ 
By introducing the t ransport  tube slowly into the fur-  

T r a d e m a r k  o f  C o r n i n g  Glas s  Works ,  Corn ing ,  New York,  
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nace, the rate  of sulfur disti l lation was l imited; thus 
the react ion rate  and overhea t ing  were  controlled. 
Thick heterogeneous layers of powdery  ~-US2 and 
sul fur - r ich  phases were  formed on small  residual  
platelets of unreacted metal.  This product  was then 
t ransported to the other  end of the tube in a control led 
t empera tu re  gradient  dur ing long- te rm heatings. 

In the second method, powdered  ~-US2 was prepared 
by the react ion of flowing H2S with u ran ium metal  
chips at 800~ in a tube furnace. X - r a y  diffraction 
analysis showed that the heterogeneous product  was 
principal ly ~-US2, but contained small  quantit ies of 
UOS. This mater ia l  and iodine were  loaded into 
the outgassed t ransport  tube, and the ~-US2 was t rans-  
ported to the cool end of the tube where  it deposited 
as single crystals. 

An a t tempt  was made to prepare  US in the t ransport  
tube by the first prepara t ive  technique,  using a stoi- 
chiometric  ratio of the elements.  The product  formed 
on the u ran ium chips was predominant ly  ~-US2. Sub-  
sequent  t ransport  of this preparat ion produced ~-US2 
crystals. 

The crystal  phases in the t ranspor ted  mater ia l  were  
de termined  by x - r ay  diffraction using the Debye-  
Scher re r  technique. The materials  were  analyzed 
chemical ly  for u ran ium and sulfur and spectrographi-  
cal ly for impur i ty  metals. The needle crystals of ~-US._, 
in the product  were  analyzed for silicon by atomic 
absorption, and for iodine by spark-source mass spec- 
t rometry.  

The electrical  resistance of the crystals was mea-  
sured f rom 113 ~ to 472~ These data were  used to 
determine  if the crystals were  semiconducting and to 
est imate the energy gap for charge-car r ie r  act ivat ion 
in the material .  

The four-point  mount  shown in Fig. 1 was used to 
make resistance measurements  on uni formly shaped 
needle crystals formed from USe prepared f rom H._,S 
and uranium�9 The back support is an epoxy-bonded,  
fiberglass circuit  strip wi th  copper foil on the two 
edges. The sample crystal  spans the 1. l-ram gap be- 
tween the two strips. The two potential  contacts were  
made f rom No. 36 copper wire  and were  spaced 0.15 
mm apart. Al l  contacts wi th  the crystal  were  made 
with  gal l ium metal,  which apparent ly  wets the US._, 
crystal  and forms a near ly  ohmic contact. The sur-  
face tension of the l iquid gal l ium held the contacts in 
place above 300~ 

Results 
In every  experiment ,  the crystals formed at the cold 

end of the t ransport  tubes were  s ingle-phase E-US,,. 
Two types of crystals were  formed:  about 80% was a 
fine microcrystal l ine powder;  the remainder  was 
needle crystals, 2-8 mm long and 0.2-0.5 mm in diam- 

Fig. 2 

eter (Fig. 2), which appeared to have  grown as h igh-  
pitched spirals as if growth had proceeded along a 
screw dislocation. 

Transport  rates were  slow, about 20 mg U S J h r  for 
temperatures  of 940~ at the hot zone and 700~ at 
the cold zones; only 0.3 m g / h r  was t ransported in a 
780~176 gradient. No transport  was detected when 
the • across the t ransport  tube was below 140~ or 
when iodine was absent. 

X - r a y  diffraction analysis of samples f rom both ends 
of the t ransport  tubes indicated that  the US2 reacted 
with Vycor slowly at 700~ and more rapidly at 940~ 
to produce UOS. Analyses of the microcrysta l l ine  ma-  
ter ial  f rom near  the tube wal l  showed considerable 
UOS contaminat ion in the ~-US2 after the 940~176 
gradient  heating; samples f rom the center  of the ma-  
ter ial  showed much less UOS. Much less UOS was 
observed in samples f rom the cold end of the tube 
re la t ive  to that  in the hot end. 

Chemical  analyses were  per formed on the mater ia l  
t ransported in the 940~176 gradient.  The composi- 
tion of this acid-soluble, microcrysta l l ine  mater ia l  was 
US,.9v+0.10. The total of the sulfur  and uran ium anal-  
yses combined with  the 3.6 w / o  (weight  per cent) in-  
soluble oxysulfide accounted for 100% of the sample. 
The principal  impuri t ies  in the microcrysta l l ine  mate -  
r ial  were  silicon, a luminum, and iron, as de termined 
by emission spectroscopy (Table I).  The silicon con- 
tent  was determined independent ly  to be 1750 ___250 
ppm. 

The needle crystals by themselves were  not analyzed 
for su l fu r - to -u ran ium ratio. It  was assumed that  since 
the needle crystals were  formed under  the saine pres-  
sure and tempera tu re  conditions as the microcrysta l -  
l ine product, the composit ion was the same. 

The impur i ty  concentrat ions in the needle crystals, 
par t icular ly  oxygen and silicon introduced f rom the 
reaction of US2 wi th  Vycor, were  thought  to be lower 
than  for the microcrysta l l ine  material .  The needle 
crystals were  ent i re ly  soluble in sulfuric acid, in-  

Table h Emission spectrographic analysis of microcrystalline 
US2. US2 was formed by vapor transport in a 940~176 gradient 

C o n c e n t r a t i o n ,  Concen t r a t i on ,  
E l e m e n t  p p m  E l e m e n t  p p m  

Fig. 1 

Si  > 1 0 0 0  Cr  15 
i l  500-I000 Cu 10 
Fe  500-1000 Mn < 10 
Mo 500 V 1-10 
i i  50 P b  7 
B 20-50 Bi  < 2  
Ca 10-50 Cd 1.2 
Zr <50 Sn <I 
Mg 15 Ag <0.1 
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PREPARATION OF SINGLE CRYSTALS OF fl-US2 
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dicating the absence of oxides or oxysulfides in the 
crystals. The iodine concentrat ion in the needle crys-  
tals was 400 ppm. 

The electr ical  resistance of the needle crystals de- 
creased with  increasing temperature ,  a behavior  that  
is characterist ic of a semiconducting material .  The ac- 
t ivat ion energy for charge-car r ie r  format ion was 
about 0.022 ev, as de termined f rom the slope of the 
graph of R vs. 1/T (Fig. 3). Because of the re la t ive ly  
high impur i ty  content  of the crystals, it is not clear  
whe ther  the conduction observed in $-US2 is intrinsic 
or extrinsic. Resistance, r a ther  than resistivity, is re -  
ported because the contacts were  not uniform. Al-  
though the sample length and area could not be 
measured accurately,  the sample areas were  approxi-  
mately  0.2 mm 2. The length was approximate ly  the po- 
tent ial  probe separation. The resist ivi ty at 300~ is 
then near  25 ohm-cm. No other measurements  on US._, 
are reported for comparison. 

Discussion 
The t ransport  of US2 from higher  to lower tempera-  

tures is consistent wi th  ei ther of two reactions: 

US2(c) -J- 3 /2I~(g)  = UI~(g) + S2(g) [1] 

US2(c) T 212(g) = UI4(g) -b S2(g) [2] 

The standard heats for the reactions in Eq. [1] and 
[2] at 298~ were  est imated as 56 kcal and 34 kcal, 
respectively.  Since the reactions are endothermic,  
t ransport  of US2 from high to low tempera tures  is 
expected in both cases. 

Most effective t ransport  wil l  occur when  the free 
energy of the reaction, ~G~ is near  zero (2). Since 

Table II. Estimated free energies vs.  temperature 
for transport reactions 

AG'~ ,  k c a l  

~ R e a c t i o n  [1] R e a c t i o n  [2] 

700 18 17 
900 10 14 

1200 0 9 
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the values for  AH~ are  re la t ive ly  large, t ransport  
can occur only if ~S~ for the reactions are posi- 
tive; these values are est imated f rom data on ana-  
logous chemical  systems to be about 38 and 17 eu, 
respectively.  Values for '~G~ calculated assuming 
that  ~C~ is zero, are given in Table II. 

These values are general ly  consistent wi th  the ob- 
servat ion that  t ransport  increases wi th  an increasing 
average  t empera tu re  and with  increasing gradients. 
At 700~176 l i t t le  t ranspor t  occurs by ei ther  re -  
action; at 940~/700~ both reactions may  contribute,  
wi th  reaction [1] becoming more  impor tant  as the 
tempera tures  are  raised to 1200~ Transpor t  by a 
reaction involv ing  formation of a t e rnary  molecule  
such as USI2 (g) may  also be possible. 

It should be easier to t ransport  disulfides of t rans-  
uranic elements  or compounds of the actinides with 
the same stoichiometry combined wi th  groups IVA, 
VA, and VIA elements  lower  in the periodic table. 
The heats of format ion of these compounds should be 
lower than that of US2. Consequently,  5G~ for reac-  
tion [1] s toichiometry wil l  be closer to zero at lower 
tempera tures  than for US2. Bro (3) has t ransported 
various rare ear th  di tel lurides with I2 in a 900~176 
gradient,  suggesting that  di tel lurides of actinide metals  
can be transported.  

The t ransport  of US was not observed in this work, 
but it should be possible. It is not immedia te ly  ap- 
parent  how the t ransport  cr i ter ia  change for com- 
pounds with different stoichiometry. General ly,  as the 
ratio of metal  to nonmetal  decreases, both ~H ~ and 
.~S ~ decrease. However ,  as ~H ~ decreases, there  is 
more  ampl i tude  to adjust  the tempera ture  to make  
2G~ close to zero by vary ing  the T.~S~ term. The 
t ransport  of US2 observed in the tube charged  wi th  
equimolar  amounts  of u ran ium and sulfur  (to pro-  
duce US) probably is caused by the mix tu re  of U, US2, 
and higher  sulfides in the US preparation.  

Subst i tut ing Br2 or Cl.2 for I2 should increase t rans-  
port rates of compounds with me ta l - to -nonmeta l  ra -  
tios of one-half ,  and should make possible t ransport  of 
the more stable actinide compounds, e.g., US. The heat  
of format ion of UX3(g) increases f rom I2 to Bre to 
C12. Subst i tut ion of these halogens makes AH~ 
smaller  for reaction [1] wi thout  changing ~S~ signifi- 
cantly. Consequently,  t ransport  can be effected at a 
lower tempera ture  since •176 will  approach zero at 
a lower  tempera ture ,  or t ransport  rates should be 
h igher  for the same average  gradient  temperature .  
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Liquid Encapsulation Zone Refining (LEZOR) 
E. M .  Swiggard 

Nava~ Research Laboratory, Washington, D. C. 

The use of a two- l iquid  zone mel t ing  system was 
anticipated by Pfann (1). He placed par t icular  em-  
phasis on the use of a l iquid to support  a large zone 

in a ver t ica l  ingot and to p reven t  contaminat ion of the 
mel t  by a solid container.  Metz et al. (2) and Mullin 
et al. (3) have  applied the two- l iqu id  system to 
growth  of single crystals of decomposable solids in a 
convent ional  crystal  puller.  They used 8203 as the 
second liquid and found that  the B203, even though 
less dense than most semiconductor  materials,  wet  the 
crucible and formed a l iquid film between the crucible 
and the melt, hence the te rm "liquid encapsulation." In 
this work  l iquid encapsulat ion has been extended to 
zone refining. For  the sake of brev i ty  this author  has 
adopted the acronym "LEZOR" to stand for l iquid en-  
capsulation zone refining. We repor t  here  a descrip- 
tion of the ver t ical  LEZOR technique and the results 
obtained with  40 ohm-cm Ge, InAs, Cd3As2, and Zn 
doped Ge. 

A detailed schematic of the equipment  used is 
shown in Fig. 1. The apparatus consisted of two re-  
sistance furnaces to keep the B203 liquid, an rf  coil to 
mainta in  the mol ten zone, an open end capsule for the 
charge, a pedestal  to support  the capsule at the desired 
height, and an outer  tube to contain the  atmosphere.  
The charge was in rod form, the dimensions of which 
were  such that  it filled the capsule reasonably wel l  but  
would slide readily. The capsule was heavy wal l  
quartz  (8 mm ID x 12 m m  OD). One gram of pre-  
viously dried 8203 was placed at the bot tom of the 
capsule and the charge on top of this. The tip of the 

Q U A R T Z  R O D ~ I ~  GAS 

"O" R(NG 
QUICK 
CONNECTS 

"o" R,NO l i ' l l ~  . . . . . .  ~, , , ~  ~ . . . . . . .  P E O E S T A L  

Fig. 1. Schematic of LEZOR apparatus 

capsule was ini t ia l ly  posit ioned in the lower  furnace. 
The system was then evacuated,  and, while  still  pump-  
ing, the t empera tu re  of the furnace was raised to 
650~ This procedure  was fol lowed in order  to re-  
move surface moisture on the dried B203. In the case 
of Cd3As2 (mp 720~ the furnace t empera tu re  was 
raised to only 550~ The system was kept  in this 
condition for about 1 hr before the pump was turned 
off and pure H2 admitted. After  a steady gas flow was 
established the r f  generator  was turned on and the 
tip of the capsule moved  under  the rf coil. Dur ing the 
pump out procedure  the charge slowly dropped 
through the mol ten 8203 unti l  it rested on the bot tom 
of the capsule. An inch or more  of the charge was 
encapsulated in 8203. The rf power  was raised unti l  
a mol ten zone was established. The capsule was then 
lowered through the coil at 1-2 iphr. As the capsule 
was lowered the liquified charge, which was more 
dense than the B203, filled the lower  part  of the cap- 
sule leaving only a thin layer  of 8203 between the 
capsule and the charge. Dur ing the init ial  pass the fur -  
nace t empera tu re  was slowly lowered to 550~ and 
minor  adjustments  in r f  power  were  made. Proper  
shaping of the charge and careful  observat ion during 
the init ial  pass to see that  the t ravel  did not exceed 
the speed wi th  which the charge would  drop through 
the B203 were  the crit ical  steps. If the charge was 
f ragmented  there was a tendency for the f ragments  to 
become wedged in the tube prevent ing  them from 
fall ing into the melt. If the charge failed to fall  prop-  
erly, the zone separated and the B203 was left  be- 
hind. Melt ing and ref reezing of a charge not encap- 
sulated in 8203 usual ly  resul ted in a broken capsule. 
Sometimes the separat ion could be corrected by push-  
ing with  the quartz rod inserted through the top of the 
apparatus.  Due to the high viscosity of 820~ the charge 
was sluggish in its downward  movemen t  and occa- 
sionally had to be pushed wi th  the rod ment ioned 
above. If the t rave l  exceeded the speed with  which 
the charge  would  fall, the zone would  separate and, 
the same difficulties described above would  occur. 
Af te r  the ini t ial  pass the zone refining process could be 
repeated wi thout  difficulty. The usual number  of 
passes was 15-20, but  in one case Cd3As2 was sub- 
jected to 35 zone refining passes. F igure  2 is a c lose-up 
of the l iquid zone in Ge. The two sol id-l iquid in ter -  
faces are c lear ly  visible. Bubbles such as the ones 
seen in Fig. 2 were  observed, and they became more  
numerous  on subsequent  passes. 

To complete  the run  the capsule was positioned so 
that  the t ip of the capsule was in the rf  field, but  the 
power  was lowered so that  the ingot was mainta ined 
at a t empera tu re  below its mel t ing  point but  above 
the softening point  of B208. The lower  furnace was 
cooled to room tempera tu re  and the capsule lowered 
through the coil. As the tip of the capsule cooled, the 
B203 froze and broke the capsule and ingot. In order 
to evaluate  the run  it  was necessary to dissolve the 
BaO3 in wa te r  and select unbroken  pieces of the ingot 
for electr ical  measurements .  Various cooling cycles 
were  tried, but  the ingot was a lways severe ly  f rac-  
tured. 
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Fig. 2. Molten zone in B20~ encapsulated Ge ingot 

A summary  of zone refining results is shown in 
Table I. The effectiveness of LEZOR was clearly seen 
in  the case of Ge for which it was also observed that  
the low field breakdown emf at 4.2~ was 2.8 v/cm. 
Such a low value indicates that the concentrat ion of 
compensat ing impurit ies is small. Despite the fact that  
h igh-pur i ty  InAs was zone refined 19 times it showed 
no change in carrier  concentration. This probably 
indicates that the residual  impur i ty  has a segregation 
coefficient very close to one. The carrier  concentrat ion 
of CdaAs2 was reduced by a factor of 2. This result  
was achieved in both eases despite the fact that  
for the first ingot only a few passes were taken and 

Table I. Impurity concentration, cm 3 

Z o n e  rne ] t i ng  
M a t e r i a l  S t a r t i n g  m a t e r i a l  A f t e r  L E Z O R  p h a s e s  

Ge* 8 • 10ta fp) 2.3 x 101-" (pJ 18 
InAs*  2 x 10z8 {n) 2 x 10z~ (n} 19 
CdsAs•** 2 x I0 TM {n) 1 • I0 Is (n) 6 
CdaAs.-* 2 • 10is (n) i x i0  I~ (n) 35 

* I n g o t  l e n g t h  23 e r a - - z o n e  l e n g t h  1.3 cm.  
** I n g o t  l e n g t h  11.5 e r a - - z o n e  l e n g t h  1.8 era.  

the ratio of ingot length to zone length was only 6, 
while for the second ingot 35 passes were made and 
the ingot to zone length was 17. While the reduction 
in carrier  concentrat ion may be due to purification it 
is possible that  improved stoichiometry or a combina-  
t ion of the two effects is responsible. 

In order to study the l iquid encapsulat ion technique 
with respect to volatile impurit ies a Zn doped Ge 
ingot was prepared. I n  this case the zinc was placed 
in the capsule under  the 82Os and the usual  procedure 
followed. Only one zone mel t ing pass was taken. Using 
the published value of the segregation coefficient of 
Zn in Ge (4 x 10 -4) the amount  of Zn  required to 
give an ingot conta in ing 2 x 1O iv earr iers/cc was 
added. The resul t ing inogt had a uni form zinc concen- 
trat ion of 2.5 x 101T carriers/cc. This resul t  clearly 
shows that  l iquid encapsulat ion can prevent  loss of 
volatile impurit ies and can el iminate vapor  phase 
shunt ing  of impuri t ies  dur ing the zone refining process. 
Mull in  (4) reports similar  results pul l ing Zn doped 
Ge. 

Severe fracture of the ingot present ly limits the use- 
fulness of LEZOR to mater ia l  purification and ex- 
ploratory investigations. It  is possible that  other en-  
capsulat ing l iquids and other capsule mater ia ls  might  
be found to alleviate this problem. A possible solution 
would be to use a horizontal  LEZOR process and re-  
move the 8203 by a gaseous reaction while it is still 
liquid. The reaction of 8203 and methanol  to form 
gaseous methylborate  at 400~ was tried and showed 
considerable promise. 
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Corrections 

In  the paper "Structural  Studies of Porous Elec- 
trodes" by E. Y. Weissman (July  1967 Journal ,  pp. 
658-665), Equat ion [3] should read 

6.6 (logt0P~ --  6.49594) -2~5.82t 
Ts ~ [3] 

logt0ps - -  6.49594 

On the left hand side of Eq. [9] the exponent  should 
read 

(1 - - ~ )  
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ABSTRACT 

The fact that hydrocarbon fuels can be directly oxidizgd at reasonable 
cur ren t  densities using fuel cells with p l a t inum anodes and acidic electrolytes 
has been demonstrated previously. The next  logical step was to reduce the 
amount  of p la t inum electrocatalyst required for a given current  density. Two 
approaches have been taken toward this objective: the preparat ion of higher 
activity unsuppor ted electrocatalysts, and the use of conducting support mate-  
rials to permit  more effective uti l ization of the plat inum. Results are reported 
for the anodic oxidation of both gaseous and liquid normal  saturated hydro-  
carbons using a n u m b e r  of unsuppor ted  and carbon-supported electrocatalysts. 
Indications are that  power densities of about 35 m w / c m  2 (resistance-free) are 
possible with a propane-oxygen fuel cell using 36 m/o  (mole per cent) hydro-  
fluoric acid at 105~ as the electrolyte with an anode containing 10 mg P t / c m  2 
as a carbon-suppor ted electrocatalyst. 

There has been a concerted effort dur ing  the last 
few years to accomplish the direct anodic oxidation of 
saturated hydrocarbons in  fuel cells. This has been 
achieved by several investigators, all  using p la t inum 
as the electrocatalyst. The amount  of p la t inum used 
has ranged from 45 to 180 mg/cm 2 and the electro- 
lytes used have been cesium carbonate (1, 2), sulfuric 
acid (3), phosphoric acid (4-6), hydrofluoric acid 
(7, 8), and cesium fluoride-hydrofluoric acid mixtures  
(7-9). The temperatures  used in these investigations 
have ranged from 100 ~ to 200~ The normal  sat-  
ura ted hydrocarbons which yielded the highest cur-  
rent  densities were ethane, propane, and butane  (2, 
3, 5, 7, 10); consequently,  most of the work has been 
done with them. 

Even though acceptable performances have been ob- 
tained with the systems ment ioned above, it has not  
been economically interest ing to a t tempt  the con- 
struct ion of practical power sources, largely because 
of the high cost of the large amounts  of p la t inum 
necessary to obtain reasonable power densities. The 
next  logical step after proving operational  feasibili ty 
was to a t tempt  to improve the economics of the sys- 
tem by reducing the amount  of p la t inum required. 
Several  approaches can be taken toward this goal: 

1. Make more effective use of the p la t inum by pre-  
par ing  higher area blacks. 

2. Prepare  very h igh-area  p la t inum on a support  
which can act as a cur ren t  collector and perhaps also 
as an enhancement  to the p la t inum activity. 

3. Alloy the p la t inum with other metals  in  such a 
way that  more activity per uni t  weight of p la t inum 
is obtained. 

4. Replace the p la t inum with a less costly, but  ef- 
fective, electrocatalyst. 

The first method listed above has not  previously met  
with a great deal of success because p la t inum black 
with a specific surface area significantly above 15 
m2/g sinters under  conditions of electrode prepara-  
tion and may sinter  wi th  use at the higher fuel  cell 
operat ing temperatures,  resul t ing in  a fairly rapid 
loss of area. The fourth method is general ly consid- 
ered the most difficult due to the mult iple  require-  
ments  placed on any  successful electrocatalyst, not  
the least of which is excellent  corrosion resistance to 
hot acids. The present  work is concerned with ap -  
proaches 1 and 2 above. 

Experimental 
Electrolyte.--The electrolyte chosen for this work 

was the max imum-bo i l ing  HF-H20 azeotrope, con- 
ta in ing approximately 36 m/ o  hydrofluoric acid which 
boils at approximately 112~ (7, 8, 11). This electro- 
lyte has several advantages:  

1. Because it is an azeotrope, its composition can 
be considered essentially un i form with t ime and po- 
sition in the system. 

2. It  can support  high current  densities at a mod- 
erate temperature,  al lowing a wider  range of current  
densities to be studied, thus s implifying the analysis 
of results. 

3. It  has provided for smooth, cont inuous opera- 
tion with no cycling of the cell potential  or cur ren t  
with any fuel under  any of the test conditions. 

4. It  has fluid properties similar to those of water, 
so pumping  and flow are not a problem. 

The electrolyte was prepared from Baker and 
Adamson reagent  grade 48 w/o  (weight per cent) 
hydrofluoric acid having less than  20 ppm impurities,  
and from quartz-redis t i l led water. The tempera ture  
of operation was 105~ This is near  the max imum 
operational  t empera ture  a t ta inable  with this electro- 
lyte at atmospheric pressure, and its selection is con- 
sistent with carbon deposition considerations (12, 13) 
and previously observed per formance- tempera ture  
relationships (8). Under  these conditions, the electro- 
lyte has a resistivity of 1.8 ohm-cm (11). 

Apparatus.--All portions of the apparatus which 
contacted the electrolyte were fabricated of Teflon 
in order to prevent  any contaminat ion of the electro- 
lyte. The cell parts are shown in  Fig. 1. The gas com- 
par tments  were circular, 3 m m  deep, and had an area 

1 Present  address: Argonne  National  Laboratory ,  Argonne,  Illinois. 

~Present  address:  Genera l  Electric Company Major Appliances 
Division, Louisville, Kentucky .  Fig. I. Photograph of cell parts 
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Fig. 2. Schematic diagram of fuel cell apparatus 

of 11.38 cm 2. The electrolyte compar tment  had iden-  
tical dimensions. The cell parts were assembled with 
electrodes as shown in Fig. 1. The assembly was held 
rigid by the Monel end plates and bolts. 

A schematic diagram of the entire apparatus is 
shown in  Fig. 2. This apparatus is s imilar  to that  dis- 
cussed in ref. (2), (7), and (8). The fuel  cell and an 
identical reference cell were operated in  a forced- 
convection air thermostat  main ta ined  at 105~ The 
reference cell contained two high-area  reversible hy-  
drogen reference electrodes of Teflon-bonded plat-  
i num black. Gaseous fuel and oxidant  flows were 
controlled with needle  valves and were monitored 
using capi l lary- tube  flowmeters. The l iquid fuel flow 
rate was set by use of a constant-speed (0.01%) sy- 
r inge drive. The inject ion of humidi fy ing water  into 
either the fuel or oxidant  s tream was provided for, 
bu t  this was not  required wi th  the azeotropic elec- 
trolyte. The exit gas streams from both cells passed 
through traps (which separated any  l iquid present)  
and then to water  bubblers  before venting.  The exit 
fuel s tream could be sampled and analyzed by a va- 
por-phase chromatograph as desired. 

The electrolyte was circulated by  gravity from an 
upper  reservoir, passing upward  through the reference 
cell and fuel cell at a flow rate of 2 or 3 cell volumes 
per minute.  The effluent from the upper  cell passed 
into a standpipe to el iminate  any syphon action and 
was collected in a lower basin  from which it was 
pumped to the upper  reservoir  by means of an all-  
Teflon microbellows pump. The electrolyte flow rate 
was controlled by varying  the amount  of head sup- 
plied by the upper  reservoir. 

Electrodes.--The electrodes were of the Teflon- 
bonded variety;  45 mesh p la t inum screen was used 
both for support  and as a current  collector. A porous 
Teflon wetproofing film was incorporated on the gas 
side of the electrodes. These electrodes were similar 
in s t ructur  e to those originally reported by Niedrach 
and Alford (14), al though the preparat ion techniques 
were sometimes different, as dictated by the physical 
properties and behavior  of the electrocatalyst mate-  
rials. When the p la t inum present  in  the electrode was 
in an oxidized ra ther  than an  e lemental  form, the 
removal  of the a l u m i n u m  foil used as a backing ma-  
terial dur ing  the fabricat ion was done electrochem- 
ically. The premature  reduct ion of the catalyst  to 
e lemental  p la t inum by the hydrogen generated dur -  
ing the chemical s tr ipping processes was prevented 
by m~in ta in ing  the electrode at a potential  h igher  
than that  required  for oxygen evolution. The hydro-  
gen formed dur ing  the electrochemical reaction was 
evolved from a counter  electrode sufficiently removed 
from the test electrode to prevent  the hydrogen from 
diffusing back to the test electrode through the so lu -  

tion. The oxidized p la t inum present  in  the test elec- 
trode was subsequent ly  reduced under  carefully con- 
trolled conditions before testing in the fuel cell. This 
reduct ion was usual ly  accomplished in  situ by elec- 
trochemical  and /o r  chemical methods. 

Etectrocatalysts.--Several electrocatalysts were test-  
ed, fal l ing into two main  categories: unsuppor ted and 
supported. 

The unsuppor ted commercial  electrocatalysts tested 
were pla t inum,  pal ladium, ir idium, and  rhodium. 
The two remain ing  plat inoid elements were not tested 
for the following reasons: r u then ium is corrosively 
attacked by the hot hydrofluoric acid electrolyte and 
osmium forms dangerous volatile oxides under  the 
conditions of electrode preparation.  All  of the unsup -  
ported electrocatalysts were tested in the form of com- 
mercial  blacks which were prepared by reduct ion 
from aqueous solution. The p la t inum black had a 
specific area of about  20 m2/g; the pal ladium, ir idium, 
and rhodium blacks had lower specific areas. P la t -  
i num was also tested by subject ing Adams catalyst  
(PtO2.H20) to the previously ment ioned in situ re-  
duction procedures which result  in  a h igh-area  pla t -  
i num black. Adams catalyst  from two sources was 
tested: commercial  Adams catalyst, and some freshly 
prepared by the authors and denoted as PtO2-Prepara-  
t ion A. The Adams catalyst was prepared by the 
usual  procedure involving the oxidation of a p la t inum 
salt in a fused sodSum ni t ra te  bath (15-21). 

Carbon is one of the few inexpensive materials 
which show excellent resistance to hot acidic elec- 
trolytes and is electronically conducting. Many types 
of carbon power are available, covering a wide range 
of physical properties. Not all  of these powders, how- 
ever, are compatible with the techniques used in the 
preparat ion of Teflon-bonded electrodes. The selec- 
tion of the candidate substrates is l imited to those 
powders which can be fabricated into useful  electrode 
structures. The carbon powders with low specific 
areas (10-50 m2/g) and particle sizes in  the range 
0.1-10~ have usual ly  been  employed with the most 
success. The one which most consistently yielded 
useful  electrodes is a byproduct  of the production of 
calcium cyanamid from calcium carbide. This carbon 
powder was obtained from the American  Cyanamid 
Company and its properties are given in  Table I (22). 

Various carbon-suppor ted  etectrocatalysts were pre-  
pared and evaluated. The carbon powder described in  
Table I was used as the substrate in every case. These 
electrocatalysts were prepared by various methods in -  
volving the deposition of a p la t inum salt f rom an  
aqueous solution onto the carbon surface. This depo- 
sition was followed either by  room-tempera ture  hy-  
drogen reduct ion to elemental  p la t inum (preparat ion 
10) or by roasting in air to prepare an oxidized form 
of p la t inum on the carbon surface (preparat ions 20 
and 21). When the oxidized form of p la t inum was 
present, the electrocatalyst was subjected to the pre-  
viously ment ioned in situ reduct ion process prior to 
testing. 

Several  commercial ly available carbon-suppor ted  
electrocatalysts were also evaluated. Specific informa-  
tion concerning their  preparat ion is propr ie tary and 
therefore was not available to the authors, but  they 
were prepared by  a var ie ty  of techniques involv ing  
the deposition of p la t inum black or a p la t inum salt 
on the surface of a carbon powder followed by reduc-  
tion, as necessary. 

Table 1. Properties of carbon powder (22) 

Pur i ty  99% 
hnpur i t ies  SiO~, CaO, Fe~aO~, A120~ 
Part ic le  d iameter  0.25-2.0~ 
Specific surface area 11.4 m~/g 
Resistivity @ 2000 psi 0.02 oh~n-em 
Bulk density @ 2000 psi 1.28 g/cm 3 
Porosi ty @ 2000 psi 40% 
Structure  graphi te  
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Fue l s  and ox idan t . - -Propane  was chosen as the 
gaseous hydrocarbon fuel of p r imary  interest  and n -  
octane (bp = 125.7~ was considered to be repre-  
sentat ive of the l iquid hydrocarbon fuels. Matheson 
ins t rument -g rade  propane, 99.5 m/o  m i n i m u m  puri ty,  
and Philips research grade n-octane,  99.85 m/o  m i n -  
imum purity,  were used. Other fuels tested were: 
Matheson u l t r a -h igh-pur i ty  methane,  99.95 m / o  min -  
imum puri ty;  Matheson C.P. ethane, 99.0 m/o  min i -  
m u m  puri ty;  Matheson ins t rument  grade n-butane ,  
99.5 m/o  min imum puri ty;  Phill ips research grade 
n-pentane ,  99.84 m/o  m i n i m u m  puri ty;  Phill ips re-  
search grade n-hexane ,  99.85 m/o  m i n i m u m  puri ty;  
Phil l ips research grade n-decane,  99.49 m/o  m i n i m u m  
purity.  

The oxidant  in  every case reported was electrolytic 
grade oxygen, 99.6 m/o  m i n i m u m  purity.  

Electr ical  m e a s u r e m e n t s . - - E l e c t r i c a l  measurements  
were carried out using a 60 Hz modified Kordesch- 
Marko in te r rup te r  circuit (23, 24). The application of 
the 60 Hz in ter rupt ing  f requency has been shown to 
have a l imitat ion when rapid electrochemical reac- 
tions take place on electrodes containing only small  
amounts  of active catalyst (25). The recovery of the 
cell potential  dur ing  the period of in te r rup t ion  was 
checked using an oscilloscope to view the cell poten-  
tial as a funct ion of t ime dur ing  the operation of the 
interrupter .  With  an anode containing 8 mg P t / c m  2 
as a carbon-suppor ted p l a t i n u m  electrocatalyst, the 
cell potential  recovered about 5 mv at a cur ren t  of 
455 ma (40 ma /cm 2) when  propane was used as the 
fuel. A high-loading (52 mg P t / cm  2) p la t inum black 
cathode was used at all times, so this 5 mv recovery of 
the cell potential  only reflected processes occurring at 
the low-loading anode used. This amounted to an 
error of less than  2%, wi th in  the limits of reproduc- 
ibi l i ty of the results, so no correction was made. 

The in te r rup te r  circuit yielded potential  readings 
on a resistance-free basis and all results are reported 
on this basis unless otherwise specified. The potentials 
of the individual  electrodes are reported with re-  
spect to a reversible hydrogen reference electrode in  
the same electrolyte at the same temperature.  The cur-  
rent -potent ia l  data were taken at steady state (usu-  
ally about 5 min  after a change in current)  and in 
the order of increasing current,  s tar t ing at open 
circuit. No hysteresis effect was observed with de- 
creasing current ,  except at low currents  (less than 
25 ma) .  

Resistance-included cell voltages (Ecell) can be 
estimated from the reported resistance-free (Ea-c) val -  
ues using the expression 

Ecell = Ea-c - -  ipl [ 1 ] 

where i is the current  density;  # is the specific resist-  
ance of the electrolyte, 1.8 ohm-cm; and 1 is the in ter-  
electrode distance, 0.3 cm. This is only an estimate 
since it does not consider the (small) resistance of the 
electrodes. 

Results and Discussion 
Unsuppor ted  e[ec t roca ta lys t s . - -The  evaluat ion of 

commercially available plat inoid e lement  blacks was 
under taken  as a pre l iminary  electrocatalyst survey. 
Emphasis was directed toward improving the specific 
activity of p la t inum when it  became apparent  that  
it was at least an order of magni tude  bet ter  than  the 
other three platinoid element  blacks tested. This ob- 
servation was not unexpected and is consistent with 
the results of other investigators (26, 27). 

The sinter ing of h igh-area  p la t inum black to a 
lower surface area under  the conditions of electrode 
fabricat ion is one of the major  problems obstructing 
the preparat ion of h igh-act iv i ty  p la t inum electrodes. 
It  was hoped that  this problem could be avoided by 
star t ing with a more stable, highly oxidized form of 
p la t inum and reducing it  to its e lemental  form after 
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Fig. 3. Comparison of propane performance on the three most 
active unsupported electrocatalysts. 

the electrode was prepared. Adams catalyst  (PtO2- 
H20) was selected as the s tar t ing material .  An  in  
s i tu  reduction technique was then  developed to ac- 
complish the desired purpose. In i t ia l  successes 
prompted attempts to prepare a more optimal s tar t -  
ing mater ia l  and PtO2-Preparat ion A was synthesized. 
A direct comparison of the propane performance in 
hydrofluoric acid at 105~ using the three most active 
unsupported electrocatalysts (Pt black, PtO~-Com- 
mercial, and PtOe-Preparat ion A) is shown in Fig. 3, 
where a loading of 25 mg P t / c m  2 was used in  each 
anode. It  is evident  that  reduced PtO~ is a much more 
active mater ial  than p la t inum black and the PtO2- 
Preparat ion A electrode gave a cell performance (re-  
sistance-free) of about 150 m a / c m  ~ at an anode vs. 
cathode potential  of 0.4v. This was in  contrast  to 104 
ma /cm e for commercial  PtO2 and 40 ma / c m 2 for plat-  
i num black. These anode vs. cathode potentials were 
calculated by  determining the difference between the 
observed anode vs. reference potent ial  and the cathode 
vs. reference potential  obtained wi th  a "s tandard" 
oxygen cathode (52 mg Pt  b lack /cm ~) at the same 
current  density. This s tandard  oxygen cathode per-  
formance was determined by averaging about 15 rep-  
resentative cathode current  densi ty-voltage curves; 
this allowed cel l -performance comparisons on the ba-  
sis of anode performance only. The anode vs. cathode 
potentials for all the cells reported here were de- 
termined in a similar manner .  

The propane performances with p la t inum black and 
reduced commercial  Adams catalyst  were de termined 
at several levels of catalyst loading to evaluate the 
effect of catalyst loading on the specific performance 
(expressed as m a / m g  Pt  at an  anode vs. reference 
potential  of 0.5v). Figure  4 shows the results using 

~.4 I I l  l l I L I l l l 
C,H, (Pt 0,)//36"~o HF/IP~} Oz 

T = 105"C 
I,Z CELL No. 8279-36-J 
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Fig. 4. Propane anode performance on reduced commercial Pt02 
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Fig. 5. Summary of the performance of propane on various an- 
supported electrocatalysts as a function of catalyst loading. 

a high- loading anode containing 102 mg P t / cm  ~ re- 
duced from commercial  Adams catalyst. This cell had 
a l imit ing cur ren t  density greater  than  500 m a / c m  ~, 
and a peak power point  of about 140 m w / c m  2. The 
high p la t inum loading in this electrode is econom- 
ically uninterest ing,  but  the data do prove that  very 
high levels of performance are possible with direct 
hydrocarbon fuel cells at I05~ using propane as the 
fuel. 

All  the results for the invest igat ion of the unsup-  
ported electrocatalysts are presented in  Fig. 5 in  terms 
of the cur ren t  densi ty obtained wi th  propane at an 
anode vs .  reference potential  of 0.5v as a funct ion of 
platinoid element  catalyst  loading. Note that  the data 
for commercial  Adams catalyst and P tOl -Prepara t ion  
A fall above the data for commercial  p la t inum black, 
indicat ing that  these materials  have higher  specific 
activities than  commercial  p la t inum black, while the 
data for the other platinoid e lement  blacks fall  more 
than  an order of magni tude  below the p la t inum black 
data. It is also of interest  tha t  the data for commercial 
Adams catalyst and p la t inum black can be correlated 
with straight lines having a slope of near ly  unity.  
Straight  lines having a un i t  slope indicate that there 
is a direct praport ional i ty  be tween catalyst  loading 
and current  density. In  other words, the specific ac- 
t ivity of each of these electrocatalysts remained  con-  
stant at loadings differing by an order of magni tude  
(10-100 mg P t / cml ) .  

This invar iance  of the specific performance of an 
electrocatalyst allows all data to be related to a datum 
level of performance for ease of comparison. Com- 
mercial  p la t inum black was chosen to represent  this 
datum. A so-called "Effectiveness Ratio" was defined 
as the ratio of the specific performance observed with 
a given electrocatalyst to the specific performance ob- 
served with p la t inum black, both measured at the 
same anode vs .  reference potential,  that  is 

m a / m g  catalyst 
Effectiveness Ratio = m a / m g P t  black'  (Ea-r = constant) 

[2] 
Table II presents this effectiveness ratio along wi th  
the data presented in Fig. 5, showing the comparison 
of propane performance using unsuppor ted electro- 
cat.alysts at 105~ in hydrofluoric acid at an anode vs .  
reference potential  of 0.5v (resistance-free).  The value 
of the effectiveness ratio in Table  II is an indication 
of the position (relat ive to p la t inum black) of a 
da tum point on the current  density scale of Fig. 5. As 
an example, a p la t inum electrode prepared by re-  
ducing P tOl -Prepara t ion  A gave 3.5 times the cur ren t  
observed with a commercial  p ta t inum black electrode 

Table II. Comparison of unsupported electrocatalysts 
CaI-Is ( c a t a l y s t ) / 3 6  m / o  I - IF / (P t )O~  

T = 1 0 5 ~  
J ~ - r  ~- 0.BY ( I R  f r e e )  

C a t a l y s t *  Spec i f ic  
l oad ing ,  C u r r e n t  c u r r e n t ,  E f f ec -  
r a g  ca (a -  d e n s i t y ,  m a / m g  t i v e n e s s  

C a t a l y s t  lyst/cm~ m a / c m  ~ c a t a l y s t  r a t i o  

P t  b l a c k  52 83.0 1.602 1.00 
P d  b l a c k  52 3.0 0.0579 0.036 
I r  b l a c k  90 14.2 0.158 0.098 
R h  b l a c k  90 0.34 0.00378 0.0024 
PtO~ 52 175.0  3.38 2.1 
P t O l - P r e p .  A 26 14.9.0 5 .60 3.5 

* T h i s  r e p r e s e n t s  t h e  c a t a l y s t  c o n t e n t  a f t e r  r e d u c t i o n .  

at the same loading. This is verified by Fig. 3, where  
performance data are presented for this part icular  
c a s e .  

The effectiveness ratio allows the direct comparison 
of da ta  obtained with considerably different catalyst  
loadings and becomes considerably more useful  when 
the supported electrocatalysts are considered. 

C a r b o n - s u p p o ~ ' t e d  e l e c t r o c a t a l y s t s . - - - S u p p o r t e d  e l e c -  
trocatalysts are of interest  because the small  crystal-  
lites which can be obtained by use of supports should 
make a higher percentage of the p la t inum available 
at the surface and thus allow a higher specific area 
electrocatalyst to be prepared. Supported electrocata- 
lysts also should be less susceptible to s inter ing be-  
cause the active crystallites can be widely dispersed 
on the support  surface. 

The success of the high-act ivi ty  p la t inum black 
prepared from PtO~ prompted attempts to combine 
the expected enhancement  produced by support ing 
the p la t inum on a substrate with the avoidance of 
s inter ing dur ing electrode fabrication by start ing with 
a highly oxidized p la t inum compound. This thought  
led to the development  of P t /C-Prepara t ions  20 and 
21. The propane performances with P t /C-P repa ra t i on  
20 and two commercial ly prepared carbon-supported 
electrocatalysts are shown in  Fig. 6. The catalyst 
loadings are comparable,  bu t  not  equal  (4.7-7.1 mg 
Pt/cmZ). The improvement  of performance obtained 
with P t /C-Prepa ra t ion  20 is appreciable. 

The results from all the electrocatalysts tested are 
presented in Fig. 7 in terms of the current  density 
obtained with propane at an anode vs .  reference po- 
tential  of 0.By, as a funct ion of the plat inoid e lement  
catalyst loading. The data for unsuppor ted  electro- 
catalysts previously presented in  Fig. 5 are included 
as closed points for purposes of comparison, while 
the carbon-supported p la t inum electrocatalysts are 
shown as open points. Electrocatalyst  Preparat ions  
20 and 21 and Commercial  Catalyst 4 show consider- 
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Fig. 7. Summary of the performance of propane on all the elec- 
trocatalysts tested as a function of catalyst loading. 

ably higher specific activities than all the other elec- 
trocatalysts tested, but  tend to deviate from a l ine of 
un i t  slope at the higher catalyst  loadings, indicat ing 
a decrease in  their  specific activities. This loss of spe- 
cific activity is also reflected by the reduct ion of the 
effectiveness ratios for propane performance with the 
carbon-suppor ted p l a t inum electrocatalysts at an 
anode vs .  reference potential  of 0.4v presented in 
Table III. This lower anode vs .  reference potent ial  is 
useful  when  comparing the carbon-suppor ted pla t -  
i num electrocatalysts because they operate at a higher 
voltage efficiency (28), and are approaching a max-  
imum cur ren t  condition at an anode vs .  reference po- 
tent ia l  of 0.5v, as evidenced by the cur ren t  densi ty-  
voltage data presented in  Fig. 6. The decrease in the 
specific activity of the carbon-suppor ted electrocata- 
lysts at high loadings should be alleviated by using 
substrates having higher specific surface areas. What  
should be noted is that  effectiveness ratios near  10 
have been obtained, i n d i c a t i n g  that  a ful l  order of 
magni tude  improvement  over the performance ob- 
served wi th  commercial  p la t inum black can be at-  
ta ined with these new carbon-suppor ted p la t inum 
electrocatalysts. This means  that  a propane-oxygen 
fuel  cell using 10 mg P t / c m  2 at the anode as a carbon-  
supported electrocatalyst can del iver  about 35 m w / c m  s 

Table III. Comparison of supported electrocatalysts 

C~Hs ( c a t a l y s t ) / 3 6  m / o  H F / ( P t ) O 2  T = 1 0 5 ~  Ea-r = 0 .4v  ( IR f r e e )  

C a t a l y s t  

C a t a l y s t  C a t a l y s t  Spec i f i c  
P t  l o a d i n g ,  C u r r e n t  c u r r e n t ,  E f fec -  

c o n t e n t ,  m g  d e n s i t y ,  m a / m g  t i v e n e s s *  
w / o  P t / c m  • m a / c m  ~ P t  r a t i o  

P t / C  P r e p .  1 0  40  14 .0  18 .6  1 .31 1 .6  

P t / C  P r e p .  20 7 1.9 9.70 5 .14 6.3 
14 4.1 33.0 8.03 9.9 
21 7.1 65 .5  8.26 10.0  
28 9.2 48 .5  5.27 6.5 
35  l l . O  60 .5  5 .48  6 .7  
42 18.0 64.0 3.62 4.4 

P t / C - - P r e p .  21 20 5.8 41.0 7.11 8.8 
30  9 .4  43,0  4 .58 5.6 
49  15.0 56.5 3.72 4.6 
50  22.0 38.5 1.96 2,4 

P t / a - - C o m m ' l  Cat .  1 10 3.9 1.22 0.313 0.38 

P t / C - - C o m m ' l  Ca t .  2 5 1.1 4.20 3.79 4.7 
16 2.2 7.17 3.29 4.0 
20 5.3 7.05 1.33 1.6 

P t / C - - C o m m ' l  C a t .  3 l C  2 .8  16 .0  5 . 3 0  6 .5  

P t / C - - ~ o m m ' l  Ca t  4 10 3.2 15.0 4.76 5.8 
25 8 .4  55 .0  6 . 5 6  8 .1  
50 19.0 70.0 3 ,60  4.4 

P t /C- - - -Comm' l  Ca t .  5 10 2.8 6.25 2.24 2.8 

P t / C - - C o m m ' l  Cat .  6 8 2.3 6.20 2 .74 3.4 
16 4.7 14.7 3.10 3.8 

*P t  b l a c k  10O 52.0 42.0 0.814 1.00 
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Fig. 8. Propane and n-octane anode performance on reduced 
commercial Pt02. 

(resistance-free) ar I05~ using hydrofluoric acid as 
the electrolyte. 

O t h e r  f u e l s . - - A  comparison of the performance of 
gaseous propane and l iquid n-oc tane  on reduced com- 
mercial PtO2 is shown in  Fig. 8. The propane data 
presented in  this figure are the same as those pre-  
sented in  Fig. 4, and the anode catalyst  loading is the 
same 102 mg P t / c m  2. The m a x i m u m  cur ren t  density 
obtained with n-octane  was about  120 m a / c m  2. The 
ratio of the performances for propane and n-octane  
shown in this figure i~ about the same as that  reported 
earlier for p la t inum black (7). These data again dem- 
onstrate, as did Fig. 4, that  high levels of performance 
can be obtained with direct hydrocarbon fuel  cells at 
moderate temperatures,  even when  l iquid hydrocar-  
bons are used as the fuel. 

The specific performances of several  gaseous and 
liquid normal  saturated hydrocarbon fuels (expressed 
as m a / m g  Pt  at an anode vs .  reference potential  of 
0.Sv, resistance-free) on commercial  p la t inum black, 
reduced commercial PtO2 and a commercial  carbon-  
supported p la t inum are summarized in  Fig. 9. The 
data presented for commercial  p la t inum black in  this 

- -  0.5 

w I 

<5 
"r 

0.2 
o. 

E 
~ 0 , i  E 

~=~ CAT 2 

~ B L A C K  v 

0 , 0 1 ~  14 2 4 6 8 I0 12 
CARSON ATOMS PER MOLECULE 

Fig. 9. Effect of molecular weight of normal saturated hydrator- 
ban fuels on specific performance at the anode. Platinum Ioadings 
were 52 mg commercial platinum black/cm2; 102 mg platinum 
(reduced from commercial PtO2.H20)/cm2; 2.2 mg platinum/era 9 
as 10 w/o Pt/C, commercial catalyst 2. 
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figure are  not  the best  per formances  observed at  this 
ca ta lys t  loading ( improvements  in  the  e lect rode s t ruc-  
ture  have  a l lowed be t te r  per formances  to be achieved) ,  
but  this was the only single e lect rode for  which  al l  
the  des i red  da ta  were  avai lable .  E thane  and p ropane  
give s l ight ly  h igher  cur ren t  densi t ies  than  butane,  
which gives h igher  cur ren t  densi t ies  than  the other  
hydrocarbons .  Compar ing  the s t andard  p l a t i num black  
wi th  the  other  two cata lys ts  shows than  an  improved  
ut i l izat ion of the  p la t inum ca ta lys t  has been achieved 
wi th  PtO~ and P t / C  for a l l  the  hydroca rbon  fuels 
tested. 

In  cont ras t  to o ther  s t rong-ac id  e lec t ro ly tes  (3, 29, 
30) no cycl ing of the  cell  po ten t ia l  or cu r r e n t  has 
been observed when  using the hydrofluoric  acid elec-  
t ro ly te  wi th  any fue l  under  any  of the  test  condi-  
tions. This observat ion  has p rev ious ly  been r epor t ed  
in connection wi th  h igh- load ing  p la t inum black  
electrodes (7). The p resen t  work  extends  this  obser -  
vat ion to include o ther  e lectrocatalysts ,  including low-  
loading ca rbon- suppor t ed  pla t inum.  

Conclusions 
1. Both the  use of h igher  ac t iv i ty  fo rms  of unsup-  

por ted  p la t inum,  pa r t i cu l a r ly  the  one reduced  f rom 
Adams  catalyst ,  and  the use of ca rbon- suppor t ed  p l a t -  
inum elec t rocata lys ts  a re  effective in reduc ing  the 
amount  of p l a t inum requ i red  for  a given amount  of 
power  f rom a direct  hydroca rbon  fuel  cell. 

2. Ca rbon- suppor t ed  p la t inum elec t rocata lys ts  a re  
effective in reducing  the amount  of p l a t i num requ i red  
for a given p ropane  per formance  b y  about  a factor  
of 10. FUrther  improvements  a re  l ikely .  

3. A p ropane -oxygen  fuel  cell  using 10 mg P t / c m  e 
as ca rbon- suppor t ed  p l a t inum at the  anode can del iver  
about  35 m w / c m  2 ( res i s tance- f ree)  using a 36 m/o  
hydrofluoric  acid e lec t ro ly te  at  105~ 

4. No cycl ing of the cell  cu r ren t  or potent ia l  has 
been observed wi th  any  sa tu ra ted  hydroca rbon  fuel  
under  any  condit ions when using the hydrof luor ic  acid 
electrolyte .  
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Complex Scale Formation on an Iron-18% Chromium Alloy 
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ABSTRACT 

The oxidation of a pure Fe-18.0% Cr alloy in oxygen a t  1 atm pressure 
in the tempera ture  range 800~176 has been studied using thermogravim-  
etry, metallography, and electron probe microanalysis. Chromium oxide, con- 
ta ining minor  amounts  of dissolved iron, is the only oxide formed at 800 ~ and 
1000~ This oxide is also formed ini t ia l ly at 1200~ but  its subsequent  me- 
chanical fai lure permits  rapid oxidation of the under ly ing  chromium-deple ted  
alloy. Three types of scale formation are found in this second oxidation stage 
on different regions of the specimen surface. Each of these types of scale con- 
tains al ternate layers of chromium-r ich  and i ron-r ich oxides. Two of the 
scale types are eventual ly  healed by formation of a basal Cr203-rich layer;  the 
third, occurring at the edges of the specimens, grows unimpeded. The mecha-  
nism of formation of these stratified scales and, where relevant,  their  subse- 
quent  healing, is explained by a theory involving the var iat ion of the mo- 
bilities of Fe 3+, Fe 2+, and Cr 3+ ions with composition in the spinel, FeFe(2-x) 
Cr(x~O4, (O --~ x --~ 2). 

When chromium-r ich  i ron-chromium alloys are ox- 
idized in oxygen in  the range 800~176 they form 
almost pure chromium oxide (1, 2) (subsequent ly 
designated Cr203 because it contains only minor  quan-  
tities of dissolved iron).  More dilute alloys contain-  
ing 14-25% Cr also form this oxide under  all but  the 
severest conditions (1, 3, 4), when  failure of the 
Cr203 scale allows thick stratified scale to develop. 
The mechanism of protective scale failure, proposed 
earlier (1-5), is substant iated here. 

The na ture  of the stratified scales formed on the 
second class of alloys depends on the surface chrom- 
ium content  of the alloy when it is exposed by the 
protective scale failure. This critical dependence is 
exemplified in the present  paper by the scales on Fe-  
18% Cr which vary  according to their location around 
the specimen surface. Genera l ly  this type of var iat ion 
(4) is expected where the bulk  alloy chromium con- 
tent  is close to the border- l ine  between protective and 
nonprotect ive behavior;  in more dilute alloys the 
si tuation is not as critical (2, 3), and only one type 
of stratified scale is produced. Also, with the more 
dilute alloys, breakthrough and stratified scale growth 
are disastrous, and complete destruction of the speci- 
men  occurs, whereas with the 18% Cr alloy some self- 
healing of the scale is observed. 

Experimental 
The Fe~18.0 w/o Cr alloy was made from a base of 

special Swedish iron and pure chromium by vacuum 
melting, and subsequent  hot and cold roll ing to strip 
0.040 cm thick (1). The impur i ty  content  of a similar  
alloy of the same batch was: C 0.017, N 0.023, S 0.014, 
P 0.002, Mn 0.02, Si 0.08, O 0.023, A1 0.04, Ni 0.01, Sn 
<0.002, Nb <0.006, W <0.05, Ti <0.04, Cu <0.01, 
Mo <0.005, V <0.004, B <0.0015 w/o. 

Specimens 2.5 x 0.5 x 0.040 cm were annealed in 
vacuo  (10 -5 Torr) for 5 hr at 1000~ in order to re- 
move any residual stresses in the alloy and to give a 
starting material of approximately constant grain size. 
Immediately prior to oxidation, specimens were in- 
dividually electropolished for a total time of approx- 
imately 3 rain in a mixture of glacial acetic acid and 
perchloric acid (sp gr 1.72) in the ratio 20 parts to 1 
by volume. During polishing the current density was 
maintained in the range 0.4-0.8 amp cm -2 and the 
electrolyte cooled to 15~ Specimens were then given 
a minimum cathodic etch at 10 ~a cm -2 for 90 sec in 
4N HC1 producing a slightly etched but "clean" sur- 
face. 

After a standard time of 30 rain the prepared coupon 
was rapidly located in the hot zone of a previously 
heated silica spring thermobalance (sensitivity ___ 

0.05 mg cm -~) containing slowly flowing dry oxygen 
(02 99.5%, A 0.5%, CO2 5 ppm, H2 50 ppm, hydrocar-  

bons 10 ppm, N2 trace, CO nil, H20 < 0.15 g-3) .  Loss 
of a volatile chromium oxide species [probably CrO3 
(6)] from the oxidizing sample was minimized by 
sur rounding  it with a Cr203-coated crucible. Weight 
gains were measured wi thin  several minutes  of ex- 
posure and were cont inued for periods up  to 50 hr. 
At the te rminat ion  of the r u n  the specimens were 
cooled to room temperature  over a period of about 
15 min. 

The oxidized specimens were examined in p lan  by 
optical microscopy and also in  cross section after 
s tandard metallographic preparat ion.  

The prepared cross sections, made conducting by a 
thin carbon film, were also studied in  a Cambridge 
Mark II "Microscan" microanalyzer  at 29 kv. The 
results are presented as scanning x - r ay  images or as 
ul t ra  s low-scanning l ine concentrat ion profiles. The 
individual  points on these traverses indicate where  
absorption and fluorescence corrections have been 
made, ra ther  than the location of static probe mea-  
surements.  The la t ter  were occasionally used to check 
results. Distances marked  on the abcissae scales are 
measured from the scale/atmosphere interface. 

Results and Interpretation 
Oxidation kinetics.--The over-al l  oxidation behavior  

can be divided into three stages, as shown in  Fig. 1 
which gives the weight  ga in / t ime curves at 1200~ 
These three stages are: (a) an ini t ial  protective stage, 
shown in detail in the inset of Fig. 1, (b) a period of 
very rapid, apparent ly  linear, oxidation, and (c) a 
fur ther  period of slow protective oxidation. 

(a) During this period at 1200~ there was gener-  
ally good agreement  between the weight gains of the 
various specimens and of the t ime taken to break-  
through, ( typically 1 hr, al though it var ied be tween 
45 mi n  and 2 hr) .  The scale thickened at an  approx-  
imately parabolic rate, the mean  rate constant  being 
8 x 10 -10 g2 cm-4  sec-1. This is only slightly higher 
than that  for alloys richer in chromium at ~his t em-  
perature (1, 2). 

At 800 ~ and 1000~ only this oxidation stage oc- 
curs, at least up to 50 hr. Growth occurs reproducibly 
with only a slight negative deviat ion from the para-  
bolic law, as has been observed for alloys richer in  
chromium (1, 2). At 1000~ the parabolic rate 
constant  is 4.3 x 10 -11 g2 cm-4  sec-1 compared with 
5.8 x 10 -11 g2 cm-4  see-1 for an Fe-28% Cr alloy of 
similar pur i ty  (1, 2). Corresponding rate constants at 
800~ are 1.0 x 10 -12 and 4.7 x 10 -12 g2 cm-4  sec-1. 

(b) The l inear  oxidation rate  dur ing the second 
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Fig. 1. Weight gain/time curve,, for the oxidation of Fe-18.0% 
Cr at 1200~ in oxygen. 

stage was (5.1-6.5) x 10 -6 g cm - s  sec -1, correspond- 
ing approximately to a rate of increase in  scale 
thickness of 0.6 zm m i n - 1  which is considerably 
slower than the corresponding value for an Fe-14.0% 
Cr alloy (5 ~m min  -1) (2). However,  these rate con- 
stants carry very little meaning  as they refer only to 
the very rapid localized nodular  scale growth, as will 
be seen later. This stage of oxidation lasted in all 
cases unt i l  a weight  gain of approximately 6.0 mg 
cm -2 had been obtained, this probably  being when  
the whole specimen surface had been subjected to 
rapid oxidation. 

(c) During the final stage, the weight ga in / t ime  
curves again apparen t ly  follow a parabolic law, wi th  
the parabolic rate constant  sl ightly greater  than  that  
dur ing  the first stage. The absolute value of the rate 
constant  is not impor tant  because the scale being 
formed shows marked differences around the speci- 
men. However, metal lographic examinat ion  shows 
later  that  a "healing" layer  of Cr20~ is growing over 
most of the surface, accounting for the s imilar i ty  be-  
tween the rate constant  here and that  dur ing  the first 
stage. 

Surface metallography.--At 800 ~ and 1000~ the 
superficial appearance of the scale was reasonably 
uni form except tha t  the alloy grain  boundaries  were 
replicated in the scale, Fig. 2a. As oxidation pro- 
ceeded, the scale surface became less angular  in na -  
ture  and the alloy grain boundaries  were not observed, 
Fig. 2b; scales formed in  the ini t ial  stages at 1200~ 
were similar. Occasionally, the scale formed at 1000~ 
showed nodular  growths, Fig. 2c, approximately 50-80 
~m in diameter  and 10 ~m high. This failure of the 
protective scale was always very  localized and never  
showed any tendency to spread by disrupt ing adjacent  
areas of protective scale. Fur thermore ,  nodula r  growth 
was always so slight at 1000~ as to be undetectable  
in  the weight ga in / t ime  curves. At 1200~ nodular  
growth was much more extensive and, once initiated, 
spread rapidly over the whole specimen. Generally,  
the scales at the edges of the specimen appeared much 
thicker than  over the remainder  of the surface and 
had a characteristic si lvery appearance, Fig. 2d. 

Metallography in cross section and electron probe 
microanalysis.--For ease of presentat ion this section 
is divided into three parts corresponding to the three 
stages noted in the oxidation kinetic curves at 1200~ 

Initial protective oxidation stage.--Only Cr~O3 was 
observed dur ing  this stage of the oxidation. However, 
the morphology of the scales formed at 800 ~ and 
100O~ was considerably different from that  formed 
at 1200~ At the lower temperatures,  the Cr208 scale 
was a single layer and did not vary  in thickness 
a round the prepared cross section by more than about  
30%. At 1200~ the scale was highly i r regular  and  
contained many  oxide balloons (Fig. 3). The extent  to 
which the irregulari t ies  in the scale have been ac- 
centuated by the metal lographic preparat ion and dif- 
ferential  contract ion between scale and alloy on cool- 
ing from the oxidation tempera ture  is difficult to es -  
tabl ish .  The i r regular i ty  of the al loy/oxide interface 
is possibly indicative of scale l i f t ing at temperature ,  
but  it is more l ikely to be due to plastic deformation 
of the al loy surface layers (7) by stresses in  the 
specimen. In  any  event, the al loy/oxide interface was 
more rugged than  that  of other Fe-Cr  alloys (27.4 
and 59.5% Cr) when  oxidized at this tempera ture  
(1, 2). Cracking at t empera ture  of Cr2Os scale lifted 

Fig. 2. Surface topography of scales formed on Fe-18.0% Cr; 
oblique illumination: a, 1 hr at 1000~ magnification ca. 80X; b, 
50 hr at 1000~ magnification ca. 80X; c, 5 hr at 1200~ mag- 
nification ca. 24X; d, SO hr at 1200~ magnification ca. 24X. 

Fig. 3. Cross section of scale formed on Fe-18.0% Cr by 1-hr 
oxidation. Magnification 1000}(. 
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Fig. 4. Cross section of scale formed on Fe-18.0% Cr by 70- 
min oxidation at 1200~ a, optical; b, K,~Cr image; c, K~Fe 
image. Magnification co. 400X. 

from the alloy followed by re- format ion  of Cr203 is 
unl ike ly  because the chromium concentrat ion at the 
al loy/oxide interface is too low (5). Certainly the 
layered- type  of Cr203 scales found on Fe-59.5% Cr 
oxidized at this tempera ture  are absent  (1,2).  

A typical  electron probe microanalysis  of a Cr208 
scale formed after 50-hr oxidation at 1000~ gave 
60.2% Cr and 1.5% Fe. These values can be normalized 
to a total  meta l  content  of 67.6% as most  of the error  
is due to overlapping effects of the x - r ay  source in  
analyzing these thin films; normalized values are 
65.9% Cr and 1.7% Fe. A similar  analysis, 60.7% Cr 
and 1.1% Fe (normalized values 66.4% Cr and 1.2% 
Fe) was obtained for the scale formed for 1 hr  at  
1200~ 

The chromium concentration profile in the alloy, 
along the line shown in Fig. 3, indicates a relatively 
sharp decrease in chromium concentration near to the 
alloy/oxide interface down to a value of 9.5% Cr. Al- 
though not easily detectable in the microanalyzer the 
chromium-depleted zone should reach about 120 ~m 
into the alloy because the alloy interdiffusion coeffi- 
cient is relatively large (5). 

Linear oxida~o~ s~age.--Generally, when  the oxi- 
dat ion was terminated  dur ing  this stage, there were 
areas of the specimen surface still covered by Cr203 
and areas of ful ly  developed stratified scale, described 

in the next  section. As the l inear  oxidation stage pro- 
ceeded, only the relat ive areas of the specimen sur-  
face covered by these two types of scale changed. The 
stratified scale must  have grown ext remely  rapidly  
as it was very difficult to obtain examples of the scale 
at the start  of its growth. 

Figure  4a shows how the protective Cr203 separated 
away from the alloy surface and how stratified scale 
was formed beneath  it. Other similar  configurations 
of Cr203 and stratified scale are possible ~1-4), but  
none shows the mechanism as clearly as Fig. 4a. The 
outer layer of Cr~C~ is visible over the whole field 
of view, Fig. 4b. At the left side of the micrograph, 
the Cr203 is adjacent  to the alloy whereas over the 
remainder  of the visible surface it  is separated from 
the alloy by a mixed oxide nodule, Fig. 4b and 4c. The 
thickness of this outer Cr203 layer  is independent  of 
its position in the scale because it was formed dur ing  
the first stage of oxidation. All  the oxide layers are 
very  porous, but  this is largely connected with the 
poor metallographic preparation.  The concentrat ion 
profiles, Fig. 4d, across the l ine marked (i) in  Fig. 
4a confirm the general  pa t te rn  of the e lemental  dis- 
t r ibut ion shown in the x - r ay  images. The outer oxide 
is Cr203 as it contains 66.9% Cr and only 0.3% Fe. 
The remain ing  par t  of the scale is similar to the double 
layer  scales observed on other alloys (1-3);  an outer, 
almost pure i ron oxide layer  30 ~m thick, and inner,  
mixed layer  containing undu la t ing  chromium and 
iron concentrat ion profiles, also 30 /~m thick. In  order 
to ident ify these oxides completely, x - r a y  diffraction 
of the scales would be necessary. However, un t i l  a 
technique for microdiffraction becomes available, bu lk  
analysis of scales stratified on such a fine scale is not  
very informative.  

Traverses across lines such as (ii) in Fig. 4a show a 
simple CreO~ scale together with a chromium deple-  
t ion in  the under ly ing  alloy. 

Ths stage or orxidatio~.--During this final stage, 
four general  types of scale are found a round the speci- 
men  cross sections: (i) over most  of the specimen sur-  
face a stratified scale conta in ing a chromium-r ich  
layer at the al loy/oxide interface;  (ii) a thicker 
stratified scale wi thout  the chromium-r ich  basal  layer  
and usual ly  confined to areas close to the specimen 
edges; (iii) a stratified scale in termediate  be tween 
types (i) and (ii) also found near  to specimen edges; 
and (iv) areas where  the in i t ia l  protective Cr203 
scale still remained.  

Figure  5a, together with its x - r ay  images 5b and c, 
shows a typical area where scales of type (i) and (iv) 
are adjacent.  Clearly the thinner ,  protective oxide in 
these areas is Cr208 containing very  little iron. The 
thicker, nodular  oxide contains layers of chromium-  
rich and i ron-r ich oxides and is discussed more fully 
later. 
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Fig. 5. Cross section of scale formed on Fe-18.0% Cr by 10-hr 
oxidation at 1200~ a, optical, b, K~Cr image; c, K~Fe image. 
Magnification ca. 400X. 

Figure 6a, b, and c show the typical  growth se- 
quence of scales of type (i), these specimens having 
been oxidized for 5, 10, and 50 hr, respectively. The 
individual  oxide layers are more easily dist inguishable 
in  the corresponding concentrat ion profiles measured 
along the lines marked in  Fig. 6a, b, and c and pre-  
sented in Fig. 7a, b (i and ii) and c, respectively. Two 
traverses, (i) and (ii) ,  are given in Fig. 7b corre- 
sponding to lines (i) and (ii) in  Fig. 6b. In  Fig. 7a 
two outer layers, not  separable in the photomicro- 
graph (Fig. 6a), are indicated, the outer one being 
richer in iron. Beneath  these is an iron-rich,  l ighter-  
colored phase which does not form a continuous layer  
in  the scale (Fig. 6a). The layer  adjacent  to the a l loy/  
oxide interface is Cr203 and is approximately 3-4 ~m 
thick. There is no in te rna l  oxide. 

Scales of this type do not  increase very greatly in  
thickness as oxidation proceeds. Figure 7b shows that 
all  the increase in thickness after oxidation for 10 hr  
is associated with the th ickening of the inner  Cr203 
layer, now 6-7 ~m thick. The two traverses (i) and (ii) 
again show that  the light-colored, i ron-r ich  oxide 
does not form a continuous layer in the scale, being 
present  in  scan (i) bu t  no t  in  scan (ii).  Fur thermore ,  
interdiffusion appears to have taken  place between the 
two outer  layers, al though there is still an  enr ichment  
of i ron at the scale/atmosphere interface. 

After  oxidation for 50 hr  the inner  Cr20~ layer  is 
about 30 ~m thick (Fig. 6c). There is the expected dis- 
t r ibut ion  of i ron and chromium across the scale (Fig. 
7c) with interdiffusion be tween all the scale layers, 
except the innermost  Cr20~ layer, being well  advanced. 
Again no in te rna l  oxide is present, al though this is 
hardly  surpris ing behind as stable an oxide as Cr20~. 

A typical  scale of type  (ii) which, as stated pre-  
viously, occurs at the ends of the specimen cross sec- 

Fig. 6. Cross sections of scale formed on Fe-18.0% Cr by: a, 
5-hr oxidation at 1200~ b, lO-hr oxidation at 1200~ c, 50-hr 
oxidation at 1200~ Magnification ca. 400X. 
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Fig. 7a. Concentration profile across scale and adjoining alloy 
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tions, is presented in  Fig. 8a. The darker  colored ox- 
ide, typical  of Fe304, is observed in  these regions 
whereas it did not  appear to be present  in  the other 
types of scales. Fur thermore ,  this darker  colored phase 
is surmounted  by  a l ighter  colored oxide, Fe20s while 
the inner  ~ scale is apparent ly  porous. Reference to the 
x - r a y  images, Fig. 8b and c, indicates that  there is 
no Cr2Oa layer  at the base of this type of scale and  
as a result  of this, the formation of in te rna l  oxide, 
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alloy for Fe-18.0% Cr oxidized 10 hr at 1200~ (line of traverse in 
Fig. 6b). 

I 0 0  

80 ~ - ~  . ~ I  ~162 
67-2 
& 

o 4 60 
I -  
Z 

398 4o~ 
uJ 4 0  o ~& 

,~ C t  " 

2O 

, , , , 

O o  5 IO 15 2 0  25 3 0  35 4 0  

M I C R O N S  

Fig. 7b (ii). Concentration profiles across scale and adjoining 
alloy for Fe-18.0% Cr oxidized 10 hr at 1200~ (line of traverse 
in Fig. 6b). 

I 0 0  

80 

62-3 

A 

45.1 

I ~ 3 3 5  0 
401 f o ~  

20 
, , 1, % '  

o ,o 20 3o 4o sb ~o 
MICRONS 

8f-2 

O -  
F Fr - 

Cr 
18.o ~ A  

/, 
70 ,b &~ ,oo 

Fig. 7c. Concentration profile across scale and adjoining alloy 
for Fe-18.0% Cr oxidized 50 hr at 1200~ (line of traverse in Fig. 
6c). 

which is now possible, occurs. Figure 9 shows that  the 
growth of type (ii) scale remains  unchecked, causing 
the alloy to be completely converted into oxide. The 
inner  region of this large nodule is again very friable 
and contains many  pores. However, most of these are 
probably  introduced dur ing  the metallographic prep-  

Fig. 8. Crass section of scale formed on Fe-18.0% Cr by 5-hr 
oxidation at 1200~ a, optical; b, KaCr image; c, K~Fe image. 
Magnification ca. 120X. 

Fig. 9. Cross section of scale formed on Fe-18.0% Cr by 50-br 
oxidation at 1200~ Magnification 75X. 

aration. In te rna l  oxide particles do not appear to have 
increased in  populat ion with the increasing oxidation 
time. 

Finally,  the fourth type of scale, (iii),  is shown in  
Fig. 10a, b, and c. The quant i ta t ive  analyses of the 
scale (Fig. 10d) indicate the usual  layered structure. 
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Fig. 10. Cross section of scale formed on Fe-18.0% Cr by 5-hr 
oxidation at 1200~ a, optical; b, Kc~Cr image; c, Kc~Fe image. 
Magnification ca. 400X. 

I 0 0 ]  -- , , , 

B5"2 

80  f ~ o  Fe - 

59 .7  60 . r  

z 

�9 4 0  3s-, ~.9 
A A 

Cr 
20 

�9 ~'o z.~ 
I I I i I 

~  io 2o 3o 4o so so To 8o 90 ,oo 
/ 

MICRONS 

Fig. 10d. Concentration profiles along the line marked in Fig. 

Compar ison of these profiles wi th  those for t ype  (i)  
scale (Fig. 7a, b, or  c) indicates  a cer ta in  s imi lar i ty .  
The th ree  outer  l aye rs  of type  (i) scale appear  in 
dupl ica te  in this  type  (iii)  scale, surmount ing  the 
usual  Cr203 layer  a t  the  a l loy /ox ide  interface.  Again  
no in te rna l  oxide is present .  
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Discuss ion  
Formation of the pro~ective oxide Cr~O~.--The only 

oxide fo rmed  at  800 ~ and 1000~ and dur ing  the first 
s tages of  oxida t ion  at  1200~ is Cr203. The growth  
mechanism of this  oxide  is p re sumab ly  s imi la r  to tha t  
on al loys r icher  in chromium,  namely ,  p redominan t ly  
by  cationic diffusion as discussed e lsewhere  (1, 2). 
Certainly,  the  parabol ic  ra te  constants  are  of a s im- 
i la r  magni tude .  

The iron content  of the  Cr20~ scales was a lways  
smal l  and decreased wi th  t ime,  the  ac tual  weight  of 
i ron in the  scale r emain ing  constant  and  equal  to tha t  
present  in the  " ini t ia l  film" as discussed previous ly  
(1, 2). No spinel,  of the type  FeFe(2-~)Cr(x)O~ (O ~-~ 
x ~ 2), was ever  observed meta l lographica l ly ,  nor  
the  associated h igher  i ron contents  b y  microanalysis .  
If this  oxide were  formed ini t ia l ly ,  then i t  must  have 
been r ap id ly  rep laced  by  Cr203. 

At  800 ~ and 1000~ there  was in genera l  no c rack-  
ing of the  pro tec t ive  oxide at  t empera ture ,  no double 
layers  of Cr~O3 were  fo rmed  and ve ry  l i t t le  roughen-  
ing of the a l l oy /ox ide  in ter face  occurred. At  1200~ 
however ,  a roughened  a l l oy /ox ide  in ter face  was 
formed,  and  there  was ba l looning  of the Cr203 scale, 
a l though this l a t t e r  could have  occurred on cooling the 
specimen f rom the oxidat ion  tempera ture .  When 
cracking  of the  CreOs scale occurs at  1200~ Cr2Os 
is not  r e - fo rmed  as i t  is wi th  al loys r icher  in chrom-  
ium (1,2), because the  chromium concentra t ion at the 
a l loy /ox ide  in ter face  is too low (5).  Ins tead  rap id  
scaling or b r eak th rough  occurs. 

Mechanism of breakthrough.--At 1200~ the end 
of the  pro tec t ive  oxida t ion  and  commencement  of 
r ap id  a t tack  occurs at  appa ren t ly  r andom sites over  
the specimen surface. The suddenness  of the  onset of 
r ap id  oxidat ion,  together  wi th  the  observance of only  
pro tec t ive  Cr203 immedia te ly  pr ior  to break through ,  
is indicat ive  of a mechanica l  c racking  mechanism 
(1, 3-5) r a the r  than  a "chemical  mechanism" (8-10) 
for the  t rans format ion  in  oxida t ion  rate.  P rov id ing  
that  the  Cr203 scale fo rmed  in i t ia l ly  remains  in con- 
tact  wi th  the al loy,  or  becomes de tached  wi thout  punc-  
turing,  there  is no reason why  i t  should not  continue 
to grow. A s imple calculat ion (5) shows tha t  Cr2Os is 
t he rmodynamica l ly  s table wi th  an F e - C r  a l loy con- 
ta ining as l i t t le  as 0.2% Cr at  1200~ Calcula ted 
chromium concentra t ion profiles (5) which, due to 
the assumptions  made,  give the  min imum possible 
ch romium concentrat ions,  indicate  that  the  in ter rac ia l  
chromium concentra t ion at  1200~ increases f rom 
4.8% af ter  1O-min oxida t ion  to 5.5% af te r  5-hr  ox ida -  
tion. Genera l ly ,  expe r imen ta l l y  measured  values  a re  
not as low as this. Thus, the Cr2Oz scale fo rmed  at  
the s ta r t  of oxida t ion  never  becomes t h e r m o d y n a m -  
ical ly  unstable,  and its subsequent  fa i lu re  is s imply  
due to mechanical  causes. This is fu r the r  emphasized,  
in tha t  at  1000~ where  b reak th rough  does not  gener-  
a l ly  occur, the  ch romium concent ra t ion  at  the  a l loy /  
oxide is ca lcula ted  to be 2.5% af ter  10-rain oxidat ion  
and 7.1% af ter  5 hr.  

Apparen t ly ,  the loosely a t tached pro tec t ive  scales 
bal loon f rom the a l loy surface before  cracking  open 
so tha t  r e l a t ive ly  large  areas  of the c h r o m i u m - d e -  
p le ted  under ly ing  al loy are  even tua l ly  exposed;  r ap id  
scal ing th rough  s imple cracks in the  pro tec t ive  scale 
would  soon be stifled (1, 3). P r e sumab ly  the  punc-  
tu red  chromium oxide envelope is even tua l ly  lost  com-  
p le te ly  f rom the specimen as it  is never  observed af ter  
b reak through .  In  other  instances i t  can stifle the  
growth of the stratif ied scale (4) or  be s lowly  in-  
corpora ted  into the growing nodule  (2).  

Loss of the  pro tec t ive  oxide need not  occur s imul-  
taneous ly  over  the whole  specimen surface.  Cracking  
of one or two voids ini t ia l ly ,  fol lowed by  ve ry  rap id  
scaling there,  would  be sufficient to give the  observed 
sudden increases in weight .  In t e rmi t t en t  opening of 
o ther  cavit ies in r ap id  succession would  then resul t  
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in the smooth weight ga in / t ime  curves produced. Such 
failures would be expected randomly,  bu t  possibly the 
development  of stratified scale in some places tends to 
disrupt  the protective oxide in  nearby  locations. Over-  
heat ing of the specimen may be impor tant  under  
catastrophic oxidation conditions. 

It  is extremely difficult to isolate one factor as the 
cause of the loss of protective scale, and probably it 
is a combinat ion of factors: scale thickness, scale plas- x 
ticity, alloy ductility, phase changes, adhesion between 
alloy and oxide and alloy and /o r  oxide grain growth. 
Detailed discussion of these factors is given elsewhere 
(1,2) .  

Growth of stratified scale.--The scale formed at 
breakthrough depends implici t ly on the chromium ALLOY 

concentrat ion at the surface of the under ly ing  alloy b. 
when  direct ly exposed to the atmosphere. General ly  
the higher the bu lk  alloy chromium content  the 
higher is the chromium content  at the al loy/oxide 
interface when  it is exposed, although other factors, 
oxidation rate, alloy interdiffusion rate, time, are also 
impor tant  (5). Specimen geometry is also sometimes 
impor tant  because larger depletions of chromium are 
expected near  to the specimen edges (chromium being 
used up from such regions by oxide growth on two or 
more nearby  faces s imultaneously)  and at locations of 
th in  section. With the present  Fe-18% Cr alloy, the 
chromium concentrat ion at the al loy/oxide interface 
when  breakthrough occurs is near  to the borderl ine 
between that  for formation of type (i) and type (ii) 
scales. Thus, at the edges of specimens where lower 
chromium contents are l ikely type (ii) scales, typical  
of alloys of lower bulk  chromium content,  are formed. 
Over most of the remainder  of the surface type (i) 
scales are formed, while at in termediate  locations, 
type (iii) scales are formed. 

At breakthrough,  the chromium concentrat ion at 
the al loy/oxide interface is never  high enough for 
the immediate  re- format ion  of a Cr203 scale as is 
observed for higher chromium alloys (1,2) and  a 
mixed iron and chromium oxide is formed. Whether  
this mixed oxide is the spinel, FeFe(2-x)CrxO4 (O 
x -~ 2), or the rhombohedra l  oxide, Fe(2-x~CrxOs (O 
x ~ 2) or even mixtures  of the two is relat ively u n -  
impor tant  as both these oxides can vary  cont inual ly  
with composition. For  the purposes of this discussion, 
it is assumed that the spinel plays the major  role in 
de termining the subsequent  oxidation behavior,  par-  r 
t icular ly  as this is the more favored phase at chrom- 
ium levels of this magni tude  (11). 

Thus, the start  of stratified scale growth is the for- 
mat ion of a spinel on the alloy surface exposed by the 
loss of protective Cr203. Ini t ia l ly  the spinel is of un i -  
form composition, but  the chromium content  of the 
spinel is dependent  on the chromium concentrat ion at 
the alloy surface when  this is exposed; it  is lower 
where type (ii) scales eventua l ly  develop than where 
type (i) scales are formed. The spinel produced in  
the chromium-r ich  areas may in  fact be the normal  
spinel as evidenced by its composition (12). The si tu-  
at ion at this stage is shown schematically in Fig. 
l l a ,  for scales of types (i) and ( i i ) ;  type (iii) scales 
are similar to these and are discussed later. 

Soon after the spinel is initiated, the faster diffus- 
ing iron ions start  to segregate at the outer scale sur-  
face, leaving a chromium-r ich  region at the a l loy/  
oxide interface (Fig. l l b ) ,  a dis t r ibut ion favored 
thermodynamical ly .  If the scale is main ly  spinel, then  
the value of x in the formula  FeFe~2-x~CrxO4 varies 
through the scale, increasing as the al loy/oxide in te r -  
face is approached (13). In  general, the ionic mobi l -  
ities in  chromite spinels are lower than  in  ferr i te  
spinels (14) making interdiffusion rates slower in  
type (i) scales than in  type (ii) scales. Thus, in  the 
former scales the segregation is not as complete as 
in type (ii) scaIes where the v i r tua l ly  pure spinel  
magnet i te  is formed at the surface of the scale, this 
being fur ther  oxidized to Fe208 in a manne r  similar 
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Fig. 11. Schematic diagram of the formation of scales of type 
(i) and (ii). 

to that  formed on pure iron. Clearly the over-al l  
growth rate of type (ii) scales wil l  be greater than  
the more chromium-r ich  type (i).  

When the chromium content  of the spinel  in  the 
vicinity of the al loy/oxide interface increases it acts 
as a part ial  bar r ie r  to the cont inued diffusion of iron 
ions to the outer scale layers. Consequently,  a second 
i ron-r ich  layer  is formed beneath  this barrier ,  re-  
sult ing in  a second chromium-r ich  barr ier  layer  at 
the al loy/oxide interface. This is shown schematically 
for type (ii) scales in  Fig. l l c  and d. Fur the r  growth 
of type (ii) scales occurs by  the cont inued format ion 
of these i ron-r ich  and chromium-r ich  oxides, resul t -  
ing in  the complex dis tr ibut ion of a l ternate  i ron-r ich  
and chromium-r ich  layers found in these scales. With 
type (i) scales, the formation of the chromium-r ich  
spinel at the al loy/oxide interface is closely followed 
by  the formation there of the rhombohedral  oxide, 
Cr20~, containing only a very  small  amount  of dis- 
solved iron (Fig. l l c ) .  I ron from the alloy cannot  now 
enter  this Cr2Oz layer  at the base of the scale unless 
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the chromium concentrat ion falls to about 0.2% at 
1200~ (5), thus the supply of Fe 2+ and Fe 3+ ions to 
the outer scale layers is terminated.  Fur ther  scale 
growth (Fig. l l d )  of type (i) scale is, therefore, only 
the continued thickening of the Cr203 layer, the 
reaction at the Cr2OJspinel  interface being 

3FeFe(2-x)CrzO4 -5 (6[3"' -5 3[:3")spinel 
= 4Cr~O3 -5 (813'")Cr208 

where ([3")s,mel, ([3")spinel, and ([]"') cro3 represent  
t r ivalent  and divalent  cation vacancies in the spinel 
and t r iva lent  cation vacancies in the rhombohedral  
oxide, respectively. 

Scales of type (iii) are formed in an identical  m a n -  
ner  to those of type (ii) except that  several pairs 
of i ron-r ich  and chromium-r ich  layers are formed 
before the scale is healed by a Cr203 layer as de- 
scribed for type (i) scales. Fur the r  discussion of 
scale heal ing by Cr203 is reserved for the final section. 

Dur ing  later growth of all these scales the undu la t -  
ing chromium and iron concentrat ion profiles tend to 
approach steady-state  conditions. In  type (i) scales 
this is seen in the sequence Fig. 7a-c where  in te r -  
diffusion has reduced the compositional differences 
between the three layers. This process is essentially 
slow because ionic mobilit ies in  the chromium-r ich  
spinels are relat ively low. However, it is assisted by 
the inner  Cr2Oa layer  prevent ing  fur ther  th ickening 
of the outer spinel layers. Possibly these outer spinel 
layers are oxidized fur ther  to the corresponding mixed 
rhombohedral  oxide. 

In  type (ii) scales, the levell ing out of the composi- 
t ional differences between i ron-r ich and chromium-  
rich layers has to take place s imultaneously with the 
cont inued growth of these layers. Thus, local activ- 
ity gradients in  the scale, which are not necessarily in 
the same direction as the over-a l l  activity gradient,  
are gradual ly  being removed as the scale grows under  
the over-al l  activity gradient  between alloy and ox- 
idizing atmosphere. Figure  l l e  shows this s i tuat ion 
where the outer scale represents  the steady state 
(a smooth activity gradient)  and the inner  scale the 
nonsteady state (an undu la t ing  activity gradient) ,  the 
degree of "equil ibrat ion" decreasing as the a l loy/  
oxide interface is approached. 

In te rna l  oxidation never  occurs behind healed scales 
because the CrfO~ at the al loy/oxide interface is ther-  
modynamica l ly  very  stable. In  other instances, pene-  
t ra t ion of in te rna l  oxide particles into the alloy is 
never  very  great because the diffusion rate of oxygen 
into the alloy is not  much faster than the rate of en-  
croachment  of the al loy/oxide interface. Incorporat ion 
of in te rna l  oxide particles into the surface scale would 
cause fu r the r  stratification and local concentrat ion 
gradients in the inner  layers. 

Mechanis~n of scale healing.--The reasons why 
stratified scale is healed along the sides of the speci- 
men  and  not  at the edges is not  ent i re ly  clear. As 
soon as breakthrough occurs and rapid scaling starts, 
the chromium depletion established dur ing the ini t ia l  
Cr2Ch formation is rapidly consumed. However, the 
alloy is not completely equi l ibra ted as there is still 
a degree of selective oxidation of chromium dur ing  the 
rapid scaling. 

Scale healing is associated with the format ion of a 
continuous layer  of the protective oxide, Cr~Os, in  
the present  system, as opposed to a discontinuous layer  
or in te rna l  oxide of Cr203. After the start of rapid 
scaling, oxygen produced by  dissociation of the sur-  
face scale at the alloy/scale interface diffuses into 
the alloy producing an in te rna l  oxide precipitate of 
Cr203. If the volume fraction of this in te rna l  oxide is 
above a certain critical level, then fur ther  formation 
of Cr203 wil l  occur by sideways growth of the exist ing 
in te rna l  oxide particles (15). When  the volume frac-  
t ion is below the critical level, new CrzO3 in te rna l  

oxide precipitates are formed deeper in  the alloy. 
Under  the former conditions, cont inued sideways 
growth of the Cr203 particle results in a continuous 
"healing" Cr203 layer being formed, providing the 
rate of encroachment  of the al loy/oxide interface is 
not so fast as to cause the Cr203 particles to be in-  
corporated into the scale before they l ink  up. Where 
cont inued nucleat ion of Cr203 particles occurs, a 
continuous layer  will  never  be formed and scaling 
continues unchecked. 

Factors governing the formation of this critical 
volume fraction of in te rna l  oxide include:  (a) the 
chromium concentra t ion profile in the alloy at the 
t ime of breakthrough;  (b) the alloy interdiffusion 
coefficient which governs the flux of chromium atoms 
to the al loy/oxide interface; (c) the oxygen diffusion 
rate in  the alloy; (d) the oxygen pressure at the al-  
loy /ex te rna l  scale interface; and (e) the over-al l  ox- 
idation rate. Comparing the edges of the specimens 
with the remainder  of the surface, the interdiffusion 
coefficients, (b) and (c) above, wil l  be the same. 
However, the other factors tend to favor healing 
along the sides of the specimens as compared to the 
edges of the specimens. Thus the lower local chrom- 
ium concentrat ions at the edges of specimens, as dis- 
cussed earlier, promote more i ron-r ich  spinels in  the 
external  scale and therefore faster oxidation rates 
and higher effective oxygen pressures at the al loy/  
scale interface. Consequent ly  Cr208 continues to be 
precipitated as in te rna l  oxide ra ther  than  form a con- 
t inuous layer. 

In  order to unders tand  more quant i ta t ive ly  the for-  
mat ion and heal ing of scales of this type, more in -  
formation on diffusion and lattice defects in  t e rnary  
oxides is required. Using thermodynamic  and t rans-  
port data it is possible at present  to predict the final 
steady-state scaling conditions, bu t  l i t t le can be said 
about the rate at which the steady state is approached 
or about the scaling behavior  dur ing the t rans ient  
period. P resumab ly  a more sophisticated theoretical 
approach wil l  permi t  this. 
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Electron Diffraction Studies of Active, 
Passive, and Transpassive Oxide Films Formed on Iron 
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ABSTRACT 

Iron foil specimens were  anodical ly polarized by means of a potentiostat  
in 1N H2SO4, 0.1N NaOH, and a sodium borate-boric  acid solution (ptI, 8.5). 
Both passive, active, and transpassive regions of the polarization curve were  
studied for each solution. The oxide films were  examined while  still in con- 
tact with the iron foil by selected area transmission electron diffraction. Five 
iron planes were  studied: {100}, {110}, {111}, {210}, and {211}, and the epi taxial  
relat ionship of the oxide to the iron substrate determined.  Evidence was found 
indicat ing that  in all of the electrolytes used the passive film contained 7- 
Fe20~, while  the nonpassive films did not. 

Of pr ime importance to our unders tanding of the 
nature  of the phenomenon of passivity is a knowl-  
edge of the nature  of the passive film. This includes 
its composition, structure,  and relat ionship to the 
meta l  surface on which it was formed. There has not 
been a concentra ted effort to discover the nature  of 
the film, but there  have been a few such studies (1-3) 
of the passive film on iron. Due to the thinness of the 
films, these studies have involved the use of electron 
diffraction. Two techniques, in particular,  have been 
used. One is film str ipping coupled wi th  transmission 
electron diffraction; the other  is reflection electron 
diffraction, leaving the film still in contact wi th  the 
meta l  surface on which it was formed. The first tech- 
nique has the advantage  that  the qual i ty of the pat-  
terns obtained allows one to detect the weaker  oxide 
reflections ra ther  easily, but has the disadvantage that  
the film must  be removed  from the substrate under  
ra ther  corrosive conditions. Mayne and Pryor  (1) 
have evidence to show that  the removal  procedure 
does not chemical ly al ter  the film, a l though the pos- 
sibility always exists that  subtle changes may have 
occurred. Another  problem associated wi th  film str ip-  
ping is that  the film may change s t ructura l ly  during 
or subsequent to being detached f rom the metal  sur-  
face. For example,  stress exist ing in the film while  
it is a t tached to the meta l  may  be re laxed  upon 
stripping, thereby changing the lattice parameter  and, 
as Mayne and Pryor  (1) have suggested, may  produce 
recrystal l izat ion of the film. The reflection technique,  
whi le  it does look at films still in contact  w i th  the 
metal,  is less able to detect weak oxide reflections be-  
cause they may be hidden by the elongated s t ronger  
meta l  and oxide reflections. 

This s tudy at tempts  to combine the advantage  of 
reflection diffraction (looking at the film while  it is 
still  on the metal)  wi th  that  of transmission diffrac- 
tion (greater  sensi t ivi ty) .  This is accomplished by 
producing both passive and nonpassive oxide films on 
thin meta l  foils, of the type used so effectively in many 
recent  transmission electron microscopy studies of 
metals  (2). Selected area  diffraction enables us to look 
at double layers of the film (one on each side of the 
foil) on meta l  grains of many  different crysta l -  
lographic orientations. The epi taxial  relat ionships be-  
tween the substrate iron and the film can thus be 
easily determined for many  orientat ions wi thout  the 
necessity of using large iron single crystals. The film- 
metal- f i lm "sandwich" doubles the amount  of pas- 
sive film studied and thus increases the possibility of 
detecting the weaker  oxide reflections that  are neces-  
sary to distinguish be tween  Fe~O4 and ~,-Fe203. This 
is of importance since a number  of workers  have  in-  
dicated that  the -y-Fe203 plays a role in passivi ty 
(3, 5). This "sandwich" would  also increase the 
chances for double diffraction effects, but  as wi l l  be 

ment ioned later, this did not present  a problem in 
our patterns. The technique now used suffers f rom 
the same disadvantage that  is present  wi th  both of 
the aforement ioned electron diffraction techniques, 
in that  for examinat ion  the specimen must  be removed  
f rom the env i ronment  where  the film is formed. Thus, 
there  is a possibility that  the nature  of the film it-  
self has been al tered by the t ime it is s tudied in the 
electron diffraction apparatus. Exper iments  described 
la ter  indicate that  this is not a serious difficulty. 

These studies of films formed on pure i ron foils have  
extended the range of systems studied by electron dif-  
fraction to include those formed in acidic and basic 
as wel l  as neutral  so]utions. The prepassive and trans-  
passive regions of the anodic polarization curve  were  
studied, in addit ion to the passive region. 

Experimental 
The electrolytic cell  used for polarizing thin foil 

specimens to selected potentials by means of a poten-  
tiostat is shown in Fig. 1. This cell  enabled us to de- 
aerate our solutions wi th  Grade A, 99.99% hel ium 
during all experiments.  Foil  specimens were  rol led to 
a thickness of 0.005 cm from an iron sample obtained 

_ E A D  

H E L I U M  
I N L E T  

C O U N T E  H I N N E D  
E L E C T R O  F O I L  

R E F E R  
E L E C T I  

Fig. 1. Cell used for anodic polarization of foils 
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f r o m  t h e  Ba t t e l l e  M e m o r i a l  Ins t i tu te .  1 A f t e r  d e g r e a s -  
ing  w i t h  e t h a n o l  a n d  t r i c h l o r o e t h y l e n e ,  t he  foi l  w a s  
a n n e a l e d  fo r  1 h r  a t  1000~ in a h y d r o g e n  a t m o s p h e r e .  
The  foi l  s p e c i m e n s  w e r e  t h i n n e d  by  the  B o l l m a n  t e c h -  
n i q u e  (2) ,  u s ing  a m i x t u r e  of one  p a r t  70% p e r c h l o r i c  
acid to t w e n t y  p a r t s  g lac ia l  acet ic  acid, fo r  t he  e lec -  
t r o p o l i s h i n g  solut ion.  S p e c i m e n s  w e r e  t h e n  r i n s e d  in  
h i g h - p u r i t y  m e t h a n o l  a n d  t r a n s f e r r e d  i m m e d i a t e l y  to  
t he  e l ec t ro ly t i c  cell. A f t e r  1 m i n  of ca thod ic  r e d u c t i o n  
to r e m o v e  a n y  ox ide  films, the  s p e c i m e n  was  b r o u g h t  
to t he  d e s i r e d  p o t e n t i a l  and  u sua l l y  h e l d  a t  th is  p o -  
t en t i a l  fo r  2 hr .  L o n g e r  e x p o s u r e s  d id  no t  g ive  s ig-  
n i f i can t ly  d i f f e r en t  r e su l t s .  

W h e n  t h e  s p e c i m e n  w a s  r e a d y  fo r  inspec t ion ,  i t  was  
r a p i d l y  r e m o v e d  f r o m  the  cell, r insed ,  a n d  s u b m e r g e d  
i n  m e t h a n o l .  The  foil  w a s  m o u n t e d  fo r  t h e  e l e c t r o n  
m i c r o s c o p e  a n d  s e l ec t ed  a rea  d i f f r ac t ion  p a t t e r n s  w e r e  
o b t a i n e d  at  an  o p e r a t i n g  vo l t age  of 100 kv. In  o r d e r  
to i n t r o d u c e  as l i t t l e  c o n t a m i n a t i o n  a n d  h e a t i n g  i n t o  

t h e  s p e c i m e n s  as poss ib le ,  t h e  d i f f r ac t ion  p a t t e r n s  
w e r e  t aken ,  d u r i n g  the  f irs t  5 ra in  of e x a m i n a t i o n ,  
t h e n  e l e c t r o n  m i c r o g r a p h s  of t h e  s a m e  a rea  w e r e  m a d e ,  
Jf t h e y  w e r e  des i red .  

T h r e e  so lu t ions  w e r e  used  in t hese  e x p e r i m e n t s :  a 
bas ic  so lu t ion  of 0.1N N a O H  w i t h  a pH of 11.4, a n e a r l y  
n e u t r a l  so lu t ion ,  w h i c h  w e  wi l l  r e f e r  to as " b o r a t e "  
cons i s t i ng  of 0.15N Na2B407 �9 10H20 a n d  0.15N H3BO3 
m i x e d  in  p r o p o r t i o n s  g iv ing  a p H  of 8.5, and  an  acidic 
so lu t ion  of 1N H2804 w i t h  a pH of 1.1. U s i n g  each  
solut ion,  t h e r e  w e r e  fou r  m a i n  g roups  of  e x p e r i m e n t s :  
p r epas s ive ,  pass ive ,  p a s s i v e - d e c a y  ( in i t i a l ly  pass ive ,  
b u t  t h e n  d r i v e n  p o t e n t i o s t a t i c a l l y  to an  ac t ive  p o -  
t e n t i a l ) ,  a n d  t r anspas s ive .  T h e  anod ic  po l a r i za t i on  
cu rves  u sed  to d e t e r m i n e  t h e  p o t e n t i a l s  c h a r a c t e r i s t i c  
of t hese  v a r i o u s  r eg ions  w e r e  d e t e r m i n e d  in  a m a n n e r  
s im i l a r  to t h a t  u sed  b y  N a g a y a m a  and  C o h e n  (3).  

I Gaseous impurities (ppm): O~ (vacuum fusion), 2.1; S (colori- 
metric), 4 ~ 3; C (combustion-conductometric), 3 ~ 3; N~ (vacuum 
fusion), 0.5; H~ (vacuum fusion), 0.3. Major metallic impurities 
(ppm): A1, 15; Cr, 5; Co, 5; C~. 7; Ni, 20; P, 9; Si, 10. 

The  po ten t i a l s  u sed  (vs. SCE)  are  l i s t ed  in  Tables  I, 
II, a n d  III. 

A f e w  s tud ies  w e r e  m a d e  on  s p e c i m e n s  t h a t  w e r e  
f o r m e d  by  e x p o s u r e  to t he  i no rgan i c  p a s s i v a t i n g  so-  
lu t ion,  0.1N NaNO2. S e v e r a l  o t h e r  e x p e r i m e n t s  w e r e  
c a r r i e d  out  u s ing  the  b o r a t e  a n d  H2SO4 so lu t ions  c o n -  
t a i n i n g  ch l o r i d e  ions. 

Results and Interpretation 
The  r e su l t s  of  ou r  s t u d y  of  ox ide  f i lms f o r m e d  in  

the  acidic,  basic,  a n d  n e u t r a l  so lu t ions  fo r  five of t h e  
i ron  p l an es  a re  p r e s e n t e d  in  Tab le s  I, II, a n d  III.  
F i g u r e  2 s h o w s  t h a t  t h e  p a t t e r n s  o b t a i n e d  f o r  t he  
pas s ive  fi lms in  t he  t h r e e  solut ions ,  p lu s  NaNO2, h a d  
t h e  s a m e  g e o m e t r i c  d i s t r i b u t i o n  a n d  d i f f e red  on ly  in  
i n t ens i ty .  I t  shou ld  be  n o t e d  t h a t  t h e  o b s e r v a b l e  d i f -  
f e r e n c e s  in  t h e  p a t t e r n s  a r e  d u e  to t h e  i n t e n s i t y  d i s -  
t r i b u t i o n  and  the  d i f f e rence  in  t h i c k n e s s  of t he  film. 
Whi l e  th is  f igure  dep ic t s  o n e  i r o n  or i en t a t i on ,  t h e  r e l a -  
t ive  q u a l i t y  was  s imi l a r  fo r  al l  o r i e n t a t i o n s  s tud ied .  

Indexing and epitaxy.--The i n d e x i n g  of each  n e g a -  
t ive  p l a t e  was  a c c o m p l i s h e d  b y  the  s t a n d a r d  m e t h o d s  
u t i l i z ing  the  s ide l ine  t e c h n i q u e  (6) ,  t h e  i ron  spots  
s e r v i n g  as an i n t e r n a l  s t a n d a r d .  As a check ,  t h e  ang les  
b e t w e e n  va r ious  ox ide  spots  w e r e  m e a s u r e d  a n d  c o m -  
p a r e d  w i t h  t he  s t a n d a r d  cubic  i n t e r p l a n a r  ang les  (7) .  
F i g u r e s  3-7 s h o w  e x a m p l e s  of  b o t h  a pas s ive  a n d  a 
n o n p a s s i v e  fi lm for  each  p l a n e  l i s ted  in  Tab les  I, II  
a n d  III, w i t h  a c o r r e s p o n d i n g  i n d e x e d  d i ag ram.  A 
c o m p a r i s o n  b e t w e e n  the  e p i t a x i a l  r e l a t i o n s h i p s  o b -  
t a i n e d  in  our  w o r k  and  o t h e r  w o r k  d o n e  in  th is  f ield 
is s h o w n  in  Tab le  IV. The  c o m p a r i s o n  s tud ie s  l i s ted  
h a v e  all  b e e n  c o n c e r n e d  w i t h  f i lms f o r m e d  b y  gaseous  
ox ida t ion .  

T h e r e  w e r e  s o m e  spec ia l  p r o b l e m s  as soc ia t ed  w i t h  
i ndex ing .  The  p r i n c i p a l  one  a r i ses  b ecau s e  t h e  t h i c k -  
ness  of  t h e  ox ide  l a y e r  [ ~  30A (8 ) ] ,  m a k e s  i t  poss ib le  
fo r  r ec ip roca l  l a t t i ce  sp ikes  (9) f r o m  m o r e  t h a n  o n e  

ox ide  l a y e r  to  i n t e r s e c t  t h e  r e f l ec t ing  sphe re .  In  fac t ,  

Table I. Borate solution 

A B C D E 

Plane, Fe {100} {110} {111} {210} {211} 

1. State and potential Prepassive, --0.6v or open circuit 

2. Oxide parameter, in A 8.39 Not determined N o t  d e t e r m i n e d  - -  8.40 
3. Identification FesO4 a-FeOOH a-FeOOH No oxide FeaO4 
4. Epitaxy 

O x i d e  plane {-ii4 } - -  - -  - -  {01[} 
O x i d e  axes parallel to [ll0]Ox Jl [010]Fe [011]Ox ] [lll]Fe 
I r o n  axes [100]Ox ]] [ll0]Fe [lll]Ox [01liFe 

5. l~emarks No ~/-Fe203 Rings Rings Clean No ~-FesOs 

6. State a n d  p o t e n t i a l  Passive, +0.75v, +0.85v 

7. Oxide parameter, in A 8.3 8.32 8.29 8.33 8.31 
8. Identification 7-Fe~Oa 7-Fe20~ -/-Fe~O8 7-Fe~O8 7 -Fe~Os 
9. Epitaxy 

O x i d e  plane {11-4} {011} {011} {Oll} 
O x i d e  axes parallel to [221]Ox ]1 [200]Fe [011]Ox [I [001]Fe [lll]Ox l[ [ll0]Fe Same as above, 
Iron  axes [100]Ox II [ll0]Fe [211]Ox II [l l l]Fe [100]Ox ]1 [Oll]Fe E---4 plus, 

[311]Ox ]] [ll2]Fe [100]Ox ]1 [ll0]Fe 
Has ~/-Fe,2Os Has 7-Fe.203 Has ~/-FesOs Has 7-FesOa 

{1oo} 
[l'01]ox II [001]Fe 
[1111Ox II [213]Fe 
[212]Ox [[ [100]Fe 

10. Remarks Has ~-Fe~O3 

11. S t a t e  a n d  potential D e c a y ,  to --0.6v 

12. Oxide p a r a m e t e r ,  in  A 8.29 8.38 8.38 8.37 8.35 
13. Identification 7~ FesO4 FesO4 ~-Fe20~ or Fe304 7-FesO~ or Fe~O~ 
14. Epitaxy 

Oxide plane {11-4} { 111-} {011} {10O} {01i') 
O x i d e  a x e s  para l le l  to Same as above [101]Ox II [00liFe Same as above Same as above Same as above 
Iron  axes A--9 [210]Ox [[ [ll~]Fe C--9 D--9 E---4 

15. Remarks Some ~-Fe.~Os Some 7-FesO~ Some ~-F~O~ Some ~-Fe~O~ Some 7-Fe20~ 

16. State and potential Transpassive, + 1.25v 

17. Oxide parameter, in A 8.37 - -  8.42 - -  3.39 
18. Ident i f i cat ion  Fea04  - -  FesO4 - -  FesO~ 
19. Epitaxy 

O x i d e  plane {~1-4} - -  {01i] - -  {01i'} 
O x i d e  axes parallel to Same as above Same as above Same as  a b o v e  
I ron  axes A--4 C--9 

20. Remarks No 7-Fe203 No plates No 7-FesO8 No plates No 7-FesO8 
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Table II. H2S04 solution 

F G H I J 

P lane ,  Fe  {100} {110) {111} {210} {211} 

1. S t a t e  and  p o t e n t i a l  P r epas s ive ,  + 0.2v 

2. Oxide  p a r a m e t e r ,  in  A . . . .  8.37 
3. I den t i f i c a t i on  No ox ide  No ox ide  Some  w i t h  No  ox ide  Fe~O~ 

7-FeOOH 
o the r s  c lean  

4. E p i t a x y  
Oxide  p l a n e  - -  - -  - -  {015} 

Ox ide  axes  p a r a l l e l  to  [011]Ox II [ l l l ] F e  
I ron  axes  [1111Ox tl [ 0 1 l i F e  

5. R e m a r k s  Clean  Clean  C lean  or r i n g s  Clean  N o  7-Fe~O8 

6. S t a t e  a n d  p o t e n t i a l  P a s s i v e ,  + 1.4v, + 1.6v 

7. Ox ide  p a r a m e t e r ,  i n  A 8.32 8.30 8,31 8.31 - -  
8. I den t i f i c a t i on  ,y=Fe2Oa 7-Fe208 q-Fe2Os "y-Fe208 7 - F e O O H  
9. E p i t a x y  

Ox ide  p l a n e  {1-14} {11~,  {01~  {01~  {100} - -  
Ox ide  axes  p a r a l l e l  to [221lOx II [200]Fe S a m e  as Tab le  I S a m e  as Tab le  I Same  as Tab le  I 
I r on  axes  [100]Ox I1 [ l l 0 ] F e  B - - 9 ,  B - - 1 4  C - - 9  D - - 9  

10. R e m a r k s  Has  7-Fe2Oa No 7-Fe-.O3 Has  "y-Fe~Os Has  7-Fe208 R i n g s  

11. S t a t e  a n d  p o t e n t i a l  Decay,  open  c i r cu i t  

12. S p i n e l  p a r a m e t e r  8.36 8.33 8.36 8.30 - -  
13. I den t i f i c a t i on  7-Fe~O3 or Fe30~ 7-Fe203 or Fe304 7-Fe2Os or Fe~O~ 7-Fe~Os or Fe~O~ - -  
14. E p i t a x y  

Ox ide  p l a n e  {114} [115}, {011} {01~} {100} 
Ox ide  axes  p a r a l l e l  to  S a m e  as above  S a m e  as Tab le  I S a m e  as Tab le  I Same  as  Tab le  I 
I r o n  axes  F - - 9  B- -9 ,  B---14 C - - 9  D - - 9  

15. R e m a r k s  Some  7-Fe~C~ No 7-Fe~O~ No 7-Fe~O~ Some  ~/-Fe20~ No p la t e s  

16. S ta te  a n d  p o t e n t i a l  T r a n s p a s s i v e ,  + 1.75v 

1 7 .  Oxide  p a r a m e t e r ,  in  A 8.40 8.39 - -  8.37 - -  
18. I den t i f i c a t i on  Fe~O~ FesO~ "~-FeOOH Fe~O~ No o x i d e  
19. E p i t a x y  

Ox ide  p l a n e  { 1-1-4 } {III-} - -  {100} - -  
Ox ide  axes  pa ra l l e l  to  S a m e  as Tab le  I Same  as Tab le  I S a m e  as Tab le  I 
I r on  axes  A - - 4  B - - 1 4  D----9 

20. R e m a r k s  No "~-Fe2Os No 7-F&2Oa R i n g s  No 7 - F ~ O ~  Clean  

Table III. NaOH solution 

K L M N 0 

Plane ,  Fe  {100} {110) (111} {210} {211) 

1. S t a t e  a n d  p o t e n t i a l  P r epas s ive ,  open  c i r cu i t  

2. Ox ide  p a r a m e t e r ,  in  A 8.27 8.40 - -  8.40 - -  
3. I d e n t i f i c a t i o n  7-Fe203 Fe~O4 No ox ide  or Fe30~ - -  

has  ~ - F e O O H  
4. E p i t a x y  

Oxide  p l a n e  {'11-4) {111) - -  {100) - -  
Ox ide  axes  p a r a l l e l  to [2211Ox tJ [200]Fe [1011Ox [I [001]Fe S a m e  as Tab le  I 
I r o n  axes  [100]Ox [J [ l l 0 ] F e  [210]Ox 1[ [ l l l ] F e  D - - 9  

5. R e m a r k s  Has  7-Fe,2Oa No 7-Fe-208 C lean  or r i n g s  No 7-FemO8 No p l a t e s  
some r i n g s  

6. S t a t e  a n d  p o t e n t i a l  Pas s ive ,  + 0 . 5 v  

7. Ox ide  p a r a m e t e r ,  in  A 8.31 8.33 8.31 8.31 8.30 
8. I d e n t i f i c a t i o n  "y-Fe~O3 ~-Fe.zO~ 7-Fe~O3 7-Fe~O~ 7-Fe,~O~ 
9. E p i t a x y  

Ox ide  p l a n e  {11-4} {011} {Ol~} {100} {015} 
Ox ide  axes  p a r a l l e l  to  S a m e  as a b o v e  Same  as Tab le  I S a m e  as Table  I S a m e  as  Tab le  I S a m e  as Tab le  I 
I r o n  axes  K---4 B - - 9  C - - 9  D - - 9  E - -4 ,  E - - 9  

10. R e m a r k s  Has  7-Fe~O3 Has  7-Fe~Os Has  ,y-Fe203 Has  7-Fe203 Has  7-Fe20~ 

11. S t a t e  a n d  p o t e n t i a l  Decay,  to  - -1 .0v  

12. Oxide  p a r a m e t e r ,  in  A - -  8.40 8.36 8.35 - -  
13. I d e n t i f i c a t i o n  - -  FeaO~ 7-Fe203 or FesO4 7-Fe~Os or Fe30~ - -  
14. E p i t a x y  

Oxide  p l a n e  - -  {11]) {015} {100} - -  
Ox ide  axes  p a r a l l e l  to  S a m e  as a b o v e  S a m e  as Tab le  I Same  as Tab le  I 
I r o n  axes  L---4 C - - 9  D - - 9  

15. R e m a r k s  No p la t e s  No 7 - F ~ O 3  No 7-PesOs No 7-Fe208 No p la t e s  

16. S ta te  a n d  p o t e n t i a l  T r a n s p a s s i v e ,  + 1.0v 

17. Ox ide  p a r a m e t e r ,  in  A 8.35 8.41 - -  - -  - -  
18. I d e n t i f i c a t i o n  Fe304 FesOi No ox ide  - -  NO ox ide  or  

ha s  c~-FeOOH 
19. E p i t a x y  

O x i d e  p l a n e  (011} - -  - -  - -  
Ox ide  axes  p a r a l l e l  to  Same  as Table  I S a m e  as Tab le  I 
I r on  axes  A - - 4  B---4 

20. R e m a r k s  No  7-Fe~O~ No ~-Fe~Oa C lean  No p la t e s  R i n g s  or  c lean  
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Fig. 2. Comparison of solutions: A, {111} plane shows no oxide 
after just submerging in borate; B, {111~ plane, polarized at 
-l-0.75v in borate; C, {111~ plane, polarized at ~0.5 in NaOH; D, 
~ | | | }  plane, polarized at -~-|.4v in H2SO4; E, ~ | | |~  plane, dipped 
in NaNO2. 

Fig. 4. A, Typical {TI0} passive pattern; only one oxide layer is 
represented. B, Typical (110} nonpassive pattern; again, the oxide 
is nearly {111}, being composed of reflections from more than one 
oxide layer. Key: e, iron; G ,  spinel Fe304 (or coincident ~,-FegO3 
spots in the passive case). 

Fig. 3. A, Typical {100} passive pattern; indices are shown for 
oxide only; black arrows indicate ~'-Fe203 reflections on a passive 
foil which disappear for nonpassive. B, Typical {100~ nonpasslve 
pattern; white arrows show sites where "y-Fe203 reflections have 
disappeared. Three oxide levels are represented in both A and B. 
Note: The oxide orientation is "nearly" 114. I t  is composed of re- 
flections on the zero level as well as reflections rel-rodded from 
above and below. Key: e, iron; O ,  spinel Fe304 (or coincident 
~'-Fe203 spots in the passive case); X, ~'-Fe203; G ,  double dif- 
fraction. 

a n u m b e r  of the pat terns  could be indexed only by 
taking this effect into account. An  example of this 
can be seen for {210} iron, where  three oxide levels 
are present  (see Fig. 6). Some of the other planes 
are also interpreted in  this manner .  

Another  difficulty was encountered in indexing films 
for the {100} substrate. As seen in Fig. 3 the passive 

Fig. 5. A, Typical {111} passive pattern. B, The typical {111} 
nonpassive pattern showed either no oxide (as shown here), or a 
weaker version of the passive pattern, often incorporating oxide 
~-FeOOH rings. Only one oxide layer is represented in A. Key: 
e, iron; 0 ,  spinel FesO4 (or coincident "y-Fe208 spots for the 
passive case); X, "y-Fe203. 

film appears to have fourfold symmetry,  indicat ing a 
{100} oxide or ientat ion (this orientat ion was found in  
previous studies as indicated in  Table IV).  Nonpassive 
films for the {100} i ron lose this symmetry,  however. 
In  order to explain the disappearance of only one pair  
of the center oxide spots (marked with arrows in Fig. 
3), when  the film became nonpassive, it  was necessary 
to consider another  or ientat ion for the passive film. 
A close examinat ion  of the passive film pat te rn  re-  
vealed a slight, but  reproducible  difference in  the 
radial  distances to the center  oxide pairs. The closer 
pair, having a slightly higher d-value,  could then be 
dist inguished as a {221} reflection (d ~- 2.78), which 
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Table IV. Epitaxial relationships 

Reference Parallel planes Parallel axes 

I ron Oxide Iron Oxide 

This work  {100) { l14}P [200] [221] 
[110] [100] 

{100) { l i 4 } N P  [010] [110] 
[I10] [100] 

Sewell,  Cohen, Stockbridge 
(4) {001} {001) [010] [110] 
Haase (6) {001} {001} [110] [100] 
Boggs (7) {001} {001} [010] [011] 

[100] [011] 

This work {110} {011} P [001] [01"-1-] 
[1113 [2-II], [2ff]  

{110} {111} NP C001] [101] 
[11~] [~1o] 

Sewell, Cohen, Stockbridge {011} {111} [111] [110], [110] 
Haase (Ii0) {011~ [111] [112] 

[100] [110[ 
Wagner, Lawless, Gwath- 
mey (26) {011} {111} 100 [110] 
Boggs {011) {111} [111] [101] 

[~1~] [1~i] 

Fig. 6. A, Typical {2|0} passive pattern; black arrows indicate 
~-Fe203 reflections. B, The {210~ nonpassive pattern showed the 
same structure without the 7-Fe203 reflections (empty sites indi- 
cated by white arrows). Two oxide levels are represented in both A 
and B, thus the oxide orientation is "nearly" {100~. Key: e, iron; 
O ,  spinel Fe304 (or coincident "y-Fe203 spots for the passive case); 
X, "y-Fe20~. 

This work  {111} {011"} P [110] [111] 
{011} NP [011] [100] 

[112"-] [511] 
Sewell,  Cohen, Stockbridge {111} 2 degrees  [110] C001] 

of_(210) 
Boggs ~III} {II0} [011] [001] 

{111} {210} [011] [001] 

This work  {210} .{100} P [0011 [1-011 
{210} {100) NP [213] [111] 
{210} [100] [212] 

No other s tudies  publ i shed  on this  ~on  plane.  

This work  {211} {0~} P [111] [011] 
[011] [111] 
[021] [100] 

{211} {011-} NP l U l l  [011] 
C011] [111] 

Sewell, Cohen, Stockbridge {112} {110} J i l l ]  [110] 
Roggs {112} {011} [111] [311] 

* Determined  by the authors  from an indexed figure in ref. (6). 

Fig. 7, A, Typical {211} passive pattern; and B, the weaker non- 
passive version of the same structure. Only one oxide layer is rep- 
resented. Note: This oxide relationship shows a resemblance to the 
super lattice reflections (27) perpetrated by partially coherent 
oxide precipitates. This particular oxide orientation consists of only 
one oxide level, however, while the super lattice reflections of this 
type will usually occur only when the foil is tipped a few degrees 
from a prominent matrix zone. Key: e,  iron; C), spinel Fe304 
(or coincident ~/-Fe203 reflections for the passive case). 

would disappear when  in  the nonpassive state. This 
dist inction between certain oxide reflections wil l  be 
discussed further.  When indexed in  this manner ,  the 
oxide film orientat ion would be considered as {11-4} 
in both passive and nonpassive cases. 

As seen in  Table IV, our work showed the same 
oxide orientat ion for both passive and nonpassive films 

for all except the {1-10} substrate orientation. The 
problem of the (]-10} iron or ientat ion wilI be discussed 
later, but  it should be noted in Fig. 4 that  there is a 
clear distinction between the passive film orientat ion 
and the nonpassive film orientation.  This s i tuat ion is 
not similar to the {100} substrate  where, for reasons 
mentioned before, the difference between the passive 
and nonpassive pat terns has not  been ascribed to a 
difference in  orientations. 

Although other i ron planes have been studied, e.g., 
{113} and {301}, the results for these were not sig- 
nificantly different from those listed in  Tables I, II, 
and III, and wil l  not be given a detailed survey here 
in order to conserve space. The epitaxy for these two 
orientations is given in  Table V. 

Double dif~action.--Double diffraction effects from 
the iron were encountered only with the NaOH solu- 
tion where films formed were relat ively thick. The ex-  
t raneous reflections due to this effect were easy to de- 
tect by the method ment ioned by Hirsch et al. (10). 

Table V. Epitaxy for the {113} and {301) iron orientations. 
These relationships hold for both the passive (P) and nonpassive 

(NP) cases. 

{113} iron ][ {001} oxide P and 17P 
[301] iron I [111] oxide 
[211] iron [311] oxide 

{301} iron II {I00} oxide P and NP 
[001] iron [l [101] oxide 
[312] iron I] [511] oxide 
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The NaOH patterns were then used as a basis for 
de termining all of the double diffraction reflections 
on each iron orientation. The double layer of oxide 
viewed (f i lm-metal-f i lm) did not seem to introduce 
extra reflections for the th inner  oxide layers formed 
in neut ra l  and acidic solutions since double diffrac- 
t ion was not detected for these films. 

Latt ice parameters . - -The  spinel  lattice parameters  
for each negative were determined by using m a n y  
d-values for different pairs of oxide spots and the 
parameter  calculated for each. Many of the selected 
area diffraction pat terns were found to suffer from a 
cer ta in  amount  of p in-cushion distortion (11). In  or- 
der to correct for the error in lattice parameter  de- 
terminat ions  introduced by this effect, we measured 
the degree of distortion using a Pa l lad ium standard 
and used the displacements calculated from this to de- 
termine the undistorted values of the radial  distances 
for the oxides. These corrections were small  (0-1.25 %), 
but  impor tant  in dist inguishing between 7-Fe203 
(8.32A) and Fe~O4 [8.396A (I2) ]. The "average" values 
of lattice parameters  listed in Tables I, II, and III, 
represent  values which have been "corrected" for 
the pin-cushion effect. A n u m b e r  of plates were used 
to determine each value. Since each oxide spot can 
be measured with the same absolute accuracy, it is 
necessary to weight any measurement  error in the 
lattice parameter  according to the value of 
~/h2 W k2 -~ 12. This practice has general ly been ne-  
glected in previous error determinat ions of the lattice 
parameters  in this system. (Note: A discussion of the 
s tructure of 7-Fe203 follows.) A s ta t i s t ica l  analysis 
of the lattice parameter  data taking this weighting 
factor into account showed a max imum error of _+ 
0.02A on the parameter  values. 2 

It should be noted that, in  general, the spinel pa-  
rameters  are much lower for the passive state (Tables 
I, II, and III, l ine 1) than  for the transpassive or 
prepassive states. Whenever  indications of 7-Fe203 
have been found on most of the films for a par t icular  
group (see lines 5, 10, and 15), the lattice parameter  
is very near  the 7-Fe203 value (8.32A). Previous 
studies have verified this result  for films formed in 
chromate solutions (1) and by gaseous oxidation (4). 

The lattice parameters  found for passive-decay films 
usual ly fall near ly  midway between these for 7-Fe203 
and Fe804, indicat ing a t ransi t ion state. The decay pat-  
terns sometimes showed faint  ~-Fe20~ reflections, but  
not consistently. 

D~tinc t ion  be tween  7-Fe203 and Fe304.--The struc- 
tures of the two oxides FezO4 and 7-Fe208 are closely 
related, 7-FeaO3 being a pseudospinel probably hav-  
ing the l i th ium "spinel," LiFe5Os, type structure. 
7-FeuOs has all of the reflections of the Fe304 spinel 
structure, plus addit ional  reflections which probably 
result  from ordered vacancies or ordered subst i tut ion 
of protons for ferrous ions in cer ta in  of the special 
positions, 16d, Fd3m of the spinel structure. This sub-  
st i tut ion has the effect of reducing the s tructure to 
primit ive cubic and, as a result, introduces mixed 
even-odd indices reflections for the ~-Fe~O3 (12, 20). 
In some 7-Fe20~ preparat ions (14, 15), including the 
s tandard sample used in this laboratory,~ faint  extra 
reflections can be detected which can be indexed using 
a te tragonal  cell (with co ~ 3 ao, where ao equals ao 
of the cubic cell).  However, the principal  lines of this 
pat tern occur in the order of magni tude one would 
expect for the  LiFe~Os type structure, and, therefore, 
a close relat ion is evident. Bloom and Goldenberg (21) 
claim that  the tetragonal  cell occurs with the incom- 

T h e  " w e i g h t i n g "  f a c t o r  is  n e c e s s a r y  s ince  t h e  l a t t i c e  p a r a m e t e r  
is a f u n c t i o n  of A/h'-' + k s + 1 ~ a n d  t h e  d i s t o r t i o n  i s  g r e a t e r  n e a r  
t he  c e n t e r  a n d  on t h e  e d g e s  of t h e  p a t t e r n s .  T h e  n e g a t i v e  p l a t e s  
w e r e  o r i e n t e d  a n d  t h e  s a m e  o x i d e  a n d  i r o n  spots  on e a c h  ~Tpre 
u s e d  to  a p p r o x i m a t e  t h e  a c t u a l  d i s t o r t i o n  p a t t e r n .  T h e n  by  c a s t i n g  
an  u n d i s t o r t e d  g r i d  on  t h e  p a t t e r n ,  t h e  p e r c e n t a g e  of "pu lC '  on  
e a c h  spot  c o u l d  be  c a l c u l a t e d ,  

a T h i s  a n a l y s i s  w a s  m a d e  f r o m  a s a m p l e  k i n d l y  l e n t  to t h e  
authors by Dr. IVf, C. Bloom, Naval R e s e a r c h  L a b o r a t o r y .  
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plete removal  by oxidation of ferrous ions. In  this 
paper, 7-Fe203 is regarded as cubic. In  addition to 
the addit ional  mixed even-odd reflections the d-values  
and angles for ~-Fe203 reflections are sufficiently dif-  
ferent  from those of the nearby  Fe~O4 reflections to 
be easily identified. The 7-Fe203 reflections obtained 
for our pat terns were closely matched to the s tandard 
values (16) and were easily dist inguished from the 
s tandard values for Fe304 (17). We would label the 
oxide film on a part icular  i ron orientat ion as "7-Fe203" 
only if it had these extra spots and a lower lattice pa-  
rameter.  

Validity of electron diffraction s tudies . - -There  have 
been objections raised to the study of passive films 
out-of-solution,  no matter  what  the technique. The 
most serious of these involved the possibility that 
the films undergo chemical or s t ructural  changes in 
the in terval  between formation and observation. 

For our work, this objection can be met in a n u m -  
ber of ways. First, after a passive film has been formed 
by anodic polarization, the circuit can be open for a 
considerable length of t ime before the specimen's 
potential  relat ive to SCE will  drop below the value 
characteristic of the passive region. A series of ex-  
periments  in H2SO4 showed a decay time of more than 
7 min when left in an acidic environment .  Since our  
specimens were removed from solution and mounted 
in an evacuated chamber wi th in  5 min, it seems rea-  
sonable to assume that the passive film had remained 
intact. This hypothesis was checked by passivating 
a specimen, removing it from solution, t reat ing it in  
the same m a n n e r  as required for electron diffraction 
work, and then replacing it in  solution: the potential  
still remained in the passive range. 

Second, the films formed in NaOH were very thick 
and difficult to dissolve (as can be seen in  the decay 
experiments for this group, Table I I I ) .  Since the pat-  
terns found for foils prepared in H2SO4 and borate 
were similar  to those for the NaOH prepared foils, 
it is again reasonable to assume that  the passive con- 
dit ion exists for foils prepared in all three solutions 
when they are under  examination.  

Final ly,  prepassive and transpassive films gave dif-  
ferent results from those observed for passive films. 
If the passive films were changed dur ing handl ing  
and observation, it is most l ikely that  they would 
have become nonpassive. This did not happen for any 
of the NaOH films and occurred only rare ly  for the 
other films. 

The possibility that  the 7-Fe203 is formed by ex-  
posure to air does not seem apparent  here as the ex-  
posure of the specimens to air and the vacuum envi-  
ronment  of the diffraction apparatus is not great 
enough to produce the sort of lattice parameter  var ia-  
tions as noted by Sewell, Stockbridge, and Cohen (4). 
Since all of the specimens receive approximately equal 
exposure, the considerable lattice parameter  variat ions 
found between passive and nonpassive films could 
not be explained in this manner .  

Effect oy chloride ions . - -When chloride ions were 
added to the solutions used, rings were always de- 
tected in the diffraction pat terns of the films formed. 
These rings were found to be due to 7-FeOOH, in 
agreement  with the previous work of Mellors e t a l .  
(18) for passive films formed in the presence of 
chloride in inorganic inhibi tor  solutions. Table II in -  
dicates that 7-FeOOH was also detected in some cases 
when films were formed in  the active region. Since the 
9,-FeOOH was randomly  oriented, it seems likely that  
it formed by precipitat ion from the solution rather  
than by direct growth on the metal  surface. 

Discussion 
This study shows that  the structure and composition 

of the anodic passive film formed on iron is not de- 
pendent  on the pH of the electrolyte, but  only on the 
or ientat ion of the surface on ~vhich it is formed. The 
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passive film gives electron diffraction pat terns of 
7-Fe203, whether  it be formed by anodic polarization 
or by the use of an inorganic passivating solution and 
in each case shows the same epitaxial  relationships to 
the iron substrate. Since the -~-Fe20~ pat tern  contains 
all of the reflections of Fe304, it is possible that  it is 
present  along with the 7-Fe20~. This assumption has 
its basis in the work of Nagayama and Cohen (2) 
who have suggested that  it exists at the metal  in ter -  
face. 

The in terpre ta t ion of two oxide phases in the pas-  
sive film is not new exper imental ly  (1) nor  is it un -  
expected theoretically (5). As was ment ioned earlier, 
however, this study extends the pH range of the so- 
lutions studied from the neut ra l  region of past studies 
to both the acidic and basic regions and shows that  
regardless of mode of formation, the na ture  of the 
film remains essentially the same. 4 More important ,  
perhaps, than present ing evidence support ing the 
presence of 7-Fe208 in the passive film, are the results 
of this s tudy obtained in the prepassive and t ranspas-  
sive regions showing the absence of 7-Fe203 and the 
presence of only Fe304. Had this not been found, the 
presence of ~,-Fe203 in the passive film could be con- 
sidered as only an interest ing fact, but  one not neces- 
sarily related to its being passive. 

Since the presence of ~'-Fe203 in the passive film 
appears related to the passive state of the metal, 
what  special property does it have that differentiates 
it f rom the very similar  FejO4 which we find in the 
nonpassive films? A recent suggestion has been made 
by Bloom and Goldenberg (21) who point out that a 
major  difference between the two oxides is the great 
difference in their electrical conductivity,  the Fe304 
being a bet ter  conductor by many  orders of magni -  
tude. As Hoar (22) has pointed out, most current  ideas 
concerning the conductivi ty of the passive film on 
iron consider it as being a good electrical conductor. 
This idea is main ly  based on the fact that in going 
to the transpassive region large currents  are easily 
passed, indicat ing a film of high conductivity.  When 
the transpassive region is reached, this study shows 
that  the film is no longer -y-Fe203, but  is the relat ively 
good conductor Fe304. In  agreement  with this we 
find that  low conductivi ty 7-Fe203 is absent  in these 
active films. Since 7-Fe203 is always associated only 
with a passive film, and it is a poor conductor, then  
passivity must  require a film with an insula t ing outer 
layer if it has more than one layer. Recent kinetic 
studies from this laboratory (8) lend support  to this 
hypothesis. However, no direct measurement ,  to our  
knowledge, has been made of the conductivi ty of the 
very thin outer 7-Fe203 layer  in  the passive film in  
order to settle this question. Another  difference noted 
by Bloom and Goldenberg (21) is that  ~-Fe203 does 
not have the formula, FeeO~, but  is probably  similar 
to the l i th ium spinel LiFe5Os, the l i th ium being re-  
placed by hydrogen to give HFe5Os. The s t ructure  of 
HFe5Os can be derived from the Fe304 structure by 
systematically replacing four iron atoms in the special 
positions, 16d and Fd3m of the spinel s t ructure wi th  
protons. The specific positions to be filled are: (5/8, 
5/8, 5/8), (1/8, 7/8, 3/8), (3/8, 1/8, 7/8),  and (1/8, 
3/8, 7/8). These are the special positions 4b of the 
space group P433. The other positions of the spinel 
s t ructure can be assigned to other sets of special po- 
sition.s of this space group (12). This revised s t ructure  
would give, as does LiFe~Os, the extra  reflections 
that  were found in this study. 

The other aspect of passivity dealt with in this 
s tudy is the epitaxial  relationship be tween films 
formed in the prepassive, passive, and transpassive 
regions of the anodic polarization curve and the iron 

4 One s t u d y  of  f i lms  f o r m e d  in  v e r y  c o n c e n t r a t e d  HeSO4 g i v e s  
v e r y  d i f f e ren t  resu l t s .  Th i s  w o r k  by  R iggs  (19} s t u d y i n g  f i lms  
t h i c k  e n o u g h  to  be  de t ec t ed  by x - r a y  d i f f r ac t ion  f o u n d  t h e m  to  be 
composed  of  v a r i o u s  su l fa tes .  Such  l aye r s  are  no t  t he  t h i n  f i lms  
u sua l l y  r e f e r r e d  to  as pas s ive .  T h e i r  d i f f e r en t  c o m p o s i t i o n  is  no t  
~ u r p r i s i n g  c o n s i d e r i n g  the  u n u s u a l  e n v i r o n m e n t .  

substrate. The most unexpected finding is that  a {110} 
iron surface bears a different epitaxial  relationship 
to the film formed on it, depending on whether  the 
film is passive or active. This is not t rue  for any  of the 
other substrate orientations studied, where both pas- 
sive and nonpassive films gave the same epitaxial  re-  
lationships. This special behavior  of the {110} or ien-  
tation agrees with previous studies which showed 
that, of all the other orientations studied, it exhibited 
greater pi t t ing tendency (23) and that the pas*sive 
films formed on it  had larger numbers  of breakdown 
sites (24). Both of these earl ier  findings also agree 
with the present result  that the {110} plane showed a 
lesser tendency to re ta in  the passive state on removal  
of the potential  difference across the cell. This was 
usual ly  not the rule  for other substrate orientations, 
where the decay films would sometimes show similar-  
ities to the passive films. 

The origin of this special behavior  by the {110} 
plane (the closest packed plane in the bcc structure)  
is obscure. Attempts were made to establish any  re la-  
t ionship between how well  the metal  ions in the oxide 
lattice matched the under ly ing  atoms in the metal  
lattice and this change of orientation. Based on a sim- 
ple matching of hard sphere crystal  models, it  ap-  
peared that  the passive oxide orientat ion was a "better 
match" than  the nonpassive. It  is difficult, however, 
to relate the degree of misfit be tween oxide and sub-  
strate to film properties. This was shown by an in-  
vestigation of the problem of misfit for another  sys- 
tem (25), where it  was not  possible to relate the de- 
gree of oxide f i lm-metal  substrate misfit to protective- 
ness in a consistent manner .  One would expect that  
the geometrical relat ionship be tween the film lattice 
and the metal  lattice must  determine the s t ra in in  the 
film and, hence, the grain size and the n u m b e r  and 
na ture  of imperfections. All of these will  modify the 
intrinsic electrical characteristics of the film and de- 
te rmine  the film's permeabi l i ty  to the movement  of 
ions and, hence, its protective properties. 

Conclusions 
1. ~-Fe203 is present  in all passive films independent  

of the pH of the solution in which the films are 
formed, or the orientat ion of the i ron substrate. 

2. Films formed in the prepassive or transpassive 
regions of the polarization curve contain the Fe804 
spinel s tructure and not the 7-Fe208 structure. 

3. The epitaxial  relationships between spinel film 
and substrate  on all the orientations studied are the 
same for both passive and nonpassive films, with the 
exception of the {110} plane, which has different ox- 
ide orientations for the two states. 
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Passivation of Aluminum by Chromate Solutions 
h4. A. Heine and M. J. Pryor 

Metals Research Laboratories, Olin Mathieso~ Chemical Corporation, New Haven, Connecticut 

ABSTRACT 

Passive films of "~-A1203 formed on a luminum by chromate solutions ex- 
hibit  lower ionic resistance and higher electronic resistance than amorphous 
thermal  films of the same thickness. The low ionic resistance is a t t r ibuted to 
the formation of some crystal l ine ~,-AleOs of very low ionic resistance at the 
oxide solution interface. The high electronic resistance is a t t r ibuted to the 
inclusion of some protons in the passive film. A detailed mechanism for the 
passivation process is advanced. 

Despite the numerous  studies of the passivation of 
ferrous metals by chromate solutions, comparat ively 
little has been published on the mechanism b y  which 
they inhibi t  the corrosion of a luminum. Mears and 
Brown (1) in  an early study reported that chromates 
were effective in  polarizing the local anodes on alu-  
m inum but  did not specify a detailed mechanism. 
Later Edeleanu and Evans (2) suggested that  chro- 
mate ions and a luminum underwent  a redox reaction 
to form a luminum oxide and chromic ions. One of 
the authors (3) subsequent ly  conducted an electro- 
chemical-electronoptical  study of inhibi t ion of the 
corrosion of a luminum by sodium chromate solutions 
wi thin  the pH range of 2.5-9.5. The passive films were 
found to be somewhat thicker than  the a i r - formed ox- 
ide film on a luminum and were duplex in  nature,  
with an under ly ing  layer  of amorphous "y-A1203 being 
overlaid by a few angstroms of microcrysta l l ine  
"y-A12Oa exhibi t ing sharp spotty diffraction patterns. 

It  was deduced that  passive films grew for a few 
hours on ini t ia l ly film-free a luminum with inverse 
logarithmic (or logarithmic) kinetics and thereafter  
thickened at a somewhat  slower rate. This observa-  
tion was considered to support  a high field growth 
mechanism for the passive film with the enhanced 
field being supplied by the high adsorbed charge den-  
sity in  chromate solutions as compared with dry ox- 
idation. A l u m i n u m  ions migra t ing to the oxide-solu- 
t ion interface were considered to be oxidized to 
"t-A1203, with the chromate ions being reduced to the 
t r iva lent  condition. It  was fur ther  suggested that  pas- 
sivation was a kinetic balance between film growth 
and film dissolution, the former being sensitive to 
chromate concentrat ion and the la t ter  to pH. 

At the t ime when the former s tudy (3) was con- 
ducted, techniques were not readi ly available to de- 
termine the ionic and electronic resistance of thin 
surface films on a luminum.  Consequently,  the earlier 

study was not able to throw light on any differences 
in  conduction Characteristics between passive (chro- 
mate) and amorphous thermal  films of similar average 
thickness. In  the in te rven ing  years such techniques 
have been developed in the wri ters '  laboratory and 
chloride degradation of "t-A1203 films has been ex-  
tensively studied (4-7). Accordingly, the pr imary  
purpose of the present  work was to study the a-c 
resistance characteristics of passive films formed on 
a luminum by  chromate solutions. The results have 
been compared with those obtained previously on 
thermal  and barr ier  layer  anodic films of similar 
thickness so that some more detai led view of the 
defect s t ructure  of passive films and its relat ion to 
the passivation process could be formed. The effects 
of chloride ions on the resistance of passive films has 
also been studied with a view to de termining why 
chromates are so effective in prevent ing  corrosion of 
a luminum by chloride ions. 

Experimental 
Materials.--The a luminum used was in the form of 

annealed  0.37 mm thick sheet having a pur i ty  of 
99.997%. The impuri t ies  were 0.001% Cu, 9.001% Fe, 
0.001% Si. All passivating chromate solutions were 
made up from A.R. grade chemicals and distilled de- 
ionized water  and were adjusted to pH 6 by the addi-  
tion of sodium dichromate unless otherwise indicated. 
All  studies were carried out at  25 ~ +__ 0.05~ 

Experimental methods.--Passive films were main ly  
formed in  1.0M sodium chromate solution on a lumi-  
num specimens carrying an original  a i r - formed oxide 
film and on caustic etched (and essentially film free) 
a luminum.  The a i r - formed oxide films were formed by 
24 hr exposure to dry  air of 6 cm 2 a luminum speci- 
mens that had originally been etched in 0.SN NaOH 
solution at room temperature  for 15 min  followed by 
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less than 1 sec immersion in 50% nitr ic  acid at 85~ 
This surface p re t rea tment  produces a sl ightly scal- 
loped, reproducible,  surface having a roughness fac- 
tor  of 1.2 and has been described in detail  previously 
(8). The advantage  of this par t icular  surface is that  
reproducible,  high resistance, contaminat ion free, ox-  
ide films may be subsequent ly formed on it by a va r i -  
ety of oxidation processes. Essential ly f i lm-free a lu-  
minum surfaces were  obtained as a s tar t ing condi-  
t ion by etching the specimens in 0.5N sodium hydrox-  
ide solution for 15 min, rapidly  r insing in distilled de-  
ionized water,  and immedia te ly  insert ing the speci- 
mens into the passivating chromate  solution. 

F i lm resistance studies were  carr ied out at f re -  
quencies f rom 1=100 kc using a General  Radio Type 
716-C capacitance bridge and associated type 716-P4 
guard circuit;  the measurements  were  conducted in a 
separate solution of molar  sodium chromate  at pH 7 
as has been described in ear l ier  publications (6, 7). 
A 50 mv  p-p signal was employed throughout  wi th  
masked specimen areas of 0.02 cm 2. The neut ra l  
chromate  solution will  form thin films having a th ick-  
ness greater  than around 20-25A (the passive film 
thickness) in a uniform manner,  thereby permit t ing a-c 
resistance profiles to be obtained at various f requen-  
cies. In the case of passive films formed by simple 
immers ion in 1.0M chromate  solution, resistance pro-  
files could not be obtained by this method because 
the init ial  films were  a l ready at their  t e rmina l  passive 
thickness. Accordingly,  af ter  forming passive films 
by simple immersion for a period of 24 hr  at 25~ 
they were  thickened slightly by constant current  ano- 
dizing in 1.0M sodium chromate  solution at pH 6.0. 
Constant current  anodizing was per formed at 1 ~a/  
cm2. The potential  of the specimen was moni tored 
unti l  the total film thickness was around 37A. The 
times required to form the 37~ thick passive films 
var ied between 45 and 90 min depending on the par -  
t icular  solution used and the surface condit ion pr ior  
to passivation. The addit ional  passive film so produced 
was compact  and quite dissimilar to the porous thick 
films produced at much higher  voltages in chromates  
(3). Under  no condition was the potential  of the speci- 
mens dur ing anodic polarization permi t ted  to rise 
above ~ l . 0 v  on the hydrogen scale. Such films could 
then be thinned back to around 20-25A in 1.0M sodium 
chromate  solution at pH 7, and resistance profiles de- 
veloped for the  exter ior  portions of the passive films. 
A simple analogue of a capacitor wi th  a paral le l  re -  
sistance was used to represent  the electrical  behavior  
of the films. Corrections for  solution resistance were  
made at all frequencies.  

Some exper iments  were  conducted on specimens 
carrying passive films that  had not been thickened 
anodically. These films were  formed in 1.0 and 0.01M 
sodium chromate  both free f rom and containing one 
tenth and equal  concentrat ions of sodium chloride 
solution. Passive films were  formed on 6 cm 2 speci- 
mens car ry ing  an original  a i r - formed oxide film by 
simple immersion for 6 hr  in the passivating chromate  
solution of vary ing  chromate  and chloride ion con- 
centrations. The specimens were  again masked to ex-  
pose an area of 0.02 cm2; the thickness and a-c resist-  
ance of these films were  determined at 1 kc only by 
immersion in fresh solutions of 1.0M sodium chromate  
solution at pH 6 since here, thinning rate of the films 
is at a minimum. 

Results 
Plots of paral le l  a-c resistance vs. thicknessZ at 

f requencies  of 1, 10, and 100 kc are shown in Fig. 1-3. 
These results all  per ta in  to passive films formed in 
1.0M sodium chromate  at pH 6 which had been sub- 
sequent ly  th ickened to around 37A by constant cur-  
rent  anodizing at 1 ~a/cm 2. Each figure contains ex-  
per imenta l  points de termined  on quadrupl icate  speci- 
mens both freed f rom and carrying an original  air-  
formed oxide film. 

z From capacitance measurements  at  1 kc. 
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In Fig. 1 and 3 the paral le l  resistance results on the 
passive films are compared wi th  previous results ob- 
tained on amorphous thermal  films of the same average 
thickness (8) (350~ for 20 hr  at Po2 ---- 76 Torr) .  
These in tu rn  are  ident ical  to resistance results also 
obtained previously on amorphous barr ier  layer  anodic 
films formed in neut ra l  ammonium tar t ra te  solution 
(6, 8). It  may be seen f rom Fig. 1 that, at a f requency 
of 1 kc, the a-c resistance of the passive films is ident i -  
cal to that  of thermal  and barr ie r  layer anodic films 
unti l  a film thickness of around 30A has been achieved;  
thereaf ter ,  and at h igher  thicknesses, the a-c resistance 
of the passive films becomes much less than that  of 
amorphous thermal  films. The resistance profile of 
passive films at 1 kc was not affected by whe ther  
the passivation was conducted on specimens carrying 
a 20A a i r - fo rmed  oxide film or on essent ial ly film- 
f ree  aluminum. Also included in Fig. 1 are three points 
represent ing the total resistance of specimens ca r ry -  
ing a 35A thick passive film which  has been formed 
as described above and which had then been immersed  
in 0.1M sodium chloride for 4 hr  at 25~ Such im-  
mersion is known to produce no change in the th ick-  
ness, crystal lographic s t ructure  or topography of 
7-A1203 films on a luminum (5). A significant reduc-  
tion in a-c resistance of the passive films at 1 kc was 
observed. 

At  the highest  f requency  studied in this work,  i.e., 
100 kc, substant ial ly different results were  obtained 
(Fig. 3). Again, the results obtained on passive films 

were  compared with  results obtained previously on 
amorphous the rmal  films (8, 9) and on barr ie r  films 
formed in neutra l  ammonium ta r t ra te  (6, 7). F igure  3 
shows that  the h igh- f requency  a-c resistance of the 
passive films is significantly higher  than that  exhibi ted 
by amorphous thermal  films. Again, the results in Fig. 
3 are individual  points f rom quadrupl icate  specimens 
wi th  the two  init ial  surface conditions. Also, the re -  
sults obtained are independent  of whether  the passive 
fiIms were  formed on top of an original a i r - fo rmed  
oxide film or on caustic etched aluminum. The ex-  
per iment  in which the passive film formed in 1.0M 
sodium chromate  at pH 6 and the specimen then ex-  
posed for 4 hr  to 0.1M sodium chloride solution at 
25~ was repeated. At  100 kc, exposure to chloride 
solution produced no detectable lower ing of film re -  
sistance. 

At 10 kc (Fig. 2) the results on the passive films 
more closely paral le l  the results of 100 kc than at 1 
kc. Such behavior  has been noted previously in bar -  
r ier  layer  anodic films exposed to sodium chloride 
solution (5). 

It  is also possible to obtain f rom the previous ex-  
per iments  information on the kinetics by which the 
various films are th inned by the 1.0M sodium c h r o -  
mate solution at pH 7.0 f rom thei r  ini t ial  thickness of 
around 37A to their  te rminal  thickness of around 25A. 
In such instances the measurement  of capacitance as 
a function of t ime permits  calculat ion of the average  
thickness of oxide removed at any in terva l  of mea-  
surement.  The th inning  rates of the 350~ thermal  
film together  wi th  those of 37A thick passive films 
grown on a luminum freed f rom and carrying an 
original  a i r - formed oxide film are shown in Fig. 4. 

A final series of exper iments  was conducted on pas- 
sivation in 1.0 and 0.01M sodium chromate  solutions 
at pH 6 wi th  and wi thout  var ious additions of sodium 
chloride as described earlier.  The a-c resis t ivi ty re-  
sults on repl icate  specimens at 1 kc are shown in Fig. 
5. In 1.0M sodium chromate  solution at pH 6, the si- 
multaneous presence of a chloride ion concentrat ion 
of 0.1M resulted in, at best, a slight drop in film re -  
sistivity. A significant drop in film resist ivi ty was ob- 
served when  the chloride concentrat ion in the chro-  
mate  solution was increased to 1.0M. In all exper i -  
ments, the a luminum remained passive throughout .  
In the absence of chloride the ini t ial  film resis t ivi ty  
in 0.01M sodium chromate  was only around 70% of 
that  in the 1.0M chromate  solution. The presence of 
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Fig. 4. Relation between time and average oxide thickness re- 
moved in 1.0M sodium chromate solution at pH 7 for an amor- 
phous 350~ thermal film and for passive films formed in 1.0M 
sodium chromate solution at pH 6 on aluminum corrying and freed 
from its original air-formed oxide film. 

chloride ions at a concentrat ion in 0.001M resulted in 
no change in low-f requency  film resist ivi ty;  fur ther ,  
the simultaneous presence of 0.01M sodium chloride 
resulted in a slight rise in film resistivity,  a l though the 
magni tude  of the rise is of somewhat  dubious exper i -  
menta l  significance. The addition of chloride to the 
passivating chromate  solutions had no effect on film 
resis t ivi ty at 100 kc as had been observed in Fig. 3 
and in past work  (5-7). 

Discussion 
The pr imary  object ives of the present  work  were:  

(a) to improve  unders tanding of how chromate  solu- 
tions alone passivate a luminum and (b) to obtain in-  
formation on why  chromate  ions are so effective in 
prevent ing corrosion of a luminum by chloride solu- 
tions. The low-f requency  (1 kc) a-c  resistance pro-  
files of passive films (Fig. 1) show that  passive film 
resistance is identical  to tha t  of amorphous thermal  
films until  the film thickness exceeds around 30A. 
Thereaf te r  and at higher  thicknesses low f requency 
a-c resistance of passive films is substantial ly less 
than that  o f  amorphous the rmal  and bar r ie r  layer  
anodic films. At best, at the na tura l  passive film th ick-  
ness of around 25A a-c resistance at 1 kc can be no 
higher  than that  of the less protect ive  thermal  films 
and may wel l  be less. Against  this background it is 
not surprising that  identical  results were  obtained at 
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Fig. 5. Effect of chloride ion concentration on the paral/el re- 
sistivity at 1 kc of passive films formed on aluminum by 1.0 
and O.01M sodium chromate solutions at pH 6. 
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1 kc i r respect ive of whe ther  the a luminum specimens 
carr ied an a i r - formed oxide film or were  ini t ia l ly  
f reed f rom oxide by etching in caustic soda. 

Very similar  low-f requency  resistance profiles have  
been observed previously on thermal  films formed at 
high tempera tures  in excess of 450~ (8). A marked  
reduct ion in the slope of the res is tance/ thickness  
curves, almost identical  to that  in Fig. 1, occurred 
when  wel l -def ined crystals of ~,-A1203 nucleated and 
grew at the amorphous ox ide-meta l  interface. Elec-  
t ronoptical  studies of the thermal  7-A1203 crystals (8) 
showed the presence of extensive faulting, and it was 
suggested that  enhanced ionic conduction took place 
at these in ternal  surfaces. Crystal l ine 7-A1203 also 
forms during passivation in chromates  but  at the ox- 
ide-solut ion interface. F igure  1 suggests that  this 
crystal l ine oxide also has a ve ry  low resist ivi ty at 1 
kc compared with  amorphous ~/-A1203 and that  a sig- 
nificant quant i ty  in terms of average thickness must  
be present  before it is easily detected by the capaci-  
tance-loss method. Since na tura l  passive films, formed 
without  auxi l ia ry  anodic polarization, also show crys-  
tals at the oxide-solut ion interface  it is almost certain 
that  these films do not have as high an a-c resistance 
at 1 kc as amorphous the rmal  films of identical  
thickness. 

Considerable previous study has been devoted to 
clar i fying the in terpre ta t ion of the f requency disper-  
sion of the a-c resistance of films of 7-A1~O3 (5-7). 
Most impur i ty  defects in 7-A1203 appear to have char-  
acteristic re laxat ion times of around 10 -4 sec (4). 
Accordingly,  details in the a-c resistance vs. th ick-  
ness curves seen at f requencies  below 10 kc but  not  
above 10 kc per ta in  to ionic re laxat ion  effects and are 
re la ted to d-c ionic conduction through the films. 
Details seen above 10 kc s imilar ly  are re la ted to d-c 
electronic conduction through the films. 

Against  this background it appears that  the amor-  
phous part  of the passive film has a v i r tua l ly  identical  
ionic resistance to that  of a similar  thickness of 
amorphous ~-A1208 formed thermally.  When crysta l -  
l ine -y-A120~ forms at the outer  surface of the amor-  
phous film dur ing passivat ion it exhibits  much lower  
ionic resistance, similar  to that  of the crystal l ine por-  
tion of the rmal  films formed above 450~ and prob-  
ably for the same reasons (8). This observat ion ex-  
plains why  a deviat ion f rom inverse logari thmic 
growth kinetics, calculated f rom potent ial  data, was 
observed after  a few hours in earl ier  work  (3). The 
ear l ier  corrosion potential  measurement  sensed ionic 
resistance of the film in a crude and approximate  
fashion (3). As long as the passive film grew by a 
high field mechanism and as long as the oxide so 
produced had ionic resistance characterist ics similar  
to those of bar r ie r  layer  anodic films, growth kinetics 
should be inverse  logari thmic wi th  t ime (10). How-  
ever,  as some crystal l ine oxide of much lower  ionic 
resist ivi ty was produced then the potent ial  measure-  
ments  wil l  not  sense this new oxide quant i ta t ive ly  
and growth  kinetics calculated f rom such e lec t rochem- 
ical measurements  wi l l  deviate  f rom an inverse log- 
ari thmic law. 

From the foregoing it is clear  that  considerations 
of ionic resistance alone provide no explanat ion for 
the unusual ly  protect ive nature  of passive films on 
aluminum. Indeed, the passive films wil l  exhibi t  some- 
what  infer ior  ionic resistance to amorphous thermal  
films, the re la t ive  infer ior i ty  increasing with  the pro-  
port ion of crystal l ine 7-A1208 in the over -a l l  passive 
film. However ,  Fig. 4 indicates one area of the com- 
plex process of passivation where  the presence of 
crystal l ine ~-A120~ may  be helpful.  It may  be seen 
that  the dissolution rate  of the outer crystal l ine por-  
tion of passive films formed on a luminum ei ther  car ry-  
ing or freed f rom an original  a i r - fo rmed  oxide film 
is much less than that  of the under ly ing  amorphous 
~-A120~. Since passivation by chromates is bel ieved 
to involve  a kinetic balance be tween film format ion 

and film dissolution (3) any factor that  re tards  film 
dissolution should aid in increasing passive film thick-  
ness. Similar  low dissolution rates of crystal l ine 
7-A1203 have  been observed previously  in studies of 
duplex thermal  films formed above 450~ and pos- 
sible reasons for this behavior  have been advanced 
(8). Similar  reasons are bel ieved to be val id  for 
crystal l ine 7-A120~ formed dur ing passivation. The 
l inear slope of the dissolution curve  for the passive 
film formed on a luminum car ry ing  an original  air-  
formed oxide film is only sl ightly less than that  for 
the 350~ thermal  film. The l inear  slope of the dis- 
solution curve  for the passive film formed on caustic 
etched (and essentially f i lm-free)  a luminum is much 
lower than either of the o ther  two curves. No con- 
vincing explanat ion can be offered for this behavior  
at the present time. The effect cannot be re la ted to 
an effect of surface prepara t ion  on the amount  of 
crystal l ine phase because the  low f requency resist-  
ance-thickness curves are identical  for the two sur-  
face conditions (Fig. 1). 

The high f requency (100 kHz) a-c  resistance vs.  
thickness curves (Fig. 3) th row addit ional  l ight on 
the reasons for the h ighly  protect ive nature  of passive 
films on aluminum. At all thicknesses studied a-c 
resistance at 100 kc was significantly higher  for pas- 
sive films formed i n  chromate  solutions than for 
s imilar  thickness amorphous films formed thermal ly  
at 350~ (8) or anodically in ammonium tar t ra te  so- 
lution (6, 7). Crystal l ine ~-A1203 does not reduce 
h igh- f requency  a-c resist ivi ty of duplex the rmal  
films formed above 450~ (8, 9) and f rom Fig. 3 ex-  
hibits s imilar  behavior  when  formed in chromate  so- 
lutions. Again no effect of ini t ial  surface condition 
was found in these experiments .  The form of the a-c 
resistance vs.  thickness curves at 100 kc for thermal  
and barr ier  layer  anodic films is a ve ry  accurate para-  
bola (9) for distances up to 90A f rom the ox ide-meta l  
interface. At greater  thicknesses the resistance is a 
l inear function of thickness (6, 7). Heine and Sper ry  
(9) in terpre ted  these results as meaning that  90A 
is the l imit  of thickness of ~-A1208 at which a con- 
duct ivi ty  effect due to excess meta l  arising f rom the 
proximi ty  of the meta l  substrate disappears. At thick-  
nesses lower  than this value, conduct ivi ty  is an inverse 
function of distance f rom the meta l  in terface  (on 
account of the parabolic na ture  of the Rp vs.  thick-  
ness curve)  and so the concentrat ion of excess meta l  
current  carr iers  must  also vary  inverse ly  wi th  dis- 
tance f rom the meta l  interface. Heine and Sper ry  (9) 
accepted the ear l ier  model  of Grunberg  and Wright  
(11) for the probable defect s t ructure  in the vicini ty  
of the ox ide-meta l  interface, i.e., an F'  center  s t ruc-  
ture wi th  excess meta l  exist ing as missing oxygen 
ions wi th  two electrons t rapped per  oxygen vacancy. 
Since h igh- f requency  a-c resistance singulari t ies have 
been related to similar  singulari t ies in electronic d-c 
resistance (5-7) the foregoing implies that  electronic 
conduction through these films to a thickness of 90A 
is controlled pr imar i ly  by  the loosely bound electrons 
in the F'  center  defect structure.  The fo rm of the 
100 kc a-c resistance vs. thickness curve  for passive 
films is also a parabola  f rom Fig. 6 but  wi th  a grea ter  
slope than that  for  the rmal  films. This implies h igher  
electronic resistance at any thickness due to the pres-  
ence of somewhat  fewer  loosely bound electrons. Such 
defect s t ructure  could logically arise f rom the re la -  
t ively  uni form incorporat ion of some water  or H + in 
the ~-A120~. ~-A1208 is a defect spinel wi th  a close 
packed fcc oxygen lattice. The cation latt ice is poorly 
understood, but  could well  contain a number  of va -  
cant sites. If  a H + were  to enter  the oxide, e i ther  in 
one of the vacant  cation sites or interst i t ial ly,  one 
electron would have  to be added for electrical  neut ra l -  
i ty and electronic resistance would  decrease. Such is 
c lear ly  not the case f rom Fig. 3. If however ,  a proton 
were  to replace an a luminum ion, two electrons 
would  have  to be r emoved  to main ta in  electr ical  neu-  
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t ral i ty,  and electronic resistance would increase wi th-  
out any change in  ionic resistance. This explanat ion 
is consistent with the exper imenta l  data in Fig. 1 and 
3. Calculations from earl ier  data (4) would suggest a 
subst i tuted H + concentrat ion of a round 1 pt in 105 
or less. Similar  explanat ions can be derived for the 
subst i tut ion of water, but  the present  work provides 
no means of dis t inguishing these  alternatives.  

From the foregoing considerations a more detailed 
mechanism for the passivation of a l u m i n u m  by chro- 
mate solutions may now be advanced. First  a redox 
reaction appears to be involved in  passivation as 
suggested by Edeleanu and Evans (2). Chromate ions 
from solution are l ikely strongly and specifically ad- 
sorbed on the metal,  if it is or iginal ly film free, or 
on an a i r - formed oxide film as is the more normal  
condition. This content ion is supported by the earl ier  
detection of Cr 6+ on the surface of passivated i ron 
(11). The adsorbed charge density from the small  
divalent  CrO4 = ion should be higher t h a n  that  per-  
ta ining dur ing  dry oxidation from the formation and 
adsorption of the energetical ly more probable O' ion. 
Accordingly, a higher than  l imit ing field should exist 
across any  pre-exis t ing a i r - formed oxide film. Ionic 
migrat ion will  accordingly commence. As migra t ing 
a luminum ions arr ive at the oxide-solut ion interface 
they become oxidized to ~-A120~ with Cr s+ ions be-  
coming reduced to Cr 8 + al though the lat ter  species has 
not  been detected to date. The film will  th icken unt i l  
the l imi t ing field of somewhat  less than  107 v / c m  is 
re-established. The amorphous port ion of the passive 
film appears to be formed at field strengths signifi- 
cant ly  above the l imit ing field strength;  the outer 
crystal l ine port ion of the passive film appears to 
form at field strengths only slightly above or at the 
l imit ing field. 

Because the passive film is duplex in na ture  the pas-  
sivation reaction does not proceed in an identical  m a n -  
ner  to the more widely studied anodic film formation. 
Dur ing  the t ime when the passive film is amorphous, 
electrochemical informat ion  indicates that  the growth 
kinetics are logarithmic or inverse logarithmic, i.e., 
in accord with a high field mechanism. The amorphous 
part  of the passive film has the same ionic resistance 
at any thickness as a thermal  or a barr ier  layer  anodic 
film. Simul taneously  it exhibits higher electronic re-  
sistance than comparable thermal  films probably due 
to inclusion of small  quant i t ies  of H + or water  and 
so is more protective. As the low ionic resistance crys- 
tals appear at the outer surface of the passive film, 
electrochemical measurements  do not sense the new 
low-resistance film adequately,  and kinetics calcu- 
lated from these measurements  appear to deviate from 
the former growth law. However,  the new crystal l ine 
film still contr ibutes to the high electronic resistance 
of the passive film, being indist inguishable in  this re-  

spect from the amorphous par t  of the passive film. I t  
fu r ther  dissolves in the passivating solution at a lower 
rate than  the amorphous substrate and tends to pro- 
tect against  the competit ive film dissolution process. 
Excel lent  evidence of this may  be found from earlier 
work. Capacitance measurements  (sensitive to the 
presence of both crystal l ine and amorphous ~-A1203) 
showed that  passive film thickness was constant  be- 
tween pH 6 and 9 (6). Electrochemical measurements  
(3), not as sensitive to the presence of low ionic re-  
sistance ~-Al~O3 crystals, had been interpreted (erro-  
neously) as mean ing  that  passive film thickness is at 
a m a x i m u m  at pH 6 and decreases with increasing or 
decreasing pH. These observations can now be rec- 
onciled as follows. Passive film thickness from capaci- 
tance measurements  is not  pH dependent  between 6.0 
and 9.0 (6). However,  ionic resistance by  electrochem- 
ical measurement  (3) does decrease with increasing 
pH above 6.0. It  appears that  the proport ion of low 
resistance crystal l ine 7-A1203 phase must  be at a min -  
imum at pH 6 and increases as the pH moves in the 
alkal ine or acid direction. This content ion is supported 
by  earl ier  potent ia l - t ime curves (3) which showed 
that  serrated potent ia l - t ime traces, characteristic of 
the formation of crystal l ine ~,-A120~, ini t ia ted at 
lower potentials when  pH was moved from 6.0 in 
either direction. Fur thermore ,  the onset of these ser- 
rations (crystal  formation) was dependent  at constant  
pH on the chromate concentrat ion,  occurring at lower 
potentials as the chromate solution was diluted. Ac- 
cordingly, the proport ion of crystal l ine ~-A1203 in 
the film, being pH (min imum at pH 6.0) dependent  
and chromate concentrat ion dependent  (decreasing 
with increasing concentrat ion) has a marked  influence 
on the electrochemical properties of the over-al l  film. 
The proport ion of crystals has little or no effect on 
the  total thickness of film or on its very  high elec- 
tronic resistance both of which are impor tan t  com- 
ponents of its unusua l  protective action. The propor-  
tion of crystal l ine phase profoundly modifies ionic 
resistance of the f i lm which decreases with increasing 
proport ion of crystals. This effects the electrochemical 
response of the passivated a l u m i n u m  more than  the 
protective action of the duplex film since an increas- 
ing proport ion of crystal l ine ~-A1208 phase also im-  
plies a reduct ion of the rate of dissolution in the pas- 
sivating medium. 

Final ly,  there remains  the question of the means by 
which chromate solutions prevent  corrosion of a lu-  
m i n u m  by chloride ions in  such an effective manner .  
The influence of chloride ions on a luminum covered 
with amorphous 7-A1203 has been studied in  some 
detail  earl ier  by  the authors (5-7). In  the absence of 
chromate, chloride ions can enter  the ~-AI~O~ lattice, 
create cation vacancies and lower ionic (1 kc) resist-  
ance without  changing electronic (100 kc) resistance. 
7-A1203 containing small  amounts  of subst i tuted CI' 
also dissolves more rapidly in  sodium chromate at 
pH 7 than  unsubs t i tu ted  "y-A12Os. The effect of the 
s imultaneous presence of chromate and chloride ions 
on a luminum is presented in Fig. 5 at chromate con- 
centrat ions of 1.0 and 0.01M. The study was con- 
fined to one frequency (1 kc) which is sensitive to 
chloride inclusion in  the film and to the na tu ra l  pas- 
sive film thickness (around 25A in  both solutions).  
First, it may be seen that  the resist ivi ty of the pas- 
sive film in 0.01M chromate is only about  70% of that  
in 1.0M chromate. The passive film thicknesses are 
identical from capacitance measurements ,  and the 
difference in  resist ivity may be a t t r ibuted to a higher 
proport ion of crystal l ine -y-A12Os of low ionic resist-  
ance in  the more di lute passivating solution. When the 
two chromate solutions contain sodium chloride at a 
concentrat ion of one tenth  the chromate concentra-  
tion, i.e., 0.1 and 0.001NI, respectively, no  significant 
change in passive film thickness or resist ivi ty is seen 
at 1 kc. When  passivation is conducted in  the two 
chromate solutions with equal concentrat ions of so- 
dium chloride (1.0 and 0.01M) the thickness of the 
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passive film again remains constant. However, passive 
film resist ivity decreases in the concentrated (1.0M) 
solutions and remains  essentially unchanged in  the 
dilute (0.01M) solutions. The effects of the chloride 
in  the simultaneous presence of chromate could be 
due to one of two causes: (a) a re luctance of chloride 
to enter  the crystal l ine 7-A1203 and penetrate  to the 
amorphous layer where its effect at 1 kc should be 
large. Such behavior  has been noted in h igh- tem-  
perature crystal l ine ~-A1203 (8); and (b) an adsorp- 
tion effect whereby chromate prevents  s imultaneous 
adsorption of chloride on the film surface. In  the ab-  
sence of specific adsorption of CI' ions their  ent ry  into 
the ~-A1203 lattice is not considered possible. 

In  order to dist inguish between these alternatives,  
passive films were formed in  1.0M chromate on alu-  
minum as described earlier and thickened anodically 
to around 35A thereby increasing the amount  of crys- 
tal l ine ~-A1203. After this t rea tment  the specimens 
were r insed and immersed in chromate free 0.1M 
NaC1 solution at pH6 for 4 hr. The low-frequency 
(1 kc) resistance of the total film was then measured 
in the s tandard manne r  at pH 6 in the absence of 
film thinning.  The results in  Fig. 1 show a marked 
decrease in ionic resistance for these specimens. If 
this result  is compared with the fact that  the same 
concentrat ion of chloride (O.IM) when present in 
combinat ion with 1.0M sodium chromate permit ted 
growth of a passive film of undiminished  resistivity 
at 1 kc (Fig. 5), it is clear that explanat ion (a) is 
untenable.  Indeed the stabil i ty of passive film formed 
in the combined presence of chromate and chloride 
must  be due to a relat ive adsorption effect whereby 
the chromate ions are specifically adsorbed on the 
growing oxide so strongly that they will  displace 
chloride from the surface at least up to a certain cr i t -  
ical concentrat ion level. The fact that  the relat ive 
critical chloride concentrations differ with the chro- 
mate concentrat ion also supports such a view. This 
conclusion is consistent in part, with views expressed 
on chromate and chloride adsorption on passive iron 
by Matsuda and Uhlig (12). It  receives direct experi-  
menta l  support  from the zeta potential  studies of 

O'Connor et al. (13) on corundum, 7-A1203 and 
A1.O.OH which indicated a much stronger specific 
adsorption for divalent  CrO4" ions on these oxides. 
This conclusion also indicates that the protection 
against chloride corrosion is only obtained in the si- 
mul taneous presence of chromate and that  once the 
lat ter  is removed, film degradat ion by chloride ions 
can proceed in a normal  fashion. 
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Theory of Organic Corrosion Inhibitors 
II. Electrochemical Characteristics of Iron in 

Acidic Solutions Containing Ring-Substituted Anilines 

Francis M. Donahue, 1 Akitane Akiyama, 2 and Ken Nobe 
Department of Engineering, University of California, Los Angeles, California 

ABSTRACT 

The effect of ani l ine and ani l ine derivatives on the electrochemical charac- 
teristics of iron in H2SO4 has been studied using relaxat ion techniques. Armco 
iron corrosion was found to be inhibi ted pr imar i ly  by an adsorption mecha-  
nism. However, evidence was noted which suggested a contr ibut ion from a 
"surface chelate." Evidence for surface chelation was more pronounced in 
the case of zone-refined iron which showed a t ransi t ion from a near ly  "pure 
adsorption" to a predominant  surface chelation process. Subsequent  loss of 
inhibi t ion with time by some organics has been at t r ibuted to charge t rans-  
fer processes associated with the surface chelate. 

An unders tanding  of the s t ructure-corrosion inhib i -  
t ion relat ionship of organic compounds may be ob- 
ta ined by: (a) empirical ly correlat ing observed cor- 
rosion rates of metals in  the presence of inhibi tors  
with physico-chemical measurements  or correlation 
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gineering,  The Univers i ty  of Michigan, Ann  Arbor,  Michigan. 

: P e r m a n e n t  address: Depa r tmen t  of Applied Electrochemistry,  
Tokyo Inst i tute  of Technology, Tokyo, Japan.  

parameters  [e.g., see ref. (1-4)] ;  (b) a detailed study 
of the electrochemical behavior  of inhibi ted metal  
dissolution (5, 6); and (c) measurement  of adsorp- 
t ion properties of meta l -solut ion interfaces (2, 7). 

An unequivocal  solution to the structure-corrosion 
inhibi t ion relat ionship is not  to be anticipated from 
any of these techniques alone. In  fact, unless the na-  
ture  of the dissolution reaction itself is well  under -  
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stood, very little of fundamenta l  significance can be 
gained from studies of inhibit ion.  Therefore, this 
laboratory has under taken  the task of s imul taneously  
s tudying the inhibi ted and un inh ib i ted  behavior  of 
i ron in  acidic solution. The first paper in this series (4) 
was concerned with corre2ation of adsorption and in-  
hibi t ion behavior of organic compounds with phenom-  
enological constants derived from physical-organic 
chemistry. Another  paper (8) is associated with the 
detection and role of intermediates  in the dissolution 
process. This paper and the one to follow (9) are as- 
sociated with the electrochemical characteristics of 
inhibi ted dissolution and a study of empirical  corre- 
lations of inhibi tor  data, respectively. A "final" paper 
(10) is a s tudy of the un inhib i ted  kinetics of iron. I t  
is the authors '  purpose to investigate in a systematic 
manne r  with several electrochemical techniques the 
s tructure-corrosion inhibi t ion relat ionship of a series 
of organic compounds on two different i ron samples. 

The present  paper considers the effect of the addi-  
t ion of organic compounds on the observed electro- 
chemical behavior of iron. Thus, observations of the 
open-circui t  potential  (corrosion potent ia l ) ,  polariza- 
t ion behavior,  and differential capacitance will  be used 
in the m a n n e r  described below to deduce the role of 
the organic in the inhibi t ion process. 

The various theories of inhibi t ion by organic com- 
pounds have been adequately reviewed in the l i tera-  
ture (11, 12) and, hence, are not  considered here. 
Whereas chemisorption was assumed as the mode of 
inhibi t ion in  the "Theoretical" aspect of this series 
(4), no assumptions are made with respect to the 
mode of inhibi t ion here. 

Kaesche (5) has suggested that  observations of the 
shift of the open-circuit  potential  in the presence of 
an inhibi tor  permits  the specification of which par -  
tial process is influenced by the inhibitor.  In  sum- 
mary, his postulates are these: (a) shifts of the open- 
circuit potential  in  the positive direction indicate pre-  
dominant  interference with the anodic part ial  process; 
(b) shifts in the negative direction, the cathodic par-  
tial process is affected; and (c) no shift in open- 
circuit potential,  both processes are affected to the 
same extent.  The analysis tacitly assumes near  con- 
stancy of the respective Tafel slopes, i.e., no change 
in mechanism of the part ial  processes in the presence 
of the inhibitor.  Therefore, mere measurements  of 
open-circui t  potentials cannot  describe unequivocal ly  
the interact ion of the organic with the part ial  proc- 
esses, and it is necessary to polarize the electrode to 
verify the Tafel slope constancy. 

Bockris (13) has suggested the following mechanism 
for i ron dissolution 

Fe -b O H -  ~c~ (FeOH)ads + e -  [1] 

(FeOH) ads'~ (FeOH) + + e -  [2] 

(FeOH) + -> Fe +2 + O H -  [3] 

where step [1] is in  quasi-equi l ibr ium,  step [2] is 
rate l imiting, and step [3] is fast. In  the l ight of this 
mechanism and techniques which have recent ly been 
developed (8), the rate constants for step [1] may be 
calculated from anodic charging curves under  certain 
circumstances, e.g., Armco iron in  1N H2SO4, and  the 
rate of disappearance of the adsorbed intermediate  
may be deduced from decay measurements .  In  this 
m a n n e r  the question of "deactivation" of the metal  
surface may find a part ial  resolution (5). Thus, an in -  
hibitor which "stabilizes" the iron atom in  the lattice 
wil l  cause a shift in the equi l ibr ium given by  [1] 
and, thereby, change the ratio of the rate constants. 
From the theoretical  development  given before (8), 
this effect should be characterized by a decrease in  
adsorption pseudocapacitance (i.e., surface coverage 
of intermediate)  and an al terat ion of the shape of the 
charging curve. 

If the effect of the inhibi tor  is on the adsorbed in-  
termediate,  e.g., some sort of chelation mechanism, 
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the evaluat ion is less direct. Consider the following 

(FeOH)ads + h i <  -~--~ [(FeOH) �9 In]ads [ la]  

[ (FeOH) �9 In]ads--> [(FeOH) �9 In] + + e -  [ lb]  

In  step [ la]  the adsorbed intermediate  interacts with 
n molecules of inhibi tor  I (at this point  it is unneces-  
sary to st ipulate whether  the inhibi tor  is adsorbed) 
to form a complex which is adsorbed on the surface. 
To the extent  that  the complex can undergo charge 
transfer,  i.e., step [ lb] ,  and desorb as a complex ion, 
a postulated inhibi tor  may in  fact be an accelerator 
(see Exper imenta l  Results below).  Likewise, the value 
of the equi l ibr ium constant  of [ la]  ought to determine 
the extent  of inhibi t ion provided that  the rate of 
[ lb]  is much slower than  [2]. In  addition, the values 
of the rate  constants for [ la]  should in t imate ly  affect 
the measured values of the rate constants for [1]. For 
example, should the rate constants for [ la]  be much 
less than  those of [1], then the anodic charging curve 
would be insensit ive to the presence of the inhibitor.  
On the other hand, if the rate constants for [la] 
(especially the forward constant)  are equal  to or 
greater  than those of [1], then the charging curve 
should undergo a significant change in shape. Unfor -  
tunately,  no theoretical analysis of the scheme sug- 
gested here has been worked out. However,  such an  
al terat ion of the charging curve would be part ial  
SUlJport for such a mechanism. 

Since the ra te -de te rmin ing  step for hydrogen evo- 
lut ion on Armco i ron has been shown to be the first 
electron t ransfer  step (14), such an analysis for the 
cathodic par t ia l  process is precluded. However, "de- 
activation" of the surface for hydrogen evolution 
would reveal itself in an al terat ion of the cathodic 
Tafel slope. 

A simple blocking of the surface by adsorption of 
the inhibi tor  would decrease the area available to the 
respective part ial  processes and thereby decrease the 
apparent  exchange currents  in an identical  fashion. 
Therefore, the open-circui t  potential  and Tafel slopes 
would remain  unaltered.  However, the adsorption 
pseudocapacitance would decrease l inear ly  with in -  
creasing adsorption of the organic [provided the sur-  
face coverage of (FeOH) was less than  0.1 (8)].  In  
the same manner ,  the apparent  double layer capac- 
itance would also decrease on increasing adsorption 
of organic. 

The foregoing discussion gives a ra ther  quali tat ive 
picture of how one might  a t tempt  to ascertain infor-  
mat ion per t inent  to the mode of inhibi t ion of organic 
compounds using electrochemical techniques. In  the 
text to follow an example of this approach is given. 

Experimental 
The details of the exper imental  equipment  and the 

procedure are given elsewhere (10). The materials  
used were Armco iron and a sample of zone-refined 
iron which was donated by  the American  Iron and 
Steel Inst i tute  (designated as Bar 65A) and prepared 
in rod form by Battel le Memorial  Insti tute.  The elec- 
trodes were of cylindrical  form and were rotated at 
constant  speed. 

The organic compounds were purified before use by 
disti l lat ion at reduced pressure in a n i t rogen atmos- 
phere or by recrystal l izat ion (p-Toluidine) .  Boiling 
point ranges were ~ 2~ and  the mel t ing  point of 
p-Toluidine  was 42~176 

The de terminat ion  of the rate constants was by the 
technique previously described (8). 

Results and Discussion 
Figure 1 shows the effect of the addi t ion of organic 

compounds on the open-circui t  potential  of Armco 
iron. The solid l ine shows behavior  of un inh ib i ted  iron 
(10) for comparison. Ani l ine  and p-Tolu id ine  show 
deviat ion in the negative direction, while the remain-  
der exhibit  positive deviations. However, with the 
exception of p-Toluidine,  the deviations are smaller  
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Fig. 1. Open-circuit potential of Armco iron in the presence of 
0.3M aniline and ring-substituted anilines. The solid line describes 
the behavior of uninhibited iron (10). 
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Fig. 2. Cathodic polarization behavior of Armco iron electrodes 
in the presence of 0.3M online. 
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Fig. 3. Cathodic Tafel slopes for aniline and ring-substituted 
anilines as a function of time of immersion. Solid line shows the 
data for uninhibited iron (10). See Fig. 1 for designation of 
symbols. 

than about 5 my, which are smaller than those of 
Kaesche (5), and are not considered to be sufficient 
to permit  ascribing any  specific interact ion with one or 
the other part ial  process. 

Figure 2 shows the typical  cathodic pulse polariza- 
t ion behavior  observed for Armco iron. The m i n i m u m  
in polarization is characteristic of unannea led  Armco 
iron electrodes (10) and does not  reflect any effect of 
the inhibitor.  

Figure 3 shows the var iat ion of cathodic Tafel slope 
with t ime for inhibi ted Armco iron [again the solid 
l ine is presented to allow comparison with the u n i n -  
hibited work (10)]. It can be seen that  the inhibi ted 
samples (except p-Toluidine)  follow the behavior  of 
the un inhib i ted  samples. This suggests tha t  the cath-  
odic par t ia l  process is essentially unaffected ( in terms 
of reaction mechanism) by  the presence of most of the 
organics. This is not t rue  of p-Toluidine,  which only  
approaches the un inhib i ted  b e h a ~ o r  as a l imit  at long 
immersion times. This behavior  of p-Toluid ine  is con- 
sistent with other observations with this compound. 
Although it  is chemically related to the other r ing-  
subst i tuted anilines, its behavior  at the i ron electrode 
seems to be quite anomalous. 
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Fig, 4. Adsorption pseudocopocitunce observed during onodir 
polarization of iron in the presence of aniline. Solid line is curve 
for uninhibited iron (8). Current density, | mo/cm m. 

One aspect of Fig. 3 which deserves comment  at 
this t ime is the observation of ra ther  low cathodic 
Tafel slopes, Values between 100 and 120 mv  have 
been most f requent ly  reported. In  fact, previous work 
on this system (Armco iron/H~SO4) in  this laboratory 
gave slopes of 100 mv  (15). However,  those experi -  
ments  were usual ly  completed wi th in  2 hr  after the 
samples were immersed. Those observations are in 
accord with the present  work if one examines Fig. 3 
at short times. Likewise, Kaesche (5) noted a range of 
TafeI slopes of 83-92 mv  for un inhib i ted  samples 
whose polarization data were obtained after 5 and 7 
hr  immers ion time, again, in  accord with the curve 
shown in  Fig. 3. This under l ines  the need for in -  
vestigators to stipulate at what  t ime following im-  
mersion their data were obtained. Unless this is done, 
comparison of data among investigators may  not  be 
meaningful .  

It  has been shown elsewhere (8) that  the slow 
achievement  of a steady-state potential  dur ing  anodic 
polarization is associated wi th  the slow bu i ld -up  of 
the surface concentrat ion of the in termediate  species 
(FeOH).  It  was also shown that  an indirect  measure-  
ment  of this bu i ld -up  could be made by de termining  
the adsorption pseudocapacitance dur ing  the polariza- 
t ion by superimposing short galvanostatic pulses on 
the already existing signal. Figures 4 and 5 show the 
exper imental  results for ani l ine  at three concentra-  
tions and some r ing-subs t i tu ted  anilines, respectively. 
The agreement  between the inhibi ted samples and 
their  approximation to the un inh ib i ted  case is quite 
reveal ing as shown in Fig. 4 and 5. From this it may 
be surmised that  the energetics of the ini t ia l  electron 
t ransfer  (see Eq. [1] above) seem to be independent  
of the presence of the organic or its chemical structure.  
Again it should be noted that  p-Toluid ine  is an ex-  
ception. 
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Fig. 5. Adsorption pseudocopocitonce-observed during onodir 
polarization of iron in the presence of some ring-substituted ani- 
lines. Solid line is curve for uninhibited iron (8). Current density, 
] mo/cm 2. Compounds ore: 0.1M as-recelved online (e) ,  0.3M 
m-Toluidine (A) ,  0.3M p-Toluidine & .  
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Fig. 6. Experimental test of Eq. (1S), ref. (8) for an iron elec- 
trode in the presence of O.3M aniline. 

From the comments in the preceding paragraph, it 
is anticipated that an est imation of the rate constants 
from the adsorption pseudocapacitance data would 
approximate that  which has been found for the u n -  
inhibi ted case (8). Figure 6 shows the results which 
were obtained for two different Armco iron electrodes 
in  the presence of 0.3M aniline. The slope of the line, 
i.e., the sum of the rate Constants of Eq. [1], was 2.1 
x 10 -3 sec -1, which was wi th in  10% of the average 
value obtained for the un inhib i ted  samples (8). 

Thus far all of the suggested electrochemical tech- 
niques have been able to supply answers to the spe- 
cific questions Which have been posed. In  addit ion to 
the mere presentat ion of answers, the picture which 
the results suggest is self-consistent,  i.e., the open- 
circuit  potential  and  both the anodic and cathodic po- 
larizat ion measurements  suggest a nonspecific, "non-  
deactivating" mechanism for the effect of the organic 
on the electrochemical behavior  of iron. s In  addition, 
it has been possible to el iminate a fast "chelation" 
step (e.g., see Eq. [ l a ] ) .  However, the results have 
not been able to differentiate between a simple block- 
ing mechanism such as might  be envisioned in a 
chemisorption mechanism and a slow "chelation" step 
(Eq. [ l a ] ) .  

The resolution of the problem is at least theoret-  
ically at hand. If the chelation process proceeds at a 
reasonable rate (from the rapid convergence of the 
inhibited and uninhib i ted  cathodic Tafel slopes, it 
seems reasonable to assume that  whatever  process is 
operative it probably has a re laxat ion time which 
is less than  an hour) ,  then measurements  of the decay 
of adsorption pseudocapacitance following the cessa- 
tion of anodic polarization ought to show the presence 
of the chelate. Two pieces of informat ion are avail-  
able from the previous analysis for uninhib i ted  iron 
(8) : (A) The decay re laxat ion t ime is about an  order 
of magni tude  larger than the charging case; (B) the 
decay data are not as reproducible as charging data. 
The first observation suggests that  it is possible to 
observe the equi l ibrat ion of [ la]  dur ing  decay even 
if we Could not detect it dur ing the charging process. 
The second observation suggests that  at the present  
state of the exper imenta l  method one can, at best, only 
qual i tat ively evaluate the chelation effect. The experi-  
menta l  results obtained for the decay experiments  
[see Eq. (16) of ref. (8)] are not  shown since the 
reproducibi l i ty  was even poorer than  those obtained 
in the uninhib i ted  case (8) and would not lend any-  
thing to the discussion. 

Another  series of measurements  are available dur -  
ing the decay process which has not been considered 
previously. Short (,--5 sec) cathodic pulses can be ap- 
plied to ,an electrode which is re laxing  following the 
cessation of anodic polarization without  per turb ing  
the re laxat ion process and, thereby, determine the 
polarization characteristics dur ing  the re laxat ion (10). 
It  has been suggested that  (FeOH) catalyzes, i.e., in -  
creases the apparent  exchange current ,  the hydrogen 

-500 
W 
d 

-550  
-e- 

-600 

3 T h e s e  c o m m e n t s  a r e  n o t  t r u e  s  p - T o l u i d i n e ,  a n d  ~ o r  t h e  p r e s -  
e n t  t h a t  c o m p o u n d  w i l l  b e  o m i t t e d  ~ r o m  a n y  g e n e r a l i z a t i o n s .  

1009 

o , o 

- ~ 0 " " " " ~ ' - - ~  fl fl ~ ' ' 2 ~ m a / e m  2 . . . . .  u' ' 

TIME (SECONDS x I() 3) 

Fig. 7. Electrode potential (open circuit and cathodic pulse 
polarization) during the relaxation following anodic polarization. 
Inhibitor: 0.3M aniline. Dashed line shows the results for unin- 
hibited iron (10). 

evolut ion reaction (h.e.r.) (15). Since an electrode 
dur ing  the re laxat ion process has a varying  amount  of 
(FeOH) on its surface, the potential  associated with 
a given current  density should increase with decreas- 
ing (FeOH) if such an  hypothesis is correct. On the 
other hand, if the (FeOH) does not catalyze the h.e.r. 
or is unavai lable  for such a catalysis, the potential  
for a given value of current  density should remain  
constant. Figure 7 compares an un inh ib i ted  and an 
ani l ine- inhib i ted  iron sample. In  the uninhib i ted  sam- 
ple (dashed line) it can be seen that at times greater 
than  1 hr (the t ime corresponding to the achievement  
of a s teady-state  open-circui t  potential)  the previous 
hypothesis (15) finds exper imental  support ,  i.e., the 
adsorbed (FeOH) affects the h.e.r. I n  the case of the 
inhibi ted sample, however, catalysis is essentially ab-  
sent. It does not seem likely that  such a result  can be 
explained except in terms of a "surface chelation" 
process. 

It was suggested at the outset that measurements  of 
adsorption pseudocapacitance on open circuit should 
permi t  an est imation of the coverage of the inhibitor.  
However, capacitance measurements  of Armco i ron 
displayed a large intrinsic scatter f rom electrode to 
electrode which has tenta t ive ly  been ascribed to "sur-  
face defects" (10). The same phenomena  have been 
observed in  the inhibi tor  study so that  at present the 
capacitance technique is of no benefit in de termining 
surface coverages of the inhibi tor  on unannea led  
Armco iron electrodes. 

The zone-refined iron has not been considered in 
the preceding discussion. I t  has already been noted 
that  the zone-refined sample undergoes a ra ther  rapid 
equi l ibrat ion of step [1], viz., about 108 times more 
rapid than Armco iron (8). Therefore, it  is not  pos- 
sible to evaluate the purer  sample in the same manner  
as that  given above. 

It has been observed that zone-refined i ron in  1N 
H2SO4 achieves a s teady-state  potential  in less than 
5 sec for anodic (8) and cathodic polarization (10). 
Therefore, in contrast  to the Armco iron, it  is possible 
to obtain s teady-state  polarization data for zone-re-  
fined iron with mi n i mum perturbat ions of the quies- 
cent (open-circuit)  conditions of corrosion. 

The open-circui t  potentials of zone-refined iron were 
not as reproducible as those for Armco i ron both in 
the presence and absence of aniline. However, in 
presence of ani l ine zone-refined iron was always more 
negative than in the un inh ib i ted  case. Consequently,  
f rom the analysis of Kaesche (5) it may  be deduced 
that  ani l ine affects the cathodic part ial  process more 
than the anodic part ial  process. This is a different re-  
sult than had been obtained in the case of the Armco 
iron (see above).  

Figure 8 shows the variat ion of cathodic Tafel slope 
for zone-refined i ron in  the presence and absence of 
aniline.  At t imes greater than  about 20 hr, the slope 
of the former deviates from that  associated with the 
un inh ib i ted  case. Figure 9 shows the var ia t ion  of the 
corrosion rate under  the same circumstances. A com- 
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parison of these two graphs is i l luminating.  In the 
vicini ty  of the deviat ion of cathodic Tafel  slopes it is 
seen that  the corrosion ra te  of uninhibi ted iron begins 
to " run  away," i.e., the shape of the curve  for unin-  
hibited iron in Fig. 9 suggests an autocatalyt ic process. 
Such a process and the conditions under  which it could 
be realized have been considered e lsewhere  (10). Let  
it suffice here  that  inhibi ted iron behaves in a " regu-  
lar"  fashion, i.e., at t imes beyond 20 hr  it does not  
behave much differently than it did at shorter  times, 
and that  the "deviat ion"  is more associated with  un-  
inhibited iron. Therefore,  it is difficult to a t tempt  
to rat ionalize the significance of the  Tafel  slope de-  
viations. 

The ra te -de te rmin ing  step for h.e.r, on h igh-pur i ty  
iron in the absence of inhibitors has been shown to be 
slow discharge (16-18). If this is also the rate  l imit -  
ing step in the presence of the inhibi tor  (a question 
which remains unanswered) ,  then an inhibitor  which 
decreases the Tafel  slope (see Fig. 8) and decreases 
the corrosion rate  must  s imultaneously decrease the 
act ivat ion bar r ie r  and depress the exchange current.  
For  the foregoing observations to prevail ,  the depres-  
sion of the exchange cur ren t  must  be ve ry  large. An 
al ternate  possibility exists which is more  in t imate ly  
associated with  the anodic par t ia l  process and, hence. 
will  be considered fur ther  below. 

The anodic Tafel  slope for the uninhibi ted zone-  
refined iron has been found to be 47 • 2 m v  (10) whi le  
in the presence of 0.3M aniline, slopes of 55 _ 3 mv  
were  obtained. This increase in Tafel  slope suggests 
a mode of inhibit ion involv ing  an interposit ion of or-  
ganic into the charge t ransfer  process for the anodic 
reaction. This is consistent wi th  the mechanism sug- 
gested above if the equil ibrat ion of [ la]  is fast and is 
shifted toward  the right,  i.e., the surface concentra-  
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Fig. 9. Corrosion current obtained by extrapolating the cathodic 
polarization curve to the corrosion potential for zone-refined iron 
samples in the presence of 0.3M aniline. The solid line shows the 
behavior of the uninhibited iron (10). 

t ion of free (FeOH) is low, and the bulk of the dis- 
solution comes f rom [ lb] .  

This suggestion of an interposi t ion of the organic 
in the anodic charge t ransfer  process may  help clar i fy  
the observations of cathodic Tafe l  slope deviat ions 
and modes of inhibition. If one allows the possibility 
of the generat ion of surface sites, which are pre fe r red  
for adsorption, dur ing the na tura l  corrosion process, 
then it does not  seem unreasonable  to suggest that  
the equi l ibr ium by [1] wil l  be adjusted such that  the 
surface concentrat ion of (FeOH) would  increase. In 
turn the rate  of the dissolution reaction would increase 
and, thereby, beget more surface sites, etc., unt i l  the 
process would  tend toward  autocatalyt ic  behavior.  
Tentat ively,  the h.e.r, process has been neglected, but  
in fact its exchange cur ren t  is also increased (10). 
Therefore,  if one could introduce a species which could 
s imultaneously t rap the (FeOH) and consume the 
surface sites (by an appropr ia te  adsorption mechan-  
ism) this "autocatalyt ic"  process could be stifled. As 
was suggested above, the results  indicate that  the 
anil ine does fill this dual role, i.e., the ani l ine ad-  
sorbs on the surface and complexes wi th  the (FeOH) 
on the surface. 

In contrast to Armco iron, zone-refined i ron has re-  
producible open-circui t  capacitance behavior.  There -  
fore, in the lat ter  case, one may  deduce the effective 
surface coverage of the  inhibitor.  If one assumes that  
the adsorption of the organic compound "insulates" 
that  part  of the meta l - so lu t ion  interface, then  the re la-  
t ionship between the capacitance in the presence and 
absence of inhibitor  and the surface coverage is 

Ci = ( 1 - - 0 )  Cu [4] 

where  the subscripts i and u correspond to the in-  
hibited and uninhibi ted cases, respectively,  and # is the 
surface coverage of inhibitor.  Therefore,  the  rat io 
Ci/Cu is a measure of the surface coverage. If ad- 
sorption is the only mode of inhibition, then  the ratio 
of the inhibited rate  to the uninhibi ted ra te  (at any 
t ime) should be the same as that  for the capacitance 
ratio. 

The capaci tance- t ime behavior  of the inhibi ted zone- 
refined iron is shown in  Fig. 10. It  is seen that  the 
capacitance of uninhibi ted i ron has a higher  C-t  slope 
than inhibited iron. This is consistent wi th  the sug- 
gestion that  the inhibit ion process decreases the rate  
of appearance of the in termedia te  (FeOH).  

Table I is a collection of data f rom Fig. 9 and 10 
and provides an indication of the extent  to which ad- 
sorption alone contr ibutes  to the inhibition. Consider-  
ing the approximat iveness  of the numbers  used in the 
calculation, the correspondence be tween the ratios of 
capacitance and corrosivi ty  at t imes L 20 hr  is good 
and suggests a p redominant ly  adsorption mechanism. 
However ,  at t imes greater  than 20 hr, the differences 
be tween  the two can be ascribed to surface chelation 
as described above.  

A detai led tabulat ion of the observed corrosion rates 
with t ime for Armco  iron as wel l  as the L F E R  corre-  
lation of the data is given e l sewhere  (9). The data 
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Fig. 10. Capacitance-time behavior of zone-refined iron in the 
presence of 0.3M aniline. The solid line represents the behavior 
of the uninhibited iron (10). 
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Table I. Comparison between the capacitance and corrosivity 
ratios for anillne-inhibited zone-refined iron 

T i m e ,  h r  C~/Cu* r i / r . *  * #* ~* 

2 1.00 0.95 0.00 
5 0.97 0.95 0.03 

10 0.93 0.91 0.07 
20 0.85 0.82 0.15 
30 0.79 0.60 0,21 
40 0.76 0.44 0.24 
50 0.72 0.38 0.28 
60 0.71 0.33 0.29 

* D a t a  f r o m  F i g .  10. 
** D a t a  f r o m  F ig ,  9. 

*** F r o m  Eq .  [4] .  

showed that meta-  and para- to luidine  lost inhibi t ion 
with t ime (para-  before the meta- )  unt i l  both were 
acting as accelerators. Mere loss of inhibi t ion would 
derive from an exclusion of the organic from the 
surface; acceleration suggests a definitive role for the 
organic. These results may be explained in terms of 
reaction [ lb]  becoming the dominant  dissolution re-  
action. The reason for the shift from [2] to [ lb]  is not 
clear, bu t  is probably a complex interact ion between 
the stabil i ty of the surface chelate and its oxidation 
propensity. This may be seen in Fig. 5 where the p- 
Toluidine is seen to deviate from the behavior of the 
other inhibitors and the uninhib i ted  case. It  is sug- 
gested that  the rate of equi l ibrat ion of [1] would be 
very slow due to the in tervent ion of steps [ la]  and 
[ lb]  to yield the complex ion with i ron in  the divalent  
state. 

A final comment  concerning purification of the or- 
ganic should be made. During the course of this work, 
it was found that  0.1M ani l ine in the as-received state 
(brownish-colored liquid) gave near ly  identical in-  
hibit ion as 0.3M of the redisti l led (clear) aniline. 
Therefore, it is suggested that  only purified compounds 
should be used when s tudying the effect of organic 
compounds on electrochemical properties of metals. 

Conclusions 
The results of electrochemical measurements  of 

Armco iron and zone-refined iron in  the presence of 
ani l ine and its r ing-subs t i tu ted  derivatives have 
shown that deactivation of the iron lattice (5) is not 
the model by which the anodic part ial  process is al-  
tered. Instead, there is an equil ibrated "capture" of 
the monovalent  intermediate,  i.e., (FeOH),  in some 
sort of surface chelate. However, at low coverages of 
the intermediate,  the inhibi t ion is essentially a block- 
ing (adsorption) mode. 

The effect of ani l ine derivatives on the hydrogen 
evolution reaction is essentially an adsorption mode. 

In the case of the zone-refined iron the drastic a l tera-  
tions in h.e.r, exchange current  were more associated 
with the absence of the intermediate  (FeOH) due to 
the presence of surface chelate than any deactivation 
of the cathodic par t ia l  process, per se. 

The work presented here shows the ut i l i ty  of the 
multifaceted electrochemical approach to the problems 
of ascertaining the effects of organics on the electro- 
chemical properties of active metals. An analysis of 
the s t ruc ture- inhib i t ion  relationship is given else- 
where (9). 
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III. LFER Correlation of Inhibition of Armco Iron 
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ABSTRACT 

The corrosion rates of Armco i ron in  the presence of r ing-subs t i tu ted  ani-  
lines were shown to obey a LFER predicated on inhibi t ion by adsorption. 
Deviations from the adsorption correlation were shown for p-Toluidine  at 
times greater than 20 hr and for m- to lu id ine  in excess of 30 hr. These devia- 
tions tended toward an acceleration which has been at t r ibuted to an oxidative 
propensi ty of the "surface chelate." Since 0-Toluidine was found to follow 
the adsorption correlation, it was concluded that adsorption of the organic 
was parallel  to the electrode surface. Adsorption data on Hg where the or ienta-  
tion was shown to be parallel  to the electrode surface were also correlated by 
the LFER theory. 

Recently, the authors have proposed a correlat ion 
between adsorption of and /o r  inhibi t ion by organic 
compounds and physical-organic chemical subst i tuent  
constants (1). Correlat ing such parameters  was not 
completely new since Hackerman and Hurd (2) had 
plotted the degree of inhib i t ion  for r ing-subs t i tu ted  
N-methylani l ines  vs. the Hammet t  subst i tuent  constant  
as early as 1961. However, no previous formalism had 
been developed for plott ing inhibi t ion vs. subst i tuent  
constants. 

In  essence, the "theory" states that, if inhibi t ion 
(or adsorption) of organic compounds is determined 
by the electronic dis t r ibut ion in  the "anchoring" group 
of the adsorbate, then it should be amenable  to a 
"Linear Free Energy Relationship" t reatment .  The 
term "anchoring" has been placed in quotat ion marks  
here and previously (1) for two pragmatic reasons: 

(A) If one is to investigate electron distr ibutions in 
an organic molecule, he ought to focus his a t tent ion 
on one atom wi th in  that  molecule and note variat ions 
in the electron density due to variat ions of a sub- 
s t i tuent  elsewhere in the molecule. Therefore, the 
choice of the "marked" atom is somewhat  arbi t rary,  
although a certain atom in some molecules, e.g., the 
ni t rogen in alkyl  subst i tuted pyridines, suggests it- 
self. In  physical-organic  chemistry the marked atom 
is invar iab ly  the reaction site. 

(B) In  studies of corrosion inhibi t ion the term "an-  
choring" atom has been used extensively, and the 
authors feel that  one may use such a term provided it 
is not taken l i teral ly [see Discussion, p. 888, of ref. 
(1) ]. Therefore, to remove such an improper  in te rpre-  
tat ion the quotat ion marks  have been and will  con- 
t inue to be used. 

Cox and co-workers (3) following the reasoning of 
Hackerman and NIakrides (4) demonstrated a corre- 
lation between degree of inhibi t ion for r ing-subs t i -  
tuted anil ines and n.m.r, chemical shift for the amine  
hydrogens (a measure of the ni t rogen electron den-  
sity).  This correlation should have lent  considerable 
support  to the authors '  theory (1) since Suhr  (5) and 
Dyalt  (6) had shown correlations between n.m.r. 
chemical shifts for amine hydrogens and the Hammet t  
subst i tuent  constant. However, nei ther  the corro- 
sion inhibi t ion data (3) using Eq. [15b] (1) nor  the 
chemical shifts (3) were found to correlate with the 
subst i tuent  constants. Since Dyall (6) had studied six 
of the r ing-subs t i tu ted  anil ines which Cox (3) had 
observed, it is noteworthy that  the results of the two 
investigators show essentially no correlat ion with each 

z P r e s e n t  a d d r e s s :  D e p a r t m e n t  of  C h e m i c a l  a n d  M e t a l l u r g i c a l  E n -  
g i n e e r i n g ,  T h e  U n i v e r s i t y  of  M i c h i g a n ,  A n n  A r b o r ,  M i c h i g a n .  

other. The difference in solvents between the two in-  
vestigators is probably not the source of the dis- 
crepancy since Dyall 's  work in  CC14 and acetonitri le 
gave good in terna l  checks. Unfor tunate ly ,  the authors 
cannot  resolve the discrepancies in  the n.m.r, work 
and, hence, wil l  have to forego any fur ther  crit ique 
unt i l  more work in  this interest ing area is published. 

However, the authors can address themselves to the 
corrosion inhibi t ion data of Every  and Riggs (7). 
The authors have observed previously that  impure  
organics, i.e., those used in the as-received state wi th-  
out fur ther  purification, yield misleading results (8). 
In  nei ther  the paper under  discussion (7) nor  in  pre-  
vious work by those investigators (9, 10) was men-  
t ion made of purification of the organics prior to in-  
hibi t ion studies. Likewise, their  representat ion of the 
degree of inhibi t ion (7) is derived from an integral  
corrosion rate i.e., the total  weight  loss after 24 hr  
in  the presence of inhibi tor  is compared with the un -  
inhibi ted weight loss for the same duration. Unless 
the weight  loss-t ime curves have the same shape (an 
unsubstant ia ted  assumption) ,  such a measurement  is 
not indicative of the over-al l  efficacy of the in-  
hibitor. Consider Fig. 1 as an example. Using the 
integral  corrosion rate technique, all three inhibi tors  
(a, b, and c) show about a 25% protection at 24 hr. 
However, only "b" will  show this degree at any  other 
t ime while "a" will  give a higher va lue  of protection 
at longer t imes and "c" will  soon be an accelerator. 

From the previous der ivat ion (1) the ins tantaneous 
rate, i.e., the slope of the curves in Fig. 1 or the corro- 

UNINHIB. c b 

a 

I 
0 24 

TIME (HOURS) 

Fig. 1. Schematic representation of weight loss-time curves for 
three inhibitors compared with an uninhibited sample. 
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sion current  from polarization measurements ,  should 
be correlated with the subst i tuent  constant. Conse- 
quently,  simple weight loss measurements  are an un-  
satisfactory method of testing the theory unless a 
sufficient number  of data points can be obtained such 
that a differentiation of curves like those shown in 
Fig. 1 may be effected. Electrical resistance probes 
(11) can be used effectively for this purpose under  
certain conditions. 

An  impor tant  aspect of the proposed theory (1) 
has been questioned recent ly (12). Due to an apparent  
misunders tanding  of the usage of "anchoring" group 
(see comments above),  it was suggested by A n n a n d  
that  observations such as those by Blomgren and 
Bockris (13), who concluded from their results that  
the adsorption of r ing-subs t i tu ted  anil ines on mer -  
cury was paral lel  to the electrode surface and was 
attached to the surface by =-bonds from the aromatic 
nucleus, negated our entire analysis. On the contrary,  
Fig. 2 shows that Eq. [9c] (1) correlates the data of 
Blomgren (13) quite well  when  the organic was at 
the high concentration. The deviations at the lower 
concentrat ion could be due to slow adsorption or just  
the intr insic reproducibi l i ty  of their measurements  
coupled with the na ture  of the ordinate of Fig. 2. The 
main  point here is that for a case which had already 
been shown to proceed by parallel  adsorption the 
theory prevails. The data followed the correlation 
because the conjugated system which interacted with 
the surface was composed of the six carbon atoms 
and the n i t rogen atom. Therefore, the electron density 
at ni t rogen was directly coupled to the density at the 
aromatic nucleus [see p. 526 of ref. (4)].  This strongly 
suggests that  the organic which adsorbs is unpro-  
tonated in  support  of Hackerman 's  hypothesis (4) 
which has been questioned by Blomgren (13). The 
latter 's  comments were perhaps premature  since dis- 
sociative adsorption, i.e., f ragmenta t ion of the ani l in-  
ium ion into free amine and proton at the surface, 
cannot be ruled out provided equi l ibr ium is main-  
tained with the an i l in ium ions in the double layer. 

Results and  Discussion 
Table I shows the ins tantaneous corrosion rate of 

Armco iron specimens as a function of immersion t ime 
in solutions containing 0.3M organic in 1N H2804 (S). 
It may be seen that all of the organics show a min-  
imum in corrosion rate in  the region of 20-30 hr im-  
mersion. From the previous discussions (8) it can be 
seen that  the inhibi t ion process is a combinat ion of a 
number  of coupled chemical and electrochemical proc- 
esses. I t  is not  known  at present  why this coupling 
should be op t imum after this period of immersion. 
However,  it is noteworthy (al though perhaps for- 
tuitous) that this same time was observed for the 

I 2 

o 

I I I 
-0.4 -0.2 0 

[~J 
Fig. 2. Electrocapillary measurements of Blomgren (13) vs. sub- 

stituent constants for substituted anilines. 1, 2,6-dimethyl-; 2, 2,3 
dimethyl-; 3, 0-Toluidine; 4, Aniline. Circles, 10 - 3  M; squares, 
10 - 2  M. 
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Table I. Corrosion current (~a/cm 2) obtained from cathodic 
pulse polarization of Armco iron in 0.3M solutions of inhibitor in 

1N H2SO4. Data are from previous work (8). 

I n h i b i t o r  

o - T o l u i -  m - T o l u i -  p - T o l u i -  m - A n i s i -  
T i m e ,  h r  N o n e  A n i l i n e  d i n e  d i n e  d i n e  d i n e  

2 105 62 75 66 87 44 
4 98 82 95 89 92 62 
6 85 82 91 85 - -  6 8  

8 75 69 84 83 - -  70 
10 65 58 73 79 85 63 
15 60 47 58 (60) 87 42 
20 60 45 57 (58) -- 38 
25 60 46 56 56 95 38 
30 60 47 58 65 101 40 
35 60 47 62 65 ii0 38 
40 60 46 - -  - -  115 42 
45 60 46 60 -- 115 43 
50 60 49 61 61 112 43 

S y m b o l f o r  
f i gu re s  <-- 0 [] Zk �9 �9 

( ) r e p r e s e n t s  a n  e s t i m a t e  f r o m  a n  ieorr-t  c u r v e .  

t ransi t ion from adsorption to "chelation" control in the 
case of zone-refined i ron (8). 

The previously suggested processes associated with 
the effects of organic compounds on the electrochem- 
ical properties of i ron will  be repeated here with the 
same notat ions as before for the convenience of dis- 
cussion (8). 

Fe + O H -  ~-- (FeOH)ads -5 e -  [1] 

(FeOH) ads -5 n I <=2 [ (FeOH) �9 I~]a~s [ la]  

I -5 S a d s  ~ Iads -5 S [ la ' ]  

(FeOH)ads 4- n Iads ~-~ [ (FeOH) �9 In]ads [ la"]  

[ (FeOH) �9 In]'-> [ (FeOH) �9 In] + -5 e -  [ lb]  

(FeOH)ads'~ (FeOH) + -5 e -  [2] 

(FeOH) + -> Fe +2 -5 OH- [3] 

[ (FeOH] �9 In] + --> [FeI~] +~ 4- O H -  [3a] 

Steps [ la ' ]  and [la"]  have been added for complete- 
ness. The symbol S denotes the solvent or any spe- 
cifically adsorbed electrolytic ions. 

In  the previous analysis (8), step [ la ' ]  would be 
the mode of inhibi t ion which has been designated as 
"blocking" or adsorption. Steps [ la]  and [ la"]  are 
the surface chelate modes. If the process described 
by [la"]  was the dominant  mechanism for the pro- 
duction of chelate, then the formation of chelate 
would be enhanced by increased coverage of both 
adsorbed inhibi tor  and reaction intermediate.  Since 
increased coverage of in termediate  leads to product 
formation via step [2], the chelation process, i.e., 
[ la"] ,  must  be fast or the surface coverage of adsorbed 
inhibi tor  must  be high for inhibi t ion to be maintained.  
Assuming the foregoing to be correct, i.e., chelate 
forms by [ la"]  and that  the equi l ibr ia  of [1] and [ la ' ]  
are shifted toward the r ight  as adsorption sites are 
generated by dissolution (8), then the importance of 
chelation ought  to increase with increasing immersion 
time. The extent  to which [1] and [ la ' ]  are shifted to 
the r ight  relat ive to each other and the stoichiometry 
of [ la"] ,  i.e., whether  n --~ 1, wil l  de termine whether  
inhibi t ion  will  increase, decrease, or  r ema in  constant. 
Thus, unt i l  one may ascertain the critical parameters  
associated wi th  [1], [ la ' ] ,  and  [ la"] ,  only a qual i ta-  
tive discussion of the causes of the observed phenom-  
ena can be made. 

From the foregoing discussion, it should not be as- 
sumed that  the mechanism given by [ la]  has been 
ru led  out. On the contrary,  such a mechanism is still  
at tract ive since organic is more readily available from 
the solution than  it  would be via some sort of surface 
diffusion mechanism. On the other hand,  the fact tha t  
adsorbed organic is indeed present  and the organic 
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and in termedia te  are assumed to gravi ta te  toward the 
same surface sites suggest a preference for [ la"] .  

In the previous study it was noted that  both adsorp-  
t ion and surface cheIate funct ioned in a more or less 
concerted manner  to achieve inhibit ion (8). Likewise, 
it was suggested that  accelerat ion of corrosion was 
associated with  the oxida t ive  propensi ty  of the surface 
chelate. The theory which was previously der ived (1) 
predated the experiments ,  and, hence, did not ant ici-  
pate stabil i ty of surface chelates as playing a role in 
inhibition. Therefore,  the analysis was proposed on 
the basis of only an adsorption mechanism. Conse-  
quently,  the theory  must  be re -eva lua ted  in the l ight  
of the exper imenta l  observations. 

Al though the bulk of the " theoret ical"  paper (1) 
was associated with  adsorption phenomena,  the actual  
applicabil i ty of the concept is more universa l  than 
might  be thought  initially. Lit t le  and co-workers  (14) 
have shown correlat ions be tween chronopotent iometr ic  
quar ter  wave  potentials for substi tuted phenyl fe r ro-  
cenes and direct ly  substi tuted ferrocenes and substi tu- 
ent  constants. As noted in the previous paper (1), 
correlat ions have l ikewise been observed for the fifth 
wave  oxidation potential  for substituted anilines (15). 
Chen (16) has demonstrated a Linear  Free  Energy  
Relat ionship (LFER) between complex ions and the 
pK's of the  liquids. The authors ment ioned most of 
this work  in passing (1); however ,  it did not seem 
impor tant  at that  t ime to dwell  on areas which then 
seemed unre la ted  to corrosion inhibition. The subse- 
quent  exper imenta l  work  (8) showed this v iew to be 
short-sighted.  

In a very  naive sense, [ la]  and [ la" ]  may be v iewed 
as " two dimensional  complex ions" or surface chelate 
(8). Consequently,  the stabili ty constant for the com- 
plex will  be in t imately  rela~ed to the pK of the l igand 
(organic) provided the three-d imens ional  work  of 
Chen may  be t ranslated to the surface chelate. The 
pK's of these compounds paral lel  the Hammet t  sub- 
st i tuent constant. Therefore,  the shift in equi l ibr ium 
of [ la]  or [ l a ' ]  should va ry  direct ly  wi th  the sub- 
st i tuent constant. Since it was postulated above that  
inhibit ion was dependent  on the stabil i ty of the sur-  
face chelate, by deduction it was again seen that  in-  
hibit ion is direct ly  correlatable  to a substi tuent con- 
stant. 

Likewise, the oxidat ive propensi ty of the complex 
ion may be v iewed in the l ight of Lit t le 's  work  (14). 
Here  the iron of the complex undergoes a single elec-  
tron oxidat ive t ransfer  wi th  re tent ion of the s tructure 
of the complex. This is identical  in form to [ lb] .  Con- 
sequently,  ext rapola t ing Lit t le 's  results to the case 
under  consideration, one deduces that  the oxidat ive 
propensi ty  of the complex ought to be a function of 
the substi tuent constant as well.  

In summary,  it can be seen [and exper imenta l ly  
demonstrated to an extent  (8)] that  an organic such 
as a r ing substi tuted ani l ine compound is capable of 
performing the fol lowing functions at a corroding 
electrode: (a) chemisorbing on the surface; (b) fo rm-  
ing a more  or less stable complex with  a corrosion 
in termedia te  and effectively removing the in te rmedi -  
ate f rom the dissolution sequence; (c) format ion of a 
complex as in (b) with a finite oxidat ive propensity.  
Each of these processes taken alone is theoret ical ly  
capable of being correlated wi th  a substi tuent constant 
wi th  an unique  value of p for each process. Since each 
of these separate functions der ive  their  stabili ty (or 
lack of it) f rom the electronic distr ibut ion throughout  
the molecule, it seems reasonable to suppose that  as 
the electron density is var ied  in a family  of molecules 
the re la t ive  contribution to each of these possibilities 
wil l  change in a monotonic  fashion. For  example,  a 
molecule wi th  the greatest  tendency for adsorption 
will  probably have a small  tendency for format ion of 
the surface complex (one may view this molecule  as 
being in a "stable" state while  adsorbed) and, con- 
sequently,  wil l  have  a negligible contr ibut ion to oxida-  
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Fig. 3. Corrosion rate as a function of substituent constant for 
Armco iron electrodes after 2 hr immersion. Arrow denotes unin- 
hibited rate. Symbols for compounds are given in Table I. 

tion of the complex. On the other  end of the spectrum 
one may envisage a molecule  wi th  a great  affinity for 
the latt ice ion, but  a negligible tendency for  long- 
l ived adsorption. Such a molecule  would funct ion as 
an accelerator  to corrosion. It  would be fortuitous, 
indeed, if the p's for these respect ive procesess were  
identical. 

The comments  immedia te ly  above suggest that  at-  
tempts to formalize organic corrosion inhibitors in 
terms of a single correlat ion are not l ikely to succeed. 
Such a pessimistic outlook would  be justified if the 
only data avai lable to the invest igator  were  the re-  
spective corrosion rates and correlat ion parameters .  
However ,  as was noted here and previously (8), each 
of these three functions, v/z., adsorption, complexa-  
tion, and acceleration, can be determined to a degree 
by the support ing electrochemical  measurements .  

For  electrodes in the solution for a short period of 
time, e.g., 2 hr, it may be assumed that  the adsorption 
step has essentially equil ibrated.  Since the results 
with most of the organics did not indicate a fast chela-  
tion process, even under  conditions of high coverage 
as in the anodic charging  exper iments  (8), it may  be 
assumed that  contributions f rom the chelate were  min-  
imal, thereby negat ing the oxidat ive  mode as a con- 
t r ibutor  as well. Therefore,  a L F E R  correlat ion under  
these conditions should describe the adsorption mode 
of inhibi t ion and yield a value  of Pads for fu ture  use. 
F igure  3 is a correlat ion plot made under  those con- 
ditions. It is no tewor thy  that  the ortho subst i tuent  
[a Taft  ~* was used for the correlation,  see ref. (1)] 
obeys the adsorption L F E R  correlation. This rules out 
a perpendicular  orientat ion wi th  the ni t rogen as the 
"anchoring" group. It suggests, but  does not prove, a 
paral le l  or ientat ion toward the surface. 

F igure  4 shows a correlat ion plot for data after 25 
hr  immersion. This is the region where  the min imum 
corrosion rate had been observed. The solid line, which 
was purposely d rawn paral le l  to the line in Fig. 3, 
is meant  to describe the adsorption "component"  of 
the var ious functions described above. F rom the plot 
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Fig. 4. Corrosion rate as a function of substituent constant for 
Armco iron electrodes after 25 hr immersion. Symbols for com- 
pounds are given in Table I. 
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it seems that  an adsorption mode still describes the 
behavior ef all the compounds except p-Toluidine 
which at this t ime is involved in an acceleration on 
the order of 50%. Therefore, it may  be concluded that  
p-Toluidine  is funct ioning in the oxidative mode. A 
second line (dashed) is drawn with the naive sug- 
gestion that  this may describe the oxidative mode. 
However, such a correlation line cannot  be d rawn at 
this time. That adsorption is the main  mode for the 
remaining  organics corroborates the previous kine-  
tic measurements  (8). 

Conclusions 
The results presented herein  show the val idi ty 

of a LFER correlat ion for r ing-subs t i tu ted  anil ines 
in terms of corrosion inhibit ion.  The results also 
demonstrated the necessity for support ing electro- 
chemical measurements .  This need was under l ined  
when  the analysis of the data suggested the existence 
of eight possible chemical and electrochemical reac- 
tions in  the over-a l l  scheme. Such a scheme could be 
deduced from corrosion rate measurements  alone, but  
the support ing electrochemical measurements  per-  
mit ted definitive mechanisms to be ascribed to the 
various organics as a funct ion of immersion time. 

The observation that  adsorption was the pr imary  
mode of inhibi t ion by the organics studied lends sup- 
port to an earlier hypothesis by Hackerman and 
Makrides (4);  however, the results for the zone-re-  
fined iron in the presence of ani l ine  (8) present  a 
new challenge to this hypothesis which should be 
pursued further.  The correlation of the work of Blom- 
gren (13) with the cur ren t  theory and the agreement  
of the O-Toluidine with the other  compounds sug- 
gests paral lel  adsorption of free amine at the metal  
surface. 
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Mechanism of the Corrosion Inhibition of Stainless Steel 
in Sulfuric Acid by Sodium Molybdophosphate 

E. A. Lizlovs 
Research Laboratory, Climax Molybdenum Co~r~pany of Michigan, Inc., 

A Subsidiary of American Metal Climax, Inc., Ann Arbor, Michigan 

ABSTRACT 

Sodium 12-molybdophosphate inhibits the corrosion of an  actively corrod- 
ing type 430 stainless steel sample in sulfuric acid by first polarizing the 
sample to the p r imary  passivation potential. After this potential  is reached, 
the stainless steel sample passivates spontaneously. From the potent iodynamic 
polarization curves it was deduced that the addition of sodium molybdophos- 
phate to the sulfuric acid does not significantly al ter  the anodic character-  
istics of the type 430 steel in  sulfuric acid. The exper imental  results were in 
agreement  with the electrochemical theory for the passivator- type inhibitors.  

The corrosion inhibi t ing  properties of the molyb-  
dates are wel l  known,  and a considerable amount  of 
research has been devoted to the subject. The inhibi t -  
ing properties of the heteropolymolybdates,  on the 
other hand, are far less known.  Exploratory studies 
conducted at this Laboratory showed that  sodium 
molybdophosphate or molybdophosphoric acid was an 
effective corrosion inhibi tor  for stainless steel in a 
sulfuric acid medium. In  addition, the inhibi t ion  of 
corrosion of the actively corroding stainless steel sam- 
ple was accompanied by the formation of the intensely 
blue reduced form of the molybdophosphate ion. 
Therefore, it was suspected that  the molybdophos- 

phates might be passivat ing-type inhibitors,  the the-  
ory for which has been presented by  S te rn  (1). F u r -  
ther work by Makrides and Stern  (2) and by Mak- 
rides (3) demonstrated the val idi ty  of the theory for 
the inhibi t ion of corrosion of type 410 stainless steel 
and pure iron by ferric sulfate. This invest igat ion was 
under taken  to clarify the corrosion inhibi t ion mech-  
anism of the molybdophosphate ion. 

Experimental Procedures 
Commercial grade, type 430 stainless steel was used 

for all experiments.  The construction and preparat ion 
of the electrodes is described elsewhere (4). All  po- 
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tentials  reported are for the saturated calomel elec- 
trode. 

Two series of experiments  were performed with 
type 430 stainless steel. One series consisted of the 
potent iodynamic polarization studies, and the other 
series was pr imar i ly  concerned with the potential  
measurements  of the corroding specimen. 

Potent iodynamic studies were conducted in  1.05N 
H~SO4 containing 0.010, 0.100, 1.0, 3.0, and 6.0g of so- 
d ium 12-molybdophosphate (NasPMo12040.nH~O) per 
l i ter of solution. 1 All  experiments  were performed in  
a rgon-purged  solutions at 29.6~ and the test solu- 
t ion was s t i r r ed  magnetically.  The potent ial  scanning 
rate was approximately  0.15 mv/sec.  

The m i n i m u m  amount  of the inhibi tor  necessary to 
passivate an  actively corroding sample was deter-  
mined by the slow addit ion of 1.05N H~SO~ solution 
containing 50 mg of NasPMo12040"nH20 per  mil l i l i ter  
to 2100 ml  of 1.05N H2SO4 test solution containing 
the corroding specimen. The potential  of the sample 
was recorded on a s t r ip-char t  recorder. The t ransi t ion 
from the active to the passive state was marked by 
a rapid and sharp potential  rise from the active to the 
passive values. 

The approximate amount  of inhibi tor  necessary to 
main ta in  the passivity was established by passivating 
the type 430 electrode potentiostatically at +0.50v 
for 1, 10, and 60 sec, and 2 hr  in a solution of 1.05N 
H2SO4 acid containing 0, 10, and 100 mg of the in -  
hibitor  per l i ter of solution. The potential  decay was 
recorded after the discontinuat ion of passivation. The 
procedures for potentiostatic passivation and deter-  
minat ion  of the passive-film breakdown times are de-  
scribed elsewhere (4). 

Results 
The addit ion of sodium molybdophosphate to 1.05h r 

H~SO4 resulted in  a very  pronounced change in  the 
appearance of the potent iodynamic polarization curves 
for the type 430 stainless steel. The potent iodynamic 
curves for the pure 1.05N H2SO4 and for the sulfuric 
acid containing 0.100 and 6.0 g/1 of sodium molybdo-  
phosphate are shown in  Fig. 1 through 3. With an in -  
creased sodium molybdophosphate content, the oscil- 
lat ions in the polarization current  became increasingly 
larger, the measured critical cur ren t  densi ty (Icr') 
became smaller,  and a progressively more extensive 
cathodic loop appeared on the polarization diagrams. 
For a sodium molybdophosphate concentrat ion of 6 g/l, 
the measured polarization cur ren t  remained negative 
up to the potential  of ~0.456v. The cathodic loop 
usual ly  te rminated  at the equi l ibr ium potential  for the 
molybdophosphate/ reduced molybdophosphate system, 

1 S i n c e  t h e  e x a c t  m o l e c u l a r  w e i g h t  of  t h e  Na.2PMo~O40 �9 n H 2 0  is 
n o t  k n o w n ,  t h e  i n h i b i t o r  c o n c e n t r a t i o n s  a r e  e x p r e s s e d  in  g r a m s  p e r  
l i t e r  r a t h e r  t h a n  i n  m o l a r i t y  o r  n o r m a l i t y .  A p p r o x i m a t e  m o l a r i t y  
c a n  be  c a l c u l a t e d  by  a s s u m i n g  t h a t  t h e  m o l e c u l a r  w e i g h t  of  t h e  
Na3PMo~O~o �9 nH_~O is 2000 (see T a b l e  I ) .  
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Fig. 1. Potentiodynamic polarization curve for type 430 stainless 
steel in stirred 1.05N H2SO4 at 29.6~ 
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that  is, at the potential  exhibited by the p la t inum 
wire electrode in the test medium. This cathodic loop 
was due to the reduct ion of the molybdophosphate 
ion on the passive type 430 electrode. The oscillations 
in the cathodic cur ren t  were dependent  on the st ir-  
r ing rate of the solution. In  s tagnant  solutions, no 
oscillations occurred and the current  was consider-  
ably smaller. 

The most s tr iking feature of the polarization dia- 
gram was the presence of the anodic dissolution re-  
gion even at the most concentrated solution used (Fig. 
3). The increased amounts  of sodium molybdophos-  
phate depressed the anodic dissolution region; never -  
theless, the height of this region was estimated as 
being unchanged and was approximately equal  to 
that  seen for pure  sulfuric acid. The potentials (Epp), 
corresponding to the measured critical cur rent  density, 
remained exactly the same for all concentrat ions of 
sodium molybdophosphate as for pure sulfuric  acid. 
For  the most concentrated solution (6 g/1 of sodium 
molybdophosphate) no net  anodic current  was ob-  
served, and t h e  measured crit ical  anodic dissolution 
current  was actual ly negative. The measured critical 
anodic current  density and the corresponding pr imary  
passivation potentials are summarized in Table I. 
Average values are given when  the current  could not 
be de termined exactly because of the oscillations. 

The transpassive behavior  of the type 430 stainless 
steel was not affected by the sodium molybdophos-  
phate. The oxidation of the reduced molybdophosphate 
should occur in  the t ranspassive region, bu t  because 
of the small  amount  of the reduced form present,  the 
oxidation current  of this compound could not  be de- 
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Table I. Measured critical current densities and primary passivation 
potentials for various concentrations 

of Na,~PMo1204o'nH20 Jn 1.05N H2504 

C O R R O S I O N  I N H I B I T I O N  O F  S T A I N L E S S  S T E E L  

C o n c e n t r a t i o n s  os M e a s u r e d  c r i t i ca l  P r i m a r y  pass i -  
NasPMo~O40 - nHsO A p p r o x i m a t e  c u r r e n t  dens i t y ,  v a t i n n  p o t e n t i a l ,  

g/1 m o l a r i t y *  m a / c m ~  v S C E t  

9 0 8.0 -- 0.440 
0.010 5 • 10-6 8.8 --0.440 
0.100 5 • 10-~ 8.0 --0.435 
1.0 5 • 10-~ 5.8 --0.435 
3.0 1.5 • 10-~ 1.5 --0.435 
6.0 3 • 10 -~ --5.8 --0,440 

* C a I e u I a t e d  a s s u m i n g  t h e  a p p r o x i m a t e  m o l e c u l a r  w e i g h t  os 2000. 
S C E  is s a t u r a t e d  ca lome l  e lec t rode .  

tected in  the presence of a much larger transpassive 
current .  

Successive additions of sodium molybdophosphate 
to the 1.05N H~SO4 solution gradual ly  polarized the 
corrosion potential  of the freely corroding type 430 
sample in  the noble direction, unt i l  the critical poten-  
t ial  was reached (Fig. 4). This crit ical potent ial  was 
the same as the p r imary  passivation potential  deter-  
mined by potent iodynamic studies, --0.440 to --0.435v. 
Once this potential  was reached, passivation of the cor- 
roding electrode resulted. The passivation process was 
evident  by a rapid change of the electrode potential  
from the active to passive values. The final potential  
of the electrode was about  the same as the potential  
of a p la t inum electrode in the same solution, W0.492v. 
The m i n i m u m  amount  of sodium molybdophosphate 
needed to passivate freely corroding type 430 stainless 
steel in stirred 1.05N H2SO4 was determined to be 
3.540 g/1 (1.8 x 10-3M). However,  this amount  was 
dependent  on the s t i r r ing rate of the solution. In  
quiescent solutions the electrode cont inued to corrode 
even in  solutions containing 6 g/1 of sodium molyb-  
dophosphate. 

The passive-film breakdown times for the type 430 
stainless steel in 1.05N and in 1.05N H2SO4 containing 
sodium molybdophosphate are given in Table II. As 
Table II  shows, the inhibi tor  concentra t ion of 10 rag/1 
apparent ly  represents the border l ine concentrat ion for 
main tenance  of the passivity of type 430 steel after 
prior passivation. The experiments  were not  per-  
formed wi th  more dilute solutions because of the 
increasing possibility of hydrolyt ic  decomposition of 
more dilute solutions of molybdophosphate ion. 

Discussion 

The behavior of the type 430 stainless steel in  sul-  
furic acid containing various amounts  of sodium mo- 
lybdophosphate is an agreement  wi th  S tem's  electro- 
chemical theory for the pass ivat ing- type inhibi tors  
(Fig. 1 through 3). As the sodium molybdophosphate 
concentrat ion is increased, the measured  cur ren t  be-  

, . ~  , , , i , [ i , i , , i [ i i , i t L 

d 0.4 
+ o~_--- TOTAL CONCENTRATJ0~J OF No~PMOlzO40.,HzO ADDED 

U~ I - - 0 . 2 3 7  9 - -  Z . O 5 5  IN ~ F / L  
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Fig. 4. Effect of successive additions of sodium molybdophos- 
phate on the potential of actively corroding type 430 stainless 
steel in stirred 1.05N H~_SO4 at 29.6~ 
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Table II. Passive-film breakdown times for the type 430 
stainless steel in 1.05N H2$O4 

Concentration of 
Passivation NauPMolsO4o �9 nHsO Passive-film breakdown 

time mg]l times 

1 sec 0 5-6.8 sec 
I0 7-I0 sec 

100 13.4 sec 

0 21-47 sec 
I0 sec I0 32--49 sec 

I00 114 sec 

0 2-5 m l n  
1 mln I0 4-8 min 

100 No breakdown 

0 38-53.5 ra in  
2 h r  i 0  38 m i n  f o r  o n e  s a m p l e  

No b r e a k d o w n  for  two  
o t h e r  s a m p l e s  

comes more negative because of the increased total 
reduct ion current .  Nevertheless, the anodic dissolution 
region and the presence of the critical anodic cur-  
rent  is clearly indicated even at sodium molybdo-  
phosphate concentrat ions of 6 g/1 (Fig. 3), where  
the cathodic part ial  cur rent  at E p p  is greater  than  the 
crit ical anodic current ,  and consequent ly  the total  
measured cur ren t  is cathodic. The most s tr iking fea- 
ture  is that  Epp remains  unchanged for all  concentra-  
tions of sodium molybdophosphate and is the same 
as for the pure sulfuric acid (--0.435v). The critical 
anodic current  density can be estimated to be approx- 
imately the same in  the presence of molybdophos-  
phate as in the pure acid. Fur thermore,  the critical 
cur rent  densities for the two most dilute solutions, 
where the effect of the reduct ion cur ren t  of the mo-  
lybdophosphate is expected to be negligible at Epp, 
are essentially the same as for the pure acid (Table I) .  
Hence, it can be concluded that  the anodic dissolution 
characteristics of type 430 stainless steel in  1.05N 
H2SO4 are not affected by the sodium molybdophos-  
phate additions to the acid. The main  funct ion of the 
inhibi tor  is to polarize the steel unt i l  the corrosion 
potential  coincides with the pr imary  passivation po- 
tential .  Fu r the r  polarization then  results in  spon- 
taneous passivation of the stainless steel sample (Fig. 
4) with the final potent ia l  value being determined by 
the redox potent ial  of the molybdophosphate/ reduced 
molybdophosphate system. Thus, the molybdophos-  
phate ion belongs to the passivating class of inhibitors.  
As the corrosion potential  becomes more noble, cor- 
rosion rates increase un t i l  the crit ical value of 8.0 
to 8.8 ma / c m 2 is reached. The corrosion rates at any  
corrosion potential  up to Epp in  the presence of molyb-  
dophosphate ion should be the same as the corrosion 
rates at the corresponding potentials unde r  potentio-  
dynamic conditions in  pure sulfuric acid. The cor- 
rosion rates of type 430 steel in  the passive state are 
negligible as can be seen from the polarization dia- 
gram shown in  Fig. 1, and these rates are also expected 
to be negligible in inhibi ted  solutions. 

According to we l l -known  electrochemical principles, 
any  corroding metal  for which the measured critical 
cur ren t  densi ty is positive will  corrode actively in  
that  medium. On the other hand,  if the measured cr i t -  
ical cur rent  density is zero or negative, the metal  wil l  
undergo spontaneously active-passive transition. Fur- 
thermore, if the potentiostatic (or potentiodynamic) 
polarization curve for a metal in a corrosive medium 
is characterized by a cathodic loop, a corroding metal 
can continue to corrode actively or remain passive, 
depending on the conditions under which it is exposed 
to the corrosive medium. No spontaneous transition 
from one state to the other can take place. The results 
from this investigation are again in agreement with 
the theoretical principles above. A spontaneous pas- 
sivation occurred in a solution containing 6.0 g/1 of 
molybdophosphate for which Icr' is negative (Fig. 3). 
At the inhibitor concentration of 3.0 g/1 no spontane- 
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ous  passivation is expected; however, the value of Icr" 
is close to zero (Table I) ,  and small  changes in  ex-  
per imental  conditions can be expected to result  in 
spontaneous passivation. Increase of sodium molybdo-  
phosphate concentrat ion to 3.540 g/ i  indeed resulted 
in  the spontaneous passivation (Fig. 4). No sponta-  
neous passivation is expected for the 1.0 and 0.1O0 g/1 
concentrations, but  if the sample were passivated in 
these solutions, a stable passive state should result  
because of the prominent  cathodic loops present  on the 
polarization curves for these solutions (Fig. 2). This 
conclusion was also verified by the experiments,  and 
no breakdown of passivity was obtained in these so- 
lutions if the sample had been passivated. On the 
other hand, the specimen cont inued to corrode ac- 
t ively after cathodic activation and no repassivation 
occurred. The solution containing 0.010 g/1 of the so- 
d ium molybdophosphate represents the borderl ine 
case. The potent iodynamic polarization curve has a 
cathodic loop, but  this loop is not very pronounced. A 
small change in  exper imental  conditions can be ex- 
pected to result  in the r e t e n t i o n  or  loss of passivity 
after ehe passivation treatment .  This again is in ac- 
cord with exper imental  observations. In  very  dilute 
solution a part ial  hydrolytic decomposition of the 
molybdophosphate ion can be expected. Therefore, the 
r e t e n t i o n  of the passivity in  a dilute solution such as 
0.010 g/1 (5 x 1O-6M) may be part ial ly due to some 
form of molybdate  ions. 

The effectiveness of the molybdophosphate ion as a 
passivating agent depends on the ease of its reduc-  
tion. Earl ier  observations in this Laboratory have 
shown that  the molybdophosphate ion is very easily 
reduced to an intensely blue compound. Because of 
i ts  ease of reduction it  is quite corrosive to m a n y  
metals, including molybdenum,  tungsten,  and copper. 
Because of the di f fus ion  c o n t r o l  of the reduction re-  
action in the impor tant  potential  range around Epp, 
the passivating process is drastically influenced by 
the rate of t ransport  of the inhibi tor  to the surface 
of the  c o r r o d i n g  specimen. The m i n i m u m  amount  of 

the molybdophosphate n e c e s s a r y  to  passivate the speci- 
men will  therefore be strongly dependent  on the hy-  
drodynamic characteristics of the system. However, 
once the passivation occurs, the rate of mass t ransfer  
no longer has a significant effect and the passivity will 
be re ta ined in  quiescent solutions. 

The mi n i mum amount  of molybdophosphate ion nec- 
essary to passivate any metal  or alloy in acid solution, 
aside from the hydrodynamic considerations discussed 
above, will  usual ly depend on the magni tude  of the 
anodic critical cur rent  density. For  stainless steels 
more alloyed than  type 430, considerably smaller  
quanti t ies of the sodium molybdophosphate will  be 
needed for passivation. On the other hand, for metals 
with very large critical cur ren t  requirements ,  no  
amount  of the inhibi tor  wil l  be sufficient to affect the 
active-passive transit ion,  and the only effect will  be 
the acceleration of the corrosion rate. Thus, for iron, 
which has a critical cur rent  density of about 600 m a /  
cm 2 in 1N H2SO4 (5), no amount  of sodium molybdo-  
phosphate is expected to effect passivation. Explora-  
tory studies showed that  no passivation of i ron elec- 
trode occurred in vigorously st irred 1.05N H2SO4 con- 
ta in ing as high as 50 g/1 of sodium molybdophosphate.  
The results from this investigation were in agreement  
with the results of Makrides and  Stern, and Makrides 
for  the ferric sulfate system (2, 3). 

Manuscript  received Nov. 17, 1966, revised m a n u -  
script received June  19, 1967. This paper was presented 
at the Phi ladelphia Meeting, Oct. 9-14, 1966. 

Any discussion of this paper will  appear in a 
Discussion Section to be published in the June  1968 
JOURNAL. 
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The Nonelectrolytic Deposition of Titanium 
on Columbium Alloys from Fused Salts 

J. B. Steinman, R. V. Warnock, C. G. Root, and A. R. Stetson 
Solar Division, International Harvester Company, San Diego, Ca~i~orni~ 

ABSTRACT 

A h igh- tempera ture  cell was designed for deposition of metallic c o a t i n g s  
on  refractory alloy substrates. The deposition of t i t an ium from fused chloride 
and fluoride salts onto columbium alloys was investigated at several tempera-  
tures from 800 ~ to 1100~ The as-deposited coatings were general ly dense 
and adherent  and exhibited excellent side-to-side and edge uniformity.  An  
explanat ion of the dr iv ing force and a mechanism for nonelectrolytic dep- 
osition is proposed, and an activation energy for deposition is calculated. 

Considerable work has been directed toward the de- 
velopment  of a process for the production of high-  
pur i ty  t i t an ium and, al ternat ively,  toward deposition 
of a uni form t i t an ium coating from a mol ten  salt bath. 
Studies at the National  Bureau  of Standards  (1) pro-  
duced t i t an ium coatings 0.001- to  0 .002- in .  thick by 
electrolysis of a fused salt bath conta in ing NaTiC14, 
KC1, and LiC1. Current  densities up to 200 amp/ f t  2 
were used and the deposit was largely dendritic. Using 
an all-fluoride bath, K2TiF6 and NaF, Stetson was able 
to deposit a fa i r ly  un i form t i t an ium coating by the 

electrolytic method (2). However, electrolytic deposi- 
t ion of t i tan ium from a fused salt bath has produced 
pr imar i ly  dendri t ic  g r o w t h s  r a t h e r  than smooth coat- 
ings. 

Gill, Straumanis ,  and Schlecten first observed the  
c o r r o s i o n  of  t i tan ium in NaCI to form "pyrosols," and 
the subsequent  use of these sols in  the t i t an ium coat- 
ing of steels, copper, nickel, and cobalt (3-5). Alpert  
used scrap t i tanium, a par t ia l ly  reduced TiC13-TiC12 
mixture,  and NaC1 to produce a t i t an ium bath  which 
reportedly gave coatings up to 9.02-in. thick on nickel, 
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iron, and t an ta lum (6). Stetson and Moore (7) suc- 
cessfully plated t i t an ium on the co lumbium alloys, 
D43 and B66, with a K2TiF6, NaC1, LiF, Ti bath. This 
bath was run  nonelectrolyt ical ly between 1010 ~ and 
1093~ and gave 0.000.7 in. of t i t an ium alloy plate in 
20 hr. 

The nonelectrolytic deposition of chromium, a lu-  
minum,  nickel, t i tanium, silicon, and vanad ium has 
been observed by the authors to occur from fused salt 
baths. 

In  the present  work, an invest igat ion of nonelectro-  
lytic titanium plating was conducted. All fluoride, 
KsTiF6-LiF-NaF-Ti and all chloride, TiCIs-NaCI- 
BaCI~-Ti baths were investigated at two active salt 
concentrations and two temperatures. Additional work 
has shown that the baths will plate well without the 
addition of K2TiFs or TIC13; however, the equilibration 
period before acceptable deposits and deposition rates 
can be obtained is approximately three days compared 
with one day for the baths with active salt additions. 
Two additional temperatures were investigated with 
a 5 m/o (mole per cent) K2TiF6 bath in an effort to 
determine the activation energy for deposition. Smooth, 
uniform, titanium alloy coatings up to 0.007-in. thick 
were obtained in 16 h r  at 1093~ 

A special plat ing cell was designed for use in  this 
project, and provisions were made for control of the 
atmosphere above the baths at all times. 

Materials 
All chemicals used in this work were of reagent  or 

bet ter  grade. The bar ium chloride was vacuum dried 
at 150~ to el iminate hydrated water. All other chem- 
icals were used as supplied. Commercial ly pure t i ta-  
n ium sheet was used to fabricate the cylindrical  ti- 
t an ium source used in each bath. 

Cb752 (Cb-10W-2.5Zr) and D43 (Cb-10W-lZr-0.1C) 
were used as the substrate alloys. Both alloys were 
obtained as 0.020-in. thick sheet and were in  the duplex 
heat - t rea ted condit ion (solution treated, cold reduced 
25%, and aged). Table I shows chemical analyses of 
the as-received columbium alloys. 

Two bath concentrat ions were investigated in the 
fluoride system and one in the chloride system. The 
fluoride baths consisted of 5 m /o  KsTiF6, (28.0 w/o  
K2TiF6, 34.6 w/o  LiF, 37.4 w/o  NaF) and 20 m/o  
K2TiF6 (65.1 w/o K2TiF6, 1.6.8 w/o  LiF, 18.1 w/o  NaF) 
dissolved in  L iF-NaF  eutectic. The chloride baths 
were prepared by dissolving 5 m/o  TIC13 in a eu-  
tectic mix ture  of BaC12-NaC1 to give a 6.4 w /o  TiCt3, 
27.8 w/o  NaC1, and 65.8 w/o  BaC12 bath. Sufficient t i-  
t an ium metal,  in the form of a cylinder,  was provided 
to effect reduction of the baths and to main ta in  metal -  
lic t i t an ium in contact with the bath at all times. The 
melts  weighed approximately 1600g and gave a bath 
depth of approximately  8 in. 

Equipment 
A high- tempera ture  plat ing cell was designed for 

deposition of metall ic coatings on refractory alloy 
substrates. Provisions were made to ensure positive 
control of the argon inert  atmosphere and to prevent  
atmospheric contaminat ion of the bath dur ing  inser-  
t ion and extraction of specimens. The cell was de- 
signed to operate in the tempera ture  range 427 ~ 
1150~ (800~176 in  a gas fired furnace with a 
tempera ture  control of _+ 5~ A schematic diagram 
of the cell is shown in  Fig. 1. 

The bottom part  of the cell is 0.125-in. Inconel  600 
tube that  has been aluminized. The upper  chamber  

Table I. Chemical analysis of the as-received alloys 

Hydro- Nitro- Zir- 
Oxygen ,  gen,  gen, Carbon ,  T u n g s t e n ,  con ium,  

Alloy ppm pprn ppm pprn w/o w/o 

D43 221 1 19 935 g;S 1.1 
Cb752 52 6 42 10 9.97 2.5 

Ti  O N  Cb  A L L O Y S  1019 

Fig. 1. Schematic diagram of fused salt plating cells 

was fabricated from type 321 stainless steel and is 
separated from the lower bath chamber  by a graphite 
gate valve actuated magnet ical ly  by  a solenoid coil. 
This a r rangement  permits insert ion and removal  of 
specimens while cont inuously purging the lower 
chamber  with argon. 

The specimens, 2.0 x 0.5 x 0.020 in., are hung  on 
t an ta lum wires welded to the  Inconel  specimen sup- 
port rod which enters the cell through a Teflon com- 
pression seal. The cell top, through which the speci- 
men support  rod passes, is bolted to the upper  chamber  
flange and is sealed with an O-ring. 

The bath is contained in  a National  Carbon Com- 
pany ATJ grade graphite crucible wi th  an ID of 
2.875 in. This grade of h igh-densi ty  graphite has 
proven impermeable  to the salt mixtures  at operating 
temperatures.  The graphite crucible is placed in  a 
mild steel l iner  which is, in turn,  placed inside the 
Inconel  retort. The bottom half of the crucible is 
wrapped in  0.002-in. mo lybdenum foil to prevent  for-  
mat ion  of the i ron-carbon  eutectic and subsequent  fu-  
sion of the. l iner  to the Inconel  retort. 

The furnace is gas fired using an Eclipse Tempered 
Air  Burner .  The temperature  is controlled by  a Bar-  
ber -Coleman controller  operat ing on the output  of a 
chromel-a lumel  thermocouple in  a protective sheath 
attached to the outside of the retort. The in te rna l  bath 
tempera ture  is moni tored by  means  of a t an t a lum-  
sheathed chromel-a lumel  thermocouple which enters 
the bath through the specimen support  rod. Water  and  
air cooling jackets are available for cooling the upper  
chamber  but  were not  used in this work. 

Procedure 
The entire weighed salt mix ture  is placed in  the 

graphite crucible into which has been inserted a cyl in-  
drical s h e e t  of pure t i t an ium (this is the t i t an ium 
source in the deposition react ion).  The molybdenum-  
wrapped crucible is then placed in  a l iner  which is, in  
turn,  placed in  the cell. After  assembly, the cell is 
purged with argon (99.997% argon) for 4 hr  (the 
t ime required to decrease the oxygen level  in  the cell 
e/fluent to <5  ppm) wi th  an argon flow of 8 cfh. The 
furnace is then fired and the cell t empera ture  brought  
to about 450~ and held for 16 hr. This procedure per-  
mits e l iminat ion of volati le impuri t ies  present  in  the 
salt mixture.  The tempera ture  is brought  to 1093~ 
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Table II. Titanium deposition on Cb752 from a 5 m/o K2TiF6 bath Table III. Titanium deposition on Cb752 from a 5 m/o TiCI3 bath 

A v e r a g e  w e i g h t  g a i n  i n  m g / c m S  A v e r a g e  w e i g h t  g a i n  ( m g / c m  2) 
T i m e ,  

T ime ,  799~ 872~ 982~ 1093~ hr  982~ (1800~ 1093~ (2000~ ~) 
h r  (1470~ (1600~ (1800~ (20000F) 

1 2.5 6.5 
1 1.0 1.9 5.0 11.2 2 4.5 8 . 4  
2 1.5 2;9 7.1 14.4 4 7.5 14.9 
4 2 .1  5.7 11.2 23 .6  16 16.6 36 .0  

16 4.3 12.4 29.2 50.0  

where the salt is fused and allowed to "equil ibrate" 
(establish a un i form temperature,  become homogene-  
ous, and reach the proper valence state).  

The bath  preparat ion procedure is sl ightly modified 
in  the case of the chloride baths. The anhydrous  re-  
agent grade BaC12 contains some water  of hydrat ion 
even after heat ing to 150~ in  a vacuum drying oven. 
The remain ing  moisture is e l iminated by  heat ing the 
NaC1-BaC12 solvent to l l00~ in  a s t ream of argon in  
the fused salt cell. The TIC13 is then added in  a poly-  
ethylene bag suspended from the specimen support  
wires. The polyethylene decomposes and is vaporized. 

To insert  the specimens, the top of the cell is re-  
moved (with the gate valve closed). The specimens, 
hung  on the t an ta lum support  wires, are introduced 
into the upper  chamber  which is then sealed, and 
purged with argon for 15 min. The gate valve is then 
opened, and the specimens are lowered into the bath. 
For  removal,  the specimens are raised out  of the bath  
into the upper  chamber  and  the gate valve is closed. 
The specimens are allowed to cool in  the argon atmos-  
phere in the upper  chamber  for 5 rain before the cell 
is opened and the specimens removed. The adherent  
salt is readily removed from the specimens after a 
short period of soaking in  hot water. 

Exper imental  Results 
Ti tan ium deposition studies were carried out in  two 

different fused salt systems: the all-fluoride system 
and the al l-chloride system, The carr ier  salt compo- 
sit ion for a given system remained the same through-  
out the studies while the active salt percentage was 
varied. 

The all-fluoride system.--A series of pla t ing runs  
was made in both the 5 and  20 m/o  K~TiF6 baths. Four  
temperatures  were investigated in  the case of the 
former and the two s tandard temperatures,  982 ~ and 
1093~ (1800 ~ and 2O00~ for the 20 m/o  bath. The 
temperatures  studied in the 5 m/o  bath  included 799 ~ 
872 ~ 982 ~ and 1093~ (1470 ~ 1600 ~ 1800 ~ 2000~ 
The data from the runs  in  the 5 m/o  K2TiFe bath are 
shown in Table II and plotted in  Fig. 2. 

The series of pla t ing runs  in the 20 m/o  K2TiFe bath  
at 982 ~ and 1093~ produced results very similar to 
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Fig. 2. Deposition vs. time; titanium deposition from a 5 m/o 
K2TiF6 bath on Cb752 alloy. 

Table IV. Titanium deposition on D43 allay 

W e i g h t  ga in  ( m g / c m  e) 

B a t h  T ime ,  h r  982~ 1093~ 

5 m/o 2 6.8 -- 
K2TiF, 4 7.6 -- 
5 m/o 2 4.7 6.3 
TiCl3 4 9.1 13.8 

those from the 5 m/o  bath. The deposition ranged 
from a low of 4.4 mg / c m 2 in 1 hr  at 982~ to a high 
of 80 mg/cm 2 in 16 hr at 1093~ Both macroscopically 
and microscopically the coatings were similar to those 
deposited from the 5 m/o  K2TiF6 bath. 

All-chloride sys te~. - -A 5 m/ o  TiCI3 hath was in -  
vestigated at 982 ~ and 1093~ A series of runs  was 
completed at each tempera ture  on the Cb752 alloy, 
and the data are presented in  Table III  and  plotted in  
Fig. 3. 

The deposition rate in  this chloride bath was found 
to be somewhat lower than  that  found in  the al l-  
fluoride system. 

Two- and four -hour  runs  were made in  the baths 
studied using D43 specimens. Results are shown in 
Table IV. 

Comparison of this data with tha t  for Cb752 shows 
the rate of t i t an ium alloy format ion to be slightly 
higher on Cb752 in  two of the three comparable cases. 
While substrate composition should have a consider-  
able influence on diffusion controlled deposition, little 
substrate effect was seen in this case since the alloys 
are quite similar. There is a possible exception which 
might  be caused by the only compositional difference 
in the alloys. This one notable  difference is the car-  
bon content  of the D43 which makes this alloy pre-  
cipitat ion hardened (ZrC precipitates).  The carbon in  
the alloy could influence the ini t ial  t i t an ium deposi- 
t ion rate because of the possible formation of TiC. 
However, this effect was not seen in the present  work. 

The deposition rate curves for all the baths are 
general ly parabolic in shape and  fit an equation of the 
form, W 2 = kt, where W is the weight  gain, k is a 
rate constant, and t is the time. The rate constants a r e  

a funct ion of t empera ture  and for the 5 m/ o  K2TiF6 
bath ranged from 1.1 at 799~ to 131 mg2/cm 4 hr  at 
1093~ 

3(; i 

2s ~ ; 

TIME (hr) 

Fig. 3. Deposition vs. time; titanium deposition from a 5 m/o 
TiCI3 bath on Cb752 alloy. 



Vol. 114, No. 10 D E P O S I T I O N  O F  Ti  O N  Cb  A L L O Y S  1021 

Fig. 4. Cb752 substrate (0.020 in.) with a titanium alloy coating 
applied in the all-fluoride bath at 1093~ (2000~ in 4 hr: A 
(left), note the uniformity of thickness from side to side of the 
specimen; B (right), edge coating uniformity is shown. Magnifi- 
cation ca. IOOX. 

All of the deposits were smooth, adherent,  and 
presented a shiny macroscopic appearance. Figure  4 
shows a photomicrograph of a typical t i tan ium-coated  
specimen. The side-to-side and edge uni formi ty  should 
be noted. 

Microhardness traverses were made on typical speci- 
mens from each of the baths studied in  both fluoride 
and chloride systems. Results were s imilar  for ali  
baths, and a typical  microhardness  t raverse is shown 
in Fig. 5. The average hardness of the as-received 
Cb752 alloy is 280 Knoop Hardness Number  (50-g 
load).  

A representat ive group of Cb752 specimens, coated 
with t i t an ium in  different baths, was subjected to 
bend duct i l i ty  tests at minus  73~ In  all cases, the 
specimens bent  without  fracture or visible signs of 
cracking as did the uncoated standards. The t i t an ium 
alloy coating remained intact. 

As noted earlier, the baths were protected by an 
argon atmosphere at al l  times. I t  was found that  any 
exposure of the bath to the air resul ted in decreased 
plat ing rates. For example, exposure of the mol ten  
bath  surface for less than  5 min  resul ted in  as much 
as a 75% decrease in  p la t ing rates and a concomitant  
loss in coating quality.  Shih and co-workers  (8) 
claimed that  the presence of oxygen in a Ti-NaC1 or 
KC1 bath was necessary for plat ing and indicated that  
poor coatings on iron resulted when  no oxygen was 
present. 

Fig. 5. Titanium coated Cb752 substrate; plated in 5 m/o 
TiCI3 bath for 16 hr at 1093~ (2000~ Magnification ca. 200X. 

While it was not possible to completely exclude ox-~ 
ygen from the. fused salt baths in this investigation, 
all practical precautions were t aken  to prevent  its 
introduction.  It  should be noted that  the t i t an ium dep- 
osition rates in this s tudy were two to four t imes 
greater  than  any  reported in  the l i terature.  

Discussion of Results 
The fused salt baths investigated in this work pro-  

duced smooth, adherent  t i t an ium alloy deposits on 
both Cb752 and  D43 alloys. Close examina t ion  of the 
specimen cross section seen in Fig. 4 shows two dif-  
ferent  structures. The single-phase region adjacent  to 
the substrate is probably  columbium-r ich,  beta t i ta-  
n ium alloy. The outer, Widmans ta t t en- l ike  s tructure 
is a very  dilute solid solution of co lumbium in  t rans-  
formed beta t i t an ium alloy and was not  evident  on 
th inne r  coatings which showed the single-phase,  beta 
s t ructure  only. 

The substrate  was also affected by the coating 
treatment .  Examina t ion  of the microhardness t raverse 
in Fig. 5 shows a loss in  substrate hardness. This loss, 
in  all cases, was most pronounced in  the area imme-  
diately adjacent  to the coating and was as much as 
25% in some cases. The decrease in  hardness was 
greater at higher temperatures  and longer times. This 
phenomena may be explained by the "interst i t ial  s ink 
effect" (9). This te rm is used to describe the potential  
for migrat ion and the equi l ibr ium par t i t ion of an in -  
tersti t ial  e lement  as a resul t  of the difference in the 
part ial  molal free energies of the e lement  in  two ad- 
jacent  metall ic layers. 

The Cb752 alloy is basically a solid solution 
s t rengthened alloy depending on oxygen in  solution 
plus a small  dis t r ibut ion of ZrO2 precipitates. These 
precipitates are readi ly seen in  the as-received alloy 
with the aid of electron microscopy. A similar ex-  
aminat ion of the t i tanium-coated  alloy revealed a 
large reduction or complete e l iminat ion of this pre-  
cipitate for vary ing  depths below the coat ing-substrate  
interface depending on the coating t ime and temper-  
ature. The dis t r ibut ion of oxygen be tween co lumbium 
and t i tan ium may be calculated by considering the 
part ial  molal free energies of solution. This part i t ion 
at 1500 K (at equi l ibr ium) in a t i tan ium-coated  
Cb752 alloy is: 

Columbium Ti tan ium 

Oxygen, ppm 1 1000 

In  an effort to fully characterize the plat ing chem- 
istries, periodic chemical analyses were performed on 
the operating baths. Comparison of the observed data  
(weight per cent t i t an ium in the bath) and theoretical 
weight per cents, as a funct ion of oxidation state, 
gave an indicat ion of the valence state of the t i t an ium 
in  a bath. Previous work reported in the l i terature  
(10, 11) indicated that  the p redominant  reduction prod- 
uct in  a KfTiF6 bath, s imilar  to those used in  this 
work, was Ti +8. Analyses and calculations have shown 
the average valence in the fluoride baths to be gener-  
ally between 4-2 and 4-3, while the predominant  spe- 
cies in  the TiCls baths was found to have an  average 
valence of 4-2.2. Kreye  and  Kellogg (12) reported 
Ti +2 as the dominant  species in  an NaC1-KC1-TiC13 
melt  at 760~ They also observed a slightly lower 
Ti +2 concentrat ion at 7~2~ with a corresponding in-  
crease in  the Ti +s species. These findings are in a c -  
c o r d  with the 4-2.2 average valence in the present  
work and might  also expla in  the somewhat higher 
plat ing rates found in the K~TiF6 baths compared with 
the chloride system. With an average valence of 4-2.2, 
the chloride baths were not  in  as ful ly reduced a con- 
dition as were the fluoride baths when in  the 4-3 or 
lower state. 

The parabolic na tu re  of the deposition rate  indicates 
that  the deposition is control led by diffusion into the 
metal  substrate.  A diffusion controlled hypothesis is 
supported by  considering the difference in  chemical  
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activity between the t i t an ium in the source and the 
t i t an ium in solution in  the columbium. The activity 
of the t i t an ium in solution in the columbium is lower 
than the activity of the t i tan ium in the source. The 
decrease in  activity from the pure to the alloyed state 
is then  the probable dr iving force for deposition. It  
was also noted that  the deposition rate was highly 
tempera ture  dependent,  increasing with increasing 
temperature.  This behavior  would be expected in  a 
diffusion-controlled reaction as the diffusivity in -  
creases with the temperature.  Fur ther ,  if the deposi- 
t ion were diffusion controlled, the rate constant, k, 
from the equat ion 

W 2 = kt [1] 

could be described by the Arrhenius  equation and ex-  
pressed by:  

Q 
k ---- A (exp) - - - -  [2] 

R T  

where A is a constant, Q might  be called the "activa- 
t ion energy for deposition," R is the universal  gas 
constant,  and T is the absolute temperature.  If the 
diffusion hypothesis is correct and Eq. [2] accurately 
describes the rate constant, an Arrhenius  plot of 
I n k  vs. ( l / T )  should yield a straight line. Such a plot 
is shown in Fig. 6 for the 5 mole per cent K2TiF6 bath 
and is seen to be linear. An activation energy for depo- 
sition was determined graphical ly from Fig. 6 and is 
46 kcal/mole.  This may be compared to the activation 
energy for diffusion of t i tan ium in columbium which 
ranges from about 61 kcal /mole  in  pure columbium 
to 39 kcal /mole  in pure t i tan ium (13) while the ac- 
t ivat ion energy for diffusion of complex t i t an ium ions 
in fused salt solutions is expected to be only 6-10 
kcal /mole  (14). This fur ther  supports the hypothesis 
that  the ra te -de te rmin ing  step is interdiffusion of the 
t i tan ium and the basis metal.  

S t raumanis  et al. (15) determined the activation en-  
ergy for diffusion of t i t an ium into an iron substrate. A 
value of 32 kcal /mole may be calculated from their  
reported data. This may be compared with the value 
of 46 kcal /mole  determined in the present  work and 
designated, "the act ivat ion energy for deposition." 
More precisely, the lat ter  value, 46 kcal/mole,  reflects 
the activation energy for diffusion of t i t an ium in a 
co lumbium alloy, and a comparison of the two values 
indicates that a t i tan ium alloy coating may be de- 
veloped more easily on an iron substrate than a colum- 
b ium substrate  under  similar conditions if near ly  equal 
f requency factors (A) are assumed. P re l imina ry  work 
was under taken  to substant iate  this conclusion, and 
results are presented in Table V. 

No runs  were performed which lasted over 60 rain; 
however,  as might  be expected, the ini t ial  t i t an ium 
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Fig. 6. Arrhenius plot In k vs. reciprocal absolute temperature 

Table V. Titanium deposition on 1010 steel from a 20 m/o 
K2TiF6 bath 

A v e r a g e  w e i g h t  g a i n  
T i m e ,  m i n  ( m g / c m  2) a t  982~ 

2 0.8 
6 1.9 

15 3.4 
30 4.0 
60 6.9 

deposition rate is faster on iron than on columbium 
by a factor of 1.4 to 2. In  general, diffusion activation 
energies of metals in subst i tut ional  solid solution are 
proportional to the mel t ing point, and deposition rates 
should also be proport ional  to mel t ing points. An ap- 
proximately l inear  relat ionship between t i t an ium dep- 
osition rate and substrate mel t ing  point has been ob- 
served (over an 1800~ substrate mel t ing point  range) 
in other work by the authors. 

There are several possible mechanisms (of which 
three are most apparent)  which could account for the 
deposition of t i t an ium on columbium alloys with the 
subsequent  formation of a t i t an ium-r ich  t i t an ium/  
columbium alloy at the specimen surface. One such 
mechanism is an oxidation reduct ion type in which 
reactions similar to the following might  occur: 

3Cb (alloy) d- 5TiF~ --> 3CbF5 ~- 5Ti 
o r  

2Cb (alloy) + 5TiCI2--> 2CBC15 -t- 5Ti 

Interdiffusion of the t i t an ium and columbium would 
then produce the observed alloy coating. The opera- 
tion of this oxidat ion-reduct ion mechanism should re-  
sult in a decreased substrate thickness, an over-a l l  
weight loss or slight weight gain (depending on the 
coefficients in the redox equat ion chosen),  and the 
accumulat ion of columbium in the bath. 

Another  possibility is a disproport ionation reaction 
leading to the production of t i t an ium metal. A pos- 
sible representat ion is: 

Ti ~- 6F- -~ 3TiFs -2 "-> 4TiFs -~ 

Cb + 4TiF6 -3 --> 3TiF8 -2 + 6F- ~- (Ti-Cb alloy) 

This mechanism should be dependent on TiF6 -3 con- 
centration and would presumably decrease to a neglig- 
ible rate with decreasing temperature. As long as suf- 
ficient titanium is present to support the deposition 
rates observed, interdiffusion rates would still control 
the plating rate. It is possible that some TiF4 would 
be lost from the bath as a gaseous species; however, 
it would more probably be retained as a complex F -  
ion. 

The remaining possible mechanism is the diffusion 
of dissolved or finely dispersed titanium in the melt 
into the columbium substrate; for example 

Ti ~- Cb (alloy) -> TiCb (alloy) 

Again, the deposition rate should be a function of the 
ease of interdiffusion of t i t an ium and the substrate 
mater ia l  and should decrease with increasing alloy 
thickness. All of the suggested mechanisms would be 
temperature  dependent.  

The oxidat ion-reduct ion type mechanism can be 
el iminated because no decrease in  substrate thickness 
occurs and a positive weight  gain is always observed 
for a coated specimen. 

Straumanis,  Shih, and Schlecten (15) stated that 
they were able to differentiate between a dispropor-  
t ionation type reaction and one in  which dispersed t i -  
t an ium metal  or TiOx reacted to form the alloy coat- 
ing. They concluded that the coating was formed by 
direct impact of dispersed t i t an ium or TiOx particles 
in  the melt  with the surface to be coated. 

When examining  the possibility of the dissolved or 
finely dispersed t i t an ium theory, it is in teres t ing to 
note that  recent w o r k  (16) has demonstrated the ex- 
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istence of t rue solutions of metals in their own halide 
salts at elevated temperatures.  Although no data are 
av~ilable for solutions of t i t an ium in  t i tanium-f luor ide  
or ~ chloride melts, it is quite possible that such sys- 
tems do exist. X- ray  diffraction analysis of melt  sam- 
ples in  the present  invest igat ion failed to show the 
presence of any free t i t an ium or t i t an ium oxides in  
the bath. This does not, though, el iminate the possi- 
bili ty of dissolved t i t an ium metal.  

Sufficient data are not available from the present  
work to determine whether  disproport ionation of a 
reduced t i t an ium complex at the specimen surface or 
mechanical  adherence of free t i t an ium metal  is the 
coating mechanism. Evidence for both mechanisms 
exist, and ne i ther  may  be ruled out at this time. 
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Electrolytic Reductive Coupling 
XV. Electroreductions of Aqueous Concentrated 
Solutions of Diethyl Maleate in the Presence of 

Sodium or Tetraethylammonium Cations 1 

Manuel M. Baizer and John P. Petrovich 
Central Research Department, Monsanto Company, St. Louis, Missouri 

ABSTRACT 

Concentrated solutions of diethyl maleate in dimethylformamide-water 
containing sodium or tetraethylammonium p-toluenesulfonate were electro- 
lyzed at constant current. The yields of diethyl succinate and of tetraethyl 
Joutanetetracarboxy]ate were determined. At a given concentration of sup- 
porting cation and of bulk water less hydrodimer is formed in the presence of 
sodium than in the presence of tetraethylammonium cations. These results 
are related to previous suggestions concerning the influence of the degree of 
hydration of the supporting cations upon the nature of the electroreduction 
products. 

It has been suggested (2) that  dur ing the electro- 
reduct ion of concentrated aqueous solutions of acry-  
lonitr i le the presence of alkali  metal  cations (M +), 
which are s imultaneously discharged, leads to sub-  
stantial  yields of propionitr i le  [1] because of concom- 
i tant  chemical reactions, whereas the replacement  of 
M + by qua te rnary  ammonium cations ( I~N+) ,  which 
are not discharged at the operating cathode potential,  
permits  the a t ta inment  of very high yields of adi- 
poni t r i le  [2]. 

M + (H20) x 
CH2=CHCN + 2~ + 2H20 

CHsCH2CN -5 2 OH [i] 
I For Part XIV see (I}. 

RdN + 
2CH2=CHCN + 2~ + 2H20 > 

NC(CH2)4CN + 2 OH [2] 

Recently Feoktistov and co-workers (3) and, inde-  
pendently,  Gillet  (4) have offered an al ternate  ex- 
planat ion for the change in the dis t r ibut ion of reduc-  
tion products when  one replaces support ing electro- 
lytes conta in ing M + by those containing I~N +. They 
have pointed out that  alkali  meta l  cations are hy -  
drated while qua te rnary  ammonium cations are not. 
As a consequence, Gillet  has argued, when  the acrylo- 
ni t r i le  molecule, al igned wi th  the E-carbon atom on 
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Table I. Electrolysis of 43.0g of diethyl maleate at a mercury cathode 20~ ~ 1.00 amp for 3 hr 

Esters  r e c o v e r e d  
A p p a r e n t  losses  

C a t h o l y t e  G d i e t h y l  
G d i e t h y l  G d i e t h y l  E q u i v .  Cur r .  G h y d r o -  E q u i v .  Cur r .  m a l e a t e  

R u n  G sa l t  M1 HfO M1 D M F  m a l e a t e  suec ina t e  a m p  h r  eft, % d imers*  a m p  h r  eft, % e q u i v .  A m p  hr.  

1 19-4A ~ 16 80 22,6 2.41 0.743 24.8 13.0 2.01 67.0 5.0 0.25 
2 19.4A 22 74 21.2 4.96 1.53 51.0 10.7 1.67 55.5 6.1 --0.20 
3 30.1B b 16 80 20.6 0.81 0.25 8.2 15.6 2.42 80.5 6.0 0.33 
4 30.1B 22 74 22.4 2.16 0.67 22.2 14.6 2.27 75.5 3.8 0.06 
5 15.5A 

§ 6.0B 22 74 20.5 1.62 0.50 16.7 15.1 2.34 78.0 5.8 0.16 

6 lS .4A 30 66 25.0 5.33 1.64 54.9 8.64 1.37 45.7 3.8 - -  
7 30.1B 30 66 22.3 1.93 0.60 19.8 13.9 2.16 72.0 4.8 0.24 
8~ 36.1B 36 79 9.21 c 3.51 1.18 36.2 10.3 1.59 53.0 4.8 0.23 

a S o d i u m  p - t o l u e n e s u l f o n a t e .  
b T e t r a e t h y l a m m o n i u m  p - t o l u e n e s u l f o n a t e .  
e I n i t i a l l y  5.0 m l  of  d i e t h y l  m a l e a t e  wa s  i n c l u d e d  in  t he  c a t h o l y t e .  The  r e m a i n d e r ,  to a t o t a l  of 25.6g {0.15 mole ) ,  was  a d d e d  i n  the  course  

of t h e  run .  Ace t i c  ac id  h a d  to be a d d e d  d r o p w i s e  to  m a i n t a i n  t he  d e s i r e d  pH.  
* Iden t i f i ed  b y  c o m p a r i s o n  of vpc  r e t e n t i o n  t i m e  w i t h  s amp le s  p r e v i o u s l y  p r e p a r e d  (7). Two  i somers  in  a r a t i o  of ca 93/7 {p re sumab ly  

m e s o - / d l )  w e r e  ob t a ined .  

the cathode surface, is being reduced 2 the final anionic 
in termedia te  which is just  leaving the cathode surface 
has an oppor tuni ty  to react  at the E-carbon atom wi th  
water  when  M + (H20)x is the counter ion [1], whereas  
it has an overwhelming  opportuni ty  to react  wi th  a 
second acryloni t r i le  molecule  when  R4N + (H20)o is 
the counterion. 

The purpose of the work  repor ted  here  was to test 
the effect of (supporting) cation hydra t ion  on the 
yield of hydrodimer  prepared from an act ivated olefin 
whose e lect roreduct ion occurs at a cathode voltage at 
which simultaneous cation discharge is unambiguously  
avoided. While  several  monoact iva ted  olefins CH2~ 
CHX (where  X is an e lec t ron-wi thdrawing  group) 
are avai lable which reduce at a considerably more  
posit ive cathode vol tage  than is requi red  for 
N a + ( H 2 0 ) x  discharge, they may, l ike methy l  v inyl  
ketone, undergo under  the conditions of electrolysis 
various chemical  side reactions which complicate the 
in terpre ta t ion  of the results. Because its reduct ion 
occurs at a vol tage at least 0.Tv more  anodic than 
that  of Na + (H20)x, its polarography has been ex-  
tensively~ studied (6), its electrolytic hydrodimer iza-  
tion to te t rae thyl  bu tane te t racarboxyla te  has been re-  
ported (7), and its side reactions dur ing reduct ion are 
minimal,  diethyl  maleate  was chosen as the model  
act ivated olefin for this study. 

Exper imenta l  

R e a g e n t s . - - D i e t h y l  maleate  (Matheson Scientific, 
Superior)  was used as received.  Vpc and nmr  analyses 
showed that  it contained about  8% diethyl  fumarate .  
Te t rae thy lammonium p- to luenesul fonate  (Alf red  
Bader  Company)  was recrystal l ized f rom acetone and 
dried in vacuo at 60 ~ Sodium p- to luenesulfonate  was 
prepared  f rom the acid and base and dried as above. 
The d imethy l formamide  (DMF) was redist i l led 
through a Vigreau column at atmospheric pressure. 

E q u i p m e n t . - - T h e  electrolysis cell and associated ap- 
paratus have been described (1). A mercu ry  cathode, 
area 55 cm 2, was used throughout.  Vpc analyses of the 
products obtained f rom the electrolyses were  carr ied 
out using an F and M Model 300 ins t rument ;  the col-  
umn contained 1% si lver n i t ra te  and 18% Carbowax 
20M on 35-48 mesh Chromosorb W and was used at 
125 ~ (for " low boilers")  and at 225 ~ (for "high boi l -  
ers") .  

P r o c e d u r e s . - - T h e  electrolysis data are summarized 
in Table I. The catholytes contained 43.0g (0.25 mole)  

-" In  the  o v e r - a l l  t w o - e l e c t r o n  process  the  a e r y l o n i t r i l e  m a y  d u r -  
i n g  t he  u p t a k e  of t he  f i rs t  e l ec t ron  reac t  s i m u l t a n e o u s l y  a t  t he  
- C N or  a - c a r b o n  a t o m  w i t h  a m o l e c u l e  of w a t e r  f r o m  the  b u l k  
of s o l u t i o n  [5]. 

P ro fe s so r  W a w z o n e k  ha s  p o i n t e d  ou t  t h a t  t he  p o l a r o g r a p h y  of 
d i e t h y l  ma Iea t e  in  t e t r a l k y l a m m o n i u m  e lec t ro ly te s  ha s  no t  b e e n  
p r e v i o u s l y  r epo r t ed .  Whi l e  t h i s  i n f o r m a t i o n  w i l l  be l a t e r  p r e s e n t e d  
s e p a r a t e l y  in  a p a p e r  d e s c r i b i n g  w o r k  w h i c h  is c u r r e n t l y  i n  p rog -  
ress, i t  m a y  be s t a t ed  n o w  t h a t  in  a q u e o u s  d i m e t h y l f o r m a m i d e  no 
s ign i f i can t  d i f fe rences  we re  f o u n d  in  the  p o l a r o g r a p h i c  b e h a v i o r  
u s i n g  s o d i u m  or t e t r a e t h y l a m m o n i u m  s u p p o r t i n g  e lec t ro ly tes .  

of diethyl  maleate,  0.10 mole of sodium (19.4g) or 
t e t r ae thy lammonium p- to luenesul fonate  (30.1g), and 
96 ml of a D M F - w a t e r  mix ture ;  the total  vo lume was 
ca. 150 ml. The anolytes were  sa turated aqueous so- 
lutions of the same electrolyte  present  in the catho-  
lyte. The electrolyses were  conducted at a constant  
current  of 1.00 amp for 3 hr. The cathode vol tage in 
the several  exper iments  was --1.19 to  --1.30v (SCE).  
Acetic acid was avai lable  for dropwise addit ion to the 
catholyte  in order  to main ta in  the pH at 7-8 (mea-  
sured ex terna l ly  on Alkacid paper) .  Usual ly  no acid 
addition was needed,  indicat ing that  saponification of 
the ester was rapid enough to provide  a buffering ef-  
fect. No hydrogen was evolved.  At  the end of the 
electrolysis the catholyte  was separated f rom the mer -  
cury, di luted with  200 ml of ice water ,  and e x t r a c t e d  
wi th  three  100 ml portions of methylene  chloride. The 
combined extracts  were  washed with  three  100 ml  
portions of wa te r  and dried over  anhydrous  mag-  
nesium sulfate. The filtered solution was heated on a 
water  bath to r emove  methy lene  chloride and then  
fract ionated through a 2-ft  Vigreau column to a vapor  
t empera tu re  of 50 ~ (18  ram) to r e m o v e  the bulk of 
the residual  DMF. The remain ing  crude mix tu re  of 
esters was fract ionated through a semimicro appara-  
tus having  a vacuum- jacke ted  8-in. Vigreau column. 
The fol lowing fractions were  collected: (i) to 115 ~ 
(20 mm) ,  (ii) 115~ ~ (20 m m ) ,  (iii) to 153 ~ (0.25 
m m ) ,  (iv) 156~ ~ (0.25 m m ) ,  (v) pot residue. 4 
Each fract ion 5 was analyzed  by vpc first at  125 ~ to 
determine  DMF, diethyl  maleate,  diethyl  succinate, and 
diethyl  fumara te  and then at 225 ~ to determine  te t ra-  
ethyl  bu tane te t racarboxyla te  and its ratio to the lower  
boiling components.  

Discussion of Results 
At a given level  of proton donor (water)  concen- 

t ra t ion in the catholyte,  all  o ther  conditions being the 
same, more hydrodimer iza t ion  occurs in the presence 
of t e t r ae thy lammonium than of sodium (run 3 vs. 1; 
run 4 vs. run 2). The hydrodimer iza t ion  is less sensi- 
t ive to increasing wate r  concentra t ion w h e n  te t ra-  
e thy lammonium is used than when  sodium is used, 
e.g., the yield of hydrod imer  in run  7 is 89.5% of its 
value in run  3, whereas  the yield in run 6 is only 
68.3% of its value  in run  1. Fu r the r  the addit ion of 
t e t r ae thy lammonium to a catholyte  containing sodium 
(run 5) is capable of e levat ing  the yield of hydro-  
dimer substantially.  These results  lend support  to 
the proposal (3, 4) that, in effect, adsorption of te t ra-  
a lky lammonium on the mercu ry  cathode leads to the 
establ ishment  of a wa te r -poor  zone close to the ca th-  
ode surface. 6 The substantial  yield of hydrod imer  ob- 

Thi s  was  a l w a y s  n e g l i g i b l e ,  i n d i c a t i n g  t h a t  no o l i g o m e r s  h i g h e r  
t h a n  t h e  h y d r o d i m e r  h a d  b e e n  f o r m e d .  

~ T h i s  p r o c e d u r e  g a v e  m o r e  s a t i s f a c t o r y  r e su l t s  t h a n  the  a t -  
t e m p t e d  v p e  ana lys i s  of  t he  c rude  m i x t u r e  d i rec t ly .  

6 T h i s  m a y  l i k e w i s e  e x p l a i n  t he  r e p o r t e d  e x c e l l e n t  y i e l d  of  
a d i p o n i t r i l e  f r o m  a c r y l o n i t r i l e  in  a n  a m a l g a m  r e d u c t i o n  i n  t h e  
p re sence  of  a q u e o u s  ac id  a n d  t e t r a e t h y l a m m o n i u m  p - t o l u e n e s u l -  
f o n a t e  (6). 
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ta ined ( run  8) even when the concentrat ion of di- 
ethyl maleate in the catholyte at a given t ime is re la-  
t ively low and the concentrat ion of water  relat ively 
high emphasizes again the need for caution in pre-  
dicting the products of an electrochemical reduction;  
this is par t icular ly  true when activated olefins are 
involved. 

Since all runs  were carried out at the same constant  
current  density, the rates of generat ion of the re- 
duced intermediates  were the same. If formation of 
hydrodimer  occurred via radical  coupling of anion-  
radicals or (after neutra l iza t ion wi th  water)  their  
derived radicals, the yield of hydrodimer  should not 
be affected by the na ture  of the support ing cation nor  
by the relat ively small  over-a l l  changes in  water  con- 
centration. The exper imental  results are bet ter  ac- 
commodated by the proposal (9) that the coupling is 
the result  of an anionic at tack of a reduced species 
upon an unreduced molecule. Whether  this is a two- 
step (9) or a concerted process (1) is still a moot 
question. It  is also not  known  at present  whether  the 
hydrodimerizat ion of 1,2-diactivated olefins proceeds 
by the same mechanism as the hydrodimerizat ion of 
monoact ivated olefins: this problem is under  invest i -  
gation in  this Laboratory.  7 

Final ly,  it  is instruct ive to examine (Table I) the 
apparent  losses of diethyl maleate and to compare 
these with the coulombic input  not  accounted for in 
the form of reduced products isolated. In r u n  1, e.g., 
the "missing" 0.25 amp hr is equivalent  to 0.81g di-  
ethyl  succinate or 1.61g hydrodimer.  Assuming com- 
plete loss of these reduced esters through saponifica- 
tion s there is still considerable diethyl  maleate to ac- 
count for. The facile saponification of the lat ter  ester 
is well  known  (6); it was of interest  to be able to 
estimate whether  part  of the saponified maleate (as 
half-ester  or diacid) was being reduced in  the course 
of the electrolysis and was causing a shift of the cath- 
ode v to a more negative value than  it would have had 
in the absence of saponification, or whether  part  of 

7 A f t e r  t h i s  m a n u s c r i p t  wa s  s u b m i t t e d  for  p u b l i c a t i o n ,  a poss ib ly  
r e l e v a n t  p a p e r  a p p e a r e d  (10} c o n c e r n i n g  t he  p a r t i c i p a t i o n  of  the  
s - c a r b o n  a t o m  in  e l e c t ro ly t i c  r e d u c t i v e  c o u p l i n g s  of a c t i v a t e d  
olefins.  I n  1 ,2 -b i s - ac t iva t ed  olef ins  t h e  ~-~6-carbon a t o m s  are  of 
course  e q u i v a l e n t .  

S The  h a l f - e s t e r  or  d i a e i d  w o u l d  no t  h a v e  been  e x t r a c t e d  by 
m e t h y l e n e  ch lo r ide  f r o m  s l i g h t l y  a l k a l i n e  so lu t ion .  

the diethyl succinate already formed was being later  
saponified. A study 9 of the kinetics of diethyl  malea te /  
diethyl  succinate 1~ saponification showed a rate ratio 
of k J k s  = 20. Even if all  the diethyl  succinate had 
been present from the start  ( run  1) and the cathode 
surface had a pH of ca. 13, less than 0.2g of diethyl 
succinate would have been saponified in 3 hr;  however,  
all of the unrecovered ester can be accounted for by 
saponification of diethyl  maleate  under  the same con- 
ditions. Therefore, the "excess" current  was most prob- 
ably used in  the reduct ion of ethyl  hydrogen maleate. 

Manuscript  received March 29, 1967; revised m a n u -  
script received ca. June  12, 1967. 

Any discussion of this paper will appear in a 
Discussion Section to be published in the June  1968 
J O U R N A L .  
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D The  ra tes  of es te r  sapon i f i ca t ion  were  f o l l o w e d  to ~ 50% re-  
ac t ion  by  v p c  ana ly s i s  u s i n g  a n  XE-60  on Tef lon c o l u m n  at  115 ~ 
In  a t y p i c a l  e x p e r i m e n t  t he  a p p r o p r i a t e  es te r  and  d i p h e n y l m e t h a n e .  
the  vpc  i n t e r n a l  s t anda rd ,  we re  d i s s o l v e d  in  a D M F  so lu t i on  con-  
r a i n i n g  30g of  t e t r a e t h y l a m m o n i u m  p - t o l u e n e s u l f o n a t e  and  30 m l  
of 10% aqueous  t e t r a e t h y l a m m o n i u m  h y d r o x i d e  and  d i l u t e d  to  
100 m l  w i t h  DMF.  The  r eac t i on  f lasks were  t h e r m o s t a t e d  a t  25 ~ 
A t  a p p r o p r i a t e  t i m e s  a 1 m l  a l i q u o t  w a s  r e m o v e d ,  n e u t r a l i z e d  w i t h  
acet ic  acid,  a n d  a n a l y z e d  d i r e c t l y  by  v p e  for  u n r e a c t e d  dies ter .  
The second  o rder  r a t e  cons t an t s  o b t a i n e d  by  t h i s  m e t h o d  fo r  d i -  
e t h y l  m a l e a t e  a n d  d i e t h y l  succ ina te  we re  2.1 • 10 -~ a n d  1.0 • 
10-~ l i t e r  mole  -~ sec -1, r e spec t i ve ly .  The  e s t i m a t e d  e r ro r  in  ~ is 
• 0.2. 

lo I t  was  a s s u m e d  t h a t  the  ra te  of s apon i f i ca t i on  of  t he  h y d r o -  
d i m e r  w a s  too  l ow  to  af fect  t he  conc lus ions .  

Electrolytic Oxidation of Aromatic Amines 
S. Wawzonek and T. W. Mclntyre 

Department of Chemistry, Uniwersity o~ Iowa, Iowa City, Iowa 

ABSTRACT 

The electrolytic oxidation of ani l ines at a rotat ing p la t inum electrode in 
acetonitri le in  the presence of pyr idine involved a two electron change and 
formed azobenzenes. Evidence for the mechanism was the vol tammetr ic  be-  
havior of hydrazobenzenes, p -pheny lened iamine  and 4,4 '-dimethoxyazoben- 
zene and the formation of azobenzenes in macroscale oxidations. The be-  
havior of anil ines in the absence of pyr idine was more complex since the 
amine acted as a base and formed a salt which was not easily oxidized. Ex-  
ceptions were the weakly basic o-ni t roani l ine ,  p-ni t roani l ine ,  2,4-dinitroani-  
l ine and the revers ible  systems, o-phenylenediamine  and p-phenylenedi -  
amine;  two electrons were involved for these examples. 

The electrolytic oxidation of aromatic amines was 
studied in  acetonitri le at a microrotat ing p la t inum 
electrode to determine whether  this reaction could be 
used to prepare  azobenzenes on a macroscale. 

Voltammetric studies of aromatic amines in  ace- 
toni tr i le  have been carried out with ani l ine (1), 2- 
aminoanthracene,  2-fluorenamine, 1- and 2-naphthyla-  
mine  (2), p -pheny lened iamine  (3, 4), 9-amino-10- 
phenylan thracene  (5) and dimethylani t ines  (4, 6). A 

stepwise oxidation is reported for p -phenylened iamine  
(3) and a one-electron oxidation change is suggested 
for the dimethylani l ines  (4, 6) and 9-amino-10-phen-  
y lan thracene  (5). 

Large-scale oxidations of anil ines have been carried 
out main ly  in  aqueous acid and basic media. The for- 
mer usual ly  leads to polymeric products or n i t rogen 
free compounds, (7-10). In  alkal ine solution p- to lu i -  
dine and 2,4-dimethylani l ine gave the corresponding 
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azobenzenes at an iron anode (11). If one or both of 
the N-hydrogens  are replaced by alkyl  groups, dimeric 
products resul t  (12, 13). 

Experimental 
Apparatus.--The vol tammetr ic  data were  obtained 
with  a Sargent  Model X X I  polarograph and were  cor-  
rected for iR drop across the cell. Al l  measurements  
were  made in a wa te r  thermosta t  at 25 ~ • 0.1 ~ 

Resistances were  measured  wi th  a Wheatstone 
bridge circuit  which contained an audio oscillator 
signal generator  and a head set as a nul l  indicator. 
A var iable  capacitor was placed in one arm of the 
bridge circuit  to balance the capacitance effects of the 
cell. An input  voltage of l v  (a.c.) and a signal of 
1000 Hz was used. 

The indicator electrode was a p la t inum bead elec-  
trode, which had an exposed area of 1.0 mm 2. This 
microelectrode was constructed by sealing a No. 20 
pla t inum wire into a 6 mm glass tube paral le l  to the 
axis of rotation; the exposed wire  was then fused flush 
with  the glass surface. The p la t inum electrode was 
rotated at 600 rpm with  a Sargent  Synchronous Ro- 
tator  and cleaned before each run  by the procedure 
of Kolthoff and Coetzee (14). 

The solutions (25 ml volumes were  used) were  stud- 
ied in a cyl indrical  shaped cell  wi th  an externa l  A g /  
0.1M AgC104 reference  electrode connected to the 
cell  through a fine glass frit.  

The large-scale  electrolyses were carr ied out in two 
different cells. One cell was an H-cel l ,  which had a 
medium glass f l i t  separat ing the two compar tments  of 
equal  vo lume (100 ml) .  One compar tment  contained 
a cyl indrical  p la t inum gauze anode, which could be 
rotated at high speed, and the other  compar tment  con- 
tained a st irred mercury  pool cathode. This cell  was 
also provided wi th  a compar tment  for  a reference  elec-  
t rode for control led potent ial  electrolysis. 

The second cell consisted of a tall  beaker  14.5 cm 
high and 7 cm in diameter.  A Coors porous cup (7.5 
by 2.6 cm with  a wal l  thickness of 2 ram) was placed 
inside as the cathode compartment .  

A Hea th -Ki t  IP-12 bat tery  el iminator  was u s e d  as a 
direct  cur ren t  source with  a var iable  vol tage range of 
0-15v. For  controlled potent ial  electrolysis the manual  
apparatus described by Lingane (15) was used. An 
L&N Student  Poten t iometer  was employed as the vol t -  
age measur ing device. 

Infrared spectra of cast films were  recorded using a 
P e rk in -E lmer  spectrophotometer.  
Chemicals. Acetoni tr i le  was purified by method E of 
Coetzee et al. (16). 

Pyr id ine  was  purified by refluxing with  solid po- 
tassium hydroxide  and fract ional ly  disti l l ing through a 
Fenske column; the center  fraction (60%) was col-  
lected. 

Li th ium and sodium perchlorate  (G. F. Smith and 
Company) were  dried under  vacuum at 80 ~ and stored 
over  phosphorous pentoxide.  

The various anilines, hydrazobenzenes,  and azoben- 
zenes studied were e i ther  obtained commercially or 
synthesized by appropriate  methods given in the l i t-  
erature. 

Electrolytic oxidations.--p-Nitroaniline, p-Ni t roan i -  
l ine (1.0g)) was dissolved in 90 ml  of acetonitr i le  
(0.5M pyridine, 0.5M sodium perchlorate)  and elec-  
t rolyzed in the H-cel l  using a rotat ing p la t inum gauze 
anode and a mercury  pool cathode. The solution was 
degassed with  ni t rogen before and dur ing the elec-  
trolysis. At an applied potent ial  of 10v, a current  of 0.3 
amp was obtained, which decreased to a final value  
of 0.05 amp in 4 hr. The anolyte was concentrated to 
20 ml and 30 ml  of water  was added. The precipi ta ted 
mater ia l  was collected and ext rac ted  wi th  100 ml  of 
cold acetone. The acetone was removed,  and the 
residue was chromatographed on a lumina in benzene-  
chloroform mixtures.  The first fract ion gave reddish 
brown crystals (0.26g, 39.2%), mp 220~ ~ The in- 

f rared  spectrum was identical  wi th  that  of an au-  
thentic sample of 4,4'-dinitroazobenzene. The second 
fract ion f rom the column was p-ni t roani l ine.  

p-Chloroaniline.--Oxidation of p-chloroani l ine  (1.0g) 
was carr ied out under  conditions similar  to those used 
for p-ni t roani l ine.  At an applied vol tage of 10v a cur-  
rent  of 0.15 amp was obtained which decreased to a 
final value of 0.01 amp in 14 hr. 

The anolyte was concentra ted to 10 ml  and poured 
into 500 ml of methylene  chloride. The methylene  
chloride was filtered and ext rac ted  with  two 100-ml 
portions of cold 5% hydrochloric  acid solution. The 
aqueous extract  was evapora ted  to dryness and 0.32g 
of p-chtoroani l ine  was recovered as the hydrochloride.  
The methylene  chloride extract  was dried over  an-  
hydrous sodium sulfate, concentrated and chromato-  
graphed on a lumina with benzene-ch loroform mix-  
tures. The first fract ion contained 0.165g (24.3%) of 
4,4'-dichloroazobenzene, which was identified by com- 
parison of its inf rared spectrum with  that  of an au-  
thentic sample. The mel t ing  point of the product  after 
recrystal l izat ion f rom methanol  was 185~ ~ The 
second fract ion f rom the column gave 0.053g (7.8%) 
of a red crystal l ine compound, which had a mel t ing  
point of 258~ ~ after  recrystal l izat ion f rom toluene. 
This product produced a violet  color when dissolved 
in concentrated sulfuric acid and gave a NH band in 
the 3200-3500 cm -1 region in the infrared region. 
These propert ies  agree wi th  those of 2 ,5-di-p-chloro-  
phenylaminobenzoquinonedi -p-ch lorophenyl imine  [te- 
t ra -p-chloroazophenine  ( I ) ]  (17). 

A similar  electrolysis of p-chloroani l ine  in the ab- 
sence of pyridine and using 0.5M l i th ium perchlorate  
gave an acidic anolyte at the conclusion of the reac-  
tion. Products  isolated were  start ing mater ia l  (20%) 
and tar. 

2,4-Dichloroaniline.--The electrolysis was conducted 
at 10v using the beaker  cell  wi th  a p la t inum anode 
and a copper cathode. The init ial  current  of 0.25 amp 
decreased to 0.05 amp in 4 hr. During the electrolysis 
the anolyte turned reddish b rown and the azo com- 
pound precipitated. The mother  l iquor  was concen- 
t ra ted and poured into water .  The resul t ing product  
was extracted with  hot  benzene (200 ml) and chro-  
matographed on alumina. The first fract ion consisted 
of azo compound and was combined with  the precipi-  
tated fraction. Recrystal l izat ion f rom methanol  gave 
2,4,2'4 '-tetrachloroazobenzene; mp 161~176 yield, 
30.0%. The infrared spectrum was consistent wi th  this 
structure.  

p-Anisidine.--Oxidation was carr ied out in a similar  
fashion to that  used for p-chloroani l ine  using 0.5M 
l i th ium perchlorate.  The residue in benzene was 
chromatographed on a lumina  and gave 4 ,4-dimethoxy-  
azobenzene (5.2% yield) which mel ted at 162~ ~ 
after  recrystal l izat ion f rom a benzene-(30~ ~ pe-  
t ro leum ether  mixture .  The infrared spectrum was 
identical  wi th  that  of an authentic  sample. 

The second fract ion gave an 8.6% yie ld  of dark  red 
crystals mel t ing at 236~ ~ These crystals gave a 
red-v io le t  color wi th  concentrated sulfuric acid and 
had an NH band in the 3200-3500 cm -1 region of the 
infrared.  These propert ies  are in agreement  wi th  d i -p-  
an i s id inobenzoquinone-d i -p-methoxyphenyl imine  (I) 
( t e t ra -p -methoxyazophen ine)  (18). The  remain ing  
oxidation products were  resinous in nature.  

Aniline and p-chloroaniline.--A solution of p-chloro-  
aniline (0.5g) and anil ine (3.0g) in 60 ml  of aceto- 
nitr i le  and 10 ml of pyr idine containing 0.5M sodium 
perchlorate  was electrolyzed in a beaker  containing a 
porous cup cathode compartment .  The anode was a 
p la t inum screen and the cathode was a copper  wire.  
The solution was purged with  n i t rogen and a potent ial  
of 8.0v was applied to the cell. The original  cur ren t  of 
0.1 amp decreased to 0.05 amp af ter  4 hr. In this period 
the anolyte changed f rom an orange to a reddish-  
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brown color, and the anode became coated with a 
b rown-b lack  tar. 

The anolyte  was concentrated to 30 ml  and poured 
into ether (30 ml) .  The ether solution was filtered, 
concentrated to 50 ml  and chromatographed on a lu-  
mina  (grade I).  The first fraction consisted of azo 
compounds which were rechromatographed. The sec- 
ond fraction gave a dark red solid (0.21g) which, on 
recrystal l ization from benzene, melted at 234~ ~ 
and gave a violet color in concentrated sulfuric acid. 
This compound was halogen free and agreed in all re-  
spects with d i - (pheny lamino)  benzoquinone-d iphenyl -  
imine (azophenine) (19). The mixed azo compounds 
when rechromatographed twice on a lumina  using a 1:1 
mix ture  of benzene-  (30~ ~ petroleum ether gave 
azobenzene (0.243g) which melted at 680-69 ~ and 
p-chloroazobenzene (0.86g) mel t ing at 88~ ~ [ref. 
(20), 87.5~ The infrared spectrum was similar to that 
for azobenzene and 4,4'-dichloroazobenzene. 

p-Ch~oroani~ine and 2,4-d~nitroaniline.--A solution 
of p-chloroani l ine (0.5g), 2,4-dinitroanil ine (1.0g) in 
acetonitri le (80 ml) and pyridine (5 ml) containing 
0.SM sodium perchlorate was electrolyzed under  n i -  
t rogen in the H-cell  at a controlled potential  of +0.80v 
vs. the Ag/0.1N AgC104 electrode, using a rotat ing 
p la t inum anode and a mercury  pool cathode. The 
ini t ia l  cur ren t  of 0.15 amp decreased to 0.05 amp in 
8 hr. The anolyte was concentrated to 20 ml, poured 
into water  (50 ml) ,  and extracted with ether (500 ml) .  
The ether extract  was washed with 100 ml of 5% hy-  
drochloric acid and 100 ml  of water. The acid extract  
gave the hydrochloride of p-chloroani l ine (0.11g). Re- 
moval  of the ether gave a solid which was dissolved 
in  a min imal  amount  of 1:1 benzene-chloroform mix-  
ture  and chromatographed on alumina.  The first frac- 
tion gave 4,4'-dichloroazobenzene (0.102g) mel t ing at 
184~ ~ and the second fraction gave 2,4-dinitroani-  
l ine (0.921g) mel t ing at 178~ ~ after crystall ization 
from ethanol (92.1% recovery).  No cross product was 
isolated. 

p-Chloroaniline and p-nitroaniline.--This mixture  
was treated in  a similar  fashion to tha t  described in 
the preceding paragraph using a controlled potential  
of +0.7% 4,4-Dichloroazobenzene (22.8%) and p -n i -  
t roani l ine (90%) were obtained together with resinous 
material.  

Hydrazobenzene..--This compound (2.0g) was oxi- 
dized in a beaker (100 ml) containing a porous cup 
cathode compartment .  The cell was wrapped wi th  
a luminum foil to keep out light, and the solution was 
deaerated dur ing  the electrolysis with nitrogen. The 
resul t ing solution when  processed in  the usual  m a n n e r  
gave azobenzene (0.216g), dark b rown  polymeric ma-  
terial  and a black crystal l ine residue similar to ani l ine 
black. 

4,4-Dichlorohydrazobenzene.--The electrolysis was 
performed in a similar m a n n e r  to that  for hydrazo-  
benzene. The anode solution gave an 82% yield of 
4,4'- dichloroazobenzene. 

4,4-Dimethoxyazobenzene.--The electrolysis and 
processing of the oxidation product  was similar to the 
above procedure. The anolyte gave s tar t ing mater ia l  
(55%) and b rown resinous material .  

Results 
The vol tammetr ic  behavior  of various ani l ines in  

acetonitri le containing 0.5M sodium perchlorate in  the 
presence and absence of pyr id ine  is given in  Table I. 
Half -wave potentials corrected for the iR drop are re-  
ported against  an  externa l  silver 0.1M silver perchlo-  
rate reference electrode. 

Most of the compounds exhibited normal  S-shaped 
waves in the absence of pyridine.  In  the presence of 
this compound the curves reached a cur ren t  p la teau 
which decreased near  the end of the voltage scan. This 
behavior  is associated with film formation on the elec- 

Table I. Voltammetric behavior of substituted anilines in 
acetonitrile containing 0.SM sodium perchlorate, a 

(vs. Ag/0.1N Ag +) 

Conc, 
/nilli- 2raM Pyridine 

Compound molar + EI/2 11 ~l + El/s 114 _ 

Aniline 0.43 0.54 1O.l b 0.54 13.2c 
o - N i t r o a n i l i n e  0.23 1.07 15.0~ 1.03 15.0 b 
i ~ - N i t r o a n i l i n e  0.40 1.03 14.2 0.95 16.9 b 

1.00 0.97 7.0 
1.14 7.0 

m - N i t r o a n i l i n e  0.32 0.90 8,6 0.88 17.2 b 
p - B r o m o a n i l i n e  0.33 0.61 8.3 0.62 17.5 b 
m - B r o m o a n i l i n e  0.40 0.70 8.5 b 0.64 8.5 ~ 
p - C h l o r o a n i l i n e  0.44) 0 .60 8.3 0.61 17.1 b 
o - A n i s i d i n e  0.62 0 . 3 4  8 .7  b 0.36 2 0 . 0 b  
P - A n i s i d i n e  0.23 0.26 6.5 0.24 7.1 

0,42 6.7 
1.03 7.6b 

2,4-Dinitroaniline 0.35 1.48 18.8 1.41 18.7 b 
2,4-Dichloroaniline 0.50 0.78 8.6 0.74 16,7 b 
s y m - T r i e h l o r o a n i l i n e  0.55 0.95 10.3 0.87 18.9 
o - P h e n y l e n e d i a m i n e  0,82 0.08 7.2 0.09 25.8~ 

0.76 7.8 
m - P h e n y l e n e d i a m i n e  0.40 0.26 7.0 c 0.24 7.0 

0.41 5.1~ 
p - P h e n y l e n e d i a m i n e  0.44 -- 0.10 7.1 -- 0.10 7.1 

0.44 6,3 0.15 6 .5  
2 , 2 ' - D i a m i n o b i p h e n y l  0.27 0.51 8.4 0.48 5.2 ~ 

0.87 4.0 c 
E t h y l p h e n y l a m i n e  0.30 0,40 8.8 0.43 16.4b 
N , N - d i e t h y l a n i l i n e  0.40 0.34 9.6 0.36 18.8 
N , N - d i e t h y l - p -  0.33 0.47 8.9 0.47 9.5 

c h l o r o a n i l i n e  
N,N-dimethylaniline 0.30 0.35 10.8 0.36 20.5 
N , N - d i m e t h y l - p -  0.64 0.49 10.4 0.48 13.4 

c h l o r o a n i l i n e  1.0S 2.3 
H y d r o c l u i n o n e  1.O0 0.66 16.7 0.42 16.6 
T e t r a - n - b u t y l -  0.96 0.42 5.4 

a m m o n i u m  0.74 2,8 
B r o m i d e  

a N o r m a l  S - s h a p e d  w a v e .  
b P l a t e a u  f o l l o w e d  by  a d e c r e a s e  in  c u r r e n t .  
v P e a k  
d I ,  = i l JC .  

trode surface for, if the current -vol tage  curve is re-  
traced without  cleaning the microelectrode, the  l imit-  
ing current  is substant ia l ly  reduced. Waves were also 
encountered as peaks and are probably caused by an 
immediate  coating of the electrode. The decrease in  
current  was not  caused by the oxidation of pyr id ine  
since this compound when pure does not  give an oxi- 
dat ion wave in acetonitrile. In  order to evaluate the 
number  of electrons involved in  the oxidation, hydro-  
quinone and bromide ion were studied under  similar 
conditions, and the data are given in  Table I. 

To aid in  formulat ing an  electrode mechanism a 
series of hydrazobenzenes and azobenzenes was stud- 
led under similar conditions, and the data are given in 
Table If. 

Table II. Voltammetric behavior of azobenzenes and 
hydrazobenzenes in acetonitrile containing 0.SM sodium 

perchlorate a (vs. Ag/0.1N Ag +) 

Conc,  
m i l I i -  2 m M  P y r i d l n e  

C o m p o u n d  m o l a r  + EI /~  Iz  ~ + E i /~  Ix 4 

A z o b e n z e n  e 0 . 4 3  1 .33  18.4 C o a t i n g  ~ 
H y d r a z o b e n z e n e  0,44 0.18 10,1 0.05 18.S 

1.35 7.7 
4 , 4 ' - D i c h l o r o -  0.21 1.44 17.4 C o a t i n g  o 

azobenzene 
4,4'-nichloro- 0.46 0.26 11.0 0.16 19.2 

hydrazobenzene 1.44 10.4 
4 . 4 ' - D i m e t h o x y -  0.74 0.98 18.0 0.98 18.0 

a z o b e n z e n e  1.25 25.8 b 
4 . 4 ' - D l n i t r o -  0.29 No  w a v e  N o  ' w a v e  

a z o b e n z e n e  
2 , 2 ' , 4 , 4 ' - T e t r a -  0.34 No w a v e  No  w a v e  

n i t r o a z o b e n z e n e  
2 , 2 ' 4 , 4 ' - T e t r a -  0,21 1,59 17,8 Coat ing~ 

c h l o r o a z o b e n z e n e  
s y m - H e x a c h l o r o -  0.29 1.63 17.8 C o a t i n g  ~ 

a z o b e n z e n e  

a N o r m a l  S - s h a p e d  w a v e .  
b P l a t e a u  f o l l o w e d  by  a d e c r e a s e  in  c u r r e n t .  
c S m a l l  b u m p  in  t h e  e - v  c u r v e .  
d l z  = i l / c .  
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Tob~e Hh Large-scale electrolytic oxidations of primary 
aromatic amines a and hydrazobenzenes a 

S u p p o r t i n g  P r o d u c t s  
C o m p o u n d  e l e c t r o l y t e ,  0.SM (per  c e n t  y ie ld )  

p - N i t r o a n i l i n e  NaClO~ 4 , 4 ' - D i n i t r o a z o b e n z e n e  
(39.2%) 

p - C h l o r o a n i l i n e  NaC1OA 4 , 4 ' - D i c h l o r o a z o b e n z e n e  
(24.3%) ; t e t r a - p -  
c h l o r o a z o p h e n l n e  
(7.8%) 

p - C h l o r o a n i l i n e  b LiClO~ T a r  
2 , 4 - D i c h l o r o a n i l i n e  NaCIO~ 2 ,2 ' , 4 , 4 ' -Tc t r ach l o r o -  

a z o b e n z e n e  (30.1%) 
p - A n i s i d i n e  LiClO~ 4,4 "-Dlmethoxyazo-  

b e n z e n e  (5.2%) t e t r a -  
p - m e t h o x y a z o p h e n i n e  
(8.6%) 

A n i l i n e  a n d  
p - C h l o r o a n i l i n e  NaC10~ A z o p h e n i n e  (7.0%) ; 

a z o b e n z e n e  (8%) ; 
p - c h l o r o a z o -  
b e n z e n e  (83%) 

H y d r a z o b e n z e n e  N~CIO~ A z o b e n z e n e  (10.8%) 
4 , 4 ' - D i c h l o r o -  NaC104 4 , 4 ' - n i c h l o r o a z o b e n z e n e  

h y d r a z o -  (82 %) 
b e n z e n e  

a T h e  e l e c t r o l y s i s  w e r e  r u n  in  a n i t r o g e n  a t m o s p h e r e ,  a n d  p y r i -  
d i n e  (0.1M) w a s  a d d e d  u n l e s s  o t h e r w i s e  i n d i c a t e d .  

b N o  pyri~l ine w a s  a d d e d .  

In  fu r the r  studies of the mechanism of oxida t ion  
macroscale  oxidat ions  of severa l  ani l ines  were  car r ied  
out  in acetoni tr i le ,  and the resul ts  a re  r epor ted  in 
Table III. 

Discussion of Results 
Compar ison  of the  l imi t ing currents  for the ox ida -  

t ion of the anil ines in the  presence of pyr id ine  wi th  
that  for hydroquinone  and b romide  ion indicates  tha t  
the  ma jo r i t y  of the  examples  involve  a two-e lec t ron  
change. The lower  values  observed for anil ine,  o -n i -  
t roani l ine ,  m-bromoani l ine ,  m-pheny lened iamine ,  and  
2 ,2 ' -d iaminobiphenyl  were  caused by coat ing of the  
electrode. 

The electrode react ion suggested by  the two-e lec t ron  
change using ani l ine  as an example  is the fol lowing 

(a) C6HsNH2 - -  e --> C6HsNH~ ~ 

+ 
C6HsNH~ �9 -5 py r id ine ->  C6HsNH- -5 CsHsNH + 

(b) 2C6HsNH. -* C6HsNHNHCsH5 

2C6HsNHNHC6Hs - -  2e + 2 pyr id ines  

--> C6HsN = NC6H5 -5 2CsHsNH + 

(c) C6HsNH- <---> HN --  ~ _ _ / z ' H  

C6HsNH- -b HN = < ~>./H 
-~ C6HsNH ~ NH2 

CeH5NH < / - ~  NH2 - -  2e -5 2 pyr id ines  

-> C6HsN = ~  - -  > - - N H  -5 2C5HsNH + 

The ex ten t  to which react ions (b) and (c) occur wi l l  
depend on the subs t i tuents  present.  

In agreement  wi th  this mechanism is the  oxida t ion  
of hydrazobenzenes  (Table  I I )  and p - p h e n y l e n e d i -  
amine  (Table  I) in the  presence of pyr id ine  at  more  
nega t ive  potent ia ls  than  those for the  anilines,  and the 
fo rmat ion  of azobenzenes and azophenines (I)  in the  
macroscale  oxidat ions  (Table  I I I )  

ArNH ~ NHAr  

N A r  
I 

F u r t h e r  evidence is the appearance  of a t h i rd  wave  in 
the oxidat ion  of p -an i s id ine  at a pp rox ima te ly  the  same 
point  as that  for  4 ,4 ' -dimethoxyazobenzene.  A s imi lar  
wave  was not  observed for o ther  azobenzenes because 
of coat ing of the  electrode.  

Die thy lan i l ine  and d imethy lan i l ine  in the presence 
of pyr id ine  would involve  coupl ing in the  p-pos i t ion  
in a manner  to tha t  suggested by  Adams  (6) 

-5 .  -5 < ~ H  
RsNCaH5 - -  e -> R2NC6H~ <-> R~N --- 

+ 
R2N = -5 2 pyr id ines  

--> R2N NR~ -5 2CsH~NH 

R2N ~ NR~ -- 2e 

-~ I~N = = NP~ 

The oxidation of N-ethylaniline and N-p-nitreben- 
zylaniline could'proceed in the same fashion or could 
give rise to a hydrazine which would be oxidized 
further. Large-scale oxidation of p-nitrobenzylaniline 
formed the hydrazine together with polymers (21). 

p-Phenylenediamine and o-phenylenediamine which 
behave reversibly in aqueous medium are oxidized 
stepwise to the quinoneimine  (3). In  the  presence of 
pyr id ine  o -pheny lened iamine  behaves  d i f ferent ly  and 
shows an abnorma l ly  high wave.  A s imi lar  behavior  
has been observed in aqueous acetate  buffer solut ion 
(22) and has been ascr ibed to the  fo rmat ion  of a d i -  

aminophenaz ine  which  is oxidized fur ther .  Another  
possible explana t ion  is fu r the r  oxidat ion  of the  r e -  
sul t ing o-quinonedi imine  to mucononi t r i l e  since 

HC//CHCN 

C ~NH 2e 2CsHsN-~ 1 2CsHsNH + -5 -5 
-"NH HC .. 

"~ CHCN 

such a reaction is reported to take place in the oxida- 
tion of o-phenylenediamine by lead tetraacetate (23). 

The oxidation of the anilines in the absence of 
pyridine is more complex. The aniline itself acts as a 
base and conver ts  the ca t ion rad ica l  into the  free 
rad ica l  and a sal t  which would  not  be easi ly  oxidized 

ArNH2 - -  v -* ArNHs + 

ArNH~ + -5 ArNHg. -> A r N H .  -5 ArNHg+ 

Except ions  are  the  n i t roani l ines  and are  discussed 
later .  The free rad ica l  thus fo rmed  would  couple and 
form the corresponding hydrazobenzenes  and N - a r y l -  
phenylened iamines  as ment ioned  earl ier .  The la t te r  
compound would  lead to an N-a ry lqu inoned i imine  
which  is considered to be the  precursor  of the  va r ied  
products  obta ined in the  oxida t ion  o f  ani l ines (24). 
This fo rmat ion  of N-a ry lpheny lened i amines  m a y  be 
favored  in the absence of pyr id ine  since tars  were  
main ly  formed on a la rge  scale under  these conditions.  

Hydrazobenzenes  (Table  II)  fo rmed  under  these 
ci rcumstances would  be oxidized fu r the r  to azoben-  
zenes. This process occurs in the  absence of pyr id ine  
by  a two step process. 
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$ 
C6H~NHNHC6H5 -- e --> C6HsNHNHC6H5 
+. 

CsHsNHNHC6H~ -- e -~ C6HsN = NC6H5 + 2H + 

These reactions would be modified to a certain extent  
by the ani l ine and would give oxidation waves with 
unequa l  heights. The second wave which occurs at the 
same point  as azobenzene is not caused by this com- 
pound since the addit ion of pyr id ine  to the same solu- 
t ion gave one oxidation wave. Azobenzenes under  
similar  circumstances caused coating of the electrode 
and gave no oxidation waves except for 4,4 '-dimeth- 
oxyazobenzene. The oxidation products formed from 
azo compounds are u n k n o w n  since large-scale oxida- 
tions in acetonitri le gave tars. 

o-Nitroanil ine,  p-ni t roani l ine ,  and 2,4-dinitroani-  
l ine gave a two electron wave in the absence of pyr i -  
dine. This behavior  suggests that  the cation radical, be- 
cause of the decreased basicity of these compounds, 
loses a proton easily and forms the radical  which 
dimerizes to the hydrazo compound. 

</ \~NH2 ~" -~-CH3CN NO2 

-> N O 2 / ~  NH �9 + CH3CNH + 

2NO2 ~NH-->NO2 ~ N H N H ~  NO~ 

The latter would be oxidized further to the azo com- 
pound. A two-step process was actually observed with 
p-nitroaniline at higher concentrations. 

Analyses of the current-voltage curves for p-bromo- 
aniline and p-anisidine in the absence of pyridine gave 
values of 0.0645 and 0.049, respectively, for the slope 
which are in  fair agreement  with the ini t ial  one elec- 
t ron step postulated. The addit ion of pyr id ine  causes 
the reaction to become more irreversible since 
p-bromoani l ine  gave a value of 0.0734. p-Anis id ine  is 
an exception under  similar conditions since it gives a 
stepwise oxidation and a slope of 0.057 for the first 
wave. This value is in good agreement  with the one- 
electron step involved. 

Large-scale oxidations of the anil ines at a plat i -  
num electrode in  acetonitrile (Table III)  were in 
agreement  with the electrode mechanisms ment ioned;  
azobenzenes, azophenines, and tars  were obtained since 
the potential  was not controlled. The potentials ap- 
plied, however, gave s imilar  ini t ial  currents  to those 
obtained under  controlled potential  conditions. 

Hydrazobenzenes on large-scale oxidation gave azo- 
benzenes as expected. In  the oxidation of hydrazoben-  
zene itself, the product  was accompanied by tar  and 
ani l ine black since the potential  was not  controlled. 

No products involving pyr id ine  were isolated in the 
oxidation of the anilines, and this result  el iminates the 
possible formation of a cation as the ini t ial  product 

ArNH2--2e--> ArNH + + H + 

Such an in termediate  would be expected to react wi th  
pyridine,  since pyr idine is in excess, and form a hy-  
drazonium salt. Fur ther  evidence against  this cation 
is the crossed coupling of two anilines. A mixed azo- 
benzene was obtained only with ani l ine and  p-chloro-  
ani l ine which are oxidized at approximately the same 
point. Mixtures of p-chloroani l ine with p-n i t roani l ine  
and with 2,4-dinitroanil ine when  oxidized at con- 
trolled potential  gave only 4,4'-dichloroazobenzene. 
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High-Temperature Oxidation 
IV. Zirconium and Hafnium Carbides 

Joan B. Berkowitz-Mattuck 
Ar thur  D. Litt le,  Inc., Cambridge, Massachusetts 

ABSTRACT 

The oxidation of ZrC was studied at tempera tures  of i130~176 and 
oxygen part ial  pressures around 3.9 and 20 Torr. The rate  of oxidation was 
moni tored with  a the rmal  conduct ivi ty  cell. Independent  measurements  were  
made of net weight  gain and quant i t ies  of CO(g)  and COs(g) evolved. Oxi-  
dation was shown to be nonpreferent ial ,  i.e., zirconium was oxidized at the 
same rate  as carbon. Gas phase diffusion control  imposed by the exper imenta l  
system was f requent ly  encountered.  Where  it was possible to observe a t rue  
chemical ly control led reaction rate, the kinetics appeared to be linear. Mi- 
croscopic examinat ion  of the oxidized specimens revealed preferent ia l  oxida-  
tion along grain boundaries.  Be tween  l l30 ~ and 1560~ this preferent ia l  oxi-  
dat ion resulted in in tercrysta l l ine  fracture.  At higher  t empera tu res  stresses 
were  apparent ly  sufficiently re l ieved so that  the samples remained  intact. The 
oxidat ion of HfC be tween  1790 ~ and 2000~ at oxygen pressures near  i0 Torr, 
was also found to be l inear and preferent ia l  along grain boundaries.  

The oxidat ion of z i rconium carbide was studied by 
Margrave  and Kuriakose (1) at tempera tures  of 550 ~ 
650~ in oxygen at 1 atm. The oxidation was found 
to be linear, wi th  an act ivat ion energy of 16.7 _ 1.7 
kcal /mole .  

Bartlet t ,  Wadsworth,  and Cutler  (2) studied the 
weight  gain of sized powders of zirconium carbide in 
air, oxygen, and oxygen-he l ium mixtures  at t empera -  
tures of 450~176 and oxygen pressures of 6.5 x 
10-~ to 1 atm. Stoichiometr ic  oxidat ion of ZrC to ZrO2 
and gaseous oxides of carbon was assumed. The data 
were  in terpre ted  on the basis of two paral le l  inde-  
pendent  processes: a parabolic diffusion react ion in-  
volv ing  the part ial  rep lacement  of interst i t ia l  carbon 
in the ZrC latt ice wi th  oxygen, and a l inear  surface 
reaction occurr ing at the ZrC-ZrO2 phase boundary.  
Both processes occur simultaneously,  wi th  the diffusion 
react ion predominat ing at short t imes and the surface 
reaction becoming rate  control l ing as oxidation pro-  
ceeds. The act ivat ion energies were  calculated as 53 
kca l /mole  for the diffusion process and 46 kca l /mole  
for the surface reaction. Water  vapor, in the presence 
of oxygen, was found to accelerate the rate  of the sur-  
face react ion while  leaving its act ivation energy un-  
changed. The solid oxidation product  was found to be 
cubic ZrO2, a phase normal ly  thought  to be unstable, 
but which might  be stabilized by small  amounts of 
carbon. 

Watt, Cockett,  and Hall  (3) made a single weight  
change measurement  of 49.8 mg/cm~ on a solid sample 
of ZrC of density 6.20 g/cc  and 4.8% porosity, ex-  
posed to a s t ream of dry air flowing at 5.3 cm/sec,  for 
30 min at 800~ 

T h e  present  study was under taken  to invest igate  
the oxidat ion of ZrC and the chemical ly related HfC 
at tempera tures  above 900~ 

Experimental Method 
Cylindrical  pellets of ZrC were  cut f rom zone re-  

fined bars prepared as described by West rum and 
Feick (4). The fabricated bars contained 11.2 w / o  
carbon. Hafn ium carbide powder  was prepared by the 
Carborundum Company f rom h igh-pur i ty  HfO~ sup- 
plied by Wah Chang Corporation. The HfC powder  
was sintered into bars and a rc -mel ted  on a wa te r -  
cooled copper hear th  using a wate r -cooled  tungsten 
electrode. In order  to minimize loss of carbon dur ing 
melting, the operat ion was conducted in an atmos-  
phere of argon containing 3.14% of e thylene and 11.4% 
of hydrogen. The resul t ing mater ia l  was carbon de- 
ficient, corresponding to a composition HfC0.952 (5). 

The anticipated products of the oxidat ion of ZrC and 

HfC were  the permanent  gases, CO(g)  and CO2(g), 
in addit ion to the ref rac tory  meta l  oxides. Due to the 
evolution of permanent  gases, the the rmal  conduc- 
t ivi ty method described in previous publications (6-8) 
had to be modified to study the oxidation. A known 
mixture  of hel ium and oxygen was passed through the 
reference side of a the rmal  conduct iv i ty  cell  (6) and 
over  an induct ively  heated carbide pellet  supported on 
ThO2 fingers by three  point contact. A port ion of the 
oxygen in the gas stream reacted with the pellet  to 
produce oxides of the metal  and carbon. The effluent 
gas was therefore  depleted in oxygen, but  enr iched in 
CO(g)  and CO2(g). The la t ter  was removed by pass- 
age through a weighed Ascari te  bulb, and the remain-  
ing mixture  of CO(g) ,  O2(g), and He entered the 
sampling side of the the rmal  conduct ivi ty  cell (6). 
Finally, the CO(g)  was oxidized to CO2(g) over  cop- 
per oxide powder  at 500~ and the COs(g) produced 
was collected in a second weighed Ascarite bulb. The 
signal f rom the thermal  conduct ivi ty  cell  in this case 
was therefore  not direct ly  re la ted to the ra te  of oxy-  
gen consumption as in previously  studied systems 
(6-8), but  instead reflected the difference be tween  
the rate  of total oxygen consumption and the rate 
of formation of CO(g) .  The cal ibrat ion constant, re-  
lat ing the electr ical  signal to the difference in gas 
pressure on the two sides of the cell  is the same for 
both CO and O~ in He. Hence, evolut ion of CO de- 
presses the signal, as compared to simple r emova l  of 
oxygen. 

Results 
Zirconium carbide.--Oxidat~en kinet ics . - -The ex-  

per imenta l  data are summarized in Table I. The signal 
f rom the thermal  conduct ivi ty  apparatus was constant 
wi th  t ime in every  experiment .  However ,  only in the 
case of exper iment  XII-1 did this reflect t rue  chemi-  
cally controlled l inear  oxidation kinetics. In the other  
exper iments  more than 90% of the oxygen passed over  
the carbide pellet  reacted with it, and the control l ing 
process was therefore  probably the rate  of a r r iva l  of 
oxygen gas at the sample surface. At higher  pressures 
and /o r  higher  gas flow rates, a greater  proport ion of 
the carbide would have been conver ted  to oxides. 

In Table I, the " ini t ia l"  weights  were  taken after  
degassing at 2200~ in pure hel ium unti l  the signal 
f rom the thermal  conduct ivi ty  cell  indicated that  no 
permanent  gases were  being evolved. The surface 
areas were  calculated f rom micrometer  measurements  
of the height  and diameter  of the cyl indrical  pellets. 
Tempera tures  were  measured optically and corrected 
for an emissivi ty of 0.7, de termined by comparing 
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Table I. Summary of experimental data on ZrC 
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G e o m e t r i c  
I n i t i a l  su r f .  a rea ,  

E x p t .  w e i g h t ,  g c m  2 T e m p ,  *I4[ 

COz 
O x y g e n  E x p o s u r e  N e t  w e i g h t  CO f o r m e d  C Z r  

p r e s s u r e ,  t i m e ,  c h a n g e  f o r m e d  W c o  (g) c o n s u m e d  c o n s u m e d  
T o r r  r a i n  Wo, (g) Woo (g) We (g) W z r  (g) Zr/C 

X I I - 8  0.446 1.103 1130 
X I I - 5  0.5645 1.394 1260 
X I I - 3  0.6963 1.493 1560 

X-31 0.5864 1.310 1860 
X - 2 9  0.7073 1.450 1940 

XII- I  0.7051 1.500 1970 
X - 2 7  0.6361 1.252 2070  
X - 1 6  0.6840 1.386 2070 

VII -8  0.6643 1.528 2100 
X-25 0.6812 1.371 2165 

2 2 . 9  51  - -  0 . 0 0 0 1  0 . 0 6 1 1  - -  - -  - -  
2 0 . 4  1 2 8  - -  - -  0 . 0 7 0 9  - -  ~ - -  
2 1 . 2  6 2  - -  0 . 0 2 8 9  0 . 0 3 9 9  - -  - -  

9.1 129 0 .0402 0 .0438 0 .0220 0.0248 0 . 1 8 5 2  
8.1 120  0 . 0 3 6 6  0 . 0 4 0 5  0 . 0 1 4 5  0 . 0 2 1 4  0 . 1 6 5 2  7 . 7 2  

25.9 112 0.0851 0.0968 0.0356 0.0510 0.388 7.60 
8 .5  1 2 4  0 . 0 3 8 9  0 . 0 4 6 4  0 . 0 1 7 5  0 . 0 2 3 6  0 . 1 7 8 0  7 . 5 5  
6 . 5  1 1 9  0 . 0 4 0 2  0 . 0 5 4 0  0 . 0 0 7 3  0 . 0 2 5 2  0 . 1 8 6 2  7 . 3 9  
3 . 0  180  0 . 0 2 0 7  0 . 0 2 4 2  0 . 0 0 7 9  0 . 0 1 2 6  0 . 0 9 4 9  7 . 5 4  
8 . 9  1 2 0  0 . 0 3 5 6  0 . 0 5 2 3  0 . 0 0 7 2  0 . 0 2 4 4  0 . 1 7 1 0  7 . 0 1  

surface temperatures  wi th  ul trasonical ly dri l led black 
body cavity temperatures  under  oxidizing conditions. 
Oxygen par t ia l  pressures in  hel ium are given; the 
total pressure was close to 1 atm in every experiment.  
The carr ier  gas flow rate was 58.6 cc /min  in everY ex- 
periment ,  corresponding to a l inear  flow velocity in 
the neighborhood of the sample of 1.9 cm/sec, except 
VII-8 where a flow of 51.5 cc /min  was used. 

From the measured ne t  weight change of the car- 
bide on oxidation, and the observed weight changes 
Wco2 and Wco in the Ascarite bulbs, the total amounts  
of carbon and zirconium consumed were readi ly cal- 
culated, on the assumption that  t h e  only oxidation 
products were CO2(g), CO(g) ,  and ZrO~(s). The 
formation of ZrOC (s) cannot  be precluded, but  since it 
is isostructural  with ZrC, no positive evidence was ob- 
tained for its presence. The total weight of carbon 
consumed, We, is given by 

[c] [c] 
We = - -  �9 Wco2 + ~ "Wco [1] 

[CO~] [CO] 

where the symbols in brackets represent molecular 
weights. The total weight of zirconium, Wzr, that has 
been converted to oxide is calculated from the mea- 
sured weight  change, Wo, and the derived carbon con- 
sumption 

[Zr] 
Wzr = ~ (Wo + Wc) [2] 

2 [0]  

The ratio of the number  of grams of zirconium con- 
sumed to the number  of grams of carbon consumed 
dur ing  oxidation is shown in  Table I to have an  ap- 
proximately constant  value of 7.5 • 0.2. Since the 
corresponding ratio in the ZrC star t ing mater ia l  is 
7.6, it would appear that  the oxidation of ZrC is stoi- 
chiometric. That  is, for each zirconium atom converted 
to oxide, a single carbon atom is also converted to 
oxide. 

Structural  changes during oxidat ion.--The reason 
that  weight change data were not  given for pellets 
XII-8, XII-5, and XII-3 is that at these relat ively low 
temperatures  the pellets were broken apart  by the 
oxidation process. At  the end of each experiment,  the 
grain boundaries of the ZrC were seen to be out l ined 
by a white material ,  identified by room tempera ture  
x - ray  as monoclinic ZrO2. The growth of the  oxide in  
pre-exis t ing cracks and grain  boundaries  of ZrC un -  
doubtedly creates enough stress to fracture the car- 
bide. At higher  temperatures,  as discussed below, sig- 
nificant grain boundary  oxidation was observed, but  
stresses are apparent ly  sufficiently rel ieved so that  
f racture does not  occur. 

Pellet  XII-1 for which true kinetic data had been 
obtained was mounted  and polished for metallographic 
examination.  

Figure la  shows the specimen at a magnification of 
ca. 4X. The gray outer r im is the oxide, and the 
inner  white  circular area is the surface of carbide. To 
the naked eye, the outer  oxide coating looked white 
and chalky, and the inner  surface from which the oxide 
coating was polished off, looked bright  and metallic. A 
mottled r im is clearly visible along the oxide-alloy 

interface in the figure and the remain ing  photomicro- 
graphs focus on portions of this interface. In  Fig. lb, at 
a magnification of ca. 30X, the oxide fills the entire 
upper  half  of the photograph, and the alloy the lower. 
The oxide is obviously growing preferent ia l ly  along 
grain boundaries  in the carbide, and enveloping in-  
dividual  alloy crystallites. The s t ructure  of the bu lk  
oxide is very different from that  on ZrB2 (8), al though 
after cooling both showed only the x - r a y  lines for 
monoclinic ZrO2. On ZrB2 the oxide was seen to grow 
in a co lumnar  structure;  on ZrC, the ZrO2 assumed an 
equiaxed grain s t ructure  very similar to that  of the 
original alloy. Figures lc and ld  show the oxide alloy 
interface at a still higher magnification, ca. 195X, and 
one sees even more clearly the preferential  oxidation 
of grain boundaries,  and  the lateral  fingerlike growth 
of oxide from the boundaries  into the crystal l i te  bulk. 
The reaction zone of in te rg ranu la r  at tack was ap-  
proximately  0.014 +_ 0.002 cm in thickness. The outer 
oxide was about ten  times thicker. The mechanism of 
oxide growth on ZrC at high temperatures  appears to 
be rapid attack at grain boundaries,  and slow oxida- 
tion of the alloy from the grain boundary  surface in -  
ward. Figure le, at a magnification of ca. 345X, shows 
portions of the alloy completely enveloped by oxide. 
Final ly,  Fig. If is a view of the alloy surface at a mag-  
nification of ca. 345X. This surface had been c o v e r e d  

with a dense oxide prior to polishing, and  one sees 
here the penetra t ion of the oxide into grain boundaries  
of the alloy. Between 1126 ~ and 1559~ the grain 
boundary  attack results in  in te rgranula r  fracture of 
the alloy. Above 1580~ there is apparent ly  enough 
plasticity in  either alloy, oxide, or both, so that  the 
sample remains  intact  dur ing  oxidation. 

Hafnium carbide.--Oxidatio~ kinet ics . - -The experi-  
menta l  data for HfC are summarized in  Table II. Since 
the arc-mel ted samples were highly i r regular  in  shape, 

Fig. 1 a-d. Photomicrographs of oxidized ZrC (pellet XII-1); T 
196~ Po2 25.9 Tarr. Magnification: a (tap left) ca. 4X; b (tap 
right) ca. 30X; c (bottom left) ca. 195X; d (bottom right) ca. 
195X. 
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Fig. 1 e-f. Photomicrographs of oxidized ZrC (pellet XII-1); T 
196~ Po2 25.9 Torr. Magnification: e (left) and f (right) ca. 
345X. 

Fig. 2. Photomicrographs of oxidized hafnium carbide pellet 
XVI-19; temperature 1600~176 Po2 11.5 Torr. Magnification 
ca. 130X. 

the geometr ical ly  calculated surface areas are only 
approximate.  The surface oxide tended to flake and 
spall on remova l  of the sample f rom the apparatus;  
and, hence, the measured  weight  gains are min imum 
values. F rom the measured  min imum net  weight  gains, 
and the weights  of CO(g)  and COs(g) in the product  
gas stream, the min imum ratio of hafnium to carbon 
oxidized can be calculated, as described above for the 
oxidat ion of ZrC. The exper imenta l  values of the ratio 
are given in Table II as 14.1, 10.1, and 15.9, to be com- 
pared to an H f : C  ratio in the original  alloy of 15.6. 
Linear  oxidat ion was observed in every  case. Flow 
rates of 119 cc/min,  approximate ly  double those used 
for the ZrC experiments ,  were  employed  in order to 
maintain  an adequate  supply of oxygen. 

At 1280~ in pure oxygen at 1 atm, a hafnium car-  
bide specimen disintegrated into several  pieces wi th in  
3 min  in a manner  ve ry  similar  to that  described above 
for zirconium carbide. 

Metallographic examination of oxide f i lms.~Pellet  
XVI-19 was imbedded in plastic and polished for mi -  
croscopic observation. In the photomicrographs shown 
in Fig. 2, the oxide is seen to contain considerable po- 
rosity. As in the case of zirconium carbide, oxidation 
appears to be preferent ia l  along grain boundaries.  

The photomicrograph in Fig. 3 is for a hafn ium car-  
bide pellet  that  had been exposed to a N2-He mix tu re  
for an hour and a quar te r  at a t empera tu re  of I960~ 
The Nu apparent ly  contained a small  quant i ty  of oxy-  
gen, and white  HfO2(c) was identified on the surface 
of the sample by x - r a y  diffraction. The net  weight  
change of the sample was 0.0024 g / c m  2, an order of 
magni tude  less than that  observed at an oxygen par -  
t ial  pressure of 11.5 Torr  at about the same t empera -  
ture. The oxidation rate  was seen to decrease sl ightly 
wi th  time, and, a l though grain boundary  oxidat ion is 

Table II. Summary of 

Fig. 3. Photomicrograph af  oxidized hafnium carbide pellet 
XVI-22; temperature 1960~ low oxygen pressure. Magnification 
ca. 230X. 

apparent  in Fig. 3, the oxide seems less porous than 
that  shown in Fig. 2, for oxidat ion at a higher  pres-  
sure. 

Discussion 
A recent  repor t  (9) suggests that  grain boundary  

oxidation is characterist ic Of iron contaminated ZIC. 
For mater ia l  wi th  an impur i ty  level  about 1 v / o  FesC 
or about 1.1 w/o,  the Fe3C is found to be segregated 
at the grain boundaries,  and to be oxidized at a much 
more rapid rate  than the ZrC matr ix .  

A chemical  analysis of the zone mel ted mater ia l  
used in the present  study showed an iron contamina-  
tion level  of 0.07% by weight.  In order to t ry  to assess 
the possible influence of iron on the present  results, 
the oxidized and polished ZrC sample shown in Fig. 1 
was examined for iron with the electron probe. 1 

An FeK~I scanning image was taken of the sample, 
and iron was found to be concentrated in the small  
c i rcular  inclusions visible in Fig. 1, and inhomogene-  
ously in the cracks. Point  count  analyses take in the 
inclusions, the cracks, the gra in  boundaries,  and the 
mat r ix  showed the presence of iron particles of less 
than 1~ in size dis tr ibuted at random in the inclusions 
and cracks, but  failed to revea l  the presence of any 
iron at all in ei ther the grain boundaries  or the matr ix .  
The preferent ia l  grain boundary  oxidation observed in 
zirconium carbide, therefore,  seems to be character -  
istic of the pure material .  

Acknowledgment 
It  is a pleasure to thank John  Engelke of Ar thu r  D. 

Little, Inc., for his assistance in obtaining and in te r -  
pre t ing the electron probe data, and to acknowledge 
the invaluable  assistance of Richard  F. Quigley and 
Walter  Christensen wi th  the exper imenta l  work. 

Manuscript  received Jan. 23, 1967; revised manu-  
script received May 31, 1967. 

Any  discussion of this paper wil l  appear  in a 
Discussion Section to be published in the June  1968 
J O U R N A L .  

1 T h e  e l e c t r o n  p r o b e  a n a l y s i s  w a s  k i n d l y  s u p p l i e d  b y  A c t o n  
L a b o r a t o r i e s ,  531 M a i n  S t r ee t ,  A c t o n ,  M a s s a c h u s e t t s .  

experimental data on HfC 

I n i t i a l  P r e s s u r e ,  T i m e ,  
Expt. w e i g h t ,  g A r e a ,  c m  ~ T e m p ,  "K  T o r r  m i n  

Minimum 
M i n i m u m  C H f  
n e t  w e i g h t  C O  COs c o n s u m e d ,  c o n s u m e d ,  H f / C  
change, g f o r m e d ,  g f o r m e d ,  g g g r a i n  

X V I I - 4  0.5374 1,076 1790 11.5 85 
X V I - 3 8  0.6544 1.241 1890 11.5 89 
X V I - 3 6  0.7511 1.032 2005 11.5 43 
XVI-19 0.6057 1.256 2000- 7.5 120 

1600 
(continuous 

drop) 

0.021 0.0160 0.0254 0.0138 0.195 14.1 
0.016 0.0232 0.0355 0.0196 0.199 10.1 
0.022 -- 0.0191 
0,038 0.0340 0.0225 0.0207 0,328 15.9 
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Fundamental Limitations on the 
Low-Temperature Operation of Electrolytic Devices 

C. A. Angell 
Department of Chemistry, Pur~ue University, Lafayette, Indiana 

ABSTRACT 

A new approach  to the under s t and ing  of t r anspor t  behavior  in  concen- 
t r a t ed  e lec t ro ly te  solutions requi res  the recogni t ion at  low t empera tu re s  of a 
l iquid  state l imi t ing  t empera tu re  which is a the rmodynamic  constant  of any  
so lven t -e lec t ro ly te  solution. The value  of this constant ,  which de te rmines  
service l imits,  is a funct ion of e lec t ro ly te  concent ra t ion  except  at  low con-  
cent ra t ions  where  solvent  s t ruc ture  m a y  dominate .  In  this  pape r  the  resul ts  
of worke r s  inves t iga t ing  e lec t ro ly te  solut ions for  l o w - t e m p e r a t u r e  ba t t e ry  
appl icat ions  are  used to emphasize  the usefulness of the concepts under ly ing  
this approach  to l o w - t e m p e r a t u r e  e lec t ro ly te  problems.  

This ar t ic le  considers  briefly some impl icat ions  of 
recent  deve lopments  in  e lec t ro ly te  solut ion t ranspor t  
theory  to the  prac t ica l  p roblems  encounte red  in the 
use of e lec t ro ly te  solut ions at  low tempera tures .  

Temperature and concentration dependence of sotu- 
tion transport properties.--In recent  papers  (1-3) it  
has been shown that  the t empera tu re  dependence  and 
composit ion dependence  of e lectr ical  (equiva lent )  
conductance,  A, and  viscous flow, ~], processes in va r i -  
ous concent ra ted  aqueous e lec t ro ly te  solut ions at  low 
cor responding  t empera tu re s  may  be descr ibed by  
equat ions of the  fol lowing form 

constant  composi t ion 
- - k  

A(I~) , 1/~](NI = A exp . - -  
T -- To 

constant  t empe ra tu r e  

k/Q 
A(T) , 1/~](T) .-~ A exp 

No - -  N 

[1] 

[2] 

where  A, k, and To in Eq. [1] and A, k/Q, and No in 
Eq. [2] a re  constants;  T and N are,  respect ively ,  the 
absolute  t empe ra tu r e  and the equiva lent  concentrat ion.  

A plaus ib le  theore t ica l  in te rp re ta t ion  discussed in 
de ta i l  e l sewhere  (1, 4, 5) m a y  be given these equat ions 
in te rms of the cont ro l l ing  influence on the t r anspor t  
processes, of the l iquid configurat ional  en t ropy  con- 
tent  (6). The constants  To and No in this case r ep re -  
sent  the  t e m p e r a t u r e  at  fixed composit ion,  and the 
equiva len t  concentra t ion at  constant  t empera tu re ,  re -  
spect ively,  at which the configurat ional  en t ropy  
vanishes.  

Significance o.f low-temperature electrolyte sotu- 
tion behavior.--An impor t an t  resul t  of this  t r ea tmen t  
which we wish to emphasize  in this  paper  is the 
rea l iza t ion  that,  p rov ided  crys ta l l iza t ion  has not  a l -  
r eady  occurred, any  e lec t ro ly te  solut ion wi l l  lose its 
l iquid  charac te r  and  become a glass at  a ~emperature  
(~To) which in genera l  wi l l  be  wel l  above  100~ 

Where  the e lec t ro ly te  p rope r ty  of in teres t  depends on, 
or  is r e la ted  to, the f luidi ty  of the  substance,  this t e m -  
pe ra tu re  therefore  places an absolute  lower  l imi t  to 
the serv iceabi l i ty  of the mater ia l .  1 

Fur the rmore ,  i t  is found that ,  for  m a n y  e lec t ro ly te  
mix tures  and solutions at  t empera tu res  not  too far  
above To, To i tself  is the  only impor t an t  va r iab le  in 
the t ranspor t  equation,  so that  the l o w - t e m p e r a t u r e  
t r anspor t  p roper t ies  of such l iquids a re  to a large  ex-  
tent  known  once To is known  (3). Thus, the  scal ing 
fac tor  to be used in compar ing  a given p rope r ty  
amongst  different  solutions is, f rom Eq. [1], ( T - -  To). 

To i l lus t ra te  the  usefulness of this  point,  we take  an 
example  f rom the  work  of G a r r e t t  et al. (7) who were  
inves t iga t ing  var ious  s t rong (presumed fu l ly  disso- 
c ia ted)  e lec t ro ly te  solutions for su i tab i l i ty  in low-  
t empe ra tu r e  ba t t e ry  applicat ions.  Thei r  (un in te r -  
p re ted)  da ta  on the viscosi ty of some solutions, r e l a -  
t ive  to the  viscosi ty of wa te r  a t  25~ a re  r ep roduced  
in Fig. l ( i ) .  The s t r ik ing  fea ture  of the data  is, of 
course, the  ve ry  r ap id  r ise in  solut ion viscosi ty  at  the 
lower  tempera tures .  In  Fig. 1 (ii) we show how the use 
of a To value  appropr i a t e  to each solut ion in the  scal-  
ing factor  ( T -  To) reduces  the  da ta  app rox ima te ly  to 
a single curve.  The remain ing  minor  differences seem 
to be due  ma in ly  to var ia t ions  in the  va lue  of the  
p reexponen t ia l  t e rm A, as seen in the  following. 

According  to Eq. [1], the  values  of To which  reduce 
the solut ion viscosit ies as in Fig. l ( i i ) ,  should y ie ld  a 
l inear  plot  for  the re la t ive  viscosities when  log ~/~]o, 
(or log ~o/~ to ma in ta in  Eq. [1] signs) is plot ted 
agains t  1 / ( T - - T o ) .  The appropr i a t e  semilogar i thmic  
plots are  shown in Fig. 2. The var ious  plots  a re  now 
seen to be d i f ferent ia ted  by  smal l  changes in the  values  
of the pa rame te r  A, the  plots being l inear  wi th  es-  
sent ia l ly  equal  values  of the  slope k. I t  mus t  be said, 
however ,  tha t  the  ava i lab le  da ta  a re  not  sufficiently 

The  l i m i t i n g  t e m p e r a t u r e  u s u a l l y  i m p o s e d  by  the  c rys ta l l i za -  
t i o n  t e m p e r a t u r e  is  n o t  an  abso lu t e  l i m i t  i n s o f a r  as s u i t a b l e  a d d i -  
t i v e s  can u s u a l l y  m a k e  c rys ta l  n u c l e a t i o n  a v e r y  improbable 
process  e v e n  w h e n  t h e r m o d y n a m i c a l l y  f avored .  
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140 ~ ~ o 
/L 
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Fig. 1 (i). Viscosities of various electrolyte solutions relative to 
~H20 at 25~ (~1o) [after Garrett et al. ref. (7)] .  Legend gives 
weight per cent (w/o) of the first component listed: in ternary 
system, weight per cent of CH3NH2"HCI is 33%; Fig. 1 (ii). Data 
of (i) scaled by means of the vanishing entropy ($c) temperature 
To [Se -> 0 as T ~ To, see ref. (5, 6) ]. 
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4 6 8 I0 12 14 16 18 

I xlO 3 
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Fig. 2. Plot showing the linear dependence of log (relative vis- 
cosity) for the solutions of Fig. 1 on 1~(T-To) required by Eq. [1 ] .  
Points are identified in Fig. 1 legend. 

accurate or extensive to conclude that k has the same 
value for each solution, though the differences ap- 
parent ly  cannot  be great. 

Thus, the low- tempera ture  electrolyte data of Fig. 
l ( i )  are well  accounted for by Eq. [1]; it follows that  
any  theoretical ly guided quest  for electrolytes ser- 
viceable to very low temperatures  must  focus a t tent ion 
on the property To of the material.  We re tu rn  to this 
mat ter  shortly. 

The Case o~ Specific Conductance 
An interest ing si tuat ion arises when  the low- tem-  

pera ture  proper ty  of in teres t  is the electrical conduct-  
ance. For the case of equiva lent  conductance, the 
viscosity and conductance at high concentrat ions fol- 
low essentially paral lel  paths except for small  differ- 
ences in the parameter  k (2, 3). However, for prac-  
tical applications it is the abil i ty of a given volume of 
the electrolyte to conduct current  which is of import -  
ance, and one is therefore concerned with the specific 
conductance, ~, which is related to the equivalent  con- 
ductance by 

AN 
K = ~ [3 ]  

1000 
whence, from Eq. [2], 

~ NA' exp -- [4] 
No -- N 

Thus the equation for isothermal  specific conductance 
contains the electrolyte concentrat ion in both pre-  
exponential  and exponent ia l  terms. The preexponen-  
tial N leads to an increase in  conductance wi th  in-  
creasing N, due to the increase in number  density of 
current  carriers, while the exponent ia l  N opposes this 
increase, by raising the To value of the solution to- 
wards the isothermal temperature,  T. Thus at N = 0, 
K = 0, and eventual ly,  as N ~ No, K = 0. Thus it is 
clear from Eq. [4] that  the specific conductance must  
go through a maximum,  provided the solubil i ty l imit  
of the salt is not first exceeded. The m a x i m u m  in K 
observed for many  highly soluble salts is, of course, 
well know n  (8). 

The not-so-obvious consequence of Eq. [4] which is 
of special interest  to the present  discussion, is the fact 
that since the influence of the preexponent ia l  N is 
independent  of tempera ture  (provided we are dealing 
with ful ly dissociated electrolytes) the m a x i m u m  in 
the specific conductance isotherm must  shift to lower 
concentrat ions at  lower temperatures,  since No de- 
creases with decreasing temperature.  Thus at tempts to 
compensate for the low conductances encountered at 
the low temperatures  by raising the electrolyte con- 
centration,  are increasingly f rustra ted the lower the 
temperature.  To observe the effect of concentrat ion on 
To, the data for the two compositions of perchloric 
acid treated in Fig. 1 and 2 may be referred to (see 
also Table I, discussed below).  The effect of tempera-  
ture on the specific conductance m a x i m u m  is i l lus-  
trated adequately by some data on zinc ni t ra te  solu- 
tions due to Bak (9) shown in Fig. 3. The effect should 
be more dramatic at lower temperatures,  bu t  suitable 
data are not available to demonstra te  this. 

It  should be pointed out, in  view of the fact that  
most of the electrolyte solutions whose low- tempera-  
ture properties were tested by Garre t t  and co-workers 
(7) were acids, that  al though the conductance ex- 
hibited is pr imar i ly  proton conductance, the tempera-  
ture dependence of the process should still be of the 
form of Eq. [1]. This wil l  be t rue because proton con- 
ductance requires configurational freedom on the part  
of the water  molecules (pr imar i ly  freedom to rotate) 
which, like dielectric re laxat ion (10), requires an Eq. 
[1] type of description for the tempera ture  depen-  
dence. 

Factors Determining the Magnitude of To 
The problem of what  determines To is therefore 

fundamenta l  to the question of low- tempera ture  elec- 
trolytes. To is evident ly  a thermodynamic  property of 
the mater ia l  and a parameter  of major  importance 
to the unders tanding  of l iquid-solid relations. As dis- 
cussed elsewhere (1) it appears to be the tempera ture  

0.5 

f~ ~ -o-------.~ 80o 
I 

0~ ) O /f- 

O,05 

r 
0.02 I'0 2'0 3'0 4'0 5'0 6'0 70 

Wl. % Zn(N03) 2 

Fig. 3. Specific r K, vs. w/o Zn(N03)2 plot showing 
movement of specific conductonce maximum to lower concentra- 
tions as isotherm temperature decreases [after Bok, ref. (9) ] .  
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Table I. 

N e q u i v .  1-1, 
L i q u i d  a t  --70~ ~ T. ~ 

pu re ,  w / o  H~O 10-7 130 
40.5 tfC1Ot 5.5 137 
43.0 HBF~ 7.2 145 
24.8 HC1 8.0 130 
36.0 H~.~O~ 9.9 150 
60.5 HC10~ I0.1 157 

Va lues  of N are c a l c u l a t e d  u s i n g  the  dens i t i e s  a t  -- 70~ q u o t e d  
i n  ref .  (7). 

at which  the "ideal  metas tab le  amorphous  solid" (11) 
phase commences  to exchange v ibra t iona l  for con- 
f igurat ional  degrees of f reedom, but  it  is not  c lear  tha t  
this implies  a dependence  only on bond strength,  or 
cohesive energy,  as the  in te rp re ta t ion  of Turnbu l l  and 
Cohen (12) suggests. Since the v ib ra t ion  frequencies  
of the  amorphous  solid a re  appa ren t ly  involved  i t  
seems reasonable  to enquire  about  the  possible effects 
of the  mass  of the  const i tuent  par t ic les  on To. Inves t i -  
gat ions of such possible factors  a re  cu r ren t ly  in p rog-  
ress. 

Certainly the cohesion among the particles of the 
material must play a role, and in this connection the 
difference in To values  be tween  H20 and methanol  de-  
serves comment.  2 The h igher  va lue  for  H20 is evi-  
den t ly  %o be a t t r ibu ted  to the  more  s t rongly  hyd rogen -  
bonded s t ructure  of water .  The so-cal led "s t ruc ture -  
b reak ing"  solutes m a y  there fore  t end  to lower  To at 
least  at  low concentrat ions,  whi le  a t  the same t ime  
supply ing  cur ren t  carr iers .  Such proper t ies  would  
seem des i rable  for  low t empera tu r e  applicat ions,  but  
un fo r tuna te ly  these salts do not  produce  low eutect ic  
f empera tu res  wi th  water .  

I t  is notable  tha t  24.8% HC1 has the  same value  of 
To as tha t  assigned to HeO. The reason is p robab ly  
that  chlor ide  ion, unl ike  the  oxy-  and f luoro-anions of 
the o ther  acids, can only par t i c ipa te  w e a k l y  in con-  

The  a s s i g n m e n t  of To v a l u e s  to  these  l i q u i d s  (see l e g e n d  Fig.  
1) i s  on ly  a p p r o x i m a t e  because  i n  n e i t h e r  case does the  a v a i l a b l e  
t r a n s p o r t  da t a  a p p r o a c h  To c lose ly  e n o u g h  to  p e r m i t  a so lu t ion  
of  Eq.  [1] fo r  To w i t h  conf idence.  (So lu t ions  of Eq.  [1] fo r  H~O 
v i scos i t i e s  y i e l d  the  r e s u l t  To = 150~ IF. G u t m a n n  a n d  L. M. 
S i m m o n s ,  J. AppL Phys.,  23, 977 (1952); A. A. Mi l le r ,  J. Chem. 
Phys.,  38, 1568 (1963} ].) The  v a l u e ,  To = 130~ as s igned  to H~_O in  
t h i s  w o r k  i s  based  m a i n l y  on the  o b s e r v a t i o n  of  the  g lass  t r an s i -  
t ion  a t  139~ fo r  v a p o r - d e p o s i t e d  v i t r e o u s  ice [J.  M c M i l l a n  and  
S. C. Los,  IVature, 206, 806 (1965)], ( recent Iy  con f i rmed  in  th is  
l a b o r a t o r y  [C. A. Ange l l ,  E. J .  Sare,  and  R. D. Bressel ,  J. Phys.  
Chem.., 71, 2759 (1967)], and  t he  e x p e r i e n c e  t h a t  t he  e x p e r i m e n t a l  
g lass  t r a n s i t i o n  is a l w a y s  o b s e r v e d  a t  a t e m p e r a t u r e  h i g h e r  t h a n  To 
by  5 -- 30% d e p e n d e n t  p a r t l y  on m o l e c u l a r  c o m p l e x i t y .  The  es t i -  
ma te  f o r  m e t h a n o l  is  b a s e d  on the  e x p e r i m e n t a l  v a l u e  for  t he  ob-  
s e r v e d  g lass  t r an s i t i on ,  l l 0 ~  [J.  A. F a u c h e r  and  J .  V. Koleske ,  Phys.  
Chem. Glasses, 7, 454 (1966)] a n d  the  k n o w n  v a l u e  To = 73.5~ 
for  n - p r o p a n o l  [see ref .  (10)1 fo r  w h i c h  t he  m e a s u r e d  glass  t r an s i -  
t ion  t e m p e r a t u r e  is  a lso l l 0 " K .  

f igurat ion res t r ic t ing  hydrogen  bonding to the  wa te r  
molecules,  so tha t  increases  in cohesion due to elec-  
t ros ta t ic  effects are  la rge ly  null if ied by  a ne t  reduct ion 
in hydrogen  bonding.  HBr  and HI solutions may  
therefore  reach st i l l  lower  To values.  A p a r t  f rom HC1, 
the  values  of To cor re la te  ( app rox ima te ly )  wi th  the  
equiva len t  concentrat ion,  N, (Table  I)  as Eq. [2] p re -  
dicts. The hydrogen  bond cont r ibut ion  wi l l  va ry  f rom 
acid to acid and a quant i ta t ive  corre la t ion  is not  to 
be expected.  

F igure  1 (i) and  (ii) show tha t  the  difference in 
l imi t ing  service t empera tu re s  (e.g., m a x i m u m  per -  
missible  viscosity,  resistance,  or  r e l axa t ion  t ime) is 
effect ively the  difference in  To values.  Accordingly ,  for 
ve ry  1Qw-temperature work,  solvents  w i th  To values  
lower  than  tha t  of H20 would  be required ,  and  a non-  
hyd rogen -bonded  s t ruc ture  would  seem necessary.  
This leads to something of an impasse however ,  since 
a nonhydrogen -bonded  s t ruc ture  appears  to conflict 
wi th  the r equ i remen t  of a dielectr ic  constant  high 
enough to promote  e lec t ro ly te  dissociation. There  is 
room for fu r the r  expe r imen ta l  work  in this  area, wi th  
systems such as the fluorosulfonic acids in ni t r i le  and 
mixed  alcohol  solvents  offering in te res t ing  possibili t ies.  

Manuscr ip t  rece ived  Nov. 2, 1966, rev ised  m a n u -  
script  received June  12, 196:7. 

Any  discussion of this paper  wi l l  appear  in a 
Discussion Section to be publ ished in the  June  1968 
JOURNAL. 
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A Generalized Expression for the Tafel Slope and the 
Kinetics of Oxygen Reduction on Noble Metals and Alloys 
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ABSTRACT 

The usual ly  employed expression for the Tafel slope is modified to take 
into accOunt the potential  which is effective in charge transfer  wi th in  the 
double layer. The exchange currents  and cathodic Tafel slopes are obtained 
on noble metal  electrodes having different n u m b e r  of holes in  the d-band.  
Using the convent ional  and modified Tafel slopes, possible paths and ra te-  
de termining steps are suggested for the cathodic reduct ion of oxygen. 

It  has been well  established that  the oxygen elec- 
trode reaction 

O2 ~- 4H + -t- 4e = 2H20 (acidic) 

Ch + 2H20 -~ 4e ---- 4 O H -  (basic) 

is highly irreversible.  In  fact only a few investigators 
have been able to establish the thermodynamical ly  re-  
versible potential  on the noble metals. In  these cases 
the electrodes were pretreated by methods which pro-  
duced oxide films on the surface (1-3). 

It  is very l ikely that much of the reported data  on 
the cathodic reduct ion of oxygen and the anodic evo- 
lut ion of oxygen on the noble metals were obtained 
on oxide covered surfaces (1-5). Since the completion 
of this work Damjanovic e t  al.  (6-8) have obtained 
cathodic Tafel lines on Pt  and Rh. They report  differ- 
ent  Tafel slopes for prereduced and  oxide covered 
surfaces. 

The energetical ly unfavorable  steps in  the reduc-  
t ion of oxygen are the endothermic reactions, (i) 
breaking  the oxygen bond which  requires about 5 ev, 
and ( i i )  the addit ion of a second electron to an oxygen 
atom which requires about 7.0 ev (8a). Although the 
addit ion of the first electron to the oxygen atom is 
exothermic by 1.0 ev, it should be noted that  this 
electronic level 

O(g) ~- e-> O -  (g) 

lies about 3-4 ev above the Fermi  level, when the 
metal  electrode is at equi l ibr ium for the over-al l  re-  
action, with reactants  and products in their  s tandard 
states. The reaction path should be dictated by these 
energetic requirements ,  and it is reasonable to assume 
that  the chemisorption of the proper species will  play 
a large role in  reducing the activation energy. The ad- 
sorption energy will, of course, depend on the bond 
strength and, whether  we consider a valence bond or 
an electrostatic bond, the n u m b e r  of electrons in the 
d-levels may play an impor tan t  role. 

The object of this study was to determine the effect 
of the n u m b e r  of holes in  the d -band  of the electrode 
on the Tafel parameters  and over-al l  activity for the 
reduct ion of oxygen. Since the presence of an oxide 
on the metal  surface may well  obscure any  metall ic 
electronic s tructure effects, the data was obtained on 
prereduced electrodes of Au, Pt, Pd, Ir, Rh, Os, Ru, 
Pt-Au,  and P d - A u  alloys. 

I t  may be noted that  McDonald and Conway ob- 
ta ined Tafel slopes for oxygen evolut ion on a series 
of P d - A u  alloys, bu t  concluded that  any  possible 
effects of d -band  s t ructure  were probably  obscured by  
the role of surface oxides (5). 

T a f e l  S l o p e s  

It  is difficult, if indeed possible, to determine a 
unique  react ion path by means of only Tafel pa ram-  
eters. However, if one reaction path is p redominan t  
and one of the e lementary  reactions (step) in the 
sequence of e lementary  reactions is rate determining,  

the Tafel slope, be, wil l  be characteristic of the ra te-  
de termining  step (rds).  

The assumption usual ly  made in obtaining the "ex- 
pected slope" is that  the symmet ry  factor for the rds 
is 0.5. Riddiford has shown that  this assumption may 
not be in accord with the exper imenta l  facts (9). Mc- 
Donald and Conway have pointed out the possible 
effect of oxide films on the symmet ry  factor (5). 

We suggest that  even if the symmetry  factor of the 
rds is 0.5 and oxide films are absent, the expression 
general ly used to obtain the "expected" Tafel slope 
(7-13) 

2.303 vj RT 
--bc = [1] 

nc ~- ~c n~ F 

may not be correct in  some cases. In  this expression 
nc is the total n u m b e r  of electrons t ransferred before 
the rds, nj is the n u m b e r  t ransfer red  in  the rds, ~c is 
the symmetry  factor of the rds, and v~ is the n u m b e r  of 
times that  the rds must  occur in  order for the over-al l  
reaction to take place once, usual ly  designated the 
stoichiometric n u m b e r  of the rds. 

Although this expression is usual ly  employed, the 
derivat ion has not been given (7, 10). For purposes 
of clari ty we shall designate this bc as the  "conven- 
tional expected" Tafel slope, (CTS) and present  a 
derivat ion in order to indicate its l imitat ions and  
finally derive a more general  expression. The lat ter  
will be more satisfactory especially for some react ion 
paths which have been postulated for the oxygen re-  
action (7). 

When the over-al l  reaction is governed predomi-  
nan t ly  by one reaction path, and one of the consecu- 
tive e lementary  reactions, a step, is rate determining,  
the slope may be obtained by  assuming "quas i -equi ,  
l ibr ium" for all reactions Preceding the rds (12) or by 
considering the passage of the reactants  over a series 
of energy barr iers  (11). We shall follow the lat ter  
approach. 

If we have an over-a l l  reaction 

x X  -}- b B  ~ + n e  ~ w W  -}- c C  <bz-'~>/~ [2] 

it is assumed that  the completion of this over-aU re-  
action requires the format ion and decomposition of v 
identical  activated complexes A*, where  v is an integer. 
The ra te -de te rmin ing  reaction may  then be wr i t ten  as 

x b n w c 
- -  X -~ - -  B z -~ - -  e -~ ~ W -k - -  C <bz-")/c [3] 

and v is usual ly called the stoichiometric n u m b e r  of 
the reaction. 

The four states to be considered are: the ini t ia l  
state I, the state immedia te ly  before the highest en -  
ergy barr ier  P, the state immedia te ly  after  this bar -  
rier, Q, and the final state F. A cross section of the 
energy surface indicat ing the react ion path is shown, 
schematically, i n  Fig. 1. 
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Fig. 1. Standard free energy change in a consecutive reaction 
path (schematic). 

n 
i = -- F~ 

where 

The electrical par t  of the s tandard  free energy of 
act ivation in the forward direction is given by  

AG*~ ~--- Z ZIp F Ar ~ ZpQ F A~bpA* [4] 
i 

where ZIp is the charge of a particle which is trans- 
ferred from state I to P, h~blp is the electrical potential 
difference through which the particle moves in going 
from I to P and the summation is over all charged 
particles i which react in order for the rds to occur 
once. Similarly the second term is for the charged 
particles which react to form the transition complex 
A*. 

If we let 
A~pA* 

~c = ~ [5] 
ACp~ 

where ~c is the fraction of the potent ial  difference be-  
tween state P and  Q which is effective for the activa- 
tion of a charged particle i. We may write:  

AG*%lec ---- ~ ZIp F A~blp -~ ZpQ F Pc ~bpQ [6] 
i 

Pc is then the convent ional  symmetry  factor. 
If we now ident i fy  the electric inner  potentials 

which occur in  the various states wi th  those of the 
metal, CM, and the solution, Cs, and consider only the 
t ransfer  of electrons, we can wri te  Eq. [6] as 

aG*~ = nip F [r  ~s] + npQ F Pc [r --  Cs] [7] 

where effectively we assume that the electric potential  
difference across each barr ie r  is that  be tween the metal  
and the solution, nip/v~ and  neJv~ are the n u m b e r  of 
electrons which are t ransferred from the metal  to the 
solution prior to the rds and in  the rds, respectively, 
in  order for the ra te -de te rmin ing  reaction, Eq. [3], to 
take place once. 

For the complete react ion we have 

Tb n ip  
F [~bM ~ CS] --  F [~bM - -  ~bs] 

vj v~ 
'n~pQ T/~F 

+ F [~M--~S] + F [ r  [8] 
vj vj 

The rate  of the forward  react ion in terms of cur-  
ren t  density is 

-- AG*OOhem -- AG*ol~lee 

k T  RT RT 
aX'x ab'B e e [9] 

h 

x b 
x ' - - - - - -  and b' ---- - -  
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Fig. 2. Distribution of potential in the double-layer (schematic) 

which for a given reaction may be written as 

AG*Ozlec = --RT In i -I- C [I0] 

substituting Eq. [7] into [10] we obtain 

n ip  F [r - -  CS] -{- np~ F/~c [r - -  Cs] = - -RT  In s -{- C 
vj ~j 

[11] 
and 

2.303 vj RT 
--be ---- [12] 

nzp -{- Pc npa F 

which is identical with Eq. [1], the expression for the 
CTS. 

It will be obvious that Eq. [11] and [12] are only 
t rue when  the electrons or charges, are t ransferred 
from the meta l  to the solution or vice versa. This 
may not always be the case. In  some of the e lementary  
reactions, charges may  not cross the total  double layer, 
If the electrons are t ransfer red  from the metal  to the 
adsorbed species and the ions are t ransfer red  from the 
adsorbed sites to the solution, or vice versa, the above 
equations must  be modified. 

Recalling the relat ive positions of the metal -plane,  
the inner  Helmholtz plane, i l l ,  and the outer Helm-  
holtz plane, oH, shown schematically in Fig. 2, we 
may designate r r and r as the inner electric 
potential of these planes (13-15). The diameter of an 
adsorbed radical or ion in the oxygen electrode reac- 
tion will be approximately equal to that of an oxygen 
atom or ion and will lie in the iH plane. 

If we go back to Eq. [6] and substitute it into Eq. 
[ 10], the following general expression is obtained 

ZIp F Aqblp 2 c Zp Q F Pc A~bpQ = - - R T  In i + C [13] 
i 

Let 
A~bw = fw A~MS 

A~bpo ~ fpQ A~bMs [ 1 4 ]  

We have f rom Eq. [13] and  [14] 

2.303 RT 
--bc = [15] 

~ Zip l,P + ZPQ Pc fPQ F 

By this treatment we have retained the conven- 
tional definition and concept of the symmetry factor 
Pc as the portion of the change in the standard free 
energy of the rds which is effective in the activation 
process. The quanti t ies  fw and fpQ then indicate the 
fract ion of the total electrical potential  difference at 
the metal-solutiQn in ter face  involved in  the charge 
t ransfer  process. 
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T h e  t r a n s f e r  coeff ic ient  f o r  t h e  r e a c t i o n  w i l l  b e  Table I. Oxygen reaction paths and cathodic Tafe~ slopes 
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given by 
ac ~ ~ ZIp tiP + ZpQ ~c fPQ [16] -be -b'o 

i 

As a first approximation we will let Con = r (neg- I The "Oxide" Path 

l ec t  p . d  of  t h e  d i f fuse  l a y e r ) ,  t a k e  Or i n  t h e  d o u b l e  1. o3 + 2M - ~  2 M O  co oo 

l a y e r  as c o n s t a n t ,  a n d  t a k e  t h e  d i s t a n c e  f r o m  t h e  m e t a l  2. MO + MHeO --> 2 M O H  oo co 
3. M O H  + H+ + e --> M + H~O 0.118 0.118 

t o  t h e  iH  p l a n e  e q u a l  to  t h a t  f r o m  t h e  iH  p l a n e  to t h e  
oH p lane .  I I  T h e  " E l e c t r o c h e m i c a l  O x i d e "  P a t h  

1. O,~ + 2M ~ 2 M O  oo co 
W i t h  t h e s e  a p p r o x i m a t i o n s  a n d  t h e  u s u a l  r e a s o n a b l e  2, M O  + MH.20 + H~ + c ~ M O H  + IV[ + H_~O 0.118 0,118 

a s s u m p t i o n  t h a t  ~c : 0.5, t h e  " c o r r e c t e d "  T a f e I  s lopes ,  3. M O H  + H + + e ~ M + H,20 0.039 0,039 

b' h a v e  b e e n  c a l c u l a t e d  f r o m  Eq.  [15] f o r  t h e  r e a c -  c, I I I  T h e  " H Y d r o g e n  P e r o x i d e "  P a t h  
t i o n  p a t h s  g i v e n  in  T a b l e  I. V a l u e s  of t h e  " c o n v e r t -  1. O~ + M + MH~O ~ M O H  + MO.~H as oo 
t i o n a l "  T a f e l  s lopes,  bc, a r e  i n c l u d e d  fo r  c o m p a r i s o n .  2. MOH~ + MOtH --> MOH + MH,.,Os. 0.050 0.059 
T h e  p a t h s  I t h r o u g h  X I V  h a v e  b e e n  l i s t e d  b y  D a m -  3. M + MH2C~ --> 2MOH 0.03 0.03 

4. M O H  + H+ + e --> M + H,.,O 0.118 0.118 
j a n o v i c  e r  (7)  ; p a t h s  X V  a n d  X V I  h a v e  b e e n  added .  

S i n c e  Eq.  [15] w i l l  y i e l d  t h e  " c o n v e n t i o n a l "  s lope  iv  The "Metal Peroxide" Path 
1. O~ + M + MH~O ~ MHO~ + M O H  co co 

w h e n  t h e  v a l u e s  of fw  a n d  fPO a r e  e q u a l  to  u n i t y ,  2. M + MHO~ ~ M O  + M O H  0.059 0.059 
o n l y  p a t h s  VI ,  X,  XI ,  XI I I ,  XIV ,  XV,  a n d  X V I  a r e  3. MO + MH,O -, 2MOH 0.03 0.03 
affected. 4. M O H  + H § + e ~ M + H 2 0  0.118 0.118 

To i l l u s t r a t e  a n d  c l a r i f y  t h e  c o n c e p t s  d e v e l o p e d  v T h e  " E l e c t r o c h e m i c a l  M e t a l  P e r o x i d e "  P a t h  
1. O.~ + M + MH~O --> M O H  + MHOe 0o 0o h e r e ,  l e t  u s  a p p l y  Eq.  [15] t o  t h e  H o a r ' s  a l k a l i n e  p a t h ,  2. M H O s  + H + % e ---> M O  + I-I*~O 0.039 0.039 

s ec t i on  V I  in  T a b l e  I, w h i c h  h a s  r e c e i v e d  s u p p o r t  f r o m  3. M O  + MH~O ~ 2 M O H  0.03 0.03 
H o a r  ( 1 0 )  a n d  D a m j a n o v i c  et  al. (7 ) .  4. M O H  + H § + e -~ M + H~O 0.071 0.071 

W e  a s s u m e  t h a t  s t ep  3 is r a t e  d e t e r m i n i n g  so t h a t  v i  H o a r  A l k a l i n e  P a t h  

vj = 2. F i r s t  i t  s h o u l d  b e  n o t e d  t h a t  s ince  t h i s  s t ep  1. M + O~ + 2 e -~ MO~-- o 0.059 0.118 
does  no t  i n v o l v e  e l e c t r o n  t r a n s f e r ,  t h e  c o n v e n t i o n a l  2. M + MO.~,-~ + 2H~O -~ 2MH20~-  0.03 0.059 

3. MH~O~- -~ M O H  + O H -  0.059 0.079 
t r e a t m e n t  a s s u m e s  t h a t  t h i s  is n o t  d i r e c t l y  p o t e n t i a l  4. M O H  + e ~ M + O H -  0.039 0.039 

d e p e n d e n t .  Y e t  t h e  e l e m e n t a r y  r e a c t i o n  as  w r i t t e n  v i i  conway and Bourgault Reaction Path 
i n d i c a t e s  t h e  t r a n s f e r  o f  c h a r g e  f r o m  t h e  a d s o r b e d  s i t e  1. M + MH-~O 4- O~ -o M H O 2  + M O H  co oo 

to  t h e  so lu t ion .  C e r t a i n l y  t h i s  t r a n s f e r  s h o u l d  d e p e n d  2. M H O s  --> M O H  + M O  0.059 0.059 
o n  (~bi H - -  ~bs) ,  a n d  Eq. [15] t a k e s  t h i s  i n t o  a c c o u n t .  3. M O  4- H + + e --> M O H  0.024 0.024 

4. M O H  + H+ + e -~ M + H.~O 0.071 0.071 
T h e  e l e c t r i c a l  p a r t  of  t h e  s t a n d a r d  f r e e  e n e r g y  of 

t h e  v a r i o u s  s t a t e s  I, P,  Q, a n d  F a re  v i i i  Alternative Conway and Bourgault Reaction Path 
1. M + M H 2 0  + Oe --> M O H  + MHO~ co 0o 

S t a t e  GOElec 2. MHO2 + H+ + e ~ M O  + HsO 0.039 0.039 
3. M O  + H+ + C --> M O H  0 .024  0 .024 

I --2F~b~ 4. M O H  + H+ + e -~ M + H 2 0  0.039 0.039 
P - - F r  -- Fr 
Q --F~bs -- F r  I X  Riddiford Path 
F --2F~bs I. O2 + MH20 + H+ + e --> MHO~ + H.~O 0.118 0.118 

2. MHO2 + H~ + e ~ M O  + H~O 0.039 0.039 
T h e  t o t a l  e l e c t r i c a l  s t a n d a r d  f r e e  e n e r g y  c h a n g e  3. MO + MH~O -. 2MOH 0.0S 0.03 

fo r  t h e  r a t e - d e t e r m i n i n g  r e a c t i o n  4. M O H  4- H § + e ~ M + HsO 0.039 0.039 

X K r a s i l s h c h i k o v  P a t h  (Ni  e l e c t r o d e s )  
�89 02  + 2e + HsO -> 2 O H -  1. O2 4- 2M ~ 2 M O  o0 o0 

MO- 0.118 0.236 is 2. M O  + e 
3. M O -  4- H+ ~ M O H  0.059 0.079 

( A ( ~ ~  To ta l  ~ 2 F A ~ b M s  4. M O H  4- H+ + e --> M + HsO 0.039 0.039 

as i t  s h o u l d  bet  a n d  t h e  e l e c t r i c a l  p a r t  of  t h e  s t a n d a r d  X I  W a d e  a n d  H a c k e r m a n ' s  P a t h  

f r e e  e n e r g y  o f  a c t i v a t i o n  f o r  t h e  f o r w a r d  r e a c t i o n  i s  1. c~  + 2e  + 2M 4- MH,20 ~ 2 M O H -  + M O  0.059 0.118 
2. M O  + M H , O  4- 2e  ~ 2 M O H -  0.02 0.03 

A G * ~  = r [~b M - -  ~biH ] ~1- File [~biH - -  ~bs] X I I  

= 0.hFA~bMs + 0.25FA~bMS 1. O~ + H* + e + M -~ MO~I-I 0.118 0.118 
s o  that  2. MOal-i + H§ + e -~ M O  + H~O 0.039 0,039 

3. M O  + H+ + e -> M O H  0.024 0.024 
CCc ~ 0 . 7 5  4. M O H  + H + + e ~ M + H~O 0.017 0.017 

- - b ' ,  = 0.079V @ 25~ xIII 
I .  M + Os ~ 2MO co co 

w h e r e a s  t h e  c o n v e n t i o n a l  s lope  : - -0 .059v.  3. M O  + HsO --> M O  -- H -- O H  co co 
3. M O  -- H -- O H  4- e ~ M O - -  H - -  O H -  0.118 0.236 

I f  t h e  r e a c t i n g  species  a r e  i n  f a c t  a d s o r b e d  o n  t h e  4. M O  - H -- O H -  + H+ ~ M O H  + H,,,O 0 .059 0.079 
m e t a l  s u r f a c e  a s  i n d i c a t e d  b y  t h e  r e a c t i o n  e q u a t i o n s ,  5. M O H  + H+ + e ~ M 4- H~O 0.039 0.039 

t h e  c o n v e n t i o n a l  e x p e c t e d  v a l u e s  of  b~ u s e d  b y  i n -  XlV 
v e s t i g a t o r s  i n  t h e i r  a n a l y s i s  w o u l d  n o t  y i e l d  a c o r r e c t  1. 02  + H* + e + M ~ MHO.2 0.11S 0.118 
s lope.  2. MHO2 + e -o M O  4- O H -  0.039 0.039 

3. MO + H~O -~ MO -- H -- OH 0.03 0.03 
Experimental 4 .  M O  - H - -  O H  + e --> M O  - -  H - -  O H -  0.024 0.028 

5. M O  -- H -- O H -  -~ M O H  + O H -  0.020 0.021 
T h e  e x p e r i m e n t s  w e r e  p e r f o r m e d  i n  h i g h l y  p u r i f i e d  6. M O H  + H§ + e -~ M + H,.,O 0.017 0.017 

s o l u t i o n s  a t  25~ T h e  t e c h n i q u e s  a n d  m e t h o d s  of x v  H o a r e  P a t h  (2) 

p u r i f i c a t i o n  w e r e  s i m i l a r  to  t h o s e  d e s c r i b e d  i n  t h e  1.0.2 (aq) -~ MO~ co oo 
l i t e r a t u r e .  O x y g e n  w a s  m a i n t a i n e d  a t  u n i t  p r e s s u r e  2. MO.~ + e ~ MO2- 0.118 0.236 

3. MO,z- + H+ --> MHO,~ 0 . 0 5 9  0 .079 
a n d  a t  a c o n s t a n t  r a t e  of b u b b l i n g .  S o m e  d a t a  w e r e  4. MHO.2 + e --> MHO~- 0.039 0.047 
o b t a i n e d  on  r o t a t i n g  e l ec t r odes ,  b u t  t h e y  w e r e  e s s e n -  5. MHO~- + H § -~ MH20.2 0.03 0.034 

c a t a l y t i c  
t i a l l y  t h e  s a m e  as i n  t h e  s o l u t i o n s  s t i r r e d  o n l y  b y  o x y -  0. 2H.~O~ ~ 2H.20 + (>2 (ads) 0.03 0.03 

g e n  b u b b l i n g ,  e x c e p t  f o r  l a r g e r  l i m i t i n g  c u r r e n t  d e n -  x v I  (Quoted by Ives (20}] 
sities in  s o m e  c a s e s .  1. M + O~ + e ~ MO-~- 0.118 0.236 

T h e  s o l u t i o n s  w e r e  1N H2SO4, 0.1N N a O H  a n d  v a r i -  2. MO~- + H § -~ MO~e2-I 0 .059 0.079 
ous  c o n c e n t r a t i o n s  of Na2SO4 w h i c h  w e r e  of c o n s t a n t  3. MOtH + e ~ MOsH- 0.039 0.047 4. M O s H -  + H* ~ MHeO~ '0.03 0.034 
ion ic  s t r e n g t h  b u t  v a r i o u s  p H  v a l u e s  b y  a d d i n g  a f e w  5. MH~C~ + e -, MOH + OH- 0.024 0.024 
d r o p s  o f  d i l u t e d  H 2 8 0 4  o r  N a O H .  6.  M O H  + e -~ M + O H -  0.017 0.017 

Pt ,  Pd ,  a n d  A u  e l e c t r o d e s  w e r e  99.999% p u r e  a n d  t h e  
o t h e r  e l e c t r o d e s  w e r e  99.9% pure .  T h e  P d - A u  a n d  
P t - A u  a l loys  w e r e  m a d e  in  a n  i n d u c t i o n  f u r n a c e  u s i n g  
r e c r y s t a l l i z e d  a l u m i n a  c r u c i b l e  a n d  h e l i u m  a t m o s -  

p h e r e .  T h e y  w e r e  ca s t  a n d  r o l l e d  to 50% r e d u c t i o n  a t  
r o o m  t e m p e r a t u r e ,  e x c e p t  f o r  s o m e  of  t h e  P t  r i c h  
A u - P t  a l loys  w h i c h  w e r e  r o l l e d  a t  l l 0 0 ~  A l l  a l loys  
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were  homogenized  for  12 hr  a t  the  proper  t e m p e r a -  
ture  and  quenched in wa te r  to obta in  a homogeneous,  
single phase  solid solution. A u - P t  al loys having  the 
fol lowing composit ions were  used (w/o  A u ) :  4.72, 
9.66, 17.35, 27.38, 37.25, 49.84, 60.35, 70.13, 80.03, and  
89.64. A u - P d  al loys were  of the  fo l lowing composi t ion 
(w/o  A u ) :  9.47, 23.96, 53.89, 67.06, 71.01, 76.90, and  
85.8. 

The a l loy electrodes were  cut  f rom the  inside of the  
specimen in order  to avoid  any possible sur face  in-  
homogenei ty .  The  homogene i ty  of the  surface was  
checked by  the e lec t ron  probe  microanalyzer .  

Electrodes were  me ta l log raph ica l ly  polished,  thor -  
oughly  cleaned,  r insed,  and dried.  Acid p re t r ea tmen t s  
were  omi t ted  in o rder  to avoid possible p re fe ren t i a l  
dissolut ion of a l loy consbtuents .  Exper imen t s  on pure  
meta ls  wi th  and wi thou t  acid t r ea tmen t  showed the 
same final results .  

Al l  the  e lectrodes were  p re reduced  at  +0.20v in 
H2SO4 and --0.6Ov in NaOH for 15 min. Since the  final 
resul ts  were  the  same whe the r  the  solutions were  
sa tu ra t ed  wi th  oxygen  or  n i t rogen dur ing  the reduc-  
tion, most  prereduct ions  were  done in an oxygen sa tu-  
r a t ed  solution. Af te r  p re reduc t ion  the circui t  was 
opened and the e lec t rode  assumed an open-c i rcu i t  po-  
tent ial ,  Eo, which  became s teady in about  10 min. 
The e lec t rode  was then  ca thodica l ly  polarized,  ga l -  
vanosta t ica l ly ,  f rom low to high cu r ren t  densit ies,  
then  f rom high to low cur ren t  densi t ies  wi thout  open-  
ing the  circuit .  

E lec t rode  poten t ia l  va lues  are  given on the s t anda rd  
hydrogen  e lect rode scale. 

Results 
Pure metal~.--The n log i curves  ~or oxygen  r educ -  

t ion showed a reproduc ib le  Tafel  re la t ion  for  a l l  the 
electrodes in H2SO4 and NaOH from about  10 .-8 a m p /  
cm 2 to about  10 -3 a m p / c m  2. Concentra t ion  po la r iza -  
t ion became not iceable  at  these h igher  cu r ren t  den-  
sities under  the  s t i r r ing  condit ions used. The  curves  
were  the  same whe the r  obta ined  f rom low to h igh  
currents  or  vice versa. 

Except  for  Au in H2SO~ the potent ia l  changed ve ry  
l i t t le  f rom the open-c i rcu i t  value,  Eo, unt i l  the  cu r -  
ren t  densi ty  reached about  10-" a m p / c m  ~. The ~]-log i 
re la t ion was not  l inear  in this low cur ren t  dens i ty  
range.  The resul ts  for Pt,  Pd, and  Au  are  typ ica l  and 
a re  shown in Fig. 3. 

The Tafe l  pa rame te r s  a re  given in Table  II. The  r e -  
por ted  values  are  the  mean  of at  least  six exper iments .  
The values  of the  slope, be, were  reproduc ib le  to be t t e r  
than  • for a l l  meta ls  in NaOH, to about  the  
same value  for  P t  and Pd in HeSO~, and about  •  
for  the  o ther  meta ls  and  al loys in HeSO~. The values  
of io could be reproduced  by  a factor  of ten. Except  
for Au  in H2SO4, Eo var ied  by  about  +_0.02v in HeSO~ 
and • in NaOH. The Eo of Au  va r i ed  by  about  
_0.05v in acid. The  overpo ten t ia l  a t  10 -~ a m p / c m  ~, 
no, was chosen as a re la t ive  index of the "ove r -a l l  
ac t iv i ty"  of the  e lec t rode  for  the reduct ion  reaction.  

P t  has  the  h ighest  io and ac t iv i ty  ( lowest  ~o) in both  
acid and a lka l ine  solutions. Except  for Pt,  the  ac t iv i ty  
of the meta ls  is g rea te r  in NaOH. Since the  values  of 
io are  al l  quite low, b~ p lays  the  grea te r  role  in de te r -  
min ing  ~o. 
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Dashed line indicates theoretical potential-pH relationship, calcu- 
lated from the equation 

RT (aH20)  2 
E ----- 1.23 - -  ~ In 

4F (a H + )4 (Po2) 

Since the values  of bc and n ~ for A u  were  signifi-  
can t ly  different  in H2S04 and NaOH, more  deta i led  
da ta  were  ob ta ined  for  this  me ta l  wi th  solut ions of 
different  pH values.  The resul ts  a re  shown in Fig. 4, 
5, and  6. 

Alloys.--The da ta  for the  al loys a re  shown in Fig. 
7, 8, and  9. These figures also include pa rame te r s  of 

Table II. Experimental Tafel parameters 

NO. o f  _ ~o [a t  10 -~ a m p / e m 2 ] ,  
holes  i n  -- be,* v o l t  io, a m p / c m  2 v o l t  Eo vs.  NHE,  v o l t  

M e t a l  d - b a n d  1• H,~SO~ 0.1N N a O H  1N H2SO~ 0.1N N a O H  1N H2SO4 0,1N N a O H  1N H~SO~ 0.1N N a O H  

A u  0.0 O.10 0.047 10- ~ 10-13 0.74 0.35 0.70 0.21 
P t  0.58(21) 0.065 0.053 10-~ 10-1o 0.26 0.29 1.03 0.26 
P d  0.58(22) 0.070 0.046 10 - n  10-~ 0.39 0.30 0.90 0.28 
R h  1.7 (19) 0.12 0.048 10-n 10-18 0.60 0.37 0.83 0.12 
I r  1.7 (19) 0.09 0.040 10-n 10-Ie 0.47 0.41 0.91 0.18 
R u  2.2 (19) 0.08 0.051 10 - ~  10-u  0.55 0.35 0.82 0.21 
Os 2.2 (19) 0.13 0.035 10 -2o 10-- ~ 0.58 0.35 0.98 0.20 

* -- b ,  r e p r o d u c i b l e  to  + 0.005v in  NaOH;  - - 0 . 0 0 5 v  fo r  P t  a n d  P d  in  H2SO,; - - 0 . O l v  fo r  o the r s  in  H2SO~. 
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the pure metals in  order to show the effect of the 
d -band  s t ructure  as wel l  as. composition. 

P t - A u  alloys in H2SO4.--Eo remains  close to the 
value for Pt  un t i l  about  85 a /o  (atomic per  cent) Au. 
The value of io remains  close to tha t  of P t  un t i l  about  
60 a/o Au. Surprisingly,  bc changes to tha t  of Au at 
only about 5 a/o Au. The net  effect is a decrease of 
activity with Au content.  

P t -Au  alloys in NaOH.--io decreases with Au con- 
tent,  while  Eo remains  close to tha t  of Au for all  com- 
positions, n o and be do not  vary  with alloy composition. 

P d - A u  alloys in H2SO4.mEo remains  close to that  of 
Pd unt i l  about  70 a/o Au. The values of be, io, and n o 
change approximately  l inear ly  with Au content  f rom 
the values of Pd  to those of Au, with considerable 
scatter in  the values. 

P d - A u  alloys in NaOH.--Eo remains  close to that  of 
Pd  unt i l  about  60 a/o Au. The values of br and ~~ are 
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about  the  s a m e  for the  t w o  pure  m e t a l s  and s h o w  no 
s igni f icant  d e p e n d e n c y  on  compos i t i on ,  cons ider ing  
the  reproduc ib i l i ty .  T h e  io v a l u e s  for  P d  and  A u  are 
about  10 -12 a m p / c m  2 and  10 -18 a m p / c m  2, respec t ive ly .  
T h e  v a l u e  for the  a l loys  changes  a p p r o x i m a t e l y  l i n -  
ear ly  w i t h  A u  content  b e t w e e n  these  t w o  l imits .  

A n y  effects  d u e  to the  n u m b e r  of  ho les  in  the  d - b a n d  
(nhd)  m a y  be s e e n  f r o m  Fig.  7, 8, and  9, b y  cons ider -  
ing  t h e  data for  the  p u r e  m e t a l s  a long  w i t h  that  for 
the  a l loys .  The  large  scatter in  the  v a l u e s  does  not  
a l l o w  precise  eva luat ion ,  but  certa in  cons i s tent  trends  
of  the  var ia t ion  of  the  Tafe l  parameter s  n ~ and io are 
indicated.  These  t rends  are s h o w n  b y  the  curves  d r a w n  
in the  figures.  T h e  trends  are m u c h  m o r e  w i t h  the  
c h e m i c a l  c o m p o s i t i o n - s u r f a c e  s tructure  than  w i t h  t h e  
nhd.  

Discussion 
Open-circuit potentiaLmThe nonl inear  character  of 

~-log i and the very  low rate of change of ~ wi th  log i 
in  the low cur ren t  densi ty range  strongly indicates 
that the open-circui t  potent ial  is either a mixed po- 
tent ia l  with a "reaction cur ren t  density" of about 
10 -6.5 amp/cm ~ or that it is a reversible potential  for 
some reaction with an exchange cur ren t  density of the 
same value. We believe that  the former is the case, in  
agreement  w i t h H o a r  and others (16, 16a). 

Reaction mechanisms.--It  is not  possible to deter-  
mine reaction mechanisms by means  of bc and io. Since 
the anodic reaction occurs on an oxide surface (5, 6), 
the anodic slope ba and v could not  be obtained on pre-  
reduced surfaces. Moreover Eo is about 1V, and hence 
one cannot  use the l inear  re la t ion be tween ~ and  i to 
calculate v (11). 

Values of bc may be used to el iminate cer ta in  re-  
action paths and indicate possible paths. Many reac-  
t ion paths can be devised for the oxygen electrode, 
but  we wil l  l imit  our  discussion to those listed in  
Table I. Taking into account the var ia t ions  in  the re -  
producibil i ty of the bo values the possible paths for the 
metals are summarized in  Table III. 
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Table III. Passible reaction paths and rate-determining steps 
corresponding to experimental bc 

No. S y s t e m  Possible paths  and rds** R e m a r k s  

1 P t  in H~SO~ III{2),  IV{2), VI(2),  VII (2) ,  D a m j a n o v i c  e~ 
V(4),* VII(4)* al. (6) obta ined 

0.054v on o x i d e  
free Pt .  B ianeh i  
et  al. (3) ob- 
ta ined  0.06v o n  
oxide f ree  Pt .  

2 Pt in NaOH I I I (2) ,  IV{2), VI(2) ,  VII(2) ,  DamSanovic  et 
XV(4),* XVI(3)*  aL (7, 8) ob- 

ta ined 0.065v on 
oxide c o v e r e d  
Pt. Hoar  (16) 
obta ined 0.048v 

3 Pd  in H~SO~ V(4),* VII(4)* 

4 P d  in NaOH XV(4),* XVI(3)*  

5 Au  & Rh in I(3),* I I (2) ,*  III(4) ,*  IV(4),* 
H2S~O~ VI(1),* IX( l ) , *  XII(1) ,*  

XIV(1)*  

6 A u  & R h  in X V ~ 4 ) , *  XVI(3)*  
NaOH 

7 Os in H2SO4 

8 Os in N a O H  

9 I r  in H~,SO4 

10 Ru in H~SOi 

i i  Ru  in N a O H  

Refe r  No. 5 above 

n(3) ,*  v (2 ) ,*  v I (4 ) ,*  v i i i ( 2 ) , *  
v n I ( 4 ) , *  IX(2) ,*  IX(4),* 
X(~t),* XII(2) ,*  XII I (5) ,*  
XIV(2) ,*  XV(5) ,  XVI(4) ,  
I I f (3) ,  IV(3) ,  V(3),  IX(3}, 
XIV (3), XI(2)*  

VI(3) ,  X(3) ,  XI I I (4 ) ,  XV(3) ,  
XVI(2)  

VI(3) ,  X(3) ,  XI I I (4 ) ,  XV(3) ,  
XVI  (2), V(4) ,* VII(4)  * 

Refer  No. 6 above 

Damjanov ic  et 
al. (8) ob ta ined  
0.06v on re -  
duced Rh and 
0.06v on oxi-  
d i zed  Rh at  low 
cur ren t  densi-  
ties. 

Hoar  obtained 
0.048v (16) on 
Au. D a m j a n o -  
vic et aL (8) 
obtained about  
0.100v on oxi-  
dized Rh. 

Damjanov ic  et 
al. (8) obta ined 
0.100v on oxi-  
dized Ir .  

* In these steps electrons are  t rans fe r red .  
** R o m a n  n u m e r a l  indicates  the reac t ion  path  and the n u m e r a l  

in paren thes i s  indicates  the rds;  re fe r  to Table I. 

The continuous var ia t ion  of bc with  pH for A u  is 
notewor thy .  Al though  da ta  were  not  obta ined  for  Ru, 
Rh, Ir ,  and  Os, which also show a f a i r ly  l a rge  change 
in slope f rom acidic to a lka l ine  solutions, i t  is l ike ly  
that  a s imi lar  var ia t ion  of bc wi th  pH occurs on these 
metals .  The cont inuous var ia t ion  in  bc wi th  p H  is v e r y  
l ike ly  due to the  presence of at  leas t  two a l t e rna te  r e -  
act ion paths  whose ra tes  are  close in va lue  wi th  one 
pa th  be ing  pH dependent .  

There  is no appa ren t  re la t ionship  of the n u m b e r  of 
holes in  the  d - b a n d  (nhd)  wi th  the  ac t iv i ty  in NaOH 
or wi th  bc in H2SO4 and NaOH. The exchange  cu r -  
ren t  densi ty,  io, does show a t r end  wi th  nhd in H2SO4. 
I t  does not  appea r  significant, however .  The t r end  in  
NaOH is even less significant. The ac t iv i ty  in H 2 S O 4  

does show a definite t r end  (Fig. 7), wi th  a m a x i m u m  
act iv i ty  (min imum ~t o) a t  P t  and  Pd. Our  genera l  con- 
clusion is tha t  composit ion,  hence geometr ic  and  chem-  
ical factors,  p l ay  the  p redominan t  role  in this series of 
metals.  These resul ts  and  conclusions are  not  a t  v a r i -  

ance with  some cu r r en t  views on the role  of electronic 
s t ruc ture  on cata lys is  (17). I t  is in teres t ing  to note 
tha t  Brennan  e~ al. found tha t  the  in tegra l  hea t  of 
adsorpt ion  for  oxygen  on Pt, Pd, and  Rh var ied  almost  
l inea r ly  wi th  a tomic  rad i i  (18). On the  o ther  hand,  
Rao et al. have  r epor t ed  an increase  in surface cover -  
age of oxygen  wi th  an increase  in the  nhd for  the  same 
meta ls  used in this work  (19). 

Acknowledgment 
The authors  wish to express  the i r  apprec ia t ion  to the 

Ford  Motor  Company  for  permiss ion  to pub l i sh  this 
work.  

Manuscr ip t  rece ived  March  20, 1967. This paper  was 
p resen ted  at  the Dal las  Meeting, May 7-12, 1967. 

A n y  discussion of this pape r  wi l l  appea r  in a 
Discussion Section to be publ i shed  in the  June  19.68 
JOURNAL.  

RE FE RE N CE S 
1. J. O'M. Bockris  and  A.K.M.S. Huq, Proc. Roy. 

Soc., London, A237, 277 (1956); N. Wa tanabe  
and M.A.V. Devanathan ,  This Journal, 111, 615 
(1964). 

2. J. P. Hoare, ibid., 112, 849 (1965). 
3. G. Bianchi  and T. Mussini, Electrochim. Acta, 16, 

445 (1965). 
4. J. J. IAngane, J. Electroanal. Chem., 2, 296 (1961). 
5. J. J. McDonald and B. E. Conway, Prec. Roy. 

Soc., A269, 419 (1963). 
6. A. Damjanovic  and J. O'M. Bockris,  Electrochim. 

Acta, 11, 376 (1966). 
7. A. Damjanovic ,  A. Dey, J. O'M. Bockris,  ibid., 

U,  791 (1966). 
8. A. Damjanovic ,  A. Dey, and J. O'M. Bockris,  

This Journal, 113, 739 (1966). 
8a. D.F.C. Morr is  and  H. N. Schmeising,  Nature, 

181, 469 (1958). 
9. A. C. Riddiford,  Electrochim. Acta, 4, 170 (1961). 

10. T. P. Hoar,  Prec.  8th Meeting CITCE, 1956, p. 
439, But te rwor ths ,  London (1958). 

11. R. Parsons,  TraT~s. Faraday Soc., 47, 1332 (1951); 
G. H. F ra se r  and R. G. Barradas ,  This Journal, 
112, 462 (1965). 

12. B. Lovrecek,  J. Phys. Chem,, 24, 817 (1956) ; J. O'M. 
Bockris,  ibid., 24, 817 (1956); B. E. Conway,  
Trans. Roy. Soc. Canada, 54, (111) 19 (1960). 

13. R. Parsons,  "Modern Aspects  of Elec t rochemis t ry ,"  
Vol. I, J. O'M. Bockris  and  B. E. Conway, Editors,  
p. 103; Academic  Press  Inc., New York  (1954). 

14. P. Delahay,  "Double Layer  and Electrode Kinetics ,"  
In tersc ience Publ ishers ,  New York  (1956). 

15. J. R. Macdonald  and C. A. Barlow, Jr. ,  This Journal, 
113, 978 (1966); "Elec t rochemis t ry"  (Prec.  1st 
Aus t ra l i an  Conference) ,  Pe rgamon  Press,  New 
York (1964). 

16. T. P. Hoar, Prec. Roy. Soc., London, A142, 628 
(1933). 

16a. Giner,  Z. Elektrochem., 63, 386 (1959); J. P. 
Hoare,  This Journal, 109, 858 (1962). 

17. G. Ehrl ich,  "Prec.  3rd In te rna t iona l  Congress on 
Catalysis ,"  p. 113; John  Wiley  & Sons, Inc., 
New York  (1965). 

18. D. Brennan,  D. O. Hayward ,  and B. M. Trapnel l ,  
Prec. Roy. Soc., London, A256, 81 (1960). 

19. M.L.B. Rao, A. Damjanovic ,  and  J. O2YL Bockris,  
J. Phys. Chem., 67, 2508 (1963). 

20. "Reference E lec t rodes - -Theo ry  & Pract ice ,"  Edi ted  
by  D. J. I r e s  and G. J. Janz,  p. 365; Academic  
Press,  New York  (1961). 

21. D. W. Budworth ,  F. E. Hoare,  and J. Preston,  
Prec. Royal Soc., London, A257, 250 (1960). 

22. F. E. Hoare  and B. Yates, ibid., A240, 42 (1957). 



Technical[ 

The Kolbe Electrosynthesis of Polydifluoromethylene 
Made l ine  S. Toy  

Douglas A~rcraJt Company, Missile and Space Systems Division, 
Astrapmoer Laboratory, Newport Beach, Ca~qornia 

In general ,  d icarboxyl ic  acids, such as malonic  acid, 
do not  undergo  react ions  of Kolbe  type,  bu t  oxidize to 
degrada t ion  products  at  anode e lec t rode  in an a lka l ine  
medium. However ,  the  a lka l ine  salts  of the  mono-  
ester  d icarboxyl ic  acids have been  r epor t ed  to give 
Kolbe  type  react ions wi th  products  being h igher  d i -  
c a rboxy l i c  acid esters (1).  The electrolysis  of dibasic  
acids in methanol  have  been repor ted  by  Gar r i son  (2) 
to fo rm polymers ,  and  Kolbe  couplings of perf luor i -  
ha ted  monobasic acids have  been repor ted  by  Levin,  
Chechina, and  Sokolov (3).  A recent  pa t en t  describes 
the  product ion  of long-cha in  perf luoromono-  and  pe r -  
f luorodicarboxyl ic  acid esters  also th rough  Ko lbe  
coupl ings (4).  

This note repor ts  the anodic synthesis  of po lyd i -  
f luoromethylene f rom a per f luorodicarboxyl ic  acid. 
Po lydi f luoromethylene  has been p r e p a r e d  by  e lec t ro l -  
ysis of solutions of commercia l  perf luoroglutar ic  acid 
(mp 85~176 wi th  sodium in methanol .  The t em-  
pe ra tu re  of the  exper imen t s  r anged  f rom 25 ~ to 55~ 
and the monomer  concentra t ion  in absolute  me thano l  
ranged  f rom 5 to 25 w/o.  The e lec t ro ly t ic  cell  was 
equipped  wi th  two smooth p l a t i num electrodes.  A typ i -  
cal run  employed  10% monomer  by  weight ,  cu r ren t  
densi ty  of 40 to 100 m a / c m  ~, and  appl ied  vol tage  up  
to 40v (depending  on the dis tance be tween  the e lec-  
t rodes and sal t  concent ra t ion) .  A whi te  loosely ad -  
her ing  coat ing was fo rmed  on the  anode  in 4 hr. The 
cu r ren t  dens i ty  could not  be main ta ined  bu t  g radua l ly  
decreased.  Af t e r  a few hours  of electrolysis,  a smal l  
amount  of whi te  flocculent prec ip i ta te  was observed  
a round  the anode. The  flocculent prec ip i ta te  can be 
s l ight ly  increased  by  occasional ly revers ing  the po-  
l a r i ty  of the  electrodes.  The  whi te  solid scraped f rom 
the anode pa r t i a l l y  sof tened at 3OO~ and was in -  
soluble in  solvents,  inc luding hexafluorobenzene,  
chloroform, d ime thy l  formamide,  d ime thy l  sulfoxide,  
concent ra ted  sulfuric  acid, whi le  the  smal l  amount  of 
whi te  solid recovered  f rom the suspension was p a r -  
t ia l ly  soluble in concent ra ted  sulfuric acid, but  not  in  
the  o ther  tes ted solvents. The ve ry  s t rong b road  ab-  
sorpt ion band  be tween  7.9 and 8.7~ (5) for  "Teflon" 
( t r a d e m a r k  of du Pont ' s  po ly te t ra f luoroe thy lene)  is 
observed  in Fig. 1. The anodica l ly  synthesized po ly -  
d i f luoromethylene  also shows another  s t rong absorp-  
t ion band  at  5.6~ wi th  a w e a k  peak  at  2.9~, indicat ion 
typica l  of COOH in f luorocarbons (6).  The in f ra red  
Spectrum (Fig. 1) and  the  absolu te ly  insoluble  cha rac -  
ter is t ics  of the  whi te  solid scraped f rom the anode 
indicate  tha t  the  po lymer  is essent ia l ly  a long pe r -  
f luorocarbon chain  as Teflon, bu t  w i th  carboxyl ic  
t e rmina l  groups. The es t imated  molecu la r  weight  is 
low at app rox ima te ly  one thousand by  the  re la t ive  in-  
tensi t ies  of the  CF and CO groups in the in f ra red  
spect rum.  
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Fig. 1. Infrared spectrum of anodically synthesized polydifluoro- 
methylene. 
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The mechanism of anodic synthesis  of polydif luoro-  
methy lene  f rom perf luoroglutar ic  acid appears  to in-  
volve d i rad ica l  couplings on the e lect rode surface. 

' n L  '~ 
Perfluorodicarboxylate Perfluoroalkylene Polydifluoro- 

Diradical Diradical methylene 

During  electrolysis,  the per f luorodicarboxyla te  
anions are  impel led  to the anode, where  they  give up  
the ionic charges and poss ibly  exist  in  a t r ans ien t  
phase as a per f luorodicarboxyla te  d i rad ica l  hav ing  an 
odd electron on both ends. This d i rad ica l  at  once 
loses carbon d ioxide  molecules  and gives an equa l ly  
t rans ien t  t r iva len t  carbon rad ica l  on both  ends. This 
per f luoroalkylene  d i radica l  f inal ly achieves s tabi l iza-  
t ion by  rad ica l  combinat ions  wi th  ad jacent  d i radica ls  
to form a polydi f luoromethylene  coat ing on the  me ta l  
surface. 

Manuscr ip t  received Apr i l  24, 1967; rev ised  m a n u -  
script  received ca. June  22, 1967. 

Any  discussion of this paper  wi l l  appea r  in a 
Discussion Sect ion to be publ i shed  in the  June  1968 
J O U R N A L .  
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Oxygen Reduction on a Partially 
Immersed Rotating Platinum Cathode 

R. J. Roethlein and H. J. R. Maget 
DECO Research & Development Labo~'atery, General Electric Coat, party, West Lynn, Massachusetts 

Reaction rates for an electrochemical process oc- 
curr ing on s tat ionary electrodes in a diffusion con- 
trolled region having essentially the same interphase 
between the conducting electrolyte and the gas phase 
reactant  have been shown by many  authors to be 
associated wi th  mass t ranspor t  processes through th in  
electrolyte films (1-,5). The reaction zone is confined 
to a small  region nea r  the fi lm-meniscus interphase,  
and it is evident  that  these electrodes uti l ized only 
a fraction of the total electrode surface area. The 
bulk  electrolyte presents a longer path for the mass 
t ransport  of the reactant  (gas) species to the electrode 
surface, and the reaction zone is fur ther  l imited by 
the increased resistance to ionic flow encountered 
in the thin film region as the distance from the bu lk  
electrolyte region increases. In  order to facilitate a 
larger port ion of the electrode surface area for mass 
t ranspor t  processes a rotat ing electrode s tructure was 
investigated. 

A circular  hydrophobic electrode s t ructure  was 
rotated in te rmi t ten t ly  through an  aqueous electrolyte 
and a depolarizing gas (oxygen).  This procedure ex- 
tends the region of th in  film formation above the 
electrolyte level causing an increase in  the total 
electrode current .  Similar  investigations have been 
carried out by Bonnemay et al. (6) in  an a t tempt  to 
separate adsorption from mass t ransport  in elec- 
trochemical studies, and Weber  et al. (7) have used a 
rotat ing copper electrode to investigate the mechanism 
of metal  oxidation. The increased currents  observed 
on part ial ly immersed porous electrode has been em-  
ployed by Bianchi (8) as a convenient  basis for a com- 
parat ive s tudy of electrocatalytic activity of noble 
metals and for investigations of electrocatalytic 
processes of various reactant  gases. 

Therefore this novel electrode s t ructure  may not 
only provide higher diffusion controlled currents  but  
also serve as an effective tool in catalyst evaluation. 
Fur the r  by var ia t ion of the rotat ional  speed and depth 
of immers ion this device could be used to determine 
the relat ive rates of: 

1. The diffusion of a reactant  gas across an elec- 
trolyte film. 

2. Migrat ion paral lel  to the electrolyte film. 
3. Reaction and desorption of reactants  into the 

electrolyte. 
4. Adsorption on a dry surface or below the elec- 

trolyte film level. 
Experimental 

Exper iments  were carried out in  a specially 
modified Pyrex  glass test cell, which contained ref-  
erence and counter  electrode compartments  separated 
from the study electrode section of the cell, Fig. 1. 
The counter  electrode consisted of a large section 
of p la t inum black screen, and the reference system 
contained a dynamic hydrogen reference electrode, 
which main ta ined  a steady potential  near  the re-  
versible H+/H2 potential.  The test electrode consisted 
essentially of a Teflon-bonded p la t inum black elec- 
trode (9) which was cut into a circular  disk and 
then  mounted  on a t an t a lum shaft. The shaft  was 
connected by means of an insulated bushing to a 
mul t i -speed t ransmission which has a 600 rpm re-  
versible synchronous motor and a gear t r a in  wi th  
twelve steps of reduction. By the use of this motor 
various speeds of rotat ion could be imposed upon the 

SYNCHRONOUS 

Fig. 1. Experimental apparatus 

electrode. The s tudy electrode was held vert ical  on 
the shaft with two circular Teflon disks which were 
threaded into the t an ta lum rod. 

Electrical contact was accomplished by having a 
metal  disk connected to the shaft outside of the test 
cell which then  rotated through a pool of mercury.  
Teflon couplings mounted  on the glass inlet  port for 
the t an t a lum shaft prevented electrolyte leakage from 
the test cell, but  still permit ted the meta l  shaft to 
rotate freely. Tempera ture  was main ta ined  constant  
to wi th in  a few degrees by means of a variac con- 
trolled heat ing mantel .  The study electrode was com- 
posed of the same materials  general ly employed in 
making  Niedrach-Alford- type  electrodes, n ine  parts  
p la t inum black to one par t  of weight of Teflon; 
pressed on p la t inum screening. The electrode was 
pressed at approximately 6200 psi at  700~ for a 
period of 7.5 rain. A thin film of Teflon was sprayed 
on both sides of the electrode with an aqueous dis- 
persion of (T-30). The actual  electrode area on both 
faces of the disk was approximately 42 cm ~ with an 
average thickness of 10 mils. Measurements  of the 
electrochemical reduction of oxygen were made in 
10N H2SO~ at 25~ both the electrolyte and sur-  
rounding atmosphere inside the test cell were kept  
completely saturated with oxygen gas. The elec- 
trolyte was presaturated with oxygen by means of 
the gas bubbler ;  however, dur ing test the oxygen 
was admit ted above the electrolyte level. Electrode 
potent ial  was held constant  by means  of a Wenking  
potentiostat. 

Results and Discussion 
Performance studies were made of the rate of the 

electrochemical reduct ion of oxygen under  various 
conditions. The electrode was held at a constant  
potent ial  of -k0.600v vs. H+/H2 and the cur ren t  re-  
corded for various conditions of electrode immersion 
and  rotat ional  speed. Figure  2 shows a. plot of 
var iat ion in cur ren t  with the square root of rotat ional  
speed for six different immers ion depths, 10, 15, 30, 
50, 75, and 100% of the total  electrode surface below 
the electrolyte level. When the electrode is total ly 
immersed the electrochemical process is controlled 
by the bu lk  diffusion of oxygen through the elec- 
trolyte;  hence only low currents  are obtainable  which 
show only slight increases with rotat ional  speed. As 

1043 



1044 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  S C I E N C E  October  1967 

Q 

Q 0 C ~ ~  Q 

0 

0 
CP {3 Z~ Is 

0 7s 

0 0 

' i ~ c. 0 o 

~ rot*tl0NAu 5eeeD{RPM~ 

Fig. 2. Effect of rotational speed and immersion depth an elec- 
trode current. 02 reduction; ion-H2S04, 25~ applied potential 
-I-O~600v vs. H +/H2. 

the electrode is raised out of solution there is an 
immediate  increase in current  even while the elec- 
trode is at rest. This is due to the formation of 
a thin film of electrolyte in the exposed portion of 
the electrode matrix,  which provides a shorter path 
for diffusion of oxygen molecules to the catalyst 
surface (10). Increasing the amount  of exposed surface 
area has no substant ia l  effect on the current  while 
the electrode is at rest. This is due to the fact that  
the effective "active" area of the th in  film port ion 
of the electrode is v i r tua l ly  the same no mat ter  how 
much of the total electrode surface is above the 
electrolyte level. The "active" length of the film is 
dependent  main ly  on the thickness of the electrolyte 
film which can produce large ionic resistance var ia-  
tions dur ing current  flow. At rest, gravi ta t ional  forces 
wil l  cause the liquid film to drain  to a constant  thick- 
hess which is independent  of the amount  of exposed 
surface area. When the electrode is rotated a l inear  
increase in current  is obtained wi th  the square root 
of rotat ional  speed up to an opt imum value above 
which there is no subsequent  current  change with 
increasing rotat ional  speed. 

Observations made of the electrode surface at rest 
and dur ing  rotat ion show a dist inctly hydrophobic 
surface in that  the contact angle is greater than 
90 ~ and l iquid does not  cling to the exposed electrode 
surface dur ing  rotation. However the catalyst mat r ix  
beneath  the Teflon film does wet, and rotat ing the 
electrode brings this wetted section above the elec- 
trolyte level. At  this point electrolyte in the catalyst 
mat r ix  drains downward,  but  has the immediate  effect 
of providing an electrolyte film in the exposed section 

of the electrode above the level of the electrolyte. 
Increasing the speed of rotat ion wil l  tend to counter  
balance the force of gravi ty  providing a temporary  
greater  film thickness in  the region above the elec- 
t rolyte  level. Thus a larger port ion of the th in  film 
wil l  be able to support  cur ren t  due to the decreased 
ionic resistance provided by the increase in film 
thickness. Eventua l ly  increasing the rotat ional  speed 
wil l  no longer have any effect on the film thickness 
and electrode cur ren t  will  reach a plateau. 

Variat ions in the amount  of electrode surface 
par t ia l ly  immersed reflect changes in the electrode 
cur ren t  dur ing rotation. There is a steady increase 
in  cur ren t  as the depth of immersion increases up 
to approximately  50% of the total electrode area; 
subsequent  increases in the per cent  of immersion 
produce a decrease in total  electrode current .  For 
immers ion depths less than half  of the total  electrode 
area smaller  portions of the outside per imeter  of 
circular electrode surface are wetted by electrolyte 
dur ing  rotation. As the immersion depth increases 
the total current  increase is due to a geometric in-  
crease in electrode area on which the active area of 
the thin film can be formed. The lower currents  
obtained for immersions depths greater than approxi-  
mately  50% are caused by a decrease in the active 
area of the thin film region since a larger portion 
of the electrode surface is below the electrolyte level 
and bulk  diffusion controlled. 

Manuscript  received May 8, 1967; revised manu-  
script received June  22, 196:7. 

Any  discussion of this paper will  appear in  a 
Discussion Section to be published in the June  1968 
JOURNAL. 
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Conductivity of KOH and KOH-ZnO Electrolytes 
from 36 ~ to-66~ 

Charles T. Baker and Isaac Trachtenberg 
Tezas In~ru~'nent;~, Incor,poq'at.ed, DalZas, Te;va~ 

Current ly ,  emphasis is being placed on the research 
of alkal ine batteries using the negat ive  zinc elec- 
trode, and more informat ion  is needed on the KOH 
and KOH-ZnO electrolyte systems which are used in  
such batteries. In  this note data are presented on 
the specific conductivit ies of various KOH and KOH- 
ZnO solutions as a funct ion of tempera ture  be tween 
36 ~ and --66~ and on the solubil i ty of ZnO in  these 
KOH solutions. These la t ter  data are in agreement  with 
those of other investigators (1, 2). 

All  KOH and KOH-ZnO solutions were prepared 
using reagent  grade KOH and ZnO and deionized 
water. Dur ing  the preparat ion and ut i l izat ion of these 
solutions, precautions were t aken  to prevent  the in -  
troduction of CO2. A Tenney,  Jr., Env i ronmen ta l  
Chamber,  Model TJR, was used to control the tem- 
pera ture  of the exper iments  to +0.5~ The conduc- 
t ivi ty measurements  were made with an  L&N model 
4805-50 conduct ivi ty cell assembly in  conjunct ion with 
a Genera l  Radio Company impedance comparator,  
model 1605, using Genera l  Radio Company precision 
resistance and capacitance decade boxes. The cell con-  
stant  for the conductivi ty cell was determined by using 
the solutions and data given by Jones and Bradshaw 
(3). 

In  the ZnO solubil i ty studies, at each tempera ture  
the sample solution was agitated periodically by  

means  of an ultrasonic bath over a th ree-day  span in  
order to insure  that  equi l ibr ium had been established. 
When samples were needed for analysis, the required  
amount  of solution was extracted from the  vessel in 
the env i ronmenta l  chamber  by means of a reduced 
pressure system. 

Results of the conductivi ty exper iments  are reported 
in Fig. 1 and Fig. 2 for 39, 34, 30, and 25% KOH and 
for 36.3% and 30% KOH saturated with ZnO at t em-  
peratures from 36 ~ to --66~ Both Dirkse (4) and 
Bodamer (1) have shown that  for a par t icular  KOH 
concentrat ion and temperature,  the specific conduc- 
t ivity decreases as the concentrat ion of zinc in  solution 
increases. 

The conductivi ty data point  out one major  problem 
which must  be considered in the use of alkal ine ba t -  
teries at low temperatures.  There wil l  be about  a 100 
fold change in  the in te rna l  resistance of the bat tery  
which in  itself can grossly affect the charge-discharge 
characteristics of the  bat tery.  For  the pure KOH solu- 
tions, the 30% KOH solution exhibits the best be-  
havior over the tempera ture  range investigated. The 
25% KOH solution is equal ly  conductive at  t empera-  
tures down to --23~ and is slightly more conductive 
for temperatures  down to --36~ but  is l imited by a 
freezing point  in the neighborhood of --41~ The con- 
duct ivi ty data for the KOH solutions saturated with 
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Fig. 1, Specific conductivity of KOH solutions as a function 
of temperature. �9 25% KOH; O 30% KOH; �9 34% KOH; and 
[ ]  39% KOH. 
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Fig. 2. Specific conductivlty of KOH and KOH-ZnO solutions as 
a function of temperature. O 30% KOH; []  39% KOH; �9 ZnO 
saturated 36.3% KOH; and III ZnO saturated 30% KOH. 
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Table I. Solubility of ZnO in KOH at 25~ 

% K O H  ( b e f o r e  s a t u r a t i o n )  M Z n  ions  in  s o l u t i o n  

25 (5 .5M K O I t )  0.45 
30 (6.9M K O H )  0.64 
34 ( 8 . l / Y / K O H )  0.83 
36.3 (8 .7 /Y/KOH) 0.95 

ZnO at these low temperatures  are consistent wi th  
that  reported by Bodamer at the higher temperatures.  
Addit ion of ZnO to a KOH solution decreases the con- 
ductivi ty of the solution. 

Results of the solubil i ty studies of ZnO in  25, 30, 34, 
and 36.3% KOH at 25~ are given in Table I and are 
in  agreement  with the values repor ted  by Bodamer (1) 
and Dirkse (2). The effect of t empera ture  on the 
solubil i ty of ZnO in 36.3% K O H  is shown in  Table 
II. As the tempera ture  decreases from 26 ~ to --62~ 
the solubil i ty of ZnO appears to be invar iant .  Bodamer 
observed the same effect for temperatures  between 
10 ~ and 95~ Based on these two sets of data, the 
over-al l  heat of solution appears to be close to zero. 

Manuscript  received Ju ly  25, 1967. 

Table II. Effect of temperature on the solubility of ZnO in 
36.3% KOH 

T e m p e r a t u r e ,  ~ M Z n  ions  in  s o l u t i o n  

-- 62 0.92 
-- 51 0.92 
- - 3 0  0.95 
- -30  0 .94 
- -26  0.97 
-- 10 0.92 

0 0.94 
+ 26 0.97 

Any discussion of this paper will  appear in  a 
Discussion Section to be published in the June  1968 
JOURNAL. 
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Characterization of Energy Transfer 
Interactions between Rare Earth Ions 

I.. G. Van Uitert 
Bell Telephone Labo~-atorie.s, Incorporated, Murray Hill, New Jersey 

ABSTRACT 

Energy transfer  studies employing the sodium rare  earth tungstates  
(scheelite s tructure)  indicate a n u m b e r  of modes of, and requi rements  for, 
nonradia t ive  interaction. Direct dipole-dipole interactions are prevalent.  How- 
ever, d ipole-quadrupole  interactions are observed for the states of the larger  
rare earth ions that  lie high in  energy. The relat ion of l ifetime (re) to in -  
tensi ty changes with the mode of transfer.  Phonon assisted t ransfer  is enhanced 
by exchange coupling between rare  earth ions in nearest  or next  nearest  
neighbor positions. Excitat ion may migrate  between Tb ions in  such positions 
when  thermal ly  activated and provided a suitable quenching center (e.g., Nd, 
Eu) is present. Such migrat ion appears to be directional in comparison to 
t ransfer  by radiat ion reabsorption. The lat ter  is essentially random. Methods 
for analyzing lifetime data for t ransfer  interactions are also discussed. 

Energy t ransfer  between rare  earth (RE) ions is 
a subject  of appreciable cur ren t  interest  for practical 
as well  as theoretical reasons. The use of rare  earths 
for laser and  colored television applications have 
st imulated a desire for a bet ter  unders tand ing  of 
transfer.  Ear ly  work in  this field has been discussed 
by Botden (1). More recent  work has been sum- 
marized elsewhere (2). Much of the previous work has 
been l imited to demonstrat ions that t ransfer  does occur 
and general  s tatements as to the probable mecha-  
nisms involved. In  fact, however,  a sufficiently strong 
theoretical basis exists for more exacting results to 
be obtained (3-6). The RE ions are par t icular ly  suit-  
able for the s tudy of energy t ransfer  as the absorption 
and emission due to f-electrons is sharp and the as- 
sociated oscillator strengths are weak. 

Energy  t ransfer  is general ly associated with mul t i -  
polar interactions, radiat ion reabsorpUon, or exchange. 
These effects can be identified by examining  intensi ty  
and lifetime data as a funct ion of the excited (E) 
and /o r  the quenching (Q) ion concentration. In tensi ty  
values can be obtained by direct measurement  under  
equi l ibr ium conditions, bu t  l ifetime is obtained unde r  
t ransient  conditions and is somewhat subject to in ter -  
pretation. Procedures for analyzing lifetime data and 
the significance of various correlations of in tensi ty  
and lifetime with E- ion and /or  Q-ion concentrat ion 
are discussed. 

Materials and Measurements 
Crystals of various members  of the series 

Na0.5(Y,RE)0.sWO4, where RE = Pr, Nd, Sin, Eu, Tb, 
Dy, and or Er in  the combinations indicated in the 
accompanying figures, were grown from a Na2W2Ov 
flux as described previously (7). The crystals have 
the scheelite (CaWO4) structure;  however,  the Na, Y, 
and RE ions are dis tr ibuted somewhat randomly  over 
the dodecahedral sites normal ly  occupied by Ca. The 
compositions were analyzed by x - r ay  fluorescence 
methods. 

In tens i ty  comparisons were obtained using a s tand-  
ard plaque technique. The in tensi ty  of emission of Pr  
(at 0.487~ for PrSPo), of Sm (at 0.598~ for Sm4F~/2), 
of Eu (at 0.614~ for EuSDo), of Tb (at 0.544~ for TbSD4), 
of Dy (at 0.574~ for Dy4Fg/2) and of Er (at 0.552~ for 
Er4S~/2) was obtained unde r  -~0.365~ excitat ion as pro-  
vided by a CH4 spotlamp and CS7-54 longwave uv  
pass filter. The in tensi ty  of emission of Er (at 1.56~ for 
Er4/I13/2) or Nd (at 1.06~ for Nd4Fa/2) was obtained 
under  0.43-0.62~ excitation isolated from the CH4 lamp 
by a CS3-72 cut-off filter and a CuSO4 solution before 
the sample. A Gaer tner  high dispersion spectrometer 
equipped with an AMINCO microphotometer  and S l l  

detector were employed to record data for the visible 
region. A Bausch and Lombe No. 33-8@-03 mono-  
chromator, with a CS7-56 filter at the input,  and S1 
detector at the output,  was used to record data at 
1.06~; and a Bausch and Lombe No. 33-86-04 mono- 
chromator, with a CS7-56 filter at the input, and a 
InAs detector at the output, was used to record data 
at 1.56~. 

Lifetime data were obtained employing a confocal 
ellipse laser housing with an EG&G FXI2 flashlamp 
at one focus and the sample at the other. One side of 
the ellipse was slotted so that the output of the sample 
could be viewed. A Bausch and Lombe No. 33-86-02, 
-03 or -04 monochromator equipped with an $1, cooled 
Sll  (--,217~ or cooled InAs (,~77~ detector and 
oscilloscope were used to obtain photographic record- 
ings of the decay curves. A CS-7-54 filter was placed 
between the flashlamp and sample when obtaining 
data in the visible region. A CS-3-72 filter was placed 
between the lamp and sample in measuring at 1.06~, 
but none was used in obtaining data at 1.56~ A CS-7-56 
filter was placed in front of the monochromator for all 
infrared measurements .  

Intensity and Lifetime 
The emission spectra of RE ions change li t t le with 

concentrat ion provided that  increasing subst i tut ion 
does not  appreciably change the effective crystal  field 
seen by the RE ions. This condit ion is satisfied when  
subst i tut ing RE ions for others of equivalent  radius 
and valence in the sodium rare  earth tungstates.  

The probabil i ty  for de-exci tat ion of the E-species 
(PD is equal  to the sum of the probabil i t ies for 
emission (PO and nonradia t ive  loss (P2). Therefore 
emission per  E- ion  (I) relat ive to tha t  obtained unde r  
dilute conditions (Io) is 

I/Io = P I / P s  = P I /  (PI -}- P2) [I] 

If the nonradiative losses are attributable to multi- 
polar transfer, P2 co(C/C*) ~ where C is the Q-ion 
concentration, C* is the critical transfer concentration 
of Q-ions and 0 : 6, 8, or i0 for dipole-dipole, dipole- 
quadrupole, or quadrupole-quadrupole interactions, 
respectively (3-6). Substituting into relation [i] and 
rearranging, one obtains 

Illo = [1 + ~(C/C*)~ -1 [2] 

where ~ is a constant  for each interaction.  
Lifet ime measurements  are obtained under  t r an -  

sient conditions and can involve various modes of 
decay that  complicate their  interpretat ion.  When there 
is no interact ion be tween  RE ions, the emission decay 
curve is a single exponential .  Lifetime can then  be 
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t aken  to be the t ime (t)  r equ i r ed  for  the  t rans ien t  
in tens i ty  (r  to fa l l  to 1/e (or  0.368) of the  va lue  i t  
has at  t ---- 0. This re la t ion  defines re. If  d i rec t  mu l t i -  
po la r  in terac t ions  quench the  E-species,  the  decay 
curve is much more  complex,  re/to, where  zo is the 
va lue  of re under  d i lu te  condit ions,  cannot  then  be 
subs t i tu ted  d i rec t ly  for  I/Io in re la t ion  [2]. However ,  
this  re la t ion  can be employed  to define an a r b i t r a r y  
l i fe t ime ra 

r J r o  = [1 + f+'(cIg*)e/~]-~ [3] 

The re la t ion  of re to  r= and the p rocedure  for  de t e r -  
min ing  a l i fe t ime (~)  which  approx imates  Ta f rom the 
in i t ia l  or  ea r ly  slope of the  decay curve  is discussed 
in the  Appendix .  P r o p e r l y  selected values  of ~i co r re -  
la te  wi th  I and  a re  therefore  he lpfu l  in charac te r iz ing  
energy  t ransfe r  interact ions.  

Interactions 
Exchange  is genera l ly  l imi ted  to in terac t ions  be-  

tween  RE ions in  neares t  ne ighbor  (nn)  or  nex t  n e a r -  
est ne ighbor  (nnn)  dodecahedra l  sites in the  scheetites. 
Six  such in terac t ions  a re  pe rmiss ib le  (8). Therefore,  
the f ract ion of RE ions which, in any  event  a re  l i t t le  
affected b y  exchange  is ( I  ~ x)  e, where  x is the  f rac-  
t ion of dodecahedra l  si tes occupied b y  RE ions. Where  
RE ions tha t  are  exchange  coupled (but  no others)  a re  
quenched,  in tens i ty  of emission per  ion (I)  wi l l  fol low 
this re la t ion  and a peak  in to ta l  emission wi l l  be ob-  
ta ined  at  ,--x ----- 0.14. When  d i rec t  mu l t ipo la r  i n t e r -  
actions are  involved,  quenching  is genera l ly  more  ex -  
tensive and re la t ions  [2] and [3] t end  to be obeyed  
(8-14). Quenching is even grea te r  when  exci ta t ion 

migra tes  over  the  E- ion  set. I f  migra t ion  is r ap id  
compared  to d i rec t  t ransfer ,  quenching tends to be 
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Fig. 1. Energy levels of rare earth ions. Positions on energy of 
the radiatioa peaks from the mercury arc source, of emission 
lines of Tb from TbSD4, and of the cut-off frequencies for the 
CS7-54, CS3-72, and CuSO; solution filters are also indicated. The 
diagonal line is a somewhat arbitrary demarcation between mani- 
folds which have been observed to participate in dipole-quadrupole 
interactions (upper part) and those for which only dipole-dipole 
interactions have been observed. 
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Fig. 2. Relative intensity of emission of Tb from ThuD4 (O) at 
295~ vs. Tb concentration for the following series: curve 3, 
Nao.~Yo.5-xTbxWO4; curves 2, 4, 5, 6, 7, and 8, Nao.sREo.ol- 
Y0.49-xThxWO4 where RE = Dy, Eu, Pr, Sm, Nd, and Er respec- 
tively. Curve 1 represents emission from Eu5Do ( l )  for series 4. 
The reference mark (<-~) indicates the intensity of emission for 
Eu in Nao.sEuo.ozYo.49W04. 

propor t iona l  to Q-ion concentra t ion  (0 ---- 3), since 
t rans fe r  to Q-ions  f rom close ly ing  E- ions  becomes 
the ra te  l imi t ing step (8-14). Li fe t ime tends  to be a 
single exponent ia l ,  bu t  decreases r a p id ly  wi th  Q-ion 
concentra t ion  under  these conditions.  If  r ad ia t ion  re -  
absorpt ion,  se l f -quenching,  or in te rna l  r e l axa t ion  is 
strong, the foregoing in tens i ty  a n d / o r  l i fe t ime r e l a -  
t ions can be a l t e red  significantly.  Examples  a re  ci ted 
under  results .  

Results 
The posit ions in energy  of significant exc i ted  s tates  

of P r ,  Nd, Sm, Eu, Tb, Dy, and  Er  in  the  tungs ta tes  
a re  shown in Fig. 1. The energies  of the  spec t ra l  l ines 
for  emission f rom TbSD4 and for  emission f rom the 
CH4 Hg a rc  l amp  and the cut-off  f requencies  of the  
CS7-54, CS3-72, and  CuSO4 solut ion filters employed  
are  also indicated.  The d iagonal  l ine  represen t s  a 
somewhat  a r b i t r a r y  demarca t ion  be tween  states tha t  
have been observed  to par t i c ipa te  in d i p o l e - q u a d r u -  
pole  (0 ---- 8) in terac t ions  (uppe r  pa r t )  and  those for  
which  only d ipo le -d ipo le  (0 = 6) in terac t ions  have  
been observed  (see Discussion).  The  mani fo ld  des igna-  
tions are  those given by  Dieke for chlor ides  (15). 

In tens i ty  of  emission f rom TbSD4 at  295~ under  
0.365~ exci ta t ion is shown vs'. Tb concent ra t ion  in v a r i -  
ous series in Fig. 2. Al l  of the  Tb in tens i ty  da ta  is 
re la t ive  to 100 for  Na0.sTbo.sWO4. Curve  3 is for  the  
series Na0.sYo.5-zTb~WO4 and curves  2, 4, 5, 6, 7, or  8 
are  for the  series Na0.sRE0.01Y0.49-xTbxWO4 w h e r e  RE 
equals  Dy, Eu, Pr,  Sin, Nd, or Er, respect ively.  Dy  
t ransfers  exc i ta t ion  f rom Dy4Fgj~ (20,900 cm -1)  to 
TbSD4 (20,500 cm -~) and has l i t t le  quenching effect on 
Tb~D4 for the  ind ica ted  D y  concentrat ion.  This is 
shown by  curve  2 ly ing  above  curve  3. Eu, Pr,  Sm, Nd, 
and Er, however ,  increas ingly  quench Tb~D4 in the 
given order.  If  only  di rec t  Tb to Q- ion  mul t ipo la r  
in terac t ions  occurred,  curves  4-8 would  a l l  be pa ra l l e l  
to curve  3 as the  average  dis tance f rom Tb to Q- ion  
is not  dependent  on Tb concentrat ion.  I n  general ,  the  
s t rengths  of the  mul t ipo la r  in teract ions  responsible  
increase  w i th  the  over lap  of Tb emission and RE ab -  
sorption. However ,  d iscrepancies  do occur (2, 12). 

At  high Tb concentrat ions,  exci ta t ion m a y  migra te  
f rom remote  Tb ions to those tha t  a re  close to Q-ions 
and the reby  enhance the  p robab i l i t y  for  t r ans fe r  to the  
lat ter .  This effect accounts for  the  increased  displace-  
ment  of curves  4-8 f rom curve  3 at  h igh  Tb concen-  
trat ions.  Al though  Eu, Pr,  Sm, Nd, and  Er  a re  qui te  
different  in quenching  power,  curves  4-8 al l  peak  at  
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Fig. 3. Normalized emission per Tb ( I / Io) for emission from 
Tb5D4 vs. RE concentration for the serie~ 1 Nao.sTbo.5-xRExWO4 
and 2 Nao.5Tbo.ozYo.49-xRExWO4 where RE = Nd, Eu, or Dy. 
Curves 1 and 4 are for series 1 Nd at 295~ and 4.2~ respec- 
tively. Curve 3 is for series 2 Nd at 295~ Curves 2 and 5 are 
for series 1 Eu and series 2 Eu, respectively, at 295~ Curve 7 
represents both series 1 Eu and series 2 Eu at 4.2~ The data 
for both of the latter series fit the relation ( l - - z )  6. Curve 6 
represents both series 1 Dy and series 2 Dy at 295~ and curve 
8 represents the comparable data for Dy at 770K (or 4.2~ 

x ~ 0.14 indicat ing that  the migrat ion is dominated by 
exchange (8-1"3). That  is, energy may move between 
TbSD4 manifolds only when  the Tb-ions are in  nearest  
or nex t  nearest  neighbor dodecahedral sites in the 
tungstates and therefore the chances for such excita- 
t ion migrat ion depends directly on Tb concentration. 
When Eu is the Q-species, the excitation lost to Eu by 
Tb appears as emission from EuSDo (16). The effect 
on Eu emission is indicated by curve 1 of Fig. 2. Since 
mult ipolar  t ransfer  from Tb to Eu0.01 is ra ther  weak, 
the large increase in  Eu emission at high Tb concen- 
trat ions is almost ent i rely due to enhanced transfer  
due to migrat ion between exchange coupled Tb ions. 

I/Io for emission per Tb from TbSD4 under  0.365~ 
excitation is shown vs. RE concentrat ion in Fig. 3 
for the series 1 Na0.sTb0.5- xRExWO4 and 2 
Nao.~Tbo.01Y0.49-xRExWO4 where RE -- Nd, Eu, or Dy. 
Curves 1 and 4 are for series 1 where RE = Nd, 
1 Nd, at 295~ and 4.20K, respectively. Curve 3 is 
for series 2 Nd at 295~ curves 2 and 5 are for 
series 1 Eu and series 2 Eu, respectively, at 295~ 
while curve 7 which fits the relat ion (1 - -  x) 6, repre-  
sents both series 1 Eu and series 2 Eu at 4.2~ 
Curve 6 represents both series 1 Dy and series 
2 I:ly at 295~ and curve 8 represents the com- 
parable data for series 1 Dy and series 2 Dy at 
77~ (or 4.2~ The curves for RE = Nd, Eu, and 
Dy have been selected as representa t ive  of three 
different energy relations between the E- and Q-ions. 
For  the first Q-species (Nd),  there is an exact match 
between an emission t ransi t ion of Tb and an absorp-  
t ion t ransi t ion of Nd or iginat ing from the ground 
state. Therefore t ransfer  from Tb to Nd is not  de-  
pendent  on temperature.  The data of curve 3, for series 
2 Nd, is fitted by a 8 = 8 relat ion showing that  the 
t ransfer  from Tb to Nd is dipole-quadrupole  in  char-  
acter. Curve 1, for series 1 Nd at 295~ shows the 
addit ional  quenching due to excitat ion migra t ion  be-  
tween Tb ions in n n  or n n n  sites (2,12). This migrat ion 
no longer occurs at 4.2~ as shown by  the near  coin- 
cidence of curves 3 and 4 of Fig. 3. 

For  the second Q-species (Eu),  Tb emission over-  
laps Eu absorption at 295~ but  not  at  4.2~ How- 
ever, t ransfer  can occur at the lower tempera ture  
through simultaneous interact ion wi th  the phonon 
spectrum. The data of curve 5 of Fig. 3, for series 
2 Eu, is fitted by a e ----- 6 relat ion indicat ing that  

t ransfer  f rom Tb to Eu is by dipole-dipole interactions 
at 295~ Curve 2, for series 1 Eu, shows that  excita- 
t ion migrat ion between Tb- ions  is also prevalent  at 
295~ when Eu is the Q-ion species. At 4.2~ how- 
ever, the data for both series 1 Eu and series 2 EU 
lie along curve 7 of Fig. 3. This curve follows the 
relat ion ( l - - x )  e, indicat ing that  at 4.2~ transfer 
from Tb to Eu only occurs when  these ions are in  n n  
or n n n  positions (9). 

Dy, the third Q-ion, only acts as a quenching  center  
for Tb~D4 when quenched itself. The receiving man i -  
fold (Dy4F9/~) lies ~400 em -1 above TbSD4 (see Fig. 
1). Emission from TbSD4 to the ground state, the 
highest emission l ine in Fig. 1, can match an absorp- 
tion t ransi t ion to Dy4F9/~ when Dy (400 em -z)  is ther-  
mal ly  populated. This occurs at 295~ but  not at 77~ 
At low Dy concentrations, t ransfer  is p redominant ly  
from Dy4F9/2 to TbSD4, as indicated in  connection with 
Fig. 2. However, at high Dy concentrations,  where  Dy 
is s trongly self-quenched, the reverse t ransfer  can be 
important.  Lifetime data show that  t ransfer  from 
Tb~D4 to Dy4Fg/2 is by dipole-dipole (o = 6) interac-  
tions (10). Curve 6, however, is al tered by transfer  
from Dy to Tb for low Dy concentrations.  The extent  
of this t ransfer  is apparent  from curve 8, which repre-  
sents the data for. series 1 Dy and series 2 Dy at 
77~ where t ransfer  f rom Tb to Dy is negligible. It is 
apparent  that  I/Io is not dependent  on Tb concentra-  
tion when Dy is the Q-species, even at 295~ 

I/Io for emission per E- ion  is shown vs. concentra-  
tion for se l f -quenching of Dy4F9/2, Er4S3/2, Sm4F5/2, 
Nd4F3/2, Pr3Po, and Tb5D3 by curves 1-6 of Fig. 4A, 
respectively (8-14). Similar  curves for the quenching 
of TbSD4 by mul t ipolar  interact ions with Er, Sm, Pr, 
Nd, Eu, and Dy in  the series Na0.sTb0.1Yo.4-xRE=WO4 
are shown by curves 7-12 of Fig. 4B, respectively. 
Curve 12' fits the data of curve 12 when the la t ter  are 
corrected for Dy to Tb transfer  (10). The data for 
curves 1, 2, 4, 7, 11, and 12' are fitted by e = 6 relations 
indicat ing that  the corresponding interactions are di- 
pole-dipole in character. The data for the remain ing  
curves are fitted by e ~ 8 relations, indicat ing that  
dipole-quadrupole interactions are responsible for 
t ransfer  in these instances. Curve 2 deviates from a 
e = 6 relat ion toward 8 = 8 at high Er  concentrations. 
This is a t t r ibutable  to the combined effects of radiat ion 
reabsorption and rapid in te rna l  re laxat ion  (13). 

Examples of the relat ion of Ti/~o to I/Io for emis- 
sion per E- ion  are given in Fig. 5. Curves 1 and 2 rep-  
resent Ti/To and I/Io, respectively, for emission from 
TbSD4 in  the series (a) Na0.sTb0.1Y0.4-xNdxWO4 (for 
TbSD4, To = 565 ~sec). Curves 3 and 4 represent  I/Io 
and ~i/~o, respectively, for emission from TbSD4 in  the 
series (b) Na0.sTb0.zY0.4-zEuxWO4 and curves 5 and 6 
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Fig. 4.(A) Normalized emission per E-ion ( I / Io) vs. E-ion con- 
centration in series (A) Nao.sYo.5-xRExW04. Emission is from 
Dy4Fg/2, Er4S~/2, Sm4Fs/2, Nd4F3/2, Pr~Po, or Tb5D3 for curves 
1-6, respectively. (B) Normalized emission per Tb ( I / Io)  for emis- 
sion from TbSD4 vs. RE concentration for the series (B) Nao.5- 
Tbo.lYo.4-xRExW04 where RE - -  Er, Sm, Pr, Nd, Eu, or Dy for 
curves 7-12, respectively. 
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Fig. 5. Normalized initial lifetime (~'V'~o) or normalized emission 
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for Tb emission from series (a). Curves 3 and 4 represent I/1o and 
�9 #~o respectively for Tb emission from series (b) and curve 6 and 
the data following curve 5 are for ~#r and I / Io respectively for 
Er emission from series (c). Curve 5 is the relation (1--x)6. 

approximate I/Io and ri/ro, respectively, for emission 
from Er4118/~ in the series (c) Na0.sY0.5-xErxWO4. All  
data are for 295~ Moderately high Tb concentrat ions 
were employed for series (a) and (b) to insure fast 
in terna l  relaxat ion to TbSD~ (11, 12, 17). Fur ther ,  ra-  
diat ion reabsorpt ion by Tb5D~ is min ima l  since less 
than 10% of the emission from TbSD4 is to the ground 
state. Hence, the relations between ~i/~o and  I/Io for 
these series [(a)  and (b)]  are relat ively uncompl i -  
cated. It can be observed that  ~i/To falls outside I/Io 
for series (b),  which follows a e = 6 relation, and in-  
side I/Io for series (a),  which follows a a ~ 8 relation. 

All  of the strong emission t ransi t ions of Er  appear 
to be to the ground manifold. Fur ther ,  the drain  t ime 
from higher lying manifolds to Er4II~/e is small com- 
pared to the lifetime of the lat ter  (~4,500 ~sec) (13). 
Hence, the prolonged lifetimes where ~i/To > 1, indi -  
cated by  curve 6 of Fig. 5, for in termediate  values of 
Er in  series (c), can be a t t r ibuted to radiat ion reab-  
sorption. The I/Io data for series (c) follows the 
( 1 -  x) s relat ion indicated by the broken l ine (curve 
5). This indicates that  quenching is associated with 
interactions between Er ions in nn  or n n n  positions. 
The quenching may  involve nonradia t ive  excitat ion 
migrat ion between exchange coupled Er-ions to Q-ions 
present as impuri t ies  or it may be due to pai r ing en-  
hancing  interact ion with the phonon spectrum. In  
either case, radiat ion absorbed by the paired Er- ions  
is not  emit ted and therefore beyond ~Er0n, the 
chances for absorption and re-emission of resonance 
radiat ion decreases with increasing Er concentrat ion,  
resul t ing in  a decline in ~JTo back to ~1.0. 

Discussion 
The lifetime Ta defined by re la t ion [3] can be ap-  

proximated by measur ing  Ti from the ini t ia l  or early 
slope of the decay curve for emission, as outl ined in  
the Appendix.  ~/~o has the same dependence on C/C* 
as the corresponding equi l ibr ium intens i ty  measure-  
men t  I/Io. However, for mul t ipolar  interactions where  
other things are equal ~J~o lies at decreasing values 
of C/C* relat ive to the comparable I/Io curve as e in -  
creases (see Fig. 5). This displacement is consistent 
with the fact that, when  quenching is strong, the 
fraction of the total emission yielded up to t = ~e 
(or ~i) changes from 0.28 to 0.10 to 0.045 on changing 
from a e = 6 to 8 to 10 mechanism. Quadrupole effects 
tend to shift ~J~o to the inside of the comparable I/Io 
curve while  prolonged drain  t ime to the emit t ing 

manifold  or radiat ion reabsorpt ion by this manifold  
have the opposite effect. 

Mult ipolar  interactions general ly increase wi th  the 
overlap of E- ion  emission and Q-ion absorption. How- 
ever, when  the overlap is small, processes involving 
the simultaneous release of energy to the phonon 
spectrum become competitive. Single phonon proc- 
esses, for energies up to that  of the fundamenta l  
stretching f requency (--~850 cm -1 in the tungstates) ,  
do not appear to have drast ically reduced probabili t ies 
for t ransfer  (12, 13). Fur ther ,  these and more com- 
plex interactions can be facili tated by the mixing 
effects of exchange. 

As shown in  Fig. 1, the positions in energy of EuSD1 
and Eu~Do and the emission lines or iginat ing from 
TbSD4 are mismatched by  ~100 cm -1, with the closest 
emission lines lying below the Eu  levels. The closest 
to a match for a Tb emission Iine that  lies higher in  
energy than a Eu level (EuSDo) is out by ~--g00 cm -~. 
At 295~ however, EuTF1 (~500 cm -1) is populated 
from EuTFo, permit t ing a match of the Tb emission 
line at ~16,800 cm -~ to the Eu absorption t ransi t ion 
EuSDo (17,300 cm -1) *- EuTF1 (~500 cm-1) .  As a 
result,  mul t ipolar  t ransfer  takes place at this t em-  
perature (curve 5 of Fig. 3). However, at 4.2~ EurF1 
is not  populated, and t ransfer  requires the release of 
~900 cm -~ to the phonon spectrum. I/Io follows the 
relat ion ( 1 -  x)6 under  these circumstances, indicat-  
ing that  the mixing  effects of exchange facilitate 
t ransfer  from Tb to Eu (curve 7 of Fig. 3). 

Excitat ion migrat ion between Tb- ions  in  n n  or n n n  
positions at 295~ is evident  for series 1 Nd and 
series 1 Eu (curves 1 and 2 of Fig. 3, respectively) 
but  not for series 1 Dy (curve 6 of Fig. 3). Nd and 
Eu can act as quenching centers as single Q-ions while 
Dy only does so when it, itself, is quenched. However, 
as Dy is self-quenched at in termediate  concentrations 
(see curve 1 of Fig. 4) and, therefore, dissipates ex- 
citation received from TbSD4 by mul t ipolar  transfer,  
it is evident  that  excitat ion migra t ion  does not  occur, 
even at 295~ unless a sink that  acts directly is pres-  
ent. In  contrast  to the essentially random movement  
of excitation by emission and reabsorption, this im-  
plies that  migra t ion  by nonradia t ive  interactions can 
be directed toward the Q- ion promoting the transfer.  

It  is apparent  from Fig. 4 that  both e = 6 and o = 8 
relations are observed for interactions be tween  RE- 
ions in the scheelite structure. The manifolds PrsPo, 
Sm4F~/~, TbSD~ and TbSD4 have been found to part ici-  
pate in dipole-quadrupole  interactions. These lie above 
the diagonal in Fig. 1. The manifolds Nd4Fs/2, EuSDo, 
Dy4F9/e, and Er4S3/e lie below the diagonal. So far the 
lat ter  have only been found to participate in dipole- 
dipole transfers. Such interactions may  be typical  for 
smaller  RE-ions and for the lower lying levels of the 
larger RE-ions. Dipole-quadrupole  interactions seems 
more l ikely for the higher lying levels of the larger 
RE-ions. There seems to be an increased probabi l i ty  
for quadrupole  interactions when  the states involved 
are strongly perturbed.  Per turba t ion  increases with 
the tightness of the fit of the rare  earth into the site it 
occupies and with the proximity  of the manifold in -  
volved to the cont inuum. 
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APPENDIX 

Analysis of Lifetime Data 
The intr insic  l ifetime for fluorescence (~o) of an ex-  

cited E-ion state is equal  to the t ime (~e) required for 
the t rans ient  intensi ty  of emission (~) to decay to 
1/e (or 0.368) of its in i t ia l  value when  there is no 
interact ion between E-ions or with Q-ions by radiat ive 
or nonradia t ive  means. When conditions are ideal, Ln  
r is hnear  with t ime (t).  However, if mul t ipo la r  
t ransfer  occurs Te will  be less than To and, if emission, 
corresponding to t ransi t ions to the ground manifold of 
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Fig. 6. Transient intensity (@) vs. normalized time (t/~o) for 
relation [5]  when C = C* and # is the value indicated. Markings 
relevant to determining ~h/~o are also present. 

the  E-ion, is reabsorbed ~ wil l  tend to be grea te r  
than ~o. 

The probabi l i ty  for de-exci ta t ion  of the E-species  
(Ps) is equal  to the sum of the probabi l i ty  for emis-  
sion (Pz) and the probabi l i ty  for nonradia t ive  t rans-  
fer  (P2) 

Ps = P~ + P2 [4] 

P~ is inverse ly  re la ted to % (or Pz c~ 1/Zo); 
p2 c~ (C/C*)e/s as indicated previously;  and Ps is in-  
verse ly  re la ted to ~,, the representa t ive  l i fe t ime when  
both radia t ive  and nonradia t ive  de-exc i ta t ion  occurs. 
Subst i tut ing for Pz, P~, and Ps in re la t ion [4] and r e -  
arranging,  one obtains re la t ion [3] which has the same 
form as that  for intensity,  re la t ion [2]. a and ~/C* 
can be de termined  f rom relat ion [2]. e can also be 
de termined  f rom rela t ion [3] provided one measures  
the proper  l ifetime, i.e., ~a. 

and an independent  value  for C* can be obtained by 
fitting accurately measured  decay curves  to the theo-  
ret ical  expression for decay given by Inokut i  and 
Hi rayama  (6). 

r  = e x p  [ . - - t /~o  - -  r ( 1  - -  3/~)  ( C I C * )  (~/~o) s/~] [5 ]  

H o w e v e r ,  f o r  mos t  m a t e r i a l s  such a p rocedu re  w o u l d  
requi re  greater  measurement  accuracy than can gen-  
era l ly  be re l ied on. r for  re la t ion [5] is plot ted vs. 
t/~o in Fig. 6 for C = C* and ~ = 6, 8, or 10. The va lue  
of r ( 1 -  3/e) is 1.77, 1.43, and 1.30, respectively,  for 
these curves. The markings  re la t ing to ~o/4 and ~ are 
discussed below. It  can be seen that  re la t ive ly  small  
errors  in measur ing �9 can seriously affect one's abi l i ty 
to de termine  the correct  value  of ~. It  is easier to 
de termine  # f rom the concentra t ion dependence of in-  
tensity by relat ion [2] or f rom the concentrat ion de- 
pendence of l i fe t ime by relat ions 3 or 5. 

The dependence of "~e/To on C/C* for 8 = 6, 8, or I0 
is shown in Fig. 7 by set (A) curves  I, 2, and 3, r e -  
spectively.  The  comparab le  relat ions for  ~a/~o (or I/Io 
are shown by set (B),  curves  4, 5, and 6, respectively.  
Curves l, 2, and 3 w e r e  obtained f rom rela t ion [5] 
by  sett ing Ln~ = --1. 

Lnr = --I -- --t/~o-- r(l -- 3/e) (CIC*) (tl~o) s/e [6] 

while curves 4, 5, and 6 were obtained from relation 

t 

1 0 - I  

t0-~ 

I O - 3  
( A ) ~ O  -~ t I 0  ~ 

C / C  ~ 

- 2  

1 0 - 3  
10 2 

I O  

Fig. 7. Normalized values of lifetime (~e/~o or ~/~o)  vs. C/C*  
calculated from relations [6]  or [3 ] ,  respectively. Curves 1, 2, 
and 3 are for ~e/~o for 8 = 6, 8, or 10, respectively, and curves 
4, 5, and 6 are for ~, /To for 8 = 6, 8, or 10, respectively, when 
fl '  = 1.0. Curve 4' is obtained from relation (7). Normalized 
intensity !/!o follows the ~ / ~ o  relation. 

[3] by setting/~'  = 1. Curve  4' is curve  4 brought  into 
coincidence with  curve  1 (for C > C*) by assigning 
/ r =  3.2 

�9 a/~o = [1 + 3 . 2 ( C / C * ) 2 ]  - z  [7 ]  

C u r v e  1, f o r  ze/~o w h e n  s = 6, dev ia tes  up  to 30% 
f r o m  curve  4', xo]~o f o r  0 = 6, ove r  the  f i r s t  o r d e r  o f  
m a g n i t u d e  of  quench ing .  H o w e v e r ,  f o r  C > C* ,  the  
s lope of the  cu rve  f o r  e i t h e r  za/To o r  ~e/To, f r o m  r e l a -  
t i on  [3 ]  o r  r e l a t i o n  [5 ] ,  respec t i ve l y ,  is abou t  equa l  to  
e. For  the first order  of magni tude  of quenching %/~o 
can be corrected to ~a/zo by compar ing the  above 
curves. For  s t ronger  quenching, where  discr iminat ion 
between e values is much clearer,  re can be employed  
as a measure  of ~a. However ,  ~ is difficult to de te r -  
mine direct ly in this region. Therefore ,  if  intensi ty 
measurements  are impractical ,  o ther  methods for ob- 
taining l i fe t ime data at high Q-ion concentrat ions 
should be considered. 

It can be  seen f rom re la t ion [6] that  when  t < ~o 
and C > C* the second te rm of the exponent  is domi-  
nant  and the first can be ignored. Under  these cir-  
cumstances, if ~ is fixed the decay curves for var ious 
C/C* ratios can be reduced to a single representa t ive  
curve  by mul t ip ly ing  the values a long the t/~o co- 
ordinate  (see Fig. 6) b y  (C/C*)  e/s. Such relat ions are 
shown by curves 4, 5, a~nd 6 of FiJ 8 o  " g . .  

F igure  8 has been constructed by plot t ing �9 f rom 
relat ion [5], on a logari thmic scale vs. n( t /~o) ,  on a 
l inear  scale, where  n is the scaling factor requi red  to 
position �9 ---- 0.1 at w.(U~o) = 1.0. The  paramete r  
n(t/To) is only used to graph the theoret ical  decay 
curves. In practice, the abscissa is t alone on a scale 
that  suitably displays curve  symmetry.  Curve  1 is the 
exponent ia l  re la t ion for C/C* = 0. Curve  2 is for  
C = 0.28C* and 8 = 6, curve  3 is for C = C*, and 
8 = 6 and curves 4, 5, and 6 are representa t ive  for 
Q-ion concentrat ions where  C > 2C* when  0 = 6, 8, 
or 10, respectively.  

Li fe t ime calculated f rom the tangent  (1, 2'-5' or 6') 
to tl~e respect ive curve  as d rawn is equal  in va lue  to 
�9 ,. This value  also equals ~ for 1, 4', 5', and 6'. It  is 
25% larger  than  ~ for 2' and 20% larger  than  T~ for  
3'. In practice, for the first factor  of 5 of quenching,  
�9 , can be est imated f rom T~ by adding the correct ion 
indicated by superimposing the calculated relat ions 
be tween  ~e/~o and ~a/~o. The  corrections requ i red  are 
essential ly independent  of 0 as Ta/~o varies in the same 
manner  as ~e/~o wi th  8 (see Fig. 7). However ,  if  there  
is some question as to the value  of �9 at t = 0, the 
decay curve  can be plotted as in Fig. 8 and ~, infer red  
f rom the proper  tangent.  For  weak  interactions 
(curves 1 and 2) the tangent  requ i red  to obtain ~, 
averages the points of the curve  lying be tween  10 and 

t . 0  I I I l 

0 .~  

O.E 

0 . 4  I I I /e 

0.~  

0"1 ~6 ~ ~ 3 
0.08 
o . o e  I I I I 

0 . 2  0 . 4  0 . 6  0 , 8  t .0  
n t/% 

Fig. 8. Transient intensity ((I,) from relation [5]  vs. adjusted 
time, n(t/To), where n is the scaling factor required to position 
(I, = 0.1 at n(t/To) = 1.0. Curve 1 is for C/C* = O; curve 2 
is for C ~-  0.28C*, 0 = 6; curve 3 is for C = C*,  # = 6; 
and curves 4, 5, and 6 are characteristic for C > 2C* for 8 = 6, 
8, or 10, respectively. The tangents 2"-6' are drawn to indicate 
the correct value of Ta. As an aid to reading the theoretical 
curves, it is noted that for the intercept of �9 with, i.e., Te/'~o 
(1/n)[n(t/To) for the intercept] and for the tangents To/To = 
[I/(2.3n)]n(t/To)zo, where nff/~o);o is the time period elapsed 

for a tenfold decrease for the coordinate of the tangent along ~.  
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30% of the way along the t ime coordinate to r = 0.1. 
When quenching is by a factor grea ter  than 5 (i.e., 
Te/To ~ 0.2 or C ~ C*),  r at t ------ 0 is general ly  so 
obscured by the exci tat ion flash, or in some instances 
by the rise in �9 on exci tat ion being prolonged by a 
finite drain t ime f rom higher  lying states, that  it is 
difficult to est imate its value  accurately.  Under  these 
circumstances,  the tangent  to the ini t ial  measurable  
slope of the decay curve  provides a good est imate of 
1; e o r  ~a as long as the l i fe t ime for emission exceeds 
the decay t ime of the flash lamp. The symmet ry  of the 
appropriate  curve  of Fig. 8 should be kept  in mind 
when choosing the tangent  or otherwise est imating 
lifetime. The tangents  shown in Fig. 8 indicate the 
slopes to measure  to obtain Ta in each case. The l i fe-  
t ime der ived in this way  from the ear ly  or  init ial  slope 
of the decay curve, or by correct ing Te, is t e rmed ~i and 
is the est imate of Ta obtained by observing the fore-  
going procedures.  

Other Measures of T 
As shown in Fig. 7 there  is less than 5% difference 

in ~e/zo for e --~ 8 and ei ther the neighboring curve  
for 0 ------ 6 or for e = 10 over  the first order  of magni -  
tude of quenching. Obviously it is difficult to charac-  
terize t ransfer  interactions f rom such data alone. 
Fur ther ,  even if ~e or a comparable  defined l i fe t ime is 
accurately measured  the results would  be deceiving 
unless they were  proper ly  analyzed. For  example  ~e 
values employed in place of ~a values in re la t ion [3] 
may indicate the wrong  va lue  of a. As can be seen 
f rom Fig. 7, ~e/~o for e ---- 10, indeed, lies closer to 
Ta/To for 0 ---- 6 than does Te/T  o for e = 6 itself over  
the first order  of magni tude  of quenching. 

Nakazawa and Shionoya employ a l i fe t ime (Th) 
which is defined as the t ime (t) requi red  for �9 to fal l  
f rom its va lue  at To/4 to one-ha l f  of that  value, as 
i l lustrated for the e ---- 6 curve  of Fig. 6 (18). This 
definition effectively limits measurement  to the first 
order  of magni tude  of quenching. TU/To bears a relat ion 
to I/Io that  is suscep t ib le ' to  analysis. However ,  the 
shape of the curve  follows a e ~ 3 relat ion regardless  
of the actual mechanism of quenching. These results 
are quite  similar  to those obtained by taking l i fe t ime 
from the tangent  to the decay curve  (Ln �9 vs. t) at a 
fixed va lue  of t. As can be seen f rom rela t ion [5], 
appears in the exponent  of t /% not C/C*; hence, the 
curves obtained by plott ing such data vs. C/C* only 
change in displacement  along the la t ter  coordinate as 
0 changes. 

Unfor tunate ly ,  most of the l i tera ture  concerning 
l i fe t ime measurements  connected with  t ransfer  in ter -  
actions is not clear as to the actual procedure  for ana-  
lyzing data. It  is therefore  not easy to draw signifi- 
cant conclusions concerning the mechanism of energy 
t ransfer  involved f rom such l i fe t ime data alone. 

Manuscript  received May 1, 1967; revised manu-  
script received June  23, 1967. This paper  was p re -  
sented at the Dallas Meeting, May 7-12, 1967. 

Any  discussion of this paper wil l  appear  in a 
Discussion Section to be published in the J u n e  19.68 
JOURNAL. 
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Photovoltaic Behavior of the TCNE-THF 
Solution Charge-Transfer Complex 
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ABSTRACT 

Reversible photoinduced electron transfer  in solutions of te t racyano-  
ethylene (TCNE) in  te t rahydrofuran  (THF) has been shown to lead to a 
voltaic effect. The photovoltage spectral response peaks at the absorption 
edge of the charge- t ransfer  band, demonstra t ing that  l ight capable of pro- 
moting charge- t ransfer  must  penetrate  to the vicini ty of the electrode. Maxi-  
mum power output  recorded is in the region of 10 -10 watts for monochromatic 
light input  intensi ty  of 10 -~ w /cm 2. h subl inear  dependence of photovottage 
on light intensi ty  suggests a mechanism of photovoltage production whereby 
photogenerated ionic species distr ibute to give concentrat ion gradients, or 
a l ternat ively  a process involving the preferent ial  adsorption of the negative 
ion species. 

The product ion of photovoltages in organic systems 
has been widely reported. Thin films of organic solid 
sandwiched between semit ransparent  layers of metal  
have been most commonly investigated ( lg ) .  Organic 
solids studied in this way  include aromatic hydrocar-  
bons ( l a ) ,  organic dyes and pigments ( lb ,  c) and 
organometall ics ( ld ) .  Photovoltaic effects in  organic 
crystals in contact with electrolyte solutions as elec- 
trodes have also been reported ( le ) .  Photovoltages 
obtained in layers of e lectron-donor  organic solids in 
contact with electron-acceptor organic solids have 
been at t r ibuted to photoinduced donor-acceptor in ter -  
action ( l f ) .  Photovoltages in these systems usual ly fall  
in  the range 10 -6 to Iv  and power outputs in the range 
10 - s  to 10-1~w. 

In  order to explore more fully the role of donor-  
acceptor interact ion in  photovoltage production in 
organic systems and evaluate the potential  of organic 
systems for significant power output, we have invest i -  
gated the photovoltaic behavior  of molecular  com- 
plexes in solution. The present  work deals with the 
photovoltaic behavior  of solutions of te t racyanoethyl-  
ene (TCNE) in  te t rahydrofuran  (THF).  This system 
was chosen for the invest igat ion as previous studies 
on photoinduced electron spin resonance (2a, b) and  
photoconduction (2b) have provided some unders tand-  
ing of the fundamenta l  processes which take place on 
i l luminat ion.  In  addition, complicating photochemical 
reactions are min ima l  in  this system (2c), the ma in  
effect of i l luminat ion  being to promote a reversible 
photoinduced electron t ransfer  from the electron- 
donor molecule (THF) to the electron-acceptor mole-  
cule (TCNE). Reversible photovoltaic effects were 
thus expected and were, in fact, found. 

Experimental 
Photovoltaic measurements  were carried out by 

i l lumina t ing  p la t inum electrodes immersed in  the 
TCNE-THF solutions. A typical  cell, used in in i t i a l  
studies, is shown in  Fig. 1. The electrodes were con- 
structed from p la t inum sheet, 0.5 mm in thickness, 
welded to 2 m m  diameter  p la t inum rod. The elec- 
trode area and spacing was 2 cm 2 and 1 cm, respec- 
tively. Solution was introduced into the cell and was 
in  contact with p la t inum and glass only. After  suc- 
cessive freeze-thaw cycles, evacuat ing after each 
freezing procedure, the cell was sealed off under  a 
vacuum of 5 x 10 -~ mm Hg. In  later  experiments,  an  
all-glass cell was used to el iminate solvent attack on 
the O-ring. 

THF, supplied by Matheson, Coleman, and Bell, w a s  

purified by disti l lation from a sodium dispersion under  
1 atm of nitrogen. Eastman Kodak White Label  TCNE 

w a s  vacuum sublimed. All  measurements  were made 
on freshly prepared solutions. 

The exper imental  a r rangement  for measur ing  
photovoltage is shown in Fig. 2. A Keithley 610 elec- 
trometer, or a Cary v ibra t ing- reed  electrometer op- 
erat ing in the 31V mode, was used to measure  the 
photoinduced voltages. Open-circui t  photovoltages 
were usual ly  measured.  The power output  of the 
photocell was determined by measur ing the photo- 
voltage across a series of shunt  resistors, varied from 
1011 to 102 ohms. An Osram 900-W or 150-W xenon 
light source was used for i l luminat ion.  Monochromatic 
light could be obtained from these sources in conjunc-  
t ion with Bausch and Lomb monochromator  gratings, 
Nos. 33-86-07 and 33-86-02. I l lumina t ion  conditions 
were arranged so that  one electrode received the ful l  
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Fig. 1. Cell for photovoltage studies 
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Fig. 4. Reproducibility of photovoltoge response of I O - I M  
TCNE-THF solution at 450 m/~. 

i l luminat ion.  I l luminat ion  intensit ies were measured 
by means of a b ismuth-s i lver  thermopile supplied by 
Eppley Laboratory Inc. Solution spectra were mea-  
sured with a Cary 14R recording spectrophotometer. 

Resul ts  
The photovoltage response is shown in Fig. 3 at 

three i l lumina t ing  wavelengths for a 10-1M solution 
of TCNE in THF, The fast rise observed at 450 and 
500 m ,  reflects the response t ime of the external  cir-  
cuit. A slower rise was observed at 400 m~, however,  
which appears to be a property of the solution system. 
The electrode attached to the electrometer input  (the 
i l luminated  electrode) always acquired a negative 
voltage. Reproducibi l i ty  and reversibi l i ty  of the photo- 
voltage is i l lustrated in Fig. 4. 

Similar  results were obtained wi th  10 -9 and 7 x 
10-1M solutions of TCNE in THF. The 10-SM solution 
responded more slowly and required a dark period for 
regeneration.  

The spectral dependence of the photovoltage for 
three solution concentrat ions is shown  in  Fig. 5. The 
photovoltage magni tude  is corrected to a un i form in-  
cident light in tensi ty  throughout  the spectral region. 
The absorption spectra of the various solutions is also 
shown in Fig. 5 i l lus t ra t ing that  the photovoltage 
increases sharply with decreasing wavelength at the 
absorption edge for each solution. The absorption of 
TCNE-THF solutions in  this spectral  region is due to 
the TCNE-THF charge- t ransfer  band  (2b, c, 3). The 
maxima in the photovoltage curve for the more con- 
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Fig. 5. Photovoltage spectral response and absorption spectra 
of TCNE-THF solutions (photovoltage corrected to incident light 
intensity 3.4 mw/cm2). 

centrated solutions demonstrate that  l ight capable of 
producing charge- t ransfer  must  be able to penetrate  to 
the vicinity of the electrode in  order to promote photo- 
voltage production. This is only possible at the ab-  
sorption edge, in the case of concentrated solutions, 
since wavelengths at the absorption peak are com- 
pletely absorbed by the solution and do not penetrate  
to the electrode region. Thus, the photovoltage spec- 
t rum decreases again at the onset of s trong absorption, 
the peak photovoltage shift ing to longer wavelengths 
as the c o n c e n t r a t i o n  increases. The results for the 10 -1 
and 7 x 10-1M solutions indicated that  the peak volt-  
age increases as the TCNE concentrat ion decreases. 
The peak photovoltage in the case of the 10-~M solu- 
t ion was not determined in view of exper imental  diffi- 
culties due to the reduced light output  of the source 
below 380 m~. A t rend toward a peak voltage at least 
as high as the peak observed for the 10-1M solution is 
suggested, however,  from the data at wavelengths 
longer than 380 m~. 

Maximum power output  was obtained from the 
l O - 8 M  so lu t i on  at 1.6 x 10-1~ i l lumina t ing  with 
monochromatic light. Max imum power output  from 
the 7 x 10-1M solution with polychromatic light in -  
tensi ty 0.13w/cm 2 was 4 x 10-ZZw. The photovoltage- 
current  characteristic for a 10-8M solution is shown 
in Fig. 6. 

A subl inear  dependence of photovoltage on light in -  
tensi ty was general ly observed, i.e., V = K ( I )n  where 
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Fig. 6. Power output of 10-3M TCNE-THF solution cell (illu- 
minating wavelength 450 rn/~; incident light intensify | .7 mw/cm2). 
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Table I. Effect of illumination intensity on photovoltage of IO-~M 
TCNE-THF solution 

I n t e n -  I n t e n -  I n -  
W a v e -  s i ty ,  P h o t o -  s i ty ,  P h o t o -  t e n -  P h o t o -  
l e n g t h ,  ~ w /  v o l t a g e ,  ~ w /  v o l t a g e ,  sitY v o l t a g e  

m ~  em~ m y  el~ 2 m y  r a t i o  r a t i o  

375 (--)  40 202 (--)  70 - -  1.7 
400 5-4 (--)  70 832 (--)  115 15 1.6 
425 112 (--)  54 1370 (--)  68 12 1.3 
450 141 ( -- ) 15 1662 ( -- ) 58 12 3.8 
475 204 (--)  10 24~0,5 (--)  40 12 4.0 
500 183 ( - - )  2 2080 (--)  18.5 I i  9.2 

n < 1. This is i l lustrated by the photovoltage data in 
Table I at two incident  l ight  intensit ies and the plot 
of photovoltage against  incident  l ight in tensi ty  shown 
in  Fig. 7. In  this plot n = 0.62. 

Discussion 
ESR and photoconductiviy studies have shown that  

the TCNE negat ive- ion radical  and, presumably,  the 
THF posit ive-ion radical  are formed on i l luminat ing  
TCNE-THF solutions in the TCNE-THF charge t rans-  
fer band. The TCNE negat ive- ion  radical  was iden-  
tified from the hyperfine split t ing of the ESR signal. 
The posit ive-ion radical  was not detected, possibly 

+ 

because hole migrat ion from THF" to THF neu t ra l  
species (present  in  large excess) leads to broadening 

+ 

of the ESR signal (4). Chemical react ion of THF" is 
unlikely,  since no pe rmanen t  changes are detected. 

The present  data suggest two possible explanat ions 
for the product ion of photovoltages in  charge- t ransfer  
solutions. In  one view the photogenerated ions dis- 
t r ibute  to give concentrat ion gradients in  the vicini ty 
of a p la t inum electrode yielding a net  emf which can 
be sensed by the electrode. Evidence for this was pro- 
vided by measurements  of photovoltages wi th  the 
charge- t ransfer  solution stirred and unstirred.  An 
unst i r red  10-3M solution of TCNE in  THF gave a 
photovoltage of 126 my at 425 m~. On commencement  
of stirring, with a Teflon-coated magnetic s t i r r ing bar  
incorporated in  the cell, the voltage dropped immedi -  
ately to 96 m~ and dropped almost to zero on increas-  
ing the s t i r r ing speed. Assuming that  the photovoltage 
(V) follows the Nernst  re la t ion 

V = A log C -t- B [1] 

where C is the concentrat ion of ionic species and A 
and B are constants, then taking C = K ' ( I )  1/2 (2b, c),  
where I is the in tensi ty  of incident  i l luminat ion,  we 
have 

A 
V : log I ~ B'  [2] 

2 

which is a subl inear  dependence of photovoltage on 
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Fig. 7. Photovoltage-illumiuation intensity relationship for lO - t  
TCNE-THF solution (illuminating wavelength 500 m~). 

i l luminat ion  intensity.  The observation of a subl inear  
dependence of photovoltage on i l lumina t ion  in tensi ty  
is thus consistent with this picture, a l though the 
in tensi ty  data shown in Fig. 7 does not  give a good 
fit to Eq. [2]. 

Al terna t ive ly  the photovoltage may arise f rom the 
preferent ia l  adsorption of one ionic species on the plat i-  
num electrode. This would expla in  the negat ive po- 
tent ia l  if it is assumed that  the TCNE negative radical-  
ion is preferent ia l ly  adsorbed. When light was confined 
to the solution be tween the electrodes, erratic results 
were obtained. This is fur ther  evidence that  the in ter -  
action between the i l lumina t ion  and the charge- t rans-  
fer species must  take place in the vic ini ty  of the 
electrode for photovoltage production. 

Assuming that  the photovoltage is directly pro- 
port ional  to the number  of ions adsorbed and that  
Henry 's  law obtains, i.e., n u m b e r  of ions adsorbed is 
directly proport ional  to the ionic concentrat ion in  
solution, we have 

V = K ( I )  1/2 [ 3 ]  

An approximate fit to such a relationship is shown 
in Fig. 7. This model predicts a saturat ion effect with 
increased in tensi ty  as a monolayer  of adsorbed ions is 
approached (Langmuir  isotherm).  Some evidence for 
this was found at the highest intensit ies wi th  poly- 
chromatic light. The weight  of evidence can thus be 
considered to favor the second explanation.  

Fur ther  studies on the interact ion of ion radical  
species with the electrode surface and measurements  
of photovoltages wi th  reference electrodes are needed 
to settle some of these points, however. 

Max imum power output  of the TCNE-THF solution 
cell was on the order of 10-~~ obtained wi th  the 
10-3M solution. This value is on the upper  l imit  of the 
range of values reported for organic solid photovoltaic 
systems (1) and suggests that  organic solution systems 
may have more potent ial  than  organic solid systems 
for significant power output. Attempts were made to 
improve the power output  by supplying ionic additives 
to the solution which would decrease t h e  in te rna l  cell 
resistance without  affecting the photovoltage magni -  
tude or reversibil i ty.  This approach was largely u n -  
successful. 

Summary and Conclusions 
Reversible photoinduced electron t ransfer  in  solu- 

tions of TCNE in THF leads to the production of 
voltages which can be sensed by  p la t inum electrodes. 
The mechanism of photovoltage production is not 
well  understood, but  probably  involves dis t r ibut ion of 
photogenerated ionic species leading to a voltaic cell 
effect, or an effect related to the adsorption of ionic 
species on the electrode. 

Maximum power output  f rom these systems is in  the 
region of 10-1~ for monochromatic i l lumina t ion  in -  
tensities of 10 -8 w/cm% This is an ex t remely  low con-  
version efficiency compared to the values reported for 
the best inorganic photovoltaic devices (5). Power  
output  is on the high range of values reported for 
organic systems, however.  Solution photovoltaic cells 
of this type may thus have greater potent ial  in  the 
development  of organic photovoltaic devices than  the 
solid systems invest igated previously. 
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Bismuth in Yttrium Vanadate and 
Yttrium Europium Vanadate Phosphors 

R. K. Datta 
Lighting Re,earth Laboratory, Genera~ EZectr/c Company, Clevelanc~, Ohio 

ABSTRACT 

Activat ion of rare earth vanadate  by ions other than rare earths is success- 
ful ly at tempted in  the present  investigation. Bi +8 can be incorporated in the 
YVO4 and  GdVO4 lattice by solid-state reaction. The phosphor Rl-xBixVO4 
(R = Y, Gd),  excited by cathode rays or uv  radiation, shows luminescence 

with a continuous emission band extending from 4000 to 7000A and peaking 
at 5670A. Under  2537A excitation, the energy is absorbed essentially by Y-O 
components of the mat r ix  and t ransferred to the emission centers (Bi+8). 
Under  3650A excitation, energy absorbed by charge- t ransfer  processes in-  
volving (V-O) and (Bi-O) components of the phosphor is t ransferred to the 
emission centers (Bi+~). The transmission of energy from the absorption to 
the emission centers under  2537 and 3650A excitations involved a radiationless 
process. The phosphor YVO4:Bi can be modified by incorporat ing Eu +s in 
the lattice. YVO4:Eu:Bi,  when  excited by short-  or long-wavelength  uv  
radiation, shows emission spectra with sharp Eu +~ emission peaks. Under  
cathode-ray or 3650A excitation, the Bi +~ emission is gradual ly  quenched 
when  Eu +~ is incorporated in the YVO4:Bi lattice with a constant  level of 
Bi +~ concentration; on the other hand, under  3650A excitation, the Eu +s 
emission is enhanced when Bi +~ is incorporated in  the YVO~:Eu lattice with a 
constant  level of Eu +~ concentration. This indicates a radiationless t ransfer  
of energy from Bi +3 to Eu +~ under  3650A radiation. 

In  recent  years act ivation of y t t r ium vanadate  
(YVO4) by various rare  earth ions has become of 
considerable scientific (1-5) and technological (6-7) 
interest. The phosphor YVO4:R (R = rare ear th) ,  
when  excited by cathode rays, 2537 or 3650A radiation, 
shows a typical, n a r r o w - b a n d  spectrum of the cor- 
responding rare earth fluorescence. Datta (8) studied 
the mechanism of absorption and photoluminescence 
and postulated that  YVO4:Eu is a host-sensit ized 
phosphor. The excitation of the phosphor by uv  radi -  
ation is due to absorption by two separate processes 
in the matr ix  (YVO4). The energy absorbed by the 
mat r ix  is t ransferred by a resonance process to the 
activator (Eu +~) which causes excitat ion of Eu +3 ions 
among levels of the 4f 6 configuration and thence the 
final emission from them. O'Connor (5) investigated 
the laser propert ies of YVO:Nd +s and suggested 
t ransfer  of energy from the lattice (YVO4) to Nd +3. 
Although these investigations indicate that  YVO~ is a 
promising matr ix  which can be activated by various 
types of activator ions, published reports list phos- 
phors where YVO4 is activated by rare  earth ions 
only. This is probably due to recent interest  in  color- 
television phosphor and solid-state laser studies. 
YVO4: R shows fluorescence of rare  earth ions where  
t ransi t ions among the 4f6-electron energy levels result  
in  l ine emission because the shielding effects of outer 
electrons minimize the per tu rb ing  influence of the 
crystal field. However, possibilities of act ivating YVO4 

with activator ions involving s-, p-,  or d-electrons, 
where considerable per turba t ion  occurs resul t ing in  
broad emission bands, cannot  be ruled out. 

In  the present  investigation, Bi +s among other t r i -  
va lent  activators (other than  the rare earth ions) was 
substi tuted for y+3 in the YVO4 lattice in  various con- 
centrations. It has been found that  YVO4, GdVO4, and 
their various solid solutions, when  activated with Bi +3, 
show a broad emission band  under  cathode-ray,  short- 
and long-wavelength  uv  excitations. It  has been ob-  
served that the funct ion of Bi +3 in the phosphor is 
manifold. It  acts as absorption and emission centers 
in the phosphor. In  addition, when  coactivated with 
Eu +3 in the YVO4 or GdVO4 matrix,  Bi +8 acts as a 
sensitizer for Eu +3 emission. 

This report  (i) characterizes the phosphors 
YVO4:Bi GdVO4:Bi and YVO4:Eu:Bi;  (ii) qual i ta-  
t ively describes the general  funct ion of Bi +8 ions in  
terms of absorption, emission, and excitat ion of the 
phosphors under  uv  radiat ion with special emphasis on 
YVO4: Bi and YVO4: Eu: Bi. 

Experimental Procedure 
Sample preparation and cc~rnpo~ition.--The raw ma-  

terials used in  this invest igat ion consisted of lumines-  
cent grade (99.99-99.999% pure)  oxides, such as y t -  
t r ium oxide, Y203, gadolinium oxide, Gd20~, europium 
oxide, Eu203, b i smuth  oxide, Bi208, and vanad ium 
pentoxide, V205. In  order to obtain the opt imum 
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brightness of luminescence and high reflectance in the 
visible region, the vanadate  should preferably be of 
stoichiometric composition. The act ivator(s)  was in -  
corporated with Y20~ (Gd203) by coprecipitation as 
the oxalate, which was ignited at about 830~ to 
form the oxide. This insured uniform distr ibut ion of 
the activators in  the phosphor. This oxide and V205 
were mixed essentially in stoichiometric proport ion 
(1:1 mole ratio) and fired at about 1000~ for 1�89 hr. 
Addit ional  1-2 m/o  (mole per cent) of V205 in  the 
mix ture  insures compensat ion of the loss of V205 due 
to volati l ization dur ing firing. After  cooling, the mix-  
ture was ground and washed in an ammonia  solution 
to remove any excess V205. The washed and dried 
phosphor was reheated at ~ l l 0 0 ~  for 1 hr. The fir- 
ings of the phosphors were done in silica crucibles, and 
the homogeneity of the final products checked by 
x - r ay  diffraction analysis. CuK~ reduct ion from a 
G.E. diffractometer with a nickel filter was used to 
investigate all compounds. For precise determinat ion 
of the change of d-spacing with change in composition 
of the solid solution series of the system YVO4-BiVO4, 
diffraction pat terns were run  at high angle (28 ~ 65 ~ 
region at slow speed (z/4 deg /min / in . ) .  Reproduci-  
bil i ty of measurement  was wi thin  --+0.0125 ~ . Com- 
position of the finished phosphors were periodically 
analyzed by wet chemical method in  order to deter-  
mine the loss of b ismuth dur ing  firing. The loss ranged 
from 2 to 6% of bismuth added in the s tar t ing com- 
positions; the amount  of b ismuth in  the phosphors de- 
scribed throughout  this paper is based on the formu-  
lated compositions. 

Spectroscopic measurements.--Diffuse reflectance 
spectra of the samples wi th in  the range 2500-7000A 
were obtained by using CaF2 1 as s tandard in  a Cary 
Recording Spectrophotometer, Model No. 14. The 
emission spectra and the in tensi ty  of emission (peak 
height) measurements  were obtained with a direct 
recording spectroradiometer (10) with a grat ing 
monochromator  with near ly  constant  dispersion. The 
details involved are described elsewhere (8). The 
excitation spectra were measured using sodium salicy- 
late as standard. 

Cathodoluminescence spectra were obtained using a 
demountable  ca thode-ray tube operat ing at a 20 kv 
anode potential  at 17.5 ~a beam current  over a s tand-  
ard scan TV raster of 35 cm 2 area. Brightness and 
color points of emission under  these conditions were 
measured using an eye-corrected Weston foot-Lam- 
bert  meter  and G.E. colorimeter (J-B 1E), respectively. 

Cow,positions of the phosphors studied.--Since the 
absorption and emission spectra of phosphors may n o t  
always be independent  of the relative amounts  of the 
activator and coactivator, phosphors with wide range 
of concentrat ion of Bi +3 and rare  ear th  ions were 
prepared. The compositions of the phosphors can be 
expressed by the general  formula  

Y I -  (x + y)BixEuyVO4 

x and y can vary  from 0.000025 to 0.1 and 0 to 0.1, 
respectively. 

The subsequent  discussion on the properties of phos- 
phors is generalized and does not  per ta in  to one spe- 
cific phosphor composition. The exact compositions of 
the phosphors are described in the text  whenever  such 
descriptions are necessary and meaningful .  However, 
reflectance, emission, and excitat ion spectra are given 
along with the exact composition of the corresponding 
phosphor. 

Results and Discussion 
Phase equilibrium relationship.--Subsolidus studies 

showed at least 7 m/o  of BiVO4 can be dissolved in  the 
YVO4 lattice wi th in  the tempera ture  range (830 ~ 

1 I n  a d d i t i o n  to h i g h e r  re f lec tance  in  t he  r e g i o n  2500-4000A, CaF~ 
s h o w s  b e t t e r  c h e m i c a l  s t a b i l i t y  in  r o o m  c o n d i t i o n s  t h a n  t he  u s u a l  
re f lec tance  s t anda rds ,  such  as MgO,  MgCO~, w h i c h  p a r t l y  r eac t  
w i t h  a t m o s p h e r i c  m o i s t u r e  a n d  l o w e r  t h e i r  re f lec tance  in  t he  
Uv r e g i o n  e v e n  f u r t h e r  (9). 

l l00~ of sample preparation.  This is well  wi th in  the 
range  of activator concentrat ion used in  the present  
investigation. 

Rel~ectance spectra.-- (YVO4: Eu: Bi) . - -Figures  1 and 
2 show the effects of Bi +3 incorporat ion on the diffuse 
reflectance spectrum of the phosphor YVO4:Eu. Ex- 
cept for the sharp Eu +3 absorption lines in  the visible 
region, the diffuse reflectance spectra of YVO4 and 
YVO4:Eu are essentially alike. Figure  1 shows the 
reflectance spectra of samples having a constant  con- 
centrat ion (5 a/o [atom per cent])  of Eu +3 but  differ- 
ent  amounts  of Bi +3, whereas Fig. 2 shows the reflect- 
ance spectra of samples having a fixed amount  of 
Bi +3 (2 a/o)  but  different levels of Eu +S concentra-  
tion. These spectra show that the absorption of the 
phosphor YVO4:Eu:Bi in the uv  region is essentially 
independent  of Eu +3 concentration.  However, incor-  
poration of Bi +3 enhances the absorption at long- 
wavelength uv radiation. On the basis of the spectra 
shown in Fig. 1, 2, and 3, it may be suggested that  the 
mechanisms of absorption in  the uv region by the 
phosphors YVO4:Bi (discussed below) and YVO4: 
Eu: Bi are essentially similar. 
(YVO4:Bi) . - -The diffuse reflectance spectra of some 
of the YVO4:Bi samples studied are shown in  Fig. 3. 
YVO4 shows two absorption bands, namely,  at 2500 

i // 
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Fig. 1. Diffuse reflectance spectra of YVO4:Eu:Bi samples (con- 
stant Eu content). 
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Fig. 2. Diffuse reflectance spectra of YVO4:Eu:Bi samples (con- 
stant Bi content). 
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Fig. 3. Diffuse reflectance spectra of YVO4:Bi samples 

and 3200A. These are  a t t r ibu ted  to charge  ~ransfer 
processes involv ing  Y-O and V-O components  of the  
matr ix ,  respect ive ly  (8, 16). Addi t ion  of Bi +8 in YVO4 
shifts the  absorpt ion  edge toward  longer  wavelength ,  
whereas  the absorpt ion  band at  2500A region remains  
essent ia l ly  unchanged.  Pure  YVO4 shows an absorp-  
t ion edge at  about  3200A wi th  about  60% absorp t ion  at  
3400A. Addi t ion  of 1 and 2 a /o  of Bi +3 shifts the  edge 
to 3300 and 3450A and increases the  absorpt ion  at  
3400A to about  85 and 90%, respec t ive ly  (Fig.  3). 
F r o m  a s tudy  of the  reflectance spect ra  of BiFs and 
Bi203, i t  has been shown (11) tha t  the absorpt ion  of 
l ong -wave leng th  uv  rad ia t ion  due to incorpora t ion  of 
Bi +s in an oxide m a t r i x  is ma in ly  caused by  charge-  
t rans fe r  s tates  involv ing  b i smuth  and oxygen. The 
shif t  in the  absorpt ion  edge of YVO4 to longer  wave -  
length  due to Bi +s addit ion,  as observed in the presen t  
invest igat ion,  may  be ascr ibed  to the  absorp t ion  
caused by  cha rge - t r ans fe r  states involv ing  Bi +~ and 
the ne ighbor ing  eight  oxygen  atoms of (YBi)VO4 
(12). 

I t  can be summar ized  tha t  YVO4:Bi and YVO4: 
Eu :B i  show s t rong absorpt ion  of shor t -  and long-  
wave leng th  uv  radiat ions .  The absorpt ion  of shor t -  
wave length  uv  rad ia t ion  is due to a cha rge - t r ans f e r  
process involv ing  the  Y - O  components  (8),  whe reas  
the cha rge - t r ans fe r  process involv ing  Bi-O and V-O 
component  (8) of the  phosphor  a re  respons ib le  for  
absorpt ion  in the  3000-3400A region. In  addit ion,  in-  
crease in Bi +s content  of the  sample  causes increased 
absorpt ion  at  wave lengths  about  3400A and higher .  
For  the  sake of brevi ty ,  in  the  subsequent  sections of 
this paper  absorpt ion  due to cha rge - t r ans fe r  processes 
involving the Bi -O components  is r e fe r red  to as Bi +s 
absorpt ion.  

In  the  foregoing discussion l i t t le  emphasis  has been 
p laced  on the  absorpt ion  of shor t -wave leng th  uv  r a d i -  
a t ion b y  the  Bi -O components  of YVO4:Eu:Bi  and  
YVO4: Bi. However ,  i t  is not  suggested tha t  such ab -  
sorpt ion by  Bi +s a n d / o r  Bi -O is e i ther  not  t ak ing  
place or is not  impor tant .  On the  cont ra ry ,  the  a b -  
sorpt ion of sho r t -wave leng th  uv  rad ia t ion  by  Bi +8 
incorpora ted  in the  Y2Os m a t r i x  is shown by  the 

Excitation Spectra of (YEuBi| VO 4 ~ \ 
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Fig. 4, Excitation spectra of (YEuBi)V04 

diffuse ref lectance spec t ra  of Y~Os:Bi samples  (11). 
The only suggest ion made  here  is tha t  a l though some 
(about  20%) absorpt ion  of sho r t -wave l eng th  uv  r a d i -  
a t ion is p robab ly  caused by  Bi a n d / o r  Bi-O,  such 
process is not  the under ly ing  cause for high efficiency 
of the  phosphor  YVO4: Bi under  2537A excitat ion.  This 
idea  m a y  be ind i rec t ly  suppor ted  by  the  fact  tha t  as 
the  concent ra t ion  of Bi +3 in the  phosphor  YVO4:Bi 
increases  f rom 0.75 to 2 a/o,  the  absorp t ion  of the  
shor t -wave leng th  (2537A) uv  rad ia t ion  and the in-  
tens i ty  of emission under  2537A remain  essent ia l ly  
constant .  

Excitatio~ spec t rm- -Norma l i zed  exci ta t ion  spect ra  
of the  samples  YVO4: Bi, YVO4: Eu, and  YVO4: Eu: Bi 
a re  shown in Fig. 4. The emission spec t ra  of samples  
wi th  and wi thout  Eu +8 are  quite different.  Hence, 
the i r  response to the photomul t ip l ie r  tube  used in 
obta in ing exci ta t ion spect ra  a re  also different.  A n y  
quant i ta t ive  compar ison  of the  exci ta t ion  spect ra  
should be made  af ter  necessary  correction.  However ,  
i t  m a y  be genera l ized  tha t  these  phosphors  have  con- 
t inuous broad  exci ta t ion spec t ra  wi th  two wide  
m a x i m a  at  2600 and 3200A. These samples  respond  
efficiently to 2537 and 3650A excitat ions.  

Emission spectra.--(YVO4:Bi).--When exci ted  by  
ca thode- rays ,  shor t  (2537A)-  or l ong  (3650A)-wave-  
length  uv  radiat ions ,  Bi+~-ac t iva ted  YVO4 shows 
luminescence wi th  an emission band  ex tend ing  f rom 
4000 to 7000A and peak ing  at  5670A (Fig. 5). The 
present  inves t iga t ion  does not include any quant i t a t ive  
measuremen t  of the  quan tum efficiency of the  phos-  
phor  under  different  excitat ions.  However ,  a qual i -  
t a t ive  eva lua t ion  of the emission process can be  a t -  
tempted.  

The band  shape of the emission spect ra  of the  phos-  
phor  YVO4: Bi (Fig. 5) is independen t  of the  exci t ing 
source and amount  of Bi +~. The quest ion now arises  
whe the r  the emission is f rom the la t t ice  (YVO4), Bi +s 
ions or f rom the exci ted Bi-O components.  The emis-  

70 
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60 Cathode Ray Excitation 

. . . . . .  2537 ~ Excitation 
5C 

~ 4c 

20 

Aoo ~o ~o ~oo ~"  ,o'oo 
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Fig. 5. Emission spectra of YVO4:Bi under cathode-ray,  2537 
and 3650A excitations. 
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Fig. 6. Plaque brightness vs. activator concentration of RVO4:Bi 
(R = Gd, Y),2537/~ excitation. 

sion spectrum of pure  YVO4, excited by cathode rays, 
2537 or 3650A radiations, shows a broad weak emis- 
sion extending from 4000 to 5500A region and peaking 
at about 4375A. The position of the peak of this emis- 
sion spectrum is quite different from that  of YVO4: Bi. 
In  addition, the in tensi ty  of emission of YVO4:Bi is a 
funct ion of Bi +s concentration.  Normalized plots of 
plaque 2 brightness against  logari thm of Bi +s con-  
centrat ion in YVO4 and GdVO4 under  2537A excitat ion 
are shown in Fig. 6. When excited by uv  radiation, the 
opt imum concentra t ion of Bi +3 is independent  of the 
wavelength of the exciting source. The concentrat ion 
of Bi +3 may be chosen within  wide limits (1-10 a /o) ,  
the opt imum being 1-3 a/o of b ismuth subst i tuted for 
Y or Gd in YVO4 and GdVO4, respectively. When ex- 
cited under  cathode rays, the  opt imum Bi +~ concen- 
t ra t ion ranges from 0.1 to 0.5 a/o. These indicate that  
the emission in  YVO4: Bi is not a mat r ix  fluorescence; 
it is related to Bi +3 ions and /o r  Bi-O components.  

Most of the Bi+8-activated phosphors (sulfides, sele- 
nides, carbonates, oxides, silicates, etc.) emit in  the 
blue region, al though other emissions, such as green, 
yellow, red, etc., are known  (13). The absorption and 
emission of t r iva lent  metal  ions of the sixth period 
with 1So (5d106s ~) ground state have been discussed 
in  considerable detail  by  McClure (14). However, no 
simple correlat ion between the Bi +8 emission and 
composition and s t ructure  of the matr ix  could be ob- 
tained from available l i terature.  McClure (14) sug- 
gested a 6s6p --> 6s 2 t ransi t ion for Bi +3 fluorescence. 
These outer sp orbitals of post-~ransit ional metal  ions 
are also actual  bonding orbitals. Hence, the energy 
levels of Bi +3 ions are highly per turbed by the anions 
(O -~) of the matrix.  In the subsequent  discussion this 
emission is referred to as Bi +3 emission. 

It should be noted that  the emission spectrum of 
pure YVO4 which extends from 4000-5500A, is in part  
coincident  with that  of the phosphor YVO4:Bi (4000- 
7000A region) ,  al though their  peak positions are 
different. From the symmetr ic  na ture  of the emission 
spectrum of YVO4: Bi, even when the concentrat ion of 
Bi +~ is very  low (about 0.7 a/o of y t t r ium) ,  it can 
be suggested that  the lattice emission (YVO4) is es- 
sential ly absent. Hence, it can be suggested that  the 
excitation energy absorbed under  short (2537A)- or 
long (3650A)-wavelength uv  radia t ion is emitted 
mostly as Bi +8 fluorescence. 
(YVO4:Eu:Bi ) . - -When  Eu +3 is incorporated in the 
YVO4: Bi lattice with a fixed concentrat ion of Bi +~, the 
broad Bi +3 emission under  cathode rays, 2537 and 
3650A excitations is gradual ly  quenched, and sharp, 
line emissions of Eu +3 appear. The relat ive in tens i ty  
of these two emissions are dependent  on the relat ive 
concentrat ion of these two activators so that  concen- 
trations can be varied wi thin  a wide range depending 
on the na tu re  of emission desired. 

P o w d e r e d  s a m p l e s  t i g h t l y  p a c k e d  in a f ia t  ho lde r .  
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Fig. 7. Emission spectra of YV04 :Eu :Bi under 2537~ excitation 
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Fig. 8. Emission spectra of YVO4:Eu :Bi under 2537A excitation 

The phosphor YVO4:Eu:Bi behaves differently un -  
der different uv excitations, namely,  2537 and 3650A 
radiations. These are discussed separately below. 

2537A excitation.--When Eu +3 concentrat ion is 
gradual ly  increased in  the Y0.95Bi0.02VO4 lattice, the 
broad Bi +3 emission under  2537A excitation is gradu-  
ally quenched without  any change in  the band  shape 
of Bi-emission, and n a r r o w - b a n d  Eu +~ emissions ap-  
pear (Fig. 7). When Bi +3 is incorporated in the 
Y0.95Eu0.05VO4 lattice, a very fa int  Bi +~3 emission is 
noticed, and there is l i t t le effect on the in tens i ty  of 
Eu +3 emission (Fig. 8, 12). With fur ther  increase in  
Bi +3 concentra t ion (above 2 a/o)  the in tensi ty  of 
Eu +8 emission is gradual ly  decreased without  any  en-  
hancement  of Bi +s emission. At higher concentration, 
Bi +s acts as "killer" for Eu +~ emission. 

3650A excitation.--When Eu +3 concentrat ion is 
gradual ly  increased in  the Yo.gsBi0.02VO4 lattice, the 
in tens i ty  of broad Bi +8 emission under  3650A excita- 
tion is decreased, and n a r r o w - b a n d  Eu +8 emissions 
appear (Fig. 9, 10). Even 0.5 a/o Eu +8 can consider-  
ably decrease Bi +3 emission of Y0.gsBi0.02VO4 (curve 2, 
Fig. 10). However, Bi +8 emission is never  completely 
quenched, even with Eu +3 concentrat ion as high as 
5 a /o  (curve 5, Fig. 11). When  Bi +3 is gradual ly  in -  
corporated in  the Y0.9~Euo.osVO4 lattice, the emission 
lines of Eu +3 show enhanced intensity,  especially the 
ma in  emission peak at 6190A. The intensi ty  of this 
peak shows an increase of almost 200% as Bi +3 
content  of Y0.95Eu0.05VO4 is increased from 0 to 
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Fig. 9. EmissiOn spectra of YV04 :Eu :Bi under 3650~ excitatlon 
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Fig. 10. Emission spectra of YVO4:Eu:Bi under 3650A excitation 
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Fig. 11. Emission spectra of YV04 :Eu :Bi under 3650~, excitation 

2 a/o.  That  is, the  composi t ion of the  phosphor  is 
changed f rom Y0.9~Euo.05VO4 to Y0.gsEu0.05VO4 to 
Y0.93Eu0.05Bi0.02VO4 (Fig. 11). F igure  12 shows the 
effects on the main  Eu+3 emission peak  at  6190A under  
2537 and 3650A exci ta t ions  due to incorpora t ion  of 
Bi +3 in Yo.9~Euo.05VOA. Because of the  difference in 

4 B  

3 6  

c* u 
(2537 ~ excitation] 

I I I L, I I ~ t I I 
0.2 0.5 t 2 - -  

Logarithm of atom % of Bi in (Y.95 Eu.05) V04 

Fig. 12. Relative Eu +~ emission of YVO4:Eu:Ei under 2537 and 
3650A excitations vs. Bi +~ content of the samples. (The emission 
is measured from the total area of the peak at 6190•.) 

the  intensi t ies  of the  two exci t ing sources used in the  
present  invest igat ion,  the  re la t ive  response of the  
phosphor,  (YEuBi)VO4 to these two exci ta t ions should 
not  be deduced  f rom :Fig. 12 and compared  wi th  the  
da ta  presented  in  Fig. 4. 

Mechanism of Energy Transfer  
I t  has been suggested i n  the  reflectance spect ra  

section of th i s  paper  tha t  in the  phosphors  YVOA:Bi 
and YVOA:Eu:Bi the sho r t -wave leng th  uv  rad ia t ion  
is absorbed  essent ia l ly  by  the latt ice,  whereas  the  
long-wave leng th  uv  rad ia t ion  is absorbed  jo in t ly  by  
the lat t ice (V-O components)  and  the  impur i t y  (Bi-O 
components)  elements.  The quest ion now arises:  Wha t  
are  the mechanisms involved in the t r ans fe r  of ene rgy  
f rom the absorber  to the  emi t t ing  centers,  i.e., Bi +3 
and Eu +~ ions in YVOA:Bi and YVO4:Eu:Bi ,  respec-  
t ively? Kl ick  and Schu lman  (15) discussed two differ-  
ent  methods  by  which energy  f rom the absorbing  com- 
ponents  can be t r ans f e r r ed  to the  emission centers  in 
photo luminescent  phosphors :  (i) a r ad ia t ive  t ransfe r  
of energy th rough  the emission of photons f rom the 
absorb ing  m a t r i x  and  reabsorp t ion  by  the final emi t -  
ter ;  (ii) a nonrad ia t ive  or exchange  process associated 
wi th  resonance  be tween  the  absorber  and  emit ter .  

In  the fo rmer  case, the  absorb ing  species of the  
phosphor  sys tem must  be a ve ry  good emit ter ,  and  
the emi t t ing  species mus t  be an efficient absorber .  In  
addit ion,  for  any  significant amount  of energy  t r ans -  
fer  b y  the  r ad ia t ive  process, the  emission spec t rum of 
the absorb ing  species must  subs tan t i a l ly  over lap  the  
absorpt ion  band  of the emi t t ing  species. 

In  the  phosphor  YVOa: Bi, the w e a k  emission of the  
ma t r i x  (YVOA) which  extends  f rom 4000-5500A region 
under  uv radia t ions  does not  over lap  signif icantly the  
Bi +3 absorp t ion  band  (3200-4200A region)  of the  
phosphor.  In  the  phosphor  YVO4:Eu:Bi ,  the  emission 
of YVO4:Bi which  extends  f rom 4000 to 7000A unde r  
uv exci ta t ions  does not  over lap  the  ma in  absorpt ion 
band  (at about  2500A) of  Eu +8 ions. Hence, any  sub-  
s tan t ia l  t ransfe r  of energy b y  a r ad ia t ive  process f rom 
YVO4 and YVO4:Bi to the  emi t t ing  centers,  such as 
Bi +3 and Eu +s of the  phosphor  systems YVO4:Bi and 
YVO4:Eu:Bi ,  respect ively ,  can be ru l ed  out. 

I t  m a y  be emphasized tha t  two steps are  involved  in 
case of ene rgy  t rans fe r  b y  a rad ia t ion less  or  resonance 
process in photo luminescent  phosphors  (16): (i) en-  
e rgy  t r ans fe r  th rough  the mat r ix ,  i.e., f rom one ab -  
sorbing group to the  other, and  (ii) ene rgy  t rans fe r  
f rom the absorb ing  groups to the  ac t iva tors  or  emi t -  
t ing  centers.  Dex te r  (17) s tudied the  mechanisms and 
condit ions r equ i r ed  for  a nonrad ia t ive  t rans fe r  of 
energy  th rough  the mat r ix .  The p robab i l i t y  of such 
t ransfe r  is a funct ion of the  over lap  of the  wave  func-  
tions of the  absorbing  groups and the over lap  of the  
absorpt ion  and  emission bands  of the absorbing  groups. 
I t  has been shown tha t  such condit ions are  wel l  satisfied 
in the YVO4 m a t r i x  (16). Blasse (16) s tudied m a n y  
host -sensi t ized Eu+8-ac t iva ted  phosphors  and sug-  
gested severa l  r equ i rements  for energy  t r ans fe r  f rom 
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the matr ix  to the emit t ing centers (act ivators) :  (a) 
overlap between the orbitals of the central  cation of 
the absorbing group and the neighboring activator 
ions, and (b) some overlap of the emission and ab-  
sorption of the absorbing and emit t ing groups, re-  
spectively. 

Blasse (16) fur ther  suggested that  by vi r tue  of the 
a r rangements  of the ions in  the lattice, the require-  
men t  of orbital  overlap betwen y t t r ium and vanad ium 
is very well  satisfied in YVO4. As a result, YVO4-based 
phosphors where  part  of the y t t r ium is randomly  sub- 
sti tuted by the activator ion show efficient energy 
t ransfer  from the absorbifig centers (VO4 -3) to the 
emitters. In  YVO4:Bi a part  of the emission spectrum 
of YVO4 is overlapped by the absorption band  of Bi + 3. 
Hence, in case of YVO4:Bi, the shor t -wavelength 
(2537A) uv  radiat ion absorbed by the matr ix  (YVO4) 
may well  be t ransferred by a radiationless process 
(15, 17) to the emit t ing centers (Bi +3) resul t ing in the 
excitat ion of Bi +s ions and the final emission from 
them (6s6p --> 6s 2 t ransi t ion) .  The mechanism of exci- 
tat ion of Bi +3 ions under  3650A radiat ion is sl ightly 
different. In  this case, in addition to the t ransfer  of 
energy from the matr ix  to the activator centers (Bi+S), 
Bi +3 ions themselves absorb the excitation energy and 
undergo excitat ion directly. In  YVO4:Eu:Bi,  the re-  
qui rement  for energy overlap for the t ransfer  of en-  
ergy from the matr ix  to the emission centers is satis- 
fied. This is because Eu +8 ions show small, sharp ab-  
sorption lines wi thin  the region (4000-7000A) of con- 
t inuous emission spectrum of YVO4: Bi under  uv  exci- 
tations. It  can be recalled here that  both YVO4:Bi 
and" YVO4:Eu are essentially host-sensitized phos- 
phors under  2537A excitation. The energy absorbed 
by the matr ix  is t ransferred to the emission centers 
Eu +3 and Bi +3. When these two activators are present  
together, as observed in the present  investigation, en-  
ergy absorbed by the matr ix  is t ransferred preferen-  
t ial ly to Eu +3 ions which undergo excitation and the 
final emission. Since Eu +a and Bi +3 ions randomly  
substi tute part  of y t t r ium in the YVO4 lattice s and 
their probabili t ies of being near  the absorption ma -  
t r ix  are equal, it is not yet understood why only Eu +3 
ions are excited. On the other hand, it could be a 
mult is tep transfer,  i.e., energy from the host is t rans-  
ferred to Eu +3 via Bi +8. However, even with in -  
creased Bi +8 concentrat ion very little energy absorbed 
by the mat r ix  is emitted from Bi +~. 

The emission of YVO4: Eu: Bi under  3650A excitat ion 
is an example of s imultaneous host- and impur i ty  
(coactivator)-sensit ized luminescence (15). In case of 
impuri ty-sensi t ized phosphor, such as CaSiO~:Pb:Mn, 
energy absorbed by Pb  is t ransferred by a radia t ion-  
less process to Mn + + which undergoes excitation and 
the final emission (18). In  case of host-sensitized phos- 
phors, such as YVO4:Eu and Y2WO6:Eu, energy ab-  
sorbed by the mat r ix  (VO4 -~, WO6 -6) is t ransferred 
by a radiationless process to the emission centers 
(Eu +~) (8, 19). In  YVO4:Eu:Bi,  as observed in the 
present  investigation, energy absorbed by  the lattice 
(VO4 -3) and the impur i ty  centers (Bi-O) under  
3650A excitation is t ransferred to Eu +3 ions by a non-  
radiative or resonance process (15, 20). The idea of 
t ransfer  of energy is supported by  the following ob- 
servations under  3650A excitations: (i) The broad 
Bi +3 emission of Yo.9sBi0.02VO4 is gradual ly  quenched 
as Eu +3 concentrat ion is increased in the lattice. (ii) 
The Eu +3 emission of Yo.95Eu0.05VO4 is enhanced 
marked ly  with gradual  increase in  Bi +s content.  

Sensit ization of Eu +3 emission by  other rare  earths, 
such as Tb, is known (21). YVO4:Eu:Bi  is probably  
the first phosphor reported where Eu +3 emission is 

3 X - r a y  d i f f r ac t ion  p a t t e r n s  o b t a i n e d  w i t h  c a r e f u l l y  p r e p a r e d  
s a m p l e s  of  YVO~ a n d  YI-~.~> Bi~Eu~VO~ to  a v o i d  p r e f e r r e d  o r i en t a -  
t ion  we re  compared .  Abs e nc e  of  a ny  a d d i t i o n a l  re f lec t ion  in  t he  
a c t i v a t e d  s amp le s  was  i n t e r p r e t e d  as a l ack  of s upe r l a t t i c e  or  
l o n g - r a n g e  o rde r  of B i - E u  or B i - Y - E u  in  Y 1 - r  Bi~Eu~VO~. H o w -  
ever ,  s h o r t - r a n g e  order ,  u s u a l l y  i n d i c a t e d  by  p r e f e r e n t i a l  in-  
crease or decrease  of i n t e n s i t i e s  of ce r t a in  re f l ec t ions  ove r  o the r s  
in  a r a n d o m l y  o r i e n t e d  sample ,  c a n n o t  be  u n e q u i v o c a l l y  r u l e d  ou t  
due  to  v e r y  s m a l l  c o n c e n t r a t i o n  of  B i  i n v o l v e d .  

Table I. Cathode-ray brightness of YVO4:Eu:Bi samples 

Color  
R e l a t i v e  coord ina tes*  

C o m p o s i t i o n  A / O  E u  A / O  Bi  b r i g h t n e s s  X Y 

(YBi)VO~ - -  0.2 1O0 378 5,37 
(YBi)VO4 0.5 97 
(YBi)VO4 1.0 87 380 545 
(YEuBi)  VO~ 5 - -  I00 655 336 
~YEuBi) VO~ 5 0.1 126 636 351 
(YEuBi)VO~ 5 0.2 129 637 352 
(YEuBi)  VO~ 5 0.5 130 625 361 
(YEuBi)  VO4 5 0.7 132 618 367 
(YEuBi)VO~ 2.5 0.1 I I 0  630 349 

* Based  on 1931 CIE C h r o m a t i c i t y  D i a g r a m ,  

sensitized by a nonrare  earth ion (Bi+~). This paper 
describes the photoluminescence of the phosphors 
YVO4:Bi and YVO4:Eu:Bi. However, for the sake of 
completeness, the effects of Bi +3 addit ion on color 
point and brightness of Yo.9~Euo.05VO4 emission under  
cathode-ray excitation are shown (Table I) .  Al-  
though, because of ins t rumenta l  l imitations, no Bi +3 
emission was detected in the emission spectra of 
(YEuBi)VO4 under  cathode-ray excitation, data in  
Table I are  more consistent with the introduct ion of a 
Bi +3 emission (hence the color shift) with li t t le 
effect on the Eu +3 emission intensity.  

Summary and Conclusion 
Yttr ium vanadate (YVOD is a we l l -known  mat r ix  

for fluorescence of rare  earth ions. In  the present  in -  
vestigation it has been activated with Bi +3. YVO4:Bi 
is a new phosphor with a broad excitation band  ex- 
tending from 2000 to 3600A. The phosphor responds 
very well  to cathode rays, 2537 and 3650A excitation 
and emits a broad emission band  extending from 
4000 to 7000A with a peak at 5670A. Under  2537A ex- 
citation, energy is absorbed by the Y-O components 
of the matr ix  and t ransferred to Bi +8 ions (emission 
centers) by a radiationless process. The emission of 
YVO4:Bi is a t t r ibuted to the 6s6p -> 6s 2 t ransi t ion of 
Bi +3 ions. These sp orbitals are also bonding orbitals. 
Hence, influence of the oxygen ions sur rounding  Bi +3 
ions on emission cannot  be ruled out. Under  3650A ex- 
citation, energy is absorbed by charge- t ransfer  proc- 
esses involving the V-O and Bi-O components of the 
phosphor. The energy from the mat r ix  (V-O) is t rans-  
ferred by a radiationless process to Bi ions resul t ing 
in  their  excitation and the final emission from them. 

When Eu +3 is incorporated in  the YVO4:Bi lattice, 
the broad Bi +3 emission is gradual ly  quenched under  
cathode rays, 2537 and 3650A excitation, and the l ine 
emission of Eu +3 ions appears. With proper selection 
of concentrat ion of Eu +8 and Bi +3, the Eu +3 emis- 
sion is enhanced under  3650A excitation wi thout  
showing any appreciable emission of Bi+3. 

On the basis of these observations, it can be sug- 
gested that  the photoluminescence of YVO4:Eu:Bi 
under  3650A excitation is a result  of host and im-  
pur i ty  sensitization. The energy absorbed by the ma-  
tr ix (V-O) and the impur i ty  centers (Bi-O) is t r ans -  
ferred by a resonance process to the emission centers 
(Eu +3) resul t ing in the excitation of Eu +s ions among 
the energy levels of the 4f 6 configuration and final 
nar row band emission from them with a peak at 
6190A involving main ly  5Do -> 7F2 t ransi t ion of Eu +3. 
This investigation shows that  Bi +3 in YVO4:Eu:Bi  
and YVO4:Bi acts as absorber,  emitter,  and sensitizer. 
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Ohmic Electrical Contacts to P-Type ZnTe and ZnSexTel_x 

M. Aven and W. Garwacki 
General Electric Research and Development Center, Schenectady, New York 

ABSTRACT 

Low resistance electrical contacts to p- type ZnTe and ZnSexTel-x can be 
made by diffusing Li from a Li salt into the area of the crystal to be con- 
tacted and forming an electroless Au deposit on top of the Li-diffused area. 
The Li -Au contacts stay near ly  ohmic down to 35~ and have been used on 
crystals having carrier  concentrat ions below 109 cm -3. It  is suggested that  the 
superior behavior  of the L i -Au  contacts arises from high concentrat ions of 
shallow acceptors in the Li-diffused region which narrows the potential  
barr ier  between the valence band  of ZnTe and  the filled band  of the contact-  
ing mater ia l  sufficiently to allow tunne l ing  of carriers even at low tempera-  
tures. 

Fundamen ta l  studies as well  as device applications 
of I I -VI  compounds, par t icular ly  the Zn chalcogenides, 
have been seriously hindered by  the difficulties in 
making low resistance, low noise, ohmic contacts to 
these materials.  In  a recent paper  Blount  et al. (1) 
have reviewed the requirements  for obta ining such 
contacts. In  brief, these requirements  call for a ma-  
terial  for the contact electrode which has a smaller  
work funct ion than  that  of the semiconductor if the 
semiconductor is n - type  or larger if the semiconductor 
is p-type,  and which, when diffused into the semi- 
conductor, wil l  act as a dopant  providing major i ty  
carriers. 

Following these guidelines, satisfactory ohmic con- 
tacts can be produced to n - type  CdS, CdSe, and CdTe 
by using In  or Ga as the contact metal  (2). The con- 
tacting of n - type  ZnS and ZnSe, which have lower 
work functions (3) and show a greater  tendency to- 
ward compensat ion is more difficult. Nevertheless, 
satisfactory ohmic contacts have been found for low 
a n d h i g h  resistivity ZnSe (4), low resist ivity ZnS (5), 
and, more recently, even for high resistivity ZnS (1). 
Low resist ivi ty p - type  CdTe and ZnTe have been elec- 
troded with moderate  success with electroless gold 
(6-7). The contacting of these compounds in high or 
even moderate resist ivi ty form, however, has been 
very  difficult. As a consequence, low- tempera ture  
electrical t ranspor t  studies of these materials  in  high-  
pur i ty  p- type  form are very  scarce. 

In  this paper the authors wish to describe the prep-  
arat ion and some characteristics of Li-diffused con- 

tacts to high resist ivity p- type  ZnTe and ZnSexTel-x 
crystals. Such contacts stay ohmic and noiseless to quite 
low temperatures  and can be used on crystals having  
very low carrier  concentrations.  

Preparation 
The crystal  to be electroded is etched for 10 to 60 

sec in boiling 50% NaOH, r insed first with hot dilute 
NaOH, and then wi th  hot distil led water. A small  drop 
of LiNO~ solution (10 -4 mol /ml )  is placed on the 
crystal in the desired electrode location while the 
crystal  is heated to 40~ in  air. The heat ing is not  a 
necessary requirement ,  but  promotes the evaporat ion 
of the solution to dryness. This is par t icular ly  useful  
when applying several electrodes to different sides of 
the crystal. The crystal is then slowly heated to 
320~176 in  H2 and held there  for 20 to 60 sec. As 
the crystal is heated, the dry LiNO3 deposit melts at 
250~ At about 300~ the l iquid melt  suddenly reacts 
with the substrate and appears to penetra te  into the 
crystal, leaving a barely  visible gray spot on the sur -  
face. Lateral  spreading causes the spot to increase to 
several times the size of the contact area of the origi- 
nal  liquid salt droplet. After  cooling to room tempera-  
ture, the crystal  is r insed with distilled water, dried, 
a~d an electroless Au deposit is formed (6) on top of 
the Li-reacted area. If desired, wires can be soldered 
to the Au deposit with an In  or I n - A g  alloy, or 
fastened to it wi th  silver paste. 

In  a few instances, while electroding very  small  
bar -shaped ZnTe crystals for Hall  effect measure-  
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ments,  the lateral  spread of the Li-diffused area or, 
possibly, a fine spray of droplets from the Li solution 
caused a part ial  short ing of some of the electrodes to 
each other. To safeguard against  such low resist ivi ty 
surface channels,  the following procedure was adopted 
for crystals with closely-spaced (less than  a few mm) 
contacts. After  forming the Li-contacts,  each was cov- 
ered with a small  drop of thermoset t ing res in  (e.g., 
GE 7031 "Adhesive and Insula t ing  Varnish") .  After  
the resin had set for 30 to 60 rain, the crystal  was 
etched for 30 to 45 sec in  boil ing concentrated NaOH. 
This removed some 20-50~ of mater ia l  from the crystal  
surface in  locations not covered by  the resin. After  
rinsing, the resin was dissolved in a 1:1 mixture  of 
ethyl alcohol and toluene, and a gold dot was de- 
posited on each of the small  Li-diffused mesas left by 
the etching of the sur rounding  areas. Crystals elec- 
t raded in such fashion rare ly  showed any  signs of 
interelectrode shorting. With contacts that  were more 
than  a few m m  apart, this more complicated procedure 
was, in  most cases, unnecessary.  

Elect r ica l  Propert ies 
Figure  1 shows a series of oscilloscope I -V traces 

obtained between a pair  of Au and pair of L i -Au con- 
tacts on two ZnTe crystals from the same boule at 
several temperatures.  The resist ivity of the crystals 
was about 10 ohm-cm at room tempera ture  and 200 
ohm-cm at 55~ It can be seen that  whereas the Au 
contacts show a considerable contact resistance al-  
ready at 300~ (note the different current  scales for 
the Li -Au and the Au sequences),  the Li -Au contacts 

Fig. I. Current-voltage characteristics obtained between a pair 
af Li-Au (left sequence) and a pair of Au (right sequence) con- 
tacts on ZnTe. Horizontal scale 1v/in. (1 in. corresponds to one 
large division). The temperatures and vertical scales are, from top 
to bottom: Li-Au sequence, 300~ 10 - 8  amp/in.; 232~ 10 - 3  
amp/in.; 55~ 10 - 6  amp/in.; Au sequence, 300~ 10-4  amp/in.; 
232~ 10 - 5  amp/in.; 70~ 10 - ~  amp/in. 
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Fig. 2. Temperature dependence of the free hole concentration 
(circles) and of the Hall mobility (triangles) of on undoped 
ZnTe crystal. 

stay relat ively low resistance down to 55~ At 70~ 
the contact resistance of the Au electrode is so high as 
to make the current  through the crystal  unobservably  
low on the scale employed. F requen t ly  the Au con- 
tacts to ZnTe have displayed strongly nonohmic  be-  
havior even at room temperature.  Invest igat ion of the 
conditions which produce opt imum room tempera ture  
Au contacts showed that  a 60-sec heat ing period at 
8 0 ~ 1 7 6  after the forming step led to best  results. 
No heat ing or heat ing at higher temperatures  produced 
much inferior contacts. However,  Au contacts with 
even the best room tempera ture  characteristics started 
rapidly deteriorat ing at about  150~ and were u n -  
usable for Hall  effect measurements  on  high resist ivi ty 
ZnTe crystals below l iquid N~ temperature.  The sig- 
nificance of this finding is discussed below. 

Figure  2 shows the tempera ture  dependence of the 
free hole concentrat ion and of the Hall  mobi l i ty  of an 
undoped p- type ZnTe crystal. Measurements  of this 
type at temperatures  below the l iquid N2 range have 
been very  difficult before due to the unavai lab i l i ty  of 
suitable contacts. The data in  Fig. 2, obtained wi th  a 
crystal  with five L i -Au  contacts, have enabled us, for 
the first time, to extend the measurements  to about 
35~ On a reciprocal t empera ture  scale this provides 
an addit ional  range extending from about 108/T = 14 
(pumped N2 tempera ture)  to IO~/T = 29. As can be 
seen in the figure, this is the range in  which the log 
p vs. 1/T relat ionship has become linear,  and which, 
therefore, enables one to obtain the acceptor ionization 
energy with good accuracy. Hal l  mobi l i ty  measure-  
ments  between the l iquid N2 tempera ture  and 35~ in -  
dicate increasing depar ture  from pure  LO phonon 
scattering (4). Mobili ty studies in this tempera ture  
range thus make it possible to investigate the scatter-  
ing due to low concentrat ions of charged impurit ies.  

The forward I -V characteristics at 77~ of a 
ZnSeo.~6Te0.~ light emit t ing p - n  junc t ion  diode (8) 
with an In -Hg  electrode on the n - type  side and either 
a L i - A u  or a Au electrode on the p- type  side of the 
diode are compared in Fig. 3. It  can be seen that  the 
L i -Au  contact allows a substant ia l ly  higher cur ren t  
to pass through the diode than  the Au contact. The 
strongly nonideal  I -V characteristic of this par t icular  
diode even with the Li -Au contacts is due to the high 
bulk  resistance of the p- and  n - type  sides of the 
diode. 

It  has been reported (7) that  original ly low resist iv-  
i ty Li-doped ZnTe crystals gradual ly  become high re-  
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Fig. 3. Forward I-V characteristics of a ZnSeo.sBTeo.~ light 
emitting p-n junction diode with an In-Hg electrode on the n- 
type side and either a Li-Au (circles) or a Au (triangles) elec- 
trode on the p-type side. 

sistivity when annealed at even relat ively low tem- 
peratures.  The high ionic mobil i ty  of Li and its ten-  
dency to associate with other lattice defects in semi- 
conductors is well  known  (9). In  view of this a life 
test was conducted with a ZnSe0.ssTe0.04 p -n  junct ion  
di6de in  which the I -V characteristic was measured 
originally, and after (a) 264 hr  in l iquid 1~2; (b) 312 
hr  at room tempera ture  in  vacuum; (c) 640 hr  at room 
temperature  in  air; and finally (d) 93 hr  at l iquid N2 
tempera ture  in vacuum, with 30v forward bias. The 
I-V characteristic was found to be essentially un -  
changed after  each of the indicated periods, indicat ing 
the electrical s tabi l i ty  of the L i -Au  contacts under  the 
test conditions employed. 

Discussion 
The shallow acceptor activity in  undoped ZnTe and 

CdTe has general ly  been  at t r ibuted to doubly ionizable 
Zn vacancies (4, 10, 11), which have their first charge 
state about 0.05 ev above the valence band  edge. Ac- 
ceptor states with ionization energies comparable to 
that  of the Zn vacancy have been observed in  Li- 
and Na-doped ZnTe and CdTe (7). The noble metals 
Ag, Cu, and  Au, on the other hand,  have been found 
to introduce deeper acceptor states, 0.11, 0.15, and 0.22 
ev, respectively (4). Using this informat ion in  con- 
junc t ion  with the results  of the present  s tudy leads to 
the following characterizat ion of the Au and Au-Li  
contacts. 

As shown in Fig. 4a the re la t ive  work functions of 
Au and ZnTe are such (3) as to suggest a bar r ie r  of 
about  0.66 ev between the Fermi  level in  Au and the 
valence band  edge in  ZnTe. Although the presence of 
surface contamination,  surface states, etc., of ten does 
not  allow one to re ly  on simple calculation of bar r ie r  
heights from work funct ion  data, it has been shown by 
several  workers  (3, 12) that  in  the case of I I -VI  com- 
pounds this is often not  a bad approximation.  The 
band s t ructure  resul t ing from an  essential ly non in -  
teract ing contact ( in the sense that  the bar r ie r  shape 
and height depends only on the work funct ion differ- 
ence of Au and  ZnTe and the charge densi ty in  ZnTe) 
on undoped ZnTe would then look as shown in  Fig. 4b. 
Due to a moderate concentrat ion of shallow Zn va-  
cancy acceptor states, the barrie~ height and width  are 
such as to allow a small  bu t  measurable  current  of 
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Fig. 4. Band structure of the Au-ZnTe contacts. (a) Relative 
positions of the Fermi levels in Au and ZnTe; (b) "Nonintar- 
acting" Au contact; (c) Au-diffused contact; (d) Li-diffused con- 
tact with Au overlay, 

holes from the metall ic contact into the valence band  
of ZnTe, and vice versa, at  room temperature.  At low 
temperatures,  however, the bar r ie r  becomes a serious 
obstacle to cur ren t  passage, and the contact  becomes 
high resistance. We believe that  the Au contact on 
undoped ZnTe, processed unde r  opt imum conditions, 
comes close to this case. Figure 4c schematically 
represents an Au contact in  which Au has diffused too 
far into the crystal  and replaced the shallow Zn va-  
cancy acceptors by  the deep Au acceptors. In  addit ion 
to the barr ier  one now has a high resist ivi ty region 
under  the contact. The s t ructure  of the Li-diffused 
contact is shown in Fig. 4d. Here the high concentra-  
tion of shallow acceptors in  the surface region signifi- 
cant ly  reduces the barr ier  width  and allows a t unne l -  
ing current  of holes to pass from the externa l  Au elec- 
trode into the valence band  of ZnTe even at low tem-  
peratures. Gold contacts to Li, Na, or P-doped ZnTe 
work in  a s imilar  fashion, except tha t  now the high 
p- type doping exists un i formly  throughout  the bu lk  of 
the ZnTe crystal ra ther  than  just  in the Li-diffused 
surface region. 

The ex te rna l  contacts of chemically deposited Au 
are much superior to simple mechanical  electrodes 
such as silver paste, colloidal graphite, or tungsten  
wire  even on Li-diffused areas on ZnTe crystals. This 
suggests that  the chemical reaction be tween ZnTe and 
the solution used to form the electroless Au contacts 
(HAuCI4 �9 aq) which consumes a small  layer  of the 

ZnTe crystal  unde r  the Au solution drop thereby 
effects a c lean-up of the surface immediate ly  beneath  
the Au deposit. Evidence of the etching action of 
HAuC14 �9 aq is revealed by  microscopic examinat ions  
of Au-contacted ZnTe crystals, which show that  the 
Au deposits reside in slightly depressed areas having 
the appearance of shallow negat ive mesas. 

Conclusion 
It has been shown that  electrical contacts to ZnTe 

and ZnSexTel-x crystals fabricated by a method in  
which Li is first diffused into the area to be contacted 
and then an electroless Au deposit is formed on top of 
the diffused area, are significantly superior to elec- 
troless Au contacts. Using the Li -Au electroding tech- 
nique on undoped ZnTe crystals it  has been possible to 
investigate the electrical t ranspor t  properties of this 
mater ia l  at  considerably lower temperatures  t han  has 
been done previously. ZnSexTel-x p - n  junc t ion  diodes 
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electroded wi th  the L i -Au  contact on the p- type  side 
have been found to pass substant ia l ly  higher current  at 
comparable voltages than diodes electroded with the 
Au alone. I t  has been suggested that  the low contact 
resistance of the Li -Au contacts arises from the highly 
Li-doped surface regions of the ZnTe crystals being 
electroded. In  such regions the shallow acceptor con- 
centrat ion is considerably higher than  in  undoped 
ZnTe, and hence the barr ier  separat ing the valence 
band  of ZnTe from the filled band of the external  
contacting mater ial  is much narrower.  This allows a 
tunne l ing  cur ren t  to communicate  be tween the crystal  
and the external  electrode even at low temperatures.  
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The Effects of Double Insulating Layers 
on the Electroluminescence of Evaporated ZnS:Mn Films 

M. J. Russ and D. I. Kennedy 
Bowmar Canada Limited, Ottawa, Ontario, Canada 

ABSTRACT 

The performance of Z n S : M n  electroluminescent  layers deposited between 
double SiO insulat ing films is described. The dependence of emission prop- 
erties on SiO and ZnS film thickness and Mn content  are outlined. The re la-  
t ively br ight  (700 f t -L)  and efficient (1 lpw) emission is in terpreted in terms 
of excursions from equi l ibr ium trap occupation under  high field conditions. 

A considerable number  of investigations of EL 
(electroluminescence) in thin ZnS films have been 
carried out using direct contact between the ZnS 
films and the conducting electrodes. In  some inves-  
tigations a single thin insula t ing  layer  has been used 
between the films and one of the electrodes. In  most 
of the cases the results have shown marked  asymmetry  
with respect to changes in polari ty of the applied 
voltage. This si tuation has f requent ly  led to difficulties 
in in terpreta t ion of the results. The present  experi-  
ments  were designed to el iminate some of the com- 
plexi ty by using th in  insulat ing layers on both sides 
of the ZnS films. 

In  the past there have been a n u m b e r  of re-  
ports (1-11) on a-c EL in  ZnS th in  films. These re-  
ports have covered a var ie ty  of preparat ion tech- 
niques. Halsted and Koller  (1) prepared EL (elec- 
t roluminescent)  Z n S : M n  films by the vapor react ion 
technique of Studer and Cusano (12), whereas Thorn-  
ton (2) used the diffusion method of Fe ldman and 
O'Hara (13) to prepare ZnS:Mn:C1 and ZnS:Cu:C1 
films. Vlasenko and Popkov (4) prepared ZnS: Mn films 
by separate evaporat ion and subsequent  h igh- tempera-  
ture diffusion of the constituents.  Using a technique 
of coevaporation on a heated substrate proposed by 
Koller  and Coghill (14), Antcliffe (15) has pre-  
pared EL Z n S : M n  films. Apart  from variat ions in  
methods of producing the phosphor layer, various 
types of composite device have been investigated. 
Several  authors (4, 6) have utilized an  insula t ing 
layer  between the phosphor film and the metal  elec- 
trode. Harper  (6) has reported that  improved effici- 

encies and over-al l  brightness levels can be obtained 
by the use of an SiO2 film of thickness between 7 and 
160A in this position. 

The technique of coevaporation of ZnS and Mn 
on a heated substrate was adopted for the present  
experiments  because of the simple, one-stage process. 

Film Preparation 
High-pur i ty  ZnS in either single crystal  or com- 

pressed polycrystal l ine form was used as source ma-  
terial  and, in the major i ty  of experiments,  Mn powder 
was added to the ZnS crystals in a range of con- 
centrat ions from 0.04 to 6.0 w/o. To main ta in  un i form 
conditions in successive depositions the accurately 
weighed charges were evaporated to completion. 

I t  was found that  in  order to obtain high-br ightness  
EL the deposition conditions were critical. Substrate  
temperatures  had to be main ta ined  in the range 
250~176 Above 300~ significant crystall ization of 
the ZnS film occurred and  this resul ted in  the forma-  
tion of an opaque white layer. For substrates ma in -  
tained at temperatures  between 20 ~ and 250~ only 
low-level  emission was obtained. The crit ical dep- 
osition rate was found to be 1000 A / m i n  at a pres-  
sure of 10 -5 Torr. The source tempera ture  required 
to main ta in  this deposition rate at a distance of 7 in. 
from the substrate was 1230~ as determined by an 
optical pyrometer.  The use of a lower evaporat ion 
rate did not permit  subl imat ion of the added Mn, and 
a higher  rate led to poor incorporat ion of the Mn in  
the film. This la t ter  condition resulted in  the de- 
position of a film having a black metallic coloration. 
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When the cri t ical  deposit ion conditions were  met  
it was possible to obtain emission from panels wi th  
a range of ZnS film thicknesses and Mn concentrations. 
In order  to obtain panels wi th  a usable brightness, 
however ,  it was necessary to control the la t ter  pa ram-  
eters also. 

P r io r  to deposition of the ZnS film a layer  of SiO 
was evapora ted  onto the unheated  t in-oxide  coated 
glass substrate. SiO thicknesses which were  var ied  
f rom 600 to 5000A w e r e  used. Subsequent  to the 
deposition of the phosphor film a second SiO layer  
was evapora ted  and finally meta l  electrodes were  
deposited. The propert ies  of devices made  wi th  this 
s t ructure  were  found to be independent  of the meta l  
electrode used (A1, Au, and In were  each invest i -  
gated) .  The resuIts are  based on an evaluat ion  of  at 
least 36 devices for each exper iment .  

Results 
The emission resul t ing f rom a-c  exci tat ion of the 

ZnS :Mn films was located in the same region of the 
spectrum as repor ted  by previous authors. Using a 
DK-2A spectrophotometer  it was found that  the peak 
occurred at 5780A and the ha l f -wid th  was 450A. 

On first application of vol tage to these devices it 
was found that  the emission would grow steadily 
to a un i fo rm brightness over  the act ive area. This 
behavior  contrasted strongly wi th  previous exper i -  
ments carr ied out in this laboratory and e lsewhere  
on structures wi th  no insulat ing layers or a single 
such layer.  In the la t te r  cases it  was found that  a 
" forming"  process, in which the phosphor was sub- 
jected to a crit ical  nea r -b reakdown electric field, was 
requi red  to produce over -a l l  luminescence. This 
" forming"  process was a t tended ini t ia l ly  by high cur -  
rents wi thout  the presence of EL, and the emission 
appeared gradual ly  as the currents  fell  to lower 
values. These processes have been discussed by 
Goldberg and Nickerson(16) and Cusano (17). The use 
of single insulat ing layers reduces the sever i ty  of the 
b reak- in  process, and the double layers  described 
in this repor t  v i r tua l ly  e l iminate  the effect. 

Effects of SiO layers.--Using the deposition con- 
ditions described above a 1000A film of SiO was 
evaporated on t in-oxide  coated glass fol lowed by dep-  
osition of a 1.5~ ZnS :Mn film (Mn concentrat ion in 
source of 0.6 w / o ) .  This was fol lowed by deposition 
of SiO stripes which increased in thickness in steps 
over  the range f rom 220 to 5000A. Metal  electrodes 
of area  6 x 10 -2 cm 2 were  then evapora ted  to complete  
the devices. 

F igure  1 shows the results obtained on a-c ex-  
citation of these films at a f requency of 13 kHz in 
terms of the dependence on surface brightness on 
the rms electric field applied across the ZnS film. 
(This la t ter  parameter  was est imated f rom the total  
applied voltage using measured results for the de- 
pendence of the dielectric constants of ZnS and SiO 
on film thickness at the frequencies  used.) The br ight-  
ness was measured  using a Spec t ra -Spot  brightness 
meter .  All  resul ts  show a marked  dependence  of 
brightness on SiO thickness. As the SiO thicknesses 
were  gradual ly  increased it was found that  the ob- 
served emission for a given field across the ZnS 
layers passed through max ima  and minima.  Al though 
the emission process may  be influenced by SiO thick-  
ness ~o some extent ,  the oscillatory na ture  of the 
characterist ics pointed s t rongly to the exis tence of 
optical in terference effects in the composite structure.  

To maximize  the observed emission in the above 
s t ructure  it  was necessary to use par t icular  values 
of SiO layer  thickness. Uti l izat ion of data s imilar  to 
that  shown in Fig. 1 for dependence of brightness 
on SiO thickness at fixed values of ZnS field showed 
that  the m a x i m u m  brightness is obtained for an SiO 
thickness of 6'50A. This differs f rom the theoret ical  
value of 730A calculated f rom reported ref rac t ive  
indices for  the var ious layers;  the difference probably  
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Fig. 1. Dependence of brightness on ZnS field at 13 kHz for 
various SiO layers. I000A SiO fiJms were used between the ZnS 
and SnO2 and thicknesses of 220-5100A of SiO were used between 
the ZnS and AI. 

results  f rom the complex dependence of ref rac t ive  
index on film composit ion and thickness in the ma-  
terials used. By vary ing  the thickness of the SiO 
layer  be tween  the  t in -ox ide  electrode and the ZnS 
film while  mainta in ing  the second SiO layer  constant, 
it was possible to establish an op t imum thickness 
value of 1300A for the in ternal  SiO layer.  This value 
is in agreement  wi th  theory assuming nslo < nsnof. 
A fu r the r  increase in observed emission would  be 
anticipated if the SiO or t in-oxide  layers were  re -  
placed with  mater ia ls  wi th  more ideal ly matched re -  
f rac t ive  indices. 

It  is interest ing to note that  the field strengths 
applied to the ZnS layers in our devices under  rout ine 
operat ing conditions appear  to be equal  to or s l ightly 
higher  than values normal ly  used in this type of 
exper iment  and also than the repor ted  dielectric 
breakdown s t rength for ZnS (4, 18). The calculated 
field s t rength  values were  obtained f rom separate 
measurements  on SiO and ZnS layers of equiva len t  
thicknesses and may  not correspond exact ly  to the 
values which occur in composite structure.  Never the -  
less, the possibili ty exists that  the double SiO layers  
e l iminate  one form of breakdown which occurs when 
direct me ta l /ZnS  contact exists. The highest-efficiency 
E L  in this work  was observed when devices were  op- 
era ted in this field regime. 

The dependence of brightness on f requency in the 
range f rom 1-20 kHz, showed, for all  values of SiO 
thicknesses, a sa turat ion effect above 8 kHz. As the 
f requency was increased above 13 kHz the average 
brightness at a given applied field decreased. Al though 
this decrease may be associated with  impedance  effects 
in the various layers  or wi th  in terna l  heat ing there  is 
some evidence that  it could be caused by fai lure  
of the exci tat ion and recombinat ion processes to reach 
complet ion within  individual  half  cycles of the applied 
field. 

Effect of manganese concentration.--There is l i t t le  
informat ion in the  l i tera ture  on the dependence of 
ZnS film emission propert ies  on Mn concentration. 
The major i ty  of published work  has been  car r ied  
out on single values of Mn content  in a range be tween 
0.1 and 1 w/o .  Vlasenko and Popkov (4) carr ied  out 
exper iments  wi th  severa l  Mn concentrat ions and re -  
ported an op t imum value  of 0.6 w/o .  In the present  
work  a range of samples were  prepared f rom sources 
containing f rom 0.04 to 6.0% Mn. In al l  cases the ZnS 
film thickness was mainta ined at 1.5~, and a sym-  
metr ica l  s t ruc ture  wi th  double SiO layers of 700A 
thickness was used. 
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Fig. 2. Dependence of brightness on ZnS field at 13 kHz for 
various Mn concentrations. A ZnS thickness of 1.5~ was used In 
conjunction with double 700A SiO layers. 

Figure  2 shows the dependence of integrated 
brightness on the applied field at 13 kHz for three 
Mn concentrations. A considerable improvement  in 
brightness levels was obtained as the Mn concentra-  
tion increased. The m a x i m u m  brightness for a 
phosphor containing 2 w / o  Mn was in excess of 
700 f t -L  compared wi th  5 f t -L  for a 0.044 w / o  phos- 
phor. If the Mn concentrat ion was increased to 6%, the 
m a x i m u m  brightness was reduced to 10 f t-L,  and 
the panels were  found to burn out at low applied 
voltages;  this would appear  to be due to the re-  
duction in the resis t ivi ty of the phosphor wi th  high 
Mn content. At 6 w / o  Mn the films had a metal l ic  
black ra ther  than yel low coloration. In the concentra-  
t ion range f rom 0.04 to 2.0 w / o  the m a x i m u m  br ight -  
ness and discrimination ratio increased wi th  in-  
creasing Mn content. Al though 2% Mn was the max i -  
mum level  of incorporat ion which led to repeatably  
good results using the described procedures it is felt  
that  higher  concentrat ions could be achieved using 
more sophisticated source materials  and deposition 
procedures. In this case it should be possible to obtain 
even br ighter  emission f rom the devices. The present  
results are in agreement  wi th  Kodzhespirov et al. (8) 
who reported that  emission intensities of ZnS :Mn 
~evices increased with  increasing Mn content. The 
m a x i m u m  concentrat ion used by these authors was 
4.0 w / o  and the ratio of emission intensi ty  in the 
h igh-concent ra t ion  devices to those with  0.04 w / o  
NIn was repor ted  to be 108: 1. 

The dependence of the E1 output  on f requency ex-  
hibi ted l i t t le var ia t ion  as the Mn concentrat ion was 
altered. 

Effect of ZnS thickness.--There is l i t t le  informat ion 
in the l i t e ra ture  on the effects of  var ia t ion  of phosphor 
film thickness on device performance.  The results  
f rom the present  work  are  shown in Fig. 3. In these 
exper iments  the concentrat ion of Mn was mainta ined 
at 0.6 w/o,  and the film was again sandwiched between 
700A SiO layers. The m a x i m u m  obtainable  b r igh t -  
ness increased wi th  ZnS thickness to 1.3;~, but  did 
not increase appreciably thereafter .  The discr imina-  
tion ratio at ta ined a m a x i m u m  value  for films in 
the region of 1.3~ in thickness. The figure also 
demonstrates  that  the field s t rength requi red  to de- 
velop a given emission intensi ty falls towards a 
lower  l imit  as the ZnS film thickness is increased. 
Vlasenko and Popkov  (4) observed tha t  emission in-  
tensi ty increased with  increasing film thickness and 
the field s t rength at which emission was first discerni-  
ble to the  eye decreased wi th  increasing thickness. The 
la t ter  authors in te rpre ted  the results to be evidence 
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Fig. 3. Dependence of brightness on ZnS field at 13 kHz for 
various ZnS film thicknesses. A Mn concentration of 0.6 w/o was 
used and double 700./~ SiO layers were employed. 

of recombinat ion throughout  the bulk of the phosphor. 
The dependence of e lect roluminescent  output  on 

f requency was found to saturate  for alI thicknesses 
of ZnS layers but, as the ZnS thickness was in- 
creased beyond 1.3~, saturat ion occurred at suc- 
cessively lower frequencies.  

In measurements  of I -V curves on a number  of 
panels over  a brightness range f rom 1 to 700 f t -L  
it was found that  the current  increased l inear ly  wi th  
voltage. As the SiO thickness was decreased or as 
the NIn content  was decreased a given change in 
applied voltage would produce a greater  change in 
current.  

The relat ionship between brightness and rms ap- 
plied voltage was measured  for a number  of films 
and was found to consist of two exponent ia l  regions. 
The curves, which are i l lustrated in Fig. 4 for several  
ZnS thicknesses, obey the fol lowing relat ion 

( ) ( ) - - 1  -FB2 e x p ~ - - I  B = B1 exp V1 V2 

where  B is the surface brightness,  V is the rms applied 
voltage, and B1, B2, V1, and V2 are constants. Kolo-  
mei tsev  et al. (9) also found their  results  to obey this 
expression. 

Efficiency-voltage characteristic.--Figure 5 shows 
the efficiency-voltage curves for several  typical  de-  
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Fig. 4. Dependence on brightness on rms applied voltage for 
various ZnS film thicknesses ahd Mn concentrations using 700J~ 
SiO layers. 
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Fig. 6. Tracings of the emission waveforms obtained under 
sinusoidal excitation at several frequencies from a typical 2% Mn 
1.6.~ ZnS film. 

vices. Once again double SiO layers were used and 
an excitation frequency of 13 kHz was employed. 
Emission efficiencies in the range from 0.1 to 1.0 lpw 
were regular ly  obtained;  the higher efficiency results 
usual ly  occurred when  ZnS with 2 w/o  Mn was 
evaporated, and the devices had the opt imum SiO 
thicknesses for max imum emission. 

The reduct ion in  rate of increase of efficiency with 
applied voltage shown in Fig. 5 was also reported 
by Kodzhespirov and Kostylev (8). The dependence of 
efficiency on SiO thickness at ta ined a m a x i m u m  for 
values similar  to those described in the section dealing 
with optical effects in  these layers. Therefore, the 
improvement  in efficiency can also be associated with 
these effects. The improvements  in  efficiency reported 
by Harper  (6) for SiO2 layers were associated with 
tunne l ing  and accumulat ion effects in these layers; for 
these th in  films (7-160A) significant optical enhance-  
ment  would not  be anticipated. 

In  comparing the performance of thin-f i lm and 
powder E1 phosphors it is significant that the efficiency 
of films increases with applied voltage whereas the 
efficiency of powder phosphors reaches a peak at 
approximately  one-hal f  of the desirable operat ing 
brightness and falls off with fur ther  increase of 
voltage. Although powder cells have exhibited maxi -  
mum efficiencies of 14 lpw at low brightness, a value 
of 3 lpw is a more typical efficiency under  normal  
operat ing conditions. The efficiency of thin-f i lm 
panels of the type described here operat ing under  
similar condit ions compares favorably with this value. 

Emission characteristics under sinusoidal and pulsed 
excitation.--The shapes of the emission output  wave-  
forms were detected by  a type 7625 photomult ipl ier  
and displayed on a Hewlet t -Packard  175A dual- t race  
oscilloscope. Tracings of photographs of the wave-  
forms obtained under  sinusoidal excitat ion are shown 
in Fig. 6; the wavetra ins  progress f rom left to r ight  
of the diagrams. It  was noted at low frequencies that  
there were two emission pulses per cycle of applied 
voltage and that  the max imum emission lagged the 
m a x i m u m  voltage for both polarities by 0.6 to 0.8 
msec. At ~00: Hz the two pulses were dist inct  but  
at 4 kHz the emission from a par t icular  pulse did 
not decay to zero before onset of the succeeding pulse. 
At 13 kHz the emission pulses appeared only  as 
a slight s t ructure  superimposed on a cont inuous level 
of emission. 

It  was found in a number  of devices that, al though 
similar t ime and frequency dependence of the emission 
peaks occurred, their  ampli tudes were not always 
equal. In these cases where the emission pulses were 
not equal  in ampli tude it was found that  the light 

output  corresponding to positive voltage applied to 
the t in  oxide electrode could exceed the reverse case 
by up to 50%. Because of the s imilari ty of behavior 
of the two peaks in all other aspects and because of 
the independence of results on the na tu re  of the 
electrodes it is felt that  the asymmetry  results from 
nonuni fo rm excitation or emission properties through 
the ZnS layer  or at its interfaces with SiO. The 
na ture  of the device fabricat ion unfor tuna te ly  in t ro-  
duces asymmetry  in two respects. First, the distri-  
but ion of Mn through the depth of the ZnS film may 
be nonuni fo rm due to rapid depletion of Mn at the 
start  of evaporat ion or deposit of an excess at the 
completion [in previous work (14) the M n : Z n  ratio 
has been shown to vary from 0.003 to 0.007 to 0.011 
in  subsequent  1-min deposition intervals] .  A second 
factor arises f rom the sequential  film deposition pro- 
cedures which involve substrate heat ing dur ing the 
ZnS evaporation. This process inevi tably  introduces 
inequali t ies in the properties of the ini t ia l  and final 
SiO layers. 

Figure  7 shows the response of a panel  to sym- 
metrical  pulse excitation. Again two pulses per cycle 
were observed, and the m a x i m u m  light emission lagged 
the voltage switching t ime by about 0.6 msec. Similar  
results were obtained for the cases where  the t in -  
oxide electrode was pulsed positive and negative 
with respect to the metal  electrode; the only slight 
distinction occurred in  eases where the two emission 
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Fig. 7. Tracings of the emission waveforms obtained under 
symmetrical pulse excitation at several frequencies. 
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pulses were  unequal  in amplitude.  In the  lat ter  case 
the larger  pulse would occur when  the t in-oxide  
layer  was switched posit ive wi th  respect  to the metal  
electrode regardless  of the potential  at which the 
meta l  electrode was held (0 volts or full  negat ive  
potent ia l ) .  At 400 Hz the two pulses per cycle were  
distinct but, as higher  f requencies  were  applied, the 
l ight  emission did not decay to zero be tween field 
reversals.  

An interest ing result  was obtained by vary ing  the 
mark:  space ratio of the pulse wavefo rm at a repet i t ion 
rate  in the region of 400 Hz, i.e., below saturat ion 
frequencies.  At a 50:50 duty cycle it was found that  
two approximate ly  equal  pulses per cycle were  ob- 
tained, but  as the ratio was moved to 85:15 the 
ampl i tude  of one pulse decreased and the second 
pulse increased. At 85:15 only a single pulse occurred 
each cycle and this was approximate ly  twice the 
size of its counterpar t  in the 50:50 duty cycle case. 
The single pulse was found to reach a peak ap- 
p rox imate ly  0.6 msec af ter  the te rminat ion  of the 
85% part  of the cycle. 

A series of exper iments  were  perforn~ed in which 
the meta l  e lectrode was held at ground potent ial  
and the tin oxide was pulsed to ful l  posit ive potential  
for 15% of each cycle. These exper iments  were  re -  
peated for the same pulse durat ions but  wi th  ap- 
plication of negat ive  pulses to the tin oxide. Both 
sets of exper iments  were  repeated using longer pulse 
durat ions so that  the pulse occupied 85% of the cycle 
times. In all cases the results were  similar, and the 
samples behaved as if the condit ion in which 85% 
of the t ime was spent was the equi l ibr ium state 
and emission took place only after  the applied vol tage 
switched to the 15% state. F igure  8 i l lustrates two 
of these cases. It  can be seen that  the decay to 
zero emission fol lowing each light pulse takes several  
milliseconds. 

Ageing. - -One major  disadvantage of th in-f i lm E1 
panels is their  ex t remely  rapid ageing characteristic.  
Apar t  f rom exceptional  cases, thin films prepared 
by the above techniques show a reduct ion to half  
ini t ial  brightness wi thin  tens of operat ing hours. This 
figure is similar  to values obtained by other  authors. 
Ageing was accelerated by e levat ing the ambient  
temperature .  It was noted, however ,  that  the l i fe-  
t ime paramete r  showed distinct variat ions f rom one 
batch of devices to another  prepared at a different 
t ime but in ostensibly the same manner ,  whereas  
f rom one device to another  wi thin  any one par t icular  
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Fig. 8. Dependence of emission waveform on the applied pulse 
duty cycle. 

batch there was consistency in ageing characteristics.  
There  is evidence to suggest that  this p roper ty  is 
re la ted to control led and uni form manganese incor-  
porat ion and that  the use of more sophisticated ma-  
terial  prepara t ion and evaporat ion procedures may 
yield significant improvements .  It was found that  the 
l i fe t ime of panels capable of several  hundred  foot-  
Lamber ts  could be extended by operat ion at lower 
brightness levels. The init ial  decay of brightness is 
not  t ru ly  exponential ,  and a fast  decay occura during 
t h e  application of the first few cycles of voltage. 
Because of this it is almost impossible to establish 
the t rue start ing t ime for the decay process and 
therefore  to state the t rue  half- l i fe.  In our work  
we have taken the init ial  brightness as a value 
measured  wi th in  the first minute  of field application. 

Discussion 
A great  deal of cont roversy  is apparent  in recent  

published work on ZnS films. The major i ty  of workers  
suggest that  the best s t ructure  for obtaining efficient 
emission has a blocking layer  at the posit ive meta l  
electrode whi le  others repor t  tha t  blocking contacts 
at the cathode are advisable [these points are rev iewed  
in ref. (19)]. In the present  work  using re la t ive ly  
thick double insulat ing layers the emission was found 
in almost  every  case to be s imilar  for both applied 
polari t ies regardless of the na ture  of the meta l  elec- 
trodes. This result  implies that  the meta l / insu la to r  
interface propert ies are  of secondary impor tance  and 
that  the carr iers  requi red  for the recombinat ion proc- 
ess or iginate  e i ther  in the ZnS film itself or in the 
ZnS/S iO interface barriers,  for  example,  in an ac- 
cumulat ion layer of the type described by Harper  (6). 

The most favored mechanisms for explaining elec- 
t ro luminescence in Zns films include inject ion effects 
f rom adjacent  layers (16, 20) or in ternal  p-n  junc-  
tions (5),and electronic impact  ionization (6, 21). It is 
almost cer ta in  that  l ight  emission can and does resul t  
f rom these and other  processes depending on the film 
preparat ion and contact properties.  In the case of the 
present  devices where  average fields of 106 V / c m  exist 
in the films under  the op t imum operat ing conditions 
one would anticipate a high-field mechanism to be 
operative. Impact  exci tat ion is l ikely  to occur at these 
fields. The source of carriers for the emission process 
may  be thermal ly  generated electrons, but  it is also 
possible that  field effects lead to depopulat ion of traps 
in the various parts of the devices and that  these 
could represent  a significant contr ibut ion (23, 25). It 
should be noted that  an average field of 8 x 105 V / c m  
was normal ly  requi red  for the efficient emission 
process in our layers and that  the l ight output  increased 
typical ly  f rom 1 to 600 f t - L  wi th  a minor  increase 
of field to 1.2 x 106 V/cm.  Al though inefficient emis-  
sion was detected at lower  fields its characterist ics 
were  different;  the br ight  emission process appeared 
to have a definite field threshold.  (Since there  was 
evidence of space-charge effects in the devices it 
was possible that  nonuni form field distr ibution oc- 
curred  wi th in  the layers and that  considerably h igher  
than the average local fields may  have  been present.)  

The emission f rom the films was similar  to emis-  
sion f rom a var ie ty  of ZnS: Mn devices and is bel ieved 
to result  f rom excitat ion of Mn centers by collision 
or resonance transfer.  It  is unl ike ly  that  direct  field 
exci tat ion of the Mn center  itself occurred because 
of the high calculated field s t rength requi red  for 
this process (22). 

The emission wavefo rm was considerably s impler  
than described results  f rom ZnS films wi th  other  
act ivator  systems. The secondary peaks often described 
in work  with  other  films were  not observed in the 
present  experiments .  Af te r  a single step increment  
in vol tage the emission was found to grow to a peak 
after  0.6 to 0.8 msec and then to decay over  a con- 
s iderably longer t ime interval .  This behavior  together  
wi th  the observations under  various applied wave -  
forms could be explained in the fol lowing manner.  
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It is a well-establ ished fact that  ZnS films, in ter -  
faces, and oxide insulators possess a n u m b e r  of 
t rapping levels with t ime constants ranging  from 
microseconds to hours. The degree of occupation of 
these levels in  s tructures such as the present  panels is 
a complex function of applied voltage, ambient  tem- 
perature,  i l lumina t ion  , and past history. On changing 
the applied voltage a series of events occurs which 
leads to a new distr ibut ion of the carr ier  populat ion 
throughout  the devices. At first the free carriers and 
easily excited carriers flood toward their  new positions 
and, more gradually,  the deeper levels adjust  in 
populat ion according to a complex t ime dependence. 
Some of the ad jus tment  occurs at a rate determined 
by thermal  detrapping,  bu t  addit ional  f ield-enhanced 
detrapping at fields as low as 5 x 103 V/cm could 
also occur (23). The in terna l  field in  each par t  of the 
s tructure cannot ins tantaneously  acquire a new 
equi l ibr ium value when  the applied voltage is in-  
creased, but ra ther  it will  rise to a new value ac- 
cording to a time dependence determined by the level 
repopulat ion processes. Based on these premises it is 
tempting to conclude that it is this gradual  field 
growth after a change in applied voltage which leads 
to the 0.6 msec delay before peak emission occurs. In  
other words the required field for the collision process 
does not  appear across the total volume of the main  
emit t ing regions un t i l  0.6 msec after application of 
the required voltage (the 0.6 msec time being a 
par t icular  property of the present  panels under  these 
applied conditions).  

As equi l ibr ium is approached the flow of carriers 
diminishes and this leads to a gradual  reduct ion in 
the number  of excitations and recombinations.  This 
is l ikely to be the explanat ion for the observed decay 
in emit ted brightness after the peak value at 0.6 
msec. A small residual  light emission after equi l ibr ium 
is established caused by thermal ly  generated carriers 
enter ing the high-field regions might  also be ex- 
pected. 

The above picture provides a simple and self-con- 
sistent explanat ion of the observed emission wave- 
forms. Under  sinusoidal or symmetr ical  pulse excita- 
t ion there are equal excursions about each side of 
an average condition. This creates two major  dis- 
turbances of equi l ibr ium per cycle and could be ex- 
pected to lead to two emission pulses per cycle. If 
the symmetry  of the pulse excitat ion is altered to 
an 85:15 duty  cycle, the equi l ibr ium will  be biased 
p redominan t ly  to the 85% condition. This being the 
case only one major  excursion from equi l ibr ium per 
cycle occurs. The excursion wil l  be larger in mag-  
n i tude  than  in the 50:50 duty  cycle, and the result  
would be the observed single emission pulse of larger 
ampli tude following the onset of the 15% parts of 
the waveform. This s i tuat ion would occur regardless 
of the actual  voltage experienced by the panel  dur ing 
the 85% part  of the cycle. 

The frequency dependence of the results is also 
explained. At high frequencies the 0.6 msec required 
by the present  devices to reach full  emission is not 
available. Instead the emission only grows to par t  
of the m a x i m u m  value. As the f requency is raised, 
however, the number  of part ial  emissions per second 
is increased. These two effects counterbalance unti l ,  
above 15 kHz the emission per pulse is so weak that  
the increased repeti t ion rate no longer compensates 
and the output  falls off. At low frequencies the 
growth of emission to a peak after 0.6 msec followed 
by a decay may be completed before the end of the 
applied voltage pulse. The total emission would in 
this case be s imply determined by the pulse repeti t ion 
rate. This l inear  emission fall off with reduced 
frequency was in fact observed. 

With no applied field the dis t r ibut ion of occupied 
traps takes on its field-free form. Under  sinusoidal  
or pulse excitation, parts of the ZnS films and ad- 
jacent  layers become depopulated dur ing a fract ion 

of each voltage cycle and the poPulation of deeper 
levels slowly adjusts to a value determined by the 
average occupation of the shallow levels. This 
operational  equi l ibr ium is different from the field- 
free case, and the t ransi t ion from one si tuation to 
the other is believed to be responsible for the gradual  
bu i ld -up  of emission dur ing  the first few cycles of 
voltage which is f requent ly  described in the l i tera-  
ture  (26-28). 

Conclusion 
The experiments  that  have been reported have 

shown that  the use of insulat ing layers on both sides 
of a Z n S : M n  film can lead to bright  and relat ively 
efficient electroluminescence (700 f t -L  at 1 lpw).  It 
is considered that  the emission results from an im-  
pact excitation process which occurs when the various 
energy states in  the device are dis turbed from equi-  
l ib r ium under  high-field conditions. I t  is also believed 
that  the present  efficient emission occurs in a regime 
of electric field in which the ZnS layer  would normal ly  
experience breakdown if placed in  direct contact with 
a metal  electrode. 

The proposed mechanism for the EL provides a 
consistent and straightforward explanat ion of the 
present  observations, and it can also be shown to 
provide a simple a l ternat ive  explanat ion of several 
other exper iments  which are described in  the l i tera-  
ture. The mechanism is amenable  to exper imental  
verification al though the procedures are complex be- 
cause of the small  range of applied voltage dur ing  
which the panels pass from 1 to 700 f t -L emission. 
A study of the t ime-dependence  of the repopulat ion 
effects and their  relat ion to ambien t  temperature,  
field, and i l lumina t ion  will clarify the situation. 

The critical na ture  of the film deposition parameters  
required to produce efficient devices can be at t r ibuted 
to two factors. First, the required electrical properties 
of the ZnS layer  are s trongly dependent  on the 
degree of crystal l ini ty  and the s t ructural  properties 
of the film. Second, the incorporat ion of high con- 
centrat ions of Mn without  serious disruption of the 
film must  be achieved. 

The brightness, efficiency, and ageing characteristics 
of the ZnS devices all appear to be related to the 
successful incorporation of Mn without  film disruption. 
The present  films improved in  these characteristics 
as the Mn content  in the source mater ia l  was in -  
creased from 0.04 to 2.0 w/o. There is every reason 
to believe that  fur ther  improvements  will  be possible 
when  more sophisticated deposition techniques are 
used. 

Acknowledgment 
The authors would like to thank  Mr. W. Carkner  

for his assistance in the fabricat ion of the ZnS devices 
and the Bowmar Ins t rumen t  Corporation for per-  
mission to publish informat ion contained in  the Firs t  
and Second A n n u a l  Research Reports on DIR Gran t  
E54. The work was carried out as part  of a research 
program joint ly  supported by Bowmar Canada Limited 
and the Defence Indust r ia l  Research Program operated 
by the Canadian Defence Research Board. 

Manuscript  received May 15, 1967; revised m a n u -  
script received June  12, 1967. 

A ny  discussion of this paper will  appear in a 
Discussion Section to be published in the June  1968 
JOURNAL. 

~tEFERENCES 
1. R. E. Halsted and L. R. Koller, Phys. Rev., 93, 

349 (1954). 
2. W. A. Thornton,  J. Appl. Phys, 30, 123 (1959) 
3. W. A. Thornton,  Phys. Rev., 116, 893 (1959). 
4. N. A. Vlasenko and Iu. A. Popkov, Optics & 

Spectros, 8, 39 (1960). 
5. W. A. Thornton,  This Journal, 108, 636 (1961). 
6. W. J. Harper,  ibid., 109, 103 (1962). 
7. V. L. Bakumenko,  G. S. Kojina,  and V. N. Favorin,  

Optics & Spectros, 15, 262 (1963). 



1072 J. Electrochem. Soe.: S O L I D  S T A T E  S C I E N C E  October  1967 

8. F. F. Kodzhespirov and S. A. Kostylev, Optics 
& Spectros, 12, 144 (1964). 

9. F.I. Kolomoitsev, F. F. Kodzhespirov, and S. A. 
Kostylev, ibid., 12, 497 (1964). 

10. A. G. Gol 'dman,  G. A. Zholkevich, and N. P. Lazar, 
Soviet Phys., Doklady, 10, 1148 (1966). 

11. V. A. Vlasenko and S. A. Zyn'o, Zn. Priklad. 
Spectrosk (USSR),  5, 67 (1966). 

12. R. J. Studer and D. A. Cusano, J. Opt. Soc. Amer., 
42, 878 (1952). 

13. C. Fe ldman  and M. O'Hara, ibid., 47, 3()0 (1957). 
14. L. R. Koller and H. D. Coghill, This Journal, 107, 

973 (1960). 
15. G. A. Antcliffe, Brit. J. Appl. Phys., 16, 1467 (1965). 
16. P. Goldberg and J. W. Nickerson, J. Appl. Phys., 

34, 1601 (1963). 
17. D. A. Cusano, Doctoral Dissertation, Rensselaer 

Polytech. Inst. (Jan. 1959). 
18. K. L. Chopra, J. Appl. Phys., 36, 655 (1965). 
19. P. Goldberg in "Luminescence of Inorganic Solids," 

P. Goldberg, Editor, p. 408, Academic Press, 

New York (1966). 
20. R. C. Jaklevic, D. K. Donald, J. Lambe, and 

W. C. Vassell, Appl. Phys. Letters, 2, 7, (1961). 
21. D. A. Cusano in "Luminescence of Organic and 

Inorganic Materials," H. P. Ka l lman  and G. M. 
Spruch, Editors, p. 494, John Wiley & Sons, Inc. 
New York (1962). 

22. W. W. Piper and F. E. Will iams in  "Solid State 
Physics," Volume VI, p. 96, Academic Press, New 
York (1958). 

23. K. W. Bo~r and U. Kfimmel, Ann. Phys., 16, 
181 (1955). 

24. G. F. Alfrey and J. B. Taylor, Proc. Phys. Soc., 
68B, 775 (1955). 

25. M. J. Russ, Ph.D. Thesis, Univers i ty  of Bi rmingham 
(1962). 

26. S. Kawashima,  This Journal, 113, 1083 (1966). 
27. H. F. Ivey in "Electroluminescence and Related 

Effects," p. 65, Academic Press, New York (1963). 
28. H. K. Henisch in "Electroluminescence," Mac- 

Millan, New York (1962). 

Technica  Notes 
IV 

(Cd,Zn)S Photoconductive Sintered Layer 
Miyoshi Haradome and Hirokuni Kawashima 

The Physical Science Laboratories, Nihon University at Narashino, Chiba-ken, Japan 

As is widely known, l ight-sensit ive sintered layers 
of CdS show a remarkable  fall-off of photoconductive 
sensit ivity in the spectral region below 520 m~, be- 
cause of surface recombinat ion of carriers. In order  
to remove such a fault, one of the authors (1) pre-  
viously examined the preparat ion of (Cd,Zn)S solid 
solution layers in the way similar to that for usual  
CdS layers (2). I t  must  be noted, however, that such 
a convent ional  method was unsuccessful in producing 
satisfactorily adherent  and uniform layers of re-  
crystallized (Cd, Zn)S,  especially in the Zn-r ich  
region. 

In the present  study, the authors have succeeded 
in developing a new sinter ing technique for the 
(Cd, Zn)S,  layer by making  use of a high- temperature ,  
high-pressure argon atmosphere and of NaC1 solvent 
flux. The resul tant  product exhibits high sensit ivity 
even in the spectral region from 520 down to 400 m~. 

Experimental 
The s inter ing apparatus utilized in this work is 

shown schematically in Fig. 1. In  a stainless steel 

F-~ 
To high J J----lJh 

Argon 

Stainless steel tube Specimen 

I 
Protector Sample chamber 

Fig. 1. Schematic diagram of apparatus for slntering by the 
high-pressure sintering method. 

tube an impur i ty  protector and sample chamber both 
made of quartz are enclosed, and the whole system 
is put  in a SiC resistance furnace for heat - t rea tment .  
The sample chamber  is loosely sealed with a quartz 
cap. Fluorescent  powder of (Cd, Zn )S  solid solution 
activated with a small  amount  of Ag or Cu (product 
of the Dai-Nippon Paint  Company, Ltd.) was used 
as s tar t ing material.  A mixture  of 3 x 10 -2 mole of 
the fluorescent powder and 9 x 10 -3 mole of high grade 
NaC1 was blended with 3 cc of distilled water  and 
was ground in a quartz mixer  for 5 hr. This suspension 
was sprayed on the surface of h igh-pur i ty  a lumina  
plates by a quartz spray-gun.  The sprayed layer  was 
dried for 2 hr at 89~ and was then enclosed in the 
stainless steel tube which was evacuated to 10 -4 Torr. 
After  introducing h igh-pur i ty  argon gas (oxygen con- 
tent  of 0.2 ppm) into the tube, the hea t - t rea tment  
for s inter ing was started. It  took about 20 min  to 
raise the temperature  to ll00~ at which the s inter ing 
was most appropriately conducted. 

Results and Discussions 
From grain size observation with an optical micro- 

scope, the average grain size of the (Cd, Z n ) S  solid 
solution layers prepared in the pressure range above 
30 atm has been found to indicate a monotonic in-  
crease with increasing sinter ing tempera ture  (1000 ~ 
1150~ and t ime (0-100 min).  It must be noted 
that  the evaporation of the specimen takes place 
under  pressures below 30 atm. It may be emphasized, 
in  addition, that  x - r ay  diffraction data indicate no 
change in composition of (Cd, Z n ) S  solid solutions 
if the s inter ing is done at temperatures  below 1150~ 
under  pressures exceeding 30 arm, and wi th in  times 
less than 100 min.  

Figure 2 gives the sintering tempera ture  dependence 
of the photocurrent  and dark current  produced in  
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Fig. 2. $intering temperature dependence of the photocurrent 
and dark current for the 30 m/o Zn, slntered for 60 min under 
50 atm Ar. 

16 a 10 2 

163 

=L, 

t6 ~ 
~r 

o 

*I ~,o 5 

1661 
I0 

I01 

I00 

DARK 

i , , 16 2 
20 :50 40 50 

PRESSURE, arm 

Fig. 3. Pressure dependence of the photocurrent and the dark 
current for the 30 m/o Zn, sintered for 60 min at 1100~ 

the  specimens conta ining 30 m / o  ZnS, whi le  the  
s in ter ing  was done under  a p ressure  of 50 a tm for 
60 rain. A m a x i m u m  of the  pho tocur ren t  curve is 
found at  ll0O~ mak ing  a sharp  cont ras t  to the 
monotonic increase  of da rk  current .  In  Fig. 3 is 
p resented  the pressure  dependence  of the  pho tocur -  
ren t  and  d a r k  cu r ren t  for  the  specimen conta in ing  
30 m / o  Zn when  hea t  t rea ted  at l l00~ for 60 min. 
Wi th  increas ing pressure ,  the  pho tocur ren t  increases  
r e m a r k a b l y ,  whi le  the  da rk  cur ren t  decreases,  both  
showing level ing-off  in the  h igh-p ressu re  range  above  
49 atm. The m a x i m u m  posi t ion in the  photoconduc-  
t i v i ty  spec t rum for a number  of (Cd, Z n ) S : A g ,  C1 
layers  s in te red  at  l l 00~  for 60 min  under  50 arm is 
shown schemat ica l ly  in Fig. 4. The shift  of the  
photoconduct iv i ty  peak  wi th  change  in composi t ion 
is a lmost  pa ra l l e l  to that  of the  emission peak  (3), 
which  m a y  suggest  that  composit ion of those (Cd, 
Z n ) S  layers  has not  changed dur ing  the h e a t - t r e a t -  
ment.  In  Fig. 5, the  decay t ime of the  pho tocur ren t  
when  the  same specimens were  exposed to 190 Lx  
rad ia t ion  is p lo t ted  against  the composit ion.  F o r  the 
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Fig. 4. Maximum of the photoconductivity spectrum of the 
(Cd,Zn)S:Ag, CI solid solution sintered layers. 
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Fig. 5. Decoy time of the photocurrent for the (Cd,Zn)$:Ag,CI 
solid solution sinfered layers. (a): high-pressure sintering method; 
(b) conventional sintering method. 

sake of comparison,  the  behavior  of specimens p re -  
pa red  by  the  convent ional  s in ter ing  method  (1) is 
also shown in F ig  5. On the basis of these data,  one 
can conclude tha t  the  much  shor ter  decay  t imes  
exh ib i ted  by  the layers  p r epa red  at  h igh pressures  
m a y  be ascr ibed  to the  presence of fewer  gra in  
boundaries ,  causing less scat ter ing of the  photocon-  
duc t iv i ty  carr iers .  On the o ther  hand,  the decay  t ime 
is found to increase  almost  l inea r ly  wi th  the  content  
of Zn. Through a p r e l im ina ry  inves t iga t ion  of the  
behavior  of t h e r m a l l y  s t imula ted  cu r r en t  and  decayed  
t he rma l ly  s t imula ted  current ,  such an increase  of 
the decay  t ime has been concluded to ar ise  f rom the 
increase  of the  dens i ty  and dep th  of the  electron 
traps.  

F u r t h e r  studies,  especia l ly  of e lec t ron and hole 
t raps  are  being pushed fo rward  and wil l  be publ i shed  
in the  not  too fa r  d is tan t  future.  

Manuscr ip t  rece ived  June  12, 1967. 

A n y  discussion of this  paper  wi l l  appea r  in a 
Discussion Sect ion to be pub l i shed  in the  June  1968 
JOURNAL. 

:REFERENCES 
1. Ryuichi  Hioki,  Miyoshi  Haradome,  and Hiroshi  

Kukimoto ,  Japan. J. Appk Phys., 2, (1963). 
2. S. M. Thomsen and R. H. Bube, Rev. Sc~, Instr., 

26, 664 (1955). 
3. R. E. Hals ted,  M. Aven,  and  H. D. Coghill,  Th~s 

Journa l ,  112, 177 (1965). 



Cd SiS0 and C&SiSeo, New Ternary Compounds 
Synthesis, Photoconductive and Fluorescent Properties 

E. Kaldis, 1 L. Krausbauer, and R. Widmer 
Laboratories RCA Ltd., Zurich, Switzerland 

In  the course of a program aimed a t  the synthesis 
of new photoconductors and phosphors at tempts were 
made to synthesize t e rnary  cadmium and zinc chalco- 
genides with silicon and germanium. Accordingly the 
following systems were examined:  Cd-Si-S,  Cd-Si-Se,  
Cd-Si-Te,  Zn-Si-S,  Zn-Si-Se,  Zn-Si-Te,  Zn-Ge-S ,  
Zn-Ge-Se,  Zn-Ge-Te.  Te rna ry  phases could be found 
only in the first two of these systems. The compounds 
Zn2GeS4 and Zn2GeSe4 which have been reported in 
the l i terature (1) could not  be synthesized. 

Since the compound Cd4GeS6 had been found to be a 
good photoconductor (2-5), it could be expected that  
metal  silicon chalcogenides might  also show photo- 
conduction. Due to the l ighter atomic weight of sili- 
con the peak sensit ivi ty was expected to be at shorter 
wavelengths  than  in  the corresponding metal  ger- 
man ium chalcogenides (6). 

This paper deals with the synthesis, crystal  growth, 
and  pre l iminary  measurements  of the photoconductiv-  
i ty  and fluorescence properties of Ccl4SiS6 and 
CchSiSe6. 

Cd4SiS6 was synthesized by react ing stoichiometric 
quanti t ies  of cadmium sulfide, silicon, and sulfur  (5N 
purity,  Light, England)  in evacuated quartz tubes. The 
tube with the well mixed s tar t ing materials  was put  
in a furnace with a flat tempera ture  profile and was 
slowly heated up to 850~ wi th in  2 days. This slow 
heat ing rate was necessary to avoid explosions. 

Guinier  powder diagrams showed that  the reaction 
product was isomorphous to the ge rmanium compound 
which a new chemical analysis (3) showed to have the 
formula Cd4GeS6. The lat ter  was found to crystallize 
in the Cc space group with un i t  cell dimensions 
a = 12.303A, b = 7.056A, c ---- 12.335A, and ~ = 110o02 , 
(4). The x-ray diagrams of Cd4SiS6 showed only the 
lines corresponding to those of Ccl4GeS6. No additional 
lines could be detected. The angle fl for Cd4SiS6 was 
measured with the optical goniometer to fl = Ii0~ '. 

The Cd4SiS6 powder synthesized as described above 
looks very homogeneous but has a light olive green 
color, although the fundamental absorption edge of the 
compound lies at 4300A (see beIow). Material syn- 
thesized in the presence of iodine or crystals grown by 
iodine transport have a lemon yellow color. Also, the 
powder synthesied in the presence of excess of sulfur 
is yellow. All these materials have the same x-ray 
diagram. The yellow color could not be restored by 
adding small amounts of excess cadmium sulfide, sili- 
con, or a mixture of silicon and sulfur to the starting 
material. Yellow crystals of Cd4SiS6 heated at 1250~ 
in a small evacuated quartz ampoule become greenish. 
In the presence of a partial sulfur pressure of 1 atm 
the color of the crystals remains yellow. 

It is possible that the green color is the result of a 
slight decomposition taking place only at the surface 
of the powder. At 1250~ this decomposition can ob- 
viously be suppressed by 1 arm of sulfur pressure. A 
partial sulfur pressure which is probably high enough 
to prevent decomposition is also built up during the 
iodine transport. 

Cd4SiSe6 was synthesized from the elements in the 
presence of iodine at 800~ in an evacuated quartz 
ampoule. 

Crystals of Cd4SiS6 with dimensions up to i0 x 5 x 6 
mm 3 were grown by iodine transport at 800~ in a 

z P r e s e n t  a d d r e s s :  L a b o r a t o r i u m  ff i r  F e s t k i i r p e r p h y s i k ,  E T H ,  
Zi2rich,  S w i t z e r l a n d .  

closed system. The iodine concentrat ion in the am- 
poules was 4 mg/cm 3. Using values of undercooling 
(4) between 5 ~ and 30~ and growth times of two to 
ten days crystals with va ry ing  dimensions and highly 
reflecting na tu ra l  faces could be grown. 

Doped crystals were grown by mixing  the star t ing 
materials with the dopant  in  the form of the metal  
iodides. 

Black crystals of CchSiSe6 with dimensions of a few 
mill imeters  were grown by iodine t ransport  at 80O~ 

The optical measurements  were made with conven-  
t ional apparatus. For  photoconductivi ty and absorp- 
t ion measurements  in  the visible par t  of the spectrum 
a xenon high-pressure lamp was used as l ight source 
in connection with a Leiss single pr ism monochromator  
and a Zeiss double prism monochromator,  respectively. 
In the near  uv a hydrogen lamp was used. A high im-  
pedance Keithley micromicroammeter  in connection 
with a Moseley X-Y-recorder  was used to register 
photocurrent  v s .  wavelength  and cur rent -vol tage  
curves. 

Reflectivity measurements  were  carried out with a 
tungsten  or hydrogen lamp, a Bausch and Lomb grat-  
ing monochromator,  a n d - a  RCA 1P28 phototube as 
detector. 

For luminescence measurements  the samples were 
irradiated with the 3660A-Hg-line, the luminescent  
light was focussed onto the entrance slit of a single 
prism Leiss monochromator.  An  RCA 7265 photomult i -  
plier was used as detector of the light at the exit slit 
of the monochromator.  The output  of the photomul t i -  
plier was fed into a Var ian chart  recorder, the speed 
of which was synchronized with the prism rotat ion of 
the monochromator.  The curves so obtained were cor- 
rected for the mul t ip l ie r  sensit ivi ty and the disper- 
sion of the prism to give the true spectrum in arbi-  
t rary  units. 

It  was found that  as-grown crystals were covered 
with an insula t ing surface layer. To remove this sur-  
face layer the crystals were washed immediate ly  after 
they had been taken  out of the ampoule, first wi th  hot 
hexane  to dissolve silicon iodide and then with alcohol 
to dissolve cadmium iodide. In  cases where this t reat-  
ment  was not successful the insula t ing  layer  could be 
removed mechanical ly  by gr inding and polishing the 
crystal surface. After  these t rea tments  evaporated 
contacts of silver, cadmium, indium, gallium, and 
a l u m i n u m  were found to be ohmic and to give the 
same wavelength  dependence of the photocurrent.  
Throughout  this work ind ium electrodes were used 
unless otherwise stated. The electrodes were evapo- 
rated in a vacuum of 5"10 -5 Torr, the electrode 
separation d being 0.3 to 0.8 mm. 

Annea l ing  experiments  were made in  air  and hydro-  
gen at different temperatures.  For  each exper iment  
the crystals were kept  at the annea l ing  tempera ture  
for 30 min. All dark and photocurrent  measurements  
were done at room temperature.  

Results 
Undoped Cd4SiSe crystals wi thout  any hea t - t r ea t -  

men t  show good photoconductive properties. Measure-  
ments  with a thermoelectric tester (7) showed n - type  
conductivity,  both in the dark and  under  i l luminat ion.  
The crystals have a dark conduct ivi ty  between 10 -12 
and 10 -10 ohm-cm -1. A typical  wavelength depend-  
ence of the photoconduction is shown in Fig. 1. There 
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Fig. 1. Wavelength dependence of the photocurrent for unan- 
nealed Cd4SiS6 and Cd4GeS6 crystals. The photocurrent is cor- 
rected for equal numbers of incident light quanta under the 
assumption that JPh a B (B ~ light intensity). 

are three regions in  the response curve: All  CchSiS6 
crystals show a photoconductivi ty shoulder a round 
5000A, another  one at about 4200A, and a third one 
around 3300A. Typical values for the photoconduc- 
t iv i ty  of Cd4SiS~ crystals at 4200A with  a light in ten-  
sity of N ---- 10 TM quan ta / cm 2 sec lie between 10 -6 
ohm-cm -1 and 10 -7 ohm-cm -1. At 3000A and for the 
same light intensi ty  the photoconductivi ty values vary  
between 10 -7 and 10 -5 ohm-cm -1. The ratio of the 
photoconductivi ty to the dark conductivi ty lies between 
10 ~ and 10% The sensi t ivi ty defined by Bube (8) as 
S = ~Ph " d2/absorbed power (~Ph ~--- I p h / U ,  U ~--- ap- 
plied voltage) reaches values of 10 -2 mho cm2/w, 
which is of the same order of magni tude  as the values 
for cadmium sulfide and  Cd4GeS6. The Cd4SiS6 crystals 
show a gain of several  hundreds  for a field s t rength 
of l0 s v/cm.  The response t ime of these crytals is 
of the order of a few seconds for a l ight in tensi ty  of 
N = 10 TM quan t a / cm 2 sec. It  increases with decreasing 
light intensity.  

Absorption measurements  on Cd4SiS6 crystals 
showed the fundamenta l  optical absorption edge to 
lie at about 4300A. The absorption coefficient shows 
an exponent ia l  increase for wavelengths  shorter than  
4550A and reaches a value of k ---- 5 �9 10 ~ cm -~ for 
---- 4360A. We conclude therefore that  the photocon- 
duct ivi ty shoulder a round  4200A corresponds to the 
fundamenta l  optical absorption edge and the shoulder 
around 5000A is due to impur i ty  photoconduction. 

The question arises as to the origin of the th i rd  
shoulder in  the photoconductivi ty response around 
3200A. To our knowledge so far an increase in photo- 
conduct ivi ty  for energies higher than  the f u n d a m e n -  
tal absorption edge has only been  observed for GaP 
(9). CdS and especially CchGeS6 do not  show such an 
effect. (The fundamenta l  absorption edge of Cd4GeSs 
lies at about 4700A). The increase in  photoconductivi ty 
in  the uv  for Cd4SiS6 could be due to a change in  the 
physical properties of Cd4SiS6 (absorption coefficient, 
mobility, carrier l ifetime a.s.o.) as a functio~ of 
l ight f requency or intensity,  as is invoked to explain 
the anomalous photoresponse in  GaP (9), or it  could 
be due to a surface effect caused either by  surface 
states, or by  a surface of different chemical composi- 
t ion on top of the Ccl4SiS6 crystals. 

Reflectivity measurements  have been made on a 
Cd4SiS6 and a Cd4GeS6 crystal  f rom ~ = 5000A to 
2200A (Fig. 2). Both curves show a max imum at the 
fundamenta l  optical absorption edge and a weak  
peak around 3400A in  the case of Cd4SiS6 and around 
3300A in  the case of Cd4GeS6. Similar  results are 
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known for GaP (10). Therefore the uv  photoresponse 
in  Cd4SiS6 could be due to strong direct optical t r an -  
sitions similar to the explanat ion  presented by Nelson 
et al. for GaP (9). 

It  might  be worthwhile  ment ion ing  that  the photo- 
conductivi ty response for Cd~GeS6 also Shows a shoul-  
der for energies higher than the fundamenta l  absorp- 
t ion edge (Fig. 1). Therefore similar  t ransi t ions might  
occur in  Cd4GeS~, but  different surface states in  this 
mater ia l  might  cause a decrease in  the carrier  l ifetime 
and by this a decrease in  photoconductivity.  

It  is general ly know n  that  s i l icon-sulfur  compounds 
hydrolyze easily (11-13). A colorless insula t ing  layer 
has been found on the surface of the as-grown crystals. 
Although the greater part  of this layer  is removed by 
chemical or mechanical  means, in  order to get ohmic 
contacts on the crystal, i t  is probable that  a th in  layer  
still  exists on the surface of the crystals. However,  this 
layer  must  inhib i t  fur ther  hydrolysis because the 
photoconductive properties of as-grown and ground 
CchSiS6 crystals do not change after a t r ea tment  wi th  
hot water  (100~ for 30 rain) .  An  amorphous, hy -  
drolyzed surface layer on the Cd4SiS6 crystals could 
be responsible, either alone or in  conjunct ion wi th  the 
Cd4SiS6 lattice, for the observed high uv-sens i t iv i ty  
if one assumes a high absorption coefficient of this 
surface layer  for wavelengths  be tween 3000 and 
4000A. Bradford et al. (14) have found a fair ly  high 
absorption coefficient for SiO2-x layers depending on 
the amount  of oxygen and the degree of disorder of 
the layers. The higher the silicon to oxygen ratio or 
degree of disorder the higher the absorption coeffi- 
cient  a round 3000A was found to be. 

Some indicat ion for such an explanat ion of the uv  
photoconductivi ty can be found in annea l ing  experi-  
ments  in  air and  hydrogen. Annea l ing  Cd~SiS6 crystals 
at 300~ in air, e.g., decreases the uv  sensit ivi ty con- 
siderably whereas it is unchanged or increased for 
crystals annealed  in  hydrogen. In  the first case the 
decrease of the uv  sensit ivi ty could be the result  of 
a decrease of the silicon to oxygen ratio due to a 
part ial  surface oxidat ion which in  its t u r n  might  lead 
to a decrease of the absorption coefficient. On the 
other hand anneal ing  in  hydrogen is not expected to 
decrease the silicon to oxygen ratio. 

So far no final decision can be made about the 
origin of the uv  photosensit ivi ty of un t rea ted  Cd4SiS6 
crystals. Fur the r  experiments  are necessary to show 
if the uv  photoresponse in  Cd4SiS6 has a similar  origin 
to that in GaP or to give direct evidence for the ex-  
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Fig. 2. Reflectivity curve for Cd4SiS6 and Cd4GeS6. The ar- 
rows indicate the approximate positions of the fundamental 
optical absorption edge. 
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Table I. Peak wavelengths and intensities of various 
Cd4SiS6 phosphors in comparison with the commercial 

RCA CdZnS : Ag phosphor 

S a m p l e  T = 3 0 0  ~ T = 7 7 ~  
N o .  C o m p o s i t i o n  Xmax I r e l ,  v~ ~kmax ~'re 1, 

51  C d Z n S  : A g  6 8 0 0  10O 6 8 0 0  120  

2 2 7  C d ~ S i S Q  7 1 0 0  1 .0  6 5 0 0  30  
125  + C u  7 1 0 0  3 0  6 9 0 0  36  
1 27  + A g  7 0 0 0  4 6 6 0 0  11 
2 3 1  + H g  7 1 0 0  7 6 7 0 0  37  
131  + M n  - -  6 6 5 0  4 8  
133  + G a  71-00 1.5 6 6 0 0  4 5  
2 3 4  + I n  7 1 0 0  1 6 6 5 0  30  
132  + T1 7 3 0 0  1 .2  6 6 0 0  4 5  
2 3 3  + N b  7 0 0 0  2 6 6 0 0  2 9  
1 29  + N e r n s t  - -  - -  6 6 0 0  60  

f i l a -  
m e n t *  

2 3 2  + E u  6 9 0 0  0 .6  6 6 0 0  2 7  
126 + U - -  - -  6 6 5 0  25  
1 30  + A s  - -  - -  6 6 0 0  4 6  

* C o n s i s t i n g  o f  8 5 %  Z r O ~  a n d  1 5 %  Y 2 0 8 .  

At l iquid  n i t rogen t e m p e r a t u r e  we found the resul ts  
l is ted in Table  I. Al l  luminescence peaks are  shif ted 
to shor ter  wavelengths  in compar ison  wi th  the  peaks  
at  room tempera ture .  Undoped  ma te r i a l  shows a b road  
luminescence peak  at  6600A wi th  an in tens i ty  about  
one - th i rd  of the  ment ioned  red  RCA phosphor .  In  
genera l  the dopant  ma te r i a l  has only l i t t le  influence 
on the luminescence proper t ies  of Cd4SiS6 at  77~ 
Only  mercu ry  and copper  shif t  the  peak  to longer  
wavelengths ,  by  200 and 400A, respect ively .  The h igh-  
est in tens i ty  is achieved by  Cd4SiS6 doped wi th  a pow-  
dered  Nernst  f i lament;  the in tens i ty  is twice as high 
as tha t  of the  undoped  mater ia l .  Si lver ,  on the  o ther  
hand,  decreases the luminescence in tens i ty  to about  
one- th i rd .  
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istence and even tua l ly  the composi t ion of a surface 
layer .  

Cd4SiS6 crys ta ls  annea led  in cuprous sulfide for  3 
and 6 h r  show a broad  photoconduct iv i ty  response  
in the  wave leng th  region f rom 4400 to 6200A wi th  a 
m a x i m u m  photoconduct iv i ty  of O'ph ~ 4.10 -4  and 
4"10 -5  ohm-cm -1, respect ively ,  but  no uv  sensit ivi ty.  
No fu r the r  annea l ing  exper iments  have been made  
wi th  these crystals .  

P r e l i m i n a r y  measurement s  on Cd4SiSes crys ta ls  
showed tha t  this  m a t e r i a l  is a good photoconductor .  
The da rk  conduct iv i ty  is s imi lar  to tha t  of Cd4SiS6. 
The photoconduct ion vs. wave leng th  curve  shows a 
b road  region of photosens i t iv i ty  f rom about  4000 to 
7000A. The photoconduct iv i ty  reaches  values  of ~Ph 
= 3"10 -5 ohm-cm -1, and  the  sensi t iv i ty  is S = 10 -2  
mho cm2/w. No photoconduct iv i ty  was observed for 
wave lengths  shor te r  than  4000A. 

Undoped  Cd4SiS6 crys ta ls  and those doped wi th  
copper,  s i lver ,  mercury ,  gal l ium, indium, tha l l ium,  
europium, arsenic,  niobium, manganese ,  u ran ium,  and 
mixed  wi th  a powdered  Nerns t  f i lament (consist ing 
of 85% zirconia  and 15% y t t r i u m  oxide)  were  ex-  
amined  for  the i r  luminescence propert ies .  

A t  room tempera ture ,  only  copper -doped  ma te r i a l  
showed a considerable  red  luminescence wi th  a b road  
m a x i m u m  peaking  at  7200A, the  in tens i ty  of the  peak  
wavelengths  being about  one - th i rd  of the  red  com- 
merc ia l  RCA ZnCdS : Ag  phosphor  (33-Z-639D) at  
i ts peak  wave leng th  (see Table  I ) .  

Manuscr ip t  received June  22, 1967. 

Any  discussion of this paper  wi l l  appea r  in a 
Discussion Section to be publ i shed  in the June  1968 
J O U R N A L .  
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Temperature Oscillations in Czochralski Crystal Growth 
J. R. C a r r u t h e r s  ~ 
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Tempera tu r e  fluctuations resu l t ing  f rom t h e r m a l  
convect ion dur ing  c rys ta l  g rowth  are  k n o w n  to cause 
growth  ra te  f luctuations and i m p u r i t y  mic rosegrega -  
tion. These fluctuations are  n o r m a l l y  r andom in o the r -  
wise  s t a t ionary  liquids, a l though Hur le  ( I )  repor ts  
r egu la r  per iodici t ies  nea r  the  surface of l iquid  ga l l ium 
at  l o w - t e m p e r a t u r e  gradients .  W h e n  a l iquid  wi th  
such t e m p e r a t u r e  osci l la t ions is spun about  a ver t i ca l  
axis or sub jec ted  to a magnet ic  field (if conduct ing) ,  
addi t ional  s tabi l iz ing forces are  p rov ided  which  e l im-  
inate  the  osci l lat ions and a l low s teady flow. Wi th  
spin, this addi t iona l  force is the  Coriolis force which  
acts on par t ic les  hav ing  a horizontal veloc i ty  com- 
ponent .  

Spin m a y  have a second impor tan t  effect in  addi t ion  
to the  s tabi l iza t ion of flow. When ins tab i l i ty  dues ar ise  
under  spin, the  consequent  mot ion migh t  be osc i l la tory  
ra the r  than  unidi rect ional .  This type  of ins tab i l i ty  
has been t e rmed  "overs tab i l i ty"  and  occurs on ly  in  
fluids wi th  a low P r a n d t l  number ,  Npr, w h e r e  

NPr = v /K  < 0.68 for  overs tab i l i ty  

where  v is the  k inemat ic  viscosi ty and K the  t he rma l  
diffusivity. This note  repor ts  the  exis tence of over -  
s table  oscil lat ions in  ro ta t ing  l iquid  silicon (Npr 
0.088) as observed f rom a fine set of g rowth  s t r ia t ions  
appear ing  on the outer  surface of nonro ta ted  si l icon 
crystals .  

Chandrasekha r  and E lber t  (2) define a nond imen-  
sional f requency,  ~ ,  for  overs tab le  oscil lat ions as 

~ 1 + 2Npr NPr -~J ~Tat/3 

where  NTa is the  dimensionless  ro ta t ion  r a t e  g iven  b y  

4~%~h4 
NTa = 

where  ~ is the c ruc ib le  ro ta t ion ra te  and h is the  
l iquid depth.  Subs t i tu t ion  of NPr for  l iquid sil icon 
gives 

= 5.15 Nwa 1/3 

Chandrasekhar  and  E lbe r t  (2) wr i t e  the osci l la t ion 
per iod;  ~, as 

2~ NTa I12 

~2 2 e  

Subs t i tu t ing  for  ~ and using the  cruc ib le  ro ta t ion  ra te ,  
co, in revolut ions  per  minu te  gives 

N T a l / 6  
T = 5.82 sec 

{0 

i P r e s e n t  add re s s :  Be l l  Telephone Labora tOr ies ,  Inc. ,  Murray 
Hil l ,  New Je r s ey .  
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Fig. 1. Variations of growth rate fluctuation spacing caused by 
overslable oscillations in rotating liquid silicon. 

The corresponding spacing period,  x, ( in g rowing  
crys ta ls )  of pe r tu rba t ions  associated wi th  overs table  
oscil lat ions for a growth  rate,  R, wi l l  be 

X = R ~  

This re la t ion  does not, of course, app ly  at  ve ry  low 
crucible  ro ta t ion  rates.  The spacing, x, is p lo t ted  as 
a function of co fo r  var ious  growth  rates,  R, in Fig. 1 
using v ---- 0.0125 cm2/sec and h ~ 4.1 cm. Expe r i -  
menta l ly  observed  points  for  crys ta ls  g rown wi th  no 
c rys ta l  ro ta t ion  are  shown for  the  different  growth 
rates. These crys ta ls  were  suppl ied  to the  au thor  by  
K. E. Benson of the Bell  Telephone Labora tor ies  Inc., 
The observed spacings were  obta ined  by  count ing the 
number  of ou te r  g rowth  r ings contained in  a l - in .  
length of the  c rys ta l  surface. The  agreement  be tween  
theory  and exper imen t  is r easonab ly  close, a l though 
the slope appears  to be somewhat  in error .  This d is -  
c repancy  undoub ted ly  ar ises  because the  analys is  ig-  
nores  the addi t ional  fluid c i rcula t ion genera ted  b y  
hor izonta l  t e m p e r a t u r e  grad ien ts  and  the  resu l tan t  
damping  of t empera tu re  oscillations. 

Manuscr ip t  received Mary 19, 1967; rev ised  m a n u -  
script  received June  30, 1967. 

Any  discussion of this paper  wi l l  appea r  in a 
Discussion Section to be publ ished in the  June  1968 
JOURI~AL. 
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Epitaxial InAs on InAs Substrates 
G. R. Cronin and S. R. Borrello 

Texas Instruments Incorporated, Dallas, Texas 

Halogen t ransport  and vapor growth of InAs were 
first reported by Effer et al. (1, 2). Epitaxial  deposition 
of pure InAs as well as GaAs-InAs mixed crystals on 
low resistivity GaAs substrates has also been described 
by Minden (3), but  the net  carrier  concentra t ion and 
mobil i ty  of the deposits were not reported. By deposit- 
ing InAs on chromium doped semi- insula t ing  GaAs 
substrates, electrical measurements  on pure epitaxial  
InAs deposits have been made (4, 5). While these de- 
posits compared favorably  with melt  grown mater ia l  
in terms of net  carr ier  concentrat ion and mobil i ty  at 
77~ electron mobilit ies at 300~ were on the average 
somewhat lower than those observed for mel t -g rown 
material.  

Since defect free deposits were not general ly ob- 
ta ined on GaAs substrates, the influence of these de- 
fects on electrical properties cannot  be ignored. F u r -  
thermore, strains in the deposited layer  arising from 
differences in  lattice spacing and thermal  expansion 
coefficients may also influence the electrical charac-  
teristics of these deposits (6). 

In  order  to avoid these effects as much as possible 
in the present  series of experiments,  epitaxial  InAs 
was deposited on undoped InAs substrates. In  order to 
make electrical measurements  on the epitaxial  layers 
alone, the deposits were made thick enough (75-100~) 
so that  the substrates could be removed leaving the 
deposited layer  intact. 

The reactor and flow systems are the same as those 
described previously (4) us ing e lemental  ind ium and 
arsenic, 99.9999% pure. 

InAs substrates were prepared from undoped pul led 
crystals cut on the (100) orientation.  These crystals 
showed typical  excess electron concentrat ions of 4-5 x 
1016/cm 3 at 300~ with dislocation densities ranging  
from high 103 to low 104/cm 2. Wafers cut 30 mils thick 
were chemically polished on a paper pad soaked with 
a solution of bromine in methanol,  0.5% by volume 
(7). 

Under  the operating conditions shown in Table I 
approximately  6 hr of deposition t ime are required for 
a layer of sufficient thickness for substrate removal. 
The surfaces of these deposits were quite smooth, 
shiny, and, in general, free of visible defects. In  in -  
stances where  surface imperfections were observed 
they were identical  in appearance with those described 
previously for deposits on GaAs substrates (4). 

Unlike deposition on GaAs where the interface be-  
tween deposit and substrate is clearly visible due to 
a slight color difference, epitaxial  layers on InAs sub-  
strates are v i r tua l ly  impossible to dist inguish on a 
cleaved edge. Growth rates were therefore obtained 
by using par t ia l ly  masked substrates. Masking is 
achieved with an SiO2 film deposited on a port ion of 
ther substrate  using s tandard photolithographic tech- 
niques. Since no deposit is general ly  observed on the 
masked portion of the substrate,  deposit thickness is 
convenient ly  measured by observing the "step height" 
revealed on the cleaved edge of the sample (Fig. 1). 

Hall  measurements  were made by the van  der Pauw 
(8) technique on cloverleaf shaped samples 6 m m  in 
diameter. The substrate port ion of the specimen was 
almost total ly removed by  wet lapping with 5~ 
a lumina  abrasive. When the total thickness of the 
sample (deposit plus substrate residue) measured  125- 
150~, the remain ing  port ion of the substrate was re-  
moved by etching the sample in a 5% bromine-  
methanol  solution. Approximate ly  5 min  etching t ime 
are required to remove 30-50~ of material .  

Table I. Temperature and flow conditions for epitaxial InAs 
deposition 

T e m p e r a -  F l o w  ra te  
I te r~  tu re ,  ~ c c / m i u  

A r s e n i c  400 15 
I n d i u m  870 100 
S u b s t r a t e  720 
Excess  h y d r o g e n  f lush  - -  "-5 
AS C h  r e d u c t i o n  f u r n a c e  880 

Table II. Mobility and carrier concentration at 300 ~ and 77 ~ K 
of InAs crystals grown epitaxially to InAs 

C a r r i e r  c o n c e n t r a t i o n ,  Hall mobil i tY,  
• l ~ / c m  8 • 10 ~ cm~/v-sec  

Crys ta l  
No. Th ickness ,  ~ 300~ 77~ 300~ 77 ~ 

474 100 15 12 30 69 
475 70 6.2 5.3 31 98 
476 125 9.5 8.6 30 73 
477 95 12 10 29 71 
485 I i 0  15 14 28 65 
489 80 16 15 28 65 
491 94 26 22 25 53.2 
492 85 14 II 28 67 
493 90 33 31 27.5 47.5 
494 95 34 31 26 44.6 
505 75 17 15 30 61 
507 75 17 14 28 61 
513 100 4.9 3.7 30 112 

The final thickness of the sample on which Hall  
measurements  were made was usual ly  about  75-100~ 
which corresponded to the m i n i m u m  deposit thickness. 

The electron mobil i ty  at 300~ for most of the epi- 
taxial  InAs crystals measured varies l i t t le f rom ap- 
proximately  30,000 cm2/volt-sec. Since the net  carrier  
concentrat ion varies as  much as an order  of magni -  
tude, the results (see Table II) imply that  the mo- 
bil i ty at 300~ is probably  l imited by optical phonon 
scattering. At 77~ however,  the electron mobil i ty  is 
explicit ly related to the carrier  concentrat ion (see Fig. 
2) for both vapor deposited and melt  grown InAs (9). 
The shift in data points in Fig. 2 represented by the 
GaAs substrates may be an indirect  result  of the 7% 
lattice mismatch between these two materials.  The 
point which noticeably deviates from the best fit 
curves, we believe, represents ra ther  closely compen-  
sated material .  

The tempera ture  var iat ion of the electron mobil i ty  
was determined for two epitaxial  crystals and is 
shown in  Fig. 3. These data can be fitted to a fair degree 

Fig. 1. Cross section of InAs epitaxial deposit on partially 
masked (SiO2) substrate. Height of "step" corresponds to deposit 
thickness. Note also a small amount (approximately 45 ~) of 
overgrowth. The angle of growth between the surfaces of the 
masked substrate (100), and the epitaxial deposit corresponds 
closely to a (111) plane. 
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Fig. 3. Electron mobility vs. temperature for InAs epitoxinl to 
InAs. 

by a combinat ion of polar optical (10) and ionized 
impur i ty  (11) scattering and agree wel l  with the re-  
sults of Chasmar (12). An  effective mass ratio of 0.025 
and a donor plus acceptor concentrat ion of 9 x 1015/ 
cmz were used to obta in  the computed curve. The com- 
puted curve and the data are in close agreement  from 
300 ~ to 130~ below which the deviations are less 
than 30%. Since the assumed value of 9 x 1015/cm 3 for 
the total  ionized impur i ty  concentra t ion produces a 
good fit for the tempera ture  var ia t ion  of the mobi l i ty  
and the net  c a r r i e r  concentrat ion is measured at 
3.7 x 101Vcm 3, the donor concentrat ion becomes ap-  
proximately  6.5 x 1Ol~/cmS and the acceptor concen- 
t rat ion 2.5 x 1015/cm8. The funct ional  dependence of 
mobi l i ty  on net  carr ier  concentrat ion as shown in Fig. 
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2 is consistent with the ionized impur i ty  scattering 
model (11) implying  that  the excess electron con- 
centra t ion is large compared wi th  the acceptor con- 
centration.  

The vapor -grown samples shown in Fig. 2 represent  
an improvement  in properties over InAs deposited on 
GaAs substrates as well  as mel t  grown material .  In  
the former case, it  seems reasonable to a t t r ibute  the 
increase in  mobi l i ty  to a decrease in the defect densi ty 
and strains in the deposited layer.  In  the , l a t t e r  case, 
it is possible that  the impur i ty  segregation coefficients 
are smaller  in  this par t icular  vapor-sol id growth 
mechanism than  in  the liquid-solid. The possibility 
also exists that  the higher excess carrier  concentra-  
tions normal ly  observed in  melt  grown InAs are a 
resul t  of a defect s t ructure  introduced at the solidifi- 
cation temperature.  We have tr ied several etchants to 
reveal  differences in  the s t ructure  of the vapor -grown 
layer  and the InAs substrate but, as yet, wi thout  
result. 
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A Chemical Notation for Defect Solid State Chemistry 

J. N.  Ong,  Jr. 

College of Applied Science and Engineering and Laboratory for Surface Studies, 
University of Wisconsin-Milwaukee, Milwaukee, Wisconsin 

Communicat ion has been hindered among and be-  
tween electrochemists, metallurgists,  ceramists, and 
solid-state chemists and physicists, for lack of a con-  
sistent or s tandardized notat ion to describe chemical 
reactions in the solid state. This note demonstrates  
that  normal  chemical notat ion is adequate for most 
purposes and that  exist ing notations are needlessly 
complicated. 

Two famil iar  reactions are discussed, F-cente r  for- 
mat ion and metal  deficit nonstoichiometric oxide for- 
mation, (a) to i l lustrate  the diversi ty  of symbolism 
encountered in  exist ing notat ions to describe vacancies 
(Schot tky-Wagner  defects) and charge carriers, (b) 
to suggest an  a l ternate  notation, (c) to demonstrate  
that one common ad jus tment  to the exist ing notat ions 
renders  their  symbols for vacancies equivalent  to each 
other and to normal  chemical notation, and (d) to 
recommend al ternate  symbols for holes when  used in 
chemical equations. 

F-Center Form~tio~ 
Some of the ways in  which the reaction of sodium 

vapor with rock salt to produce F-centers  has been 
symbolized are shown in  Table I, reactions ( B ) - ( E ) .  
Not shown are another  bui ld ing uni t  system of nota-  
t ion due to Schottky (2, 8) and a nota t ion of Schmalz-  
ried's (9), typographical ly s imilar  to that  of Schottky 
(1) bu t  considered a s t ructure  e lement  system (10). 
The proponents  of both the bui ld ing  un i t  system and 
s t ructure  e lement  system have discussed their nota-  
t ions elsewhere at length  (1, 3). For  present  purposes 
it  is sufficient to remark  that  KrSger, Stieltjies, and 
Vink (3) point  out that  Schottky's F-cente r  symbol 
[C1] in  reaction (B) has the operat ional  mean ing  
"take away a chlorine atom" and is in  the mater ia l  
balance sense a "negative mass" particle. Schottky 
(1) objects to the atomic notat ion because only v i r tua l  
potentials, ~(NaNa) and ~(Vcl) 1 may  be assigned to 
the symbols NaNa (sodium atom at a sodium site) 
and Vcl (vacancy at a chlorine site). 

On the other hand  Anderson (11, 12) persists in  the 
use of Rees' notation,  react ion (D), even though i t  is 
less convenient  for wr i t ing  mass action expressions. 

The ionic notation, reaction (E),  presupposes pure ly  
ionic bonding in  rock salt. However, the resul t ing 
symbol for F-center ,  V - c l -  along wi th  that  of Rees, 
e][~- represents a more accurate physical picture of 

l We u s u a l l y  d i s t i n g u i s h  b e t w e e n  c h e m i c a l  p o t e n t i a l s  (13) of  
n e u t r a l  species,  /~(i), w h o s e  v a l u e s  are n o r m a l l y  e x p e r i m e n t a l l y  
accessible ,  a n d  e l e c t r o c h e m i c a l  P o t e n t i a l s  (13) of c h a r g e d  species  
( ions) ,  /~.(i) or  ~- ( i ) ,  w h o s e  v a l u e s  are  e x p e r i m e n t a l l y  access ib le  
o n l y  p r o v i d e d  t h a t  t h e i r  s u m  ~vj/~+ + Z~x/~- i n  a n y  e q u i l i b r i u m  

J k 
equation is suhject  to the restriction of  e lec t r i ca l  n e u t r a l i t y .  ~vlzj 

= 0, w h e r e  ~ is the  s t o i c h i o m e t r i c  eoefAcient  a n d  z is the c h a r g e  
n u m b e r  of  t he  a p p r o p r i a t e  species .  K r S g e r ' s  (3) v i r t u a l  t h e r m o ~  
dynamic  p o t e n t i a l s  ( v i r t u a l  p o t e n t i a l s ) ,  ~ (i}, a re  a n a l o g o u s  to  
e l e c t r o c h e m i c a l  po t en t i a l s .  T h e  c o n d i t i o n  t h a t  t h e y  he  e x p e r i -  
m e n t a l l y  access ib le  is, h o w e v e r ,  s u b j e c t  no t  to  e l ec t r i ca l  n e u t r a l i t y  
b u t  to  a c o n s t a n t  r a t i o  b e t w e e n  d i f f e r en t  t y p e s  o f  l a t t i c e  si tes.  We 
Voill w r i t e  a l l  p o t e n t i a l s  as  /~(i), ~(i), etc.,  i n s t e a d  o f  ~J, ~ ,  etc, 

a v o i d  typesetti~ug diff icul t ies .  
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the location of the electron than  that  of KrSger and  
Vink (2), whose symbol, Vcl, carries zero charge. For 
future  reference and by comparison with Schottky's  
symbol, observe that  the three F-cen te r - symbols  in 
reactions (C), (D),  and (E) are essentially "zero 
mass" particles. 

*We may view reaction (A) in  a more convent ional  
sense and by so doing r e tu rn  to a simple notation, dis- 
cover one point of difference be tween the notations,  
and indicate the procedure by which they may  be rec- 
onciled on this point. Let us view the F-cen te r  as aris-  
ing from the solution of sodium in NaC1 and  express 
the mater ia l  balance as react ion (F) ,  Table L Since 
we know that  a sodium atom in solution occupies a 
lattice site in NaC1 normal ly  occupied by sodium and 
that  a chlorine atom is absent  f rom its normal  site 
we may, for purposes of convenience, convey such 
s t ructural  informat ion  wi th in  the symbol (6) as shown 
in reaction (G).  [The subscripts ident ify the lattice 
sites and V denotes absence of mat te r  (2)].  I t  is fre- 
quent ly  desirable to convey polarization informat ion  
wi th in  a symbol. In  our  example we know that  the 
electron from the sodium atom is localized in  the 
vicini ty of the vacancy (6). We may then wri te  the 
symbol in the form shown in  reaction (H).  These 
symbols, Na ( ident i ty) ,  (NaNaVcl) (s t ructure)  and 
(Na+.NaV--cl) (polarization) are directly comparable 
to convent ional  chemical symbols, for example H20, 

O 6 
/ \  / \  

H H, and H -{- H, respectively. To complete 
the analogy, it is evident  tha t  we may solvate the 
solute atom to any  convenient  degree, react ion (I) ,  
and by incorporat ing the structure,  polarizat ion and 
solvation refinements to the basic symbol, Na (in 
solution),  we finally arr ive at the famil iar  schematic 
representat ion of the F-center  (7) shown in  react ion 
(J) .  In  the chemical notat ion the F-cen te r  symbols are 

Table I, Comparisons of various notations used to describe 
dilute solution formation in an ionlc crysta| 

S y s t e m  of  
R e a c t i o n  n o t a t i o n  Her. 

A. S o d i u m  v a p o r  § rock  sa l t  = rock  V e r b a l  
sa l t  § F - c e n t e r s  

B, Na(g )  = NaC1 § [CI[ B u i l d i n g  u n i t  (1) 
C. Na(g)  = Nasa  § Vcl  S t r u c t u r e  e l e m e n t ,  

a t o m i c  (2-4) 
D. Na(g)  = Na+ [['7+ § e [['7- S t r u c t u r e  e l e m e n t ,  

Rees  (2,5) 
E. Na(g)  = Na§ + + V - o r  S t r u c t u r e  e l e m e n t  

i on i c  (2) 
F.  Na (g )  = N a  ( in  so lu t ion )  C h e m i c a l  
G. Na(g) = (NaNa Vm) Chemical, with 

structure (6) 
H. N a ( g l  = (Na+~a V-m)  Chemica l ,  w i t h  

p o l a r i z a t i o n  (6) 
I. nNaC1 § Na(g} = Na(NaC1)~ Chemica l ,  w i t h  

Na§ CI-  Na+ CI-  s o l v a t i o n  (6) 
J .  n N a C l  § N a ( g )  = C I - N a  + -- N a  § C h e m i c a l ,  w i t h  

Na + CI- Na § CI- structure polar- 
ization and sol- 
v a t i o n  (6,7) 
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all "posit ive-mass" particles in contrast  to the bui ld ing 
uni t  and s t ructure  e lement  symbols. 

Mass action expressions relat ing defect concentra-  
tions to vapor pressure present  another  source of 
difficulty which is simplified by use of the conven-  
tional chemical notation. Exper iment  shows that  the 
equi l ibr ium number  of F-centers  formed is directly 
proport ional  to the Sodium vapor pressure (6). We can 
obtain this relat ion by the usual  procedure of equat ing 
chemical potentials. F rom reaction (G) for example 
we have 

(Na[g])  ~ # (NaNaVcD [1] 

from which we get the mass action expression (13) 

K G P N a  ~ a ( N a N a V c l )  ~ [ ( N a N a V c 1 ) ]  [ 2 ]  

where KG is the equi l ibr ium constant, PNa is the so- 
dium vapor pressure, a(Na~aVcl) and [ (NaNaVcl) ] are 
the relat ive act ivi ty [ref. (13), p. 226] and concentra-  
tion, respectively, of the F-center .  The concentrat ion 
is a good approximation to the relat ive activity when  
the solution is dilute. 

If the same procedure is strictly followed wi th  any 
of reactions (C), (D), and (E),  (C) say, we may 
equate the chemical and v i r tua l  potentials according to 

~(Na[g] )  ---- ~ ( N a N a )  + ~ ( V c l )  [ 3 ]  

from which follows the relat ion 

K C P N a  = a ( N a N a ) a ( V c l )  ..~ [ N a N a ]  [ V c l ]  [ 4 ]  

relat ive activities a(NaNa) and a(Vcl) having been 
approximated by concentrat ions in  the last term. Since 
there are equal  numbers  of excess 2 sodium atoms and 
vacancies, we have the addit ional  restr ict ion on Eq. 
[4] of 

[NaNa] = [Vcl] [5] 

When Eq. [5] is subst i tuted into Eq. [4], we ob- 
ta in  the resul t  

(KcPNa) 1/2 = [Vcl] [6] 

which does not agree wi th  experiment.  
This conclusion may  be avoided by arbi t rar i ly  as- 

signing a value of un i ty  to a(NaNa) in  Eq. [4]. We 
may just  as readily, and in many  respects less arbi-  
trarily,  assign uni t  value to a(VcD and regard the 
changed properties of the crystal as arising from the 
activity of the excess sodium. A more satisfactory 
procedure is to regard the excess a tom-vacancy pair 
as inseparable  and its symbol accordingly associated, 
for example (NaCI+]CI])  reaction (B),  3 (NaNa+Vc1) 
reaction (C),  etc. It  is clear from Table I that  if the 
pairs of symbols on the r ight  hand side of reactions 
(B) to (E) are combined as indicated above, they be-  
come equivalent  in  all  bu t  one respect to each other 
and to the symbols of reactions (F) ,  (G),  and  (H),  
i . e .  

(NaC1 + ICll) _~ (Na~'a + Vcl) - (Na + I[]+ + e l ~ - )  ---- 

(Na+Na+ + V--cl--) -- N a ( i n  solution) --- 

(NaNaVcl) - (Na+N~V-ci) [7] 

With this one change, all  the symbols become "posi- 
t ive mass" particles, all  can be assigned normal  chemi-  
cal potentials and all the reactions will  lead to the 
correct equi l ibr ium relat ionship be tween vapor pres- 
sure and concentrat ion,  Eq. [2]. 

The only difference between symbols lies in the 
degree of polarization which is implied or assumed. 

2 This is clearly a consequence of the precise s ta tement  of reac-  
tions (C), {D), and (E). If  we rewri te  react ion (C), say, to include 
the rock salt: (m) NaC1 + Na(g)  = (m) NaCI + NaNa + Vcl 
w h e r e  usual ly m > >  1. c o m m o n  amounts  of NaCI cancel  on both 
sides of the equation leaving only the excess Na on the r igh t -hand  
side present  in equal  numbers  to vacancies.  Al ternat ively ,  the 
act ivi ty  of the original crystal  cancels in the corresponding mass 
action expression 

K c  = am(NaCl)a(NaNa)a(Vcl)  /a'~(NaCl)Pr~a 
a In the  bui ld ing  unit  notation,  this operat ion should be regarded 

as purely formal .  I t  is no t  to be  construed tha t  the  notat ion is 
inconsistent .  

Rather than assign vi r tual  potentials to the separate 
symbols NaNa and Vcl with their  respective effective 
charges, we may assign a chemical potential  to the 
combined symbol (NaNaVcl) and account for polariza- 
t ion by including an appropriate term in  the chemical 
potential  which reflects the contr ibut ion to it, due to 
the presence of the sodium atom in an electric field 
[ref. (13), p. 415] 

~(lXTaNa) + ~ ( V c 1 )  -~- ; * ( N a N a V c l )  = 

/z ~ ( N a N a V c l )  - -  # E ( N a N a V C l )  [ 6 ]  

where ~~ (NaNaVcl) denotes the value of ~(Na~caVcl) 
at zero field s t rength and where  /~E(NaNaVCl) is a 
funct ion of electric field strength, molecular  polariza- 
bility, electric moment,  and temperature.  

Regardless of the merits  of the s tructure e lement  
notations for symbolizing polarization, for all  other 
chemical purposes convent ional  chemical notat ion is 
preferable. These purposes include the performance 
of mater ia l  balances and thermodynamic  and kinetic 
analyses. The chemical notat ion can be used for solu- 
tion, solvation, and ionization reactions, phase t rans-  
formations or ordering phenomena,  and half-cell,  elec- 
trochemical, and oxidat ion-reduct ion reactions. 

Table II  summarizes the symbols, masses, and  ther-  
modynamic potentials associated with the most com- 
mon defects in solid crystals; interst i t ial  (Frenke l ) ,  
substi tut ional ,  and Schot tky-Wagner  defects in the 
bui ld ing unit,  atomic, ionic, and chemical notations. 
Discussion of Table II  is deferred un t i l  later. 

Metal Deficit Nor O~de Formation 

Both vacancies and positive charge carriers form in  
some solids. A n  example, which has been symbolized 
in Table III in the various notations, is the reaction 
between cobaltous oxide and oxygen which produces a 
metal  deficit nonstoichiometric p-conduct ing oxide con- 
ta in ing cobalt vacancies. First,  I show that  the sym- 
bols for the vacancies should be modified in  a way 
similar  to the F-center  example. Second, I point  out 
the differences in and discuss the relat ive merits  of 
the symbols for charge carriers i n  the bui ld ing unit ,  
atomic and Rees notations (holes) and in the ionic, 
and chemical notat ions (ions).  

Let us reconsider the question of symbolism for 
vacancies. By arguments  s imilar  to those of the pre-  
ceding section, it  is clear that  the expected one sixth 
power oxygen pressure dependency upon equi l ibr ium 
vacancy concentrat ion (14, 15) cannot  be obtained 
from the s tructure e lement  notat ions unless either 
uni t  activity is a rb i t ra r i ly  assigned to a(O=o) (15), 
reaction (N) for example,  or unless the excess oxy- 
gen ion-vacancy pair can be considered associated, 
(VCo + O=o). 

We obtain the proper equi l ibr ium pressure depen-  
dency on excess oxygen ion concentrat ion (vacancy 
concentrat ion) by the normal  procedure of equat ing 
the appropriate potentials,  us ing reaction (O), say 

2~+(Co++)  + ( ~ ) ~ ( O 2 , ( g ) ) =  

2;,+(C0 +++)  + ~ - ( O  =) [93 

From Eq. [9] we may wri te  for the equi l ibr ium con- 
stant, Ko, the expression 

Ko = a +2 (Co + + + ) a -  (O ,=) /a  +2 (Co + + ) Pt/2o 2 [10] 

where a + and a -  are ion activities. 
If we make the usual  s implifying assumptions of 

a+ (Co ++) ---- 1 and for the mean  ion activity coeffi- 
cient 7+2(Co+++)%,-(O =) ~ 1, for the l imit ing con- 
dition of a dilute solution, [ref. (13), Chap. 8], Eq. 
[10] reduces to 

Po21/2Ko = [Co + + +]2[0=]  [11] 

Finally,  by not ing that  [Co +++]  = 210=] ,  we ob- 
ta in  the correct pressure dependence on either excess 
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Table II. Symbols, masses, and thermodynamic potentials of typical defects in solids in various notations 

Type  of de fec t  N o t a t i o n  
a n d  e x a m p l e  B u i l d i n g  U n i t  A t o m i c  Ion ic  C h e m i c a l  

F r e n k e l  S y m b o l  Z n  x Z n i  Zn i  Z n i  
( I n t e r s t i t i a l  Mass  § + + + 
Z n  in  ZnO)  P o t e n t i a l  ~ ( Z n  x) ~ ( Z n i )  ~ ( Z m )  ~ ( Z m )  

S u b s t i t u t i o n a l  S y m b o l  BlCre[ BGe BGe Boe 
(Be in  Ge)  Mass  _ ca) + + + 

P o t e n t i a l  ]e(B) -- /s ]L(BGe) /~(BGe) ]~(BGe) 
S c h o t t k y - W a g n e r  S y m b o l  [Cl] Vct V - e l -  Na or (Na+Na V-e l )  

(F -cen te r  in  NaC1) Mass  -- O O (b) + 
P o t e n t i a l  -- /~ ([CI[) ~(VoD ~(V-cl-)  ~ (Nal  

S c h o t t k y - W a g n e r  S y m b o l  ]Col" V~co Vco++ O= or  (Vco Oo) = 
(Co v a c a n c y  i n  non -  Mass  -- O (b) O + 
s t o i c h i o m e t r i c  CoO) P o t e n t i a l  2~-(e)  -- #,(Co) ~(V~ol) ~(Vco ++) /I,-(O =) 

I m m o b i l e  cha rge  ca r r i e r  S y m b o l  lel" h Co+++Co++ Co +++ or  Co+++co 
(Co +++ ion  in  n o n -  Mass  -- -- + + 
s t o i c h i o m e t r i c  CoO) P o t e n t i a l  g,+(Co+++) - -  /L+(Co++) l~+(Co+++) -- ~+(Co ++) /~+(Co+++co++ ) #,+(Co+++) 

Mobi le  cha rge  ca r r i e r  S y m b o l  [e 1. h Si  + Si  + or Si+si 
( In t r ins i c  c o n d u c t i v i t y  Mass  -- -- + + 
in  Si) P o t e n t i a l  /z+(Si+) -- /~(Si) /z§ +) -- /~(Si) ~ ( S i  +) /L+(Si +) 

Notes :  (a) Mass  can also be  pos i t i ve ,  e.g., GeIB I. 
(b) Mass  of  e l ec t ron  or e f fec t ive  n e g a t i v e  charge  exc luded .  

oxygen ion (metal  vacancy)  concentrat ion or Co + + + 
ion concentrat ion 

p1/2o2Ko = 4[O=] s = ( ~ )  [Co+++]  ~ [12] 

The notation and the thermodynamic  formulat ion 
employed here  is nothing more than that  which is 
normal  for strong electrolytes (12). For  example,  
when the react ion is expressed in the form of react ion 
(Q), we see that  the product  can be considered a di- 
lute solution of dissociated CocOa in a CoO solvent. To 
the extent  that  association tends to occur wi th  increas-  
ing Co2Os concentration, we  may represent  this by 
the sum of the association reactions 2 (COO) + + O = = 
(COO) + + (CoOe) - ,  and (COO) + + (COO2)- = 
CocOs and the solvation reaction CocO3 + C o O =  
Co804. 

Because of the associating and solvat ing tendencies 
of solutions of this type of reaction, any a t tempt  to 
relate  a definite number  of vacancies to the number  of 
excess oxygen ions in solution at high concentrat ions 
appears at present to be problemat ical  (12, 16). As 
before, this difference be tween  the three s t ructure  
e lement  notations in Table III  disappears when  the 
excess ion-vacancy pairs are associated; (Vco + Oo)"  
(atomic),  (Vco+ + + Oo=) = (ionic) etc., provided,  
first, that  the effective negat ive  charge in the modified 
atomic notation is in terpre ted  to be a real  negat ive  
charge and equivalent  to the real  negat ive  charge as- 
sociated with  the modified ionic and Rees symbols, 
and, second, that  there  is a direct correspondence be-  
tween excess oxygen ions added and meta l  vacancies 
created in the crystal. 

We now consider the charge carr ier  symbols. Re-  
call ing the equivalence of the vacancy symbols 

(CoO + [Co]") - (Oo + Vco") --- (O=lCl -  + [ ]+)  - 

(0=o = + V c o + + )  - - O  = -  (VcoOo) = [13] 

we may subtract  reactions (K),  (L) ,  or (M) f rom 
(N), (O),  or (P) to de termine  that  the hole symbols, 

Table III. Comparisons of various notations used to describe metal 
deficit nonstoichiometric oxide formation 

S y s t e m  of  
R e a c t i o n  N o t a t i o n  

K.  (V2)O2 (g) = CoO + ICo " + 2le �9 B u i l d i n g  u n i t  
L.  (1/2)O2 (g) = Co + V co + 2h S t r u c t u r e  e l emen t ,  

a t o m i c  
M. (1/2)O~ (g) = O= []-L + ['7+ + 2h S t r u c t u r e  e l e m e n t ,  

Rees  
N. 2Co++ao++ + (V2)O2 (g) = O=o- + Vco +§ S t r u c t u r e  e l emen t ,  

+ 2Co+++cu++ ionic  
O. 2Co++ + (1/2)O~ (g) = O= + 2Co +++ C h e m i c a l  
P. 2Co++co++ + (1/2)O~ (g) = (Vco O o ) :  + C h e m i c a l ;  w i t h  

2 Co+++Co s t r u c t u r e  
Q. 2CoO + (I/2)O2 (g) = O= + 2(COO) + C h e m i c a l ;  s o l u t i o n  

a n d  d i s soc i a t i on  
of Co20~ 

le] �9 and h, represent  a difference of two chemical  
symbols 

]el* ----h--- ( C o + + + c o - -  Co++co) [14] 

Fur thermore ,  since the mass of Co + + is greater  by 
one electron than Co+ + +, holes in both the bui lding 
unit  and atomic notations are "negat ive  mass" par -  
tieles, and when  used in chemical  equations, have the 
operat ional  meaning:  " take away  an electron" (3). 
When the thermodynamic  potentials  of holes are to be 
considered, Eq. [14] serves to stress that  such poten-  
tials f rom a chemical  point of v iew must  be regarded  
as the difference of two potentials,  Table II 

~+ ( l e l* )  - ~ (h)  = ~ + ( C o  + + + )  - - # +  (Co + + )  [15] 

The chemical  origin of the hole is f requen t ly  of in-  
cidental  importance for many  electr ical  purposes, and 
f rom the electr ical  v iewpoint  we can appreciate  the 
practice of represent ing the charge carr ier  by a single 
symbol. Nevertheless  distinctions are often made be-  
tween intrinsic and extr insic  and mobile and immobile  
holes. In addition to the reactions of Table III  which 
give rise to extrinsic immobile  p-conduct ion due to 
nonstoichiometry we have, using the chemical  nota-  
tion, extrinsic immobi le  p-conduct ion due to impur i -  
ties, e.g., Fe in MgO 

(1/2)O2(g) + 2Fe + +Mg = (VMgOo) = + 2Fe + + +Mg [16] 

intrinsic mobile p-conduction,  e.g., Si ionization 

S i s i  = e + Si+si  [17] 

and extrinsic mobile p-conduction,  e.g., B-doped  Ge 

BGe -}- GeGe ---- B-Ge + Ge+Ge [18] 

The last t e rm on the r ight  of the above equations 
clearly identifies the chemical ly  different charge car-  
riers. On the other  hand a single electr ical  symbol for 
a hole can represent  at least four chemical ly  differ- 
ent conditions 

[e I �9 o r h =  (Co + + + c o - C o  + +Co) = 

(Fe + + +Mg-- Fe + +Mg) = (Si+si - -  Sisi) = 

(Ge+Ge--GGe) [19] 

Equat ion [19] wi l l  permi t  more  precise distinctions 
to be made in the character  of the holes where  neces-  
sary. 

Listed in Table II for the various notations are the 
symbols, masses, and thermodynamic  potentials of the 
defects discussed in this section. 

Discussion 
Two common solid-state reactions have been fo rmu-  

lated using a va r i e ty  of notations. The two reactions 
discussed were  a simple solution of a polar izable sub- 
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stance (F-center  formation, Table I),  and an oxida= 
t ion-reduct ion reaction (metal  deficit p-conduct ing co- 
baltous oxide formation, Table I I I ) .  One simplifi- 
cation of the notations results when properties of 
nonstoichiometric compounds usual ly  a t t r ibuted to 
the presence of vacancies in  the lattice are a t t r ibuted 
instead to the presence of the excess const i tuent  giv= 
ing rise to the vacancy. It is shown that  s t ructure 
e lement  notations must  be modified to produce cor- 
rect thermodynamic  relationships between the equi-  
l ibr ium concentrat ions of excess consti tuents in solu- 
t ion and their  vapor pressures. When both bui ld ing  
uni t  and structure element  notations are modified in  
the same way, e.g., Eq. [7] and [18], they become 
equivalent  to each other and to convent ional  chemical 
notat ion in this respect. In  the ionic and chemical no-  
tations, the identi ty of the positive charge carr ier  can 
be determined,  whereas in the bui ld ing unit ,  atomic, 
and Rees notations, which employ the hole symbol, 
this may  not  always be done. 

Comparing notations in  Table II it is impor tant  to 
note that in the chemical notat ion we may associate 
not only a positive mass with every symbol but  also 
a single normal  thermodynamic  potential,  a chemical 
potential  for a neu t ra l  species and an electrochemical 
potential  for a charged species. In  these two crucial 
respects this notat ion is identical  in  form wi th  all 
chemical notation. The bui lding uni t  notation al though 
formally correct has both positive and negative masses 
associated with the symbols and positive~ negative, and 
differences of, thermodynamic potentials associated 
therewith. Unless one possesses an int imate  knowledge 
of this notation,  it is difficult to read and awkward  to 
use (3). The ionic notat ion has positive and zero 
masses associated with its symbols. With only one 
modification, for the vacancy, it becomes equivalent  
to convent ional  notation. The symbols in the  atomic 
notat ion have positive, zero and negative masses as= 
sociated with them and consequent ly  the gamut  of 
normal,  virtual,  and differences of, thermodynamic  po- 
tentials. 

Recemmendations.--Use the chemical notat ion to de= 
scribe reactions in  the solid state. No conceptual diffi- 
culties will  be encountered by its use, and no ther= 
modynamic or chemical confusion can result  f rom 
its use from the symbols themselves. 

If a selection among symbols is to be made, pick 
the simplest  one that  wil l  fit your  needs. In  the F - c e n -  
ter example, if the solubil i ty of sodium in  rock salt 
is under  consideration, it is unnecessary to use a sym= 
bol more detailed than  N a ( i n  solution).  On the other 
hand, if defect s t ructure and polarization are under  
consideration, then use the symbol (Na+NaV-cl) .  In  
the cobaltous oxide example the description of cation 
mobility, diffusivity and oxidation phenomena may 
require the use of the symbol (VcoOo)=, in reaction 
(P).  However,  if the description of the positive charge 
carrier, Co + + + is under  consideration, the description 
of the counter  ion, 0 %  need not necessarily convey 
any s t ruc tura l  information.  

The use of h (and lel e) as a symbol for positive 
charge carriers is widespread and a change in  usage 
is unlikely.  However,  when  this symbol is used in 
chemical equations it  is impor tant  to keep in  mind that  
it is not a chemical symbol. It  describes the operation 
"take away an  electron" and should be represented 
chemically as a difference of two chemical symbols 
and thermochemical ly as a difference of two thermo-  
dynamic potentials. When in  doubt  it is recommended 
that  the use of the symbol h in chemical equations be 
replaced by an appropriate difference in chemical 
symbols, Eq. [19]. 
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Low-Pressure Oxidation of Zirconium 
J. Levitan, J. E. Draley, and C. J. Van Drunen 
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ABSTRACT 

Low-pressure  oxidation of zirconium at high tempera tures  exhibi ted a 
pressure dependence, and several  stages of oxidation could be distinguished: 
an init ial  period was followed by two periods with a l inear rate dependence. 
Transit ion from the first l inear period to the fol lowing l inear period was 
accompanied by increase in oxidation rate. Surface reaction control is sug- 
gested for these periods. Linear  oxidation was followed by a period when  the 
rate was l imited by a protect ive oxide film. 

Low-pressure  oxidation of t ransi t ion metals  is re -  
ceiving increasing at tent ion in connection with  vac-  
uum and space applications. There is ra ther  a small 
number  of systematic investigations in the field (2-5). 
Phenomena  observed in low-pressure  oxidation re-  
flect specific conditions of lower react ing gas con- 
centrat ion and different sticking probabili ty.  

It has recent ly  been reported (1) that  the potential  
recorded across a growing scale on oxidizing zir-  
conium exhibits a dependence on oxygen part ial  
pressure (Po2) at pressures below 1 mm Hg, remaining 
constant at po~ > 1 mm. Since the unchanging elec- 
tric field at Po., > 1 mm corresponds to oxidation 
kinetics independent  of Po2, a study of low-pressure  
zirconium oxidation was initiated. P re l iminary  results 
(1) s t imulated a modification of the exist ing exper i -  
menta l  system in order to run constant pressure and 
volumetr ic  experiments.  

Experimental 
The source of mater ia l  was h igh-pur i ty  zirconium 

supplied by Materials  Research, Inc. Impur i ty  content  
of the batch, as found by spectrographic analysis was 
(in ppm by wt): 

H 3.3 A1 3.0 C1 2:0 Ti 1.0 
B 0.005 Si 1.5 K 0.004 V 0.05 
C 6 P 0.1 Ca 0.04 Cr 0.5 
N 2.1 Ni 1.5 I-If 40.0 Fe 30.0 
O 25 Cu 0.01 

Specimens were  prepared from 1.6 mm thick sheet 
by punching out disks 12.7 m m  diameter.  These were  
wet  ground and etched for 2 min at room tempera -  
ture  in a 45:5:50 (by volume)  HNO3 (70%) + H F  
(49%) -~ H20 etchant. 

An Ainsworth  RV-AU-2S  vacuum semimicrobalance 
(reproducibi l i ty  _ 0:03 mg) was employed for con- 
tinuous automatic  recording of the weight  changes. 
A Granvi l le -Phi l l ips  automatic  control valve  was used 
in the exper imenta l  system (Fig. 1). Excel lent  pres- 
sure control  in the 10 -~ to 1 mm range was achieved. 
Pressure control  was usual ly obtained within  1 to l l/z 
rain from the beginning of the exper iment  and con- 
trolled with  high precision during the whole  run. Tem-  
pera ture  was recorded f rom a thermocouple  in a wel l  
close to the specimen; this was cal ibrated to provide 
actual specimen tempera ture  (controlled to _ I~  
Exper imenta l ly  determined corrections were  made for 
buoyancy and thermal  convection. Research grade 
oxygen supplied by Matheson Company was used 
as-received,  wi th  less pure gas (and a desiccant) 
used for flushing and storage. Oxygen was supplied 
to the system from a storage vessel through the con- 
trol valve.  Recordings of pressure drop in the storage 
vessel provided the oxygen consumed in volumetr ic  
measurements .  The system was buil t  f rom 304 stain-  
less steel, copper, and brass. Because of var iabi l i ty  
in init ial  oxygen adsorption in the system, volumetr ic  
results have been only confirmatory in the present  
study: gravimetr ic  results have  been used exclusively.  

Results 
Zirconium oxidat ion at dif ferent oxygen pressures 

in the 1 to 400 mm range was found to be essentially 
independent  of Po2. This is in agreement  wi th  results 
reported by previous invest igators  (6-10). Sl ight  dis- 
agreement  with previous data f rom this laboratory  (6) 
is probably explainable  in terms of the degree of 
pur i ty  or of metal lurgical  his tory of specimen ma-  
terials. 

However,  the oxidation rate  exhibi ted a significant 
pressure dependence for pressures below 1 mm. This 
is shown in Fig. 2 for 700~ Rate of weight  gain (per 
unit area) were  considerably lower than that  for 
"standard ''1 oxidation for short times, then increased 
so that  oxidation was more rapid  than under  s tandard 
conditions. Finally,  the rate  decreased at lower  pres-  
sures more rapidly than at s tandard pressures ,  so 
that  at 1100 min exposure, rates of weight  gain were  
the same at the three  lower pressures shown and only 
about 10% greater  than that  at 1 mm. 

Also notable in Fig. 2 are periods when  rates of 
weight  gain remained constant for significant periods 
of t ime: the straight  line portions such as dur ing the 
in terval  70-240 min at 3 x 10 -8 mm oxygen pressure. 

Behavior  during ear ly  exposure is not shown clearly 
in Fig. 2. The weight  gain of one specimen is shown 
on an expanded scale in Fig. 3. It  is observed that  
preceding the l inear port ion previously noted there 
is an earl ier  l inear port ion at about 8 to 27 min, wi th  
a lower slope than that  at about  51 to 127 min. This 
earliest straight l ine genera l ly  did not ext rapola te  to 
to origin, as indicated in Fig. 3. The earliest  portion of 
the oxidation curve  was ra ther  short and the weight  

1 T h e  t e r m  " s t a n d a r d "  w i l l  be  u s e d  t o  r e f e r  t o  o x i d a t i o n  a t  p r e s -  
s u r e s  1 to  400 m m  w h e r e  o x i d a t i o n  b e h a v i o r  is  i n d e p e n d e n t  o f  o x y -  
g e n  p r e s s u r e .  

VI VACUUM 

Fig. 1. Ainsworth balance system 
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Fig. 3. Typical low-pressure zirconium oxidation at 700~ 
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Fig. 4. Pressure dependence of linear oxidation rate constants at 
700~ 

gains small, so that  no accurate curve shape can be 
described. Generally,  the rate decreased dur ing  this 
period. 

As can be observed in Fig. 2, the rates of weight 
gain dur ing  the l inear  portions varied with oxygen 
pressure. The available l inear  rate constants are plot- 
ted in Fig. 4 as a function of oxygen pressure. (For 
some runs  stage II was not  sufficiently clear to just i fy  
est imating slopes.) A roughly l inear  dependence was 
exhibited both for the first (stage II) and second 
(stage III)  l inear  portions. The least squares slopes 
were 42 and 83 mg, dm -2, min  -1, (mm H g ) - l .  Their  
ratio, 2.0, shows the increase in rate which occurred 
in t ransi t ion between the first and second l inear  re- 
action periods. Degree of reproducibil i ty can be judged 
in the figure. 

Similar  behavior was exhibited at other tempera-  
tures. At 550~ only the second l inear portion was 

7 
Z 

(.9 

OXIDATION TIME 

Fig. 7. Schematic presentation of low-pressure zirconium oxida- 
tion. 

observed at the higher ( than at 700~ "low pressures" 
in which pressure sensit ivity was evident  (see Fig. 5). 
At 800~ lower "low pressures" were required to dis- 
play pressure dependence; all  stages in the oxidation 
curve were evident  (Fig. 6). 

Discussion 
The low-pressure oxidation of zirconium can be 

divided convenient ly  into four stages as shown 
schematically in Fig. 7. Dur ing  the first stage a de- 
creasing rate of oxidation was general ly (but  not al-  
ways) observed. During stage II  weight was gained 
at a constant  rate, which was approximately  propor-  
t ional to the oxygen pressure. The oxidation rate then 
increased by a factor of about 2.0, and dur ing stage III  
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another  period of constant oxidat ion ra te  was ob- 
served. Again  the rate  was approximate ly  propor-  
tional to Po2. Finally,  in stage IV the rate  of oxida-  
tion continuously decreased with time. 

The following explanat ion seems consistent wi th  
the known facts. Before the oxidat ion exper iment ,  the 
specimen presumably  formed (in air) an oxide film 
on a surface which was near ly  clean (and in which 
it is hoped the meta l  s t ructure was not seriously dis- 
torted in v iew of the meta l  r emova l  during etching) .  
It  was then held  at oxidat ion t empera tu re  at a pres-  
sure low enough for no discernible weight  gain to oc- 
cur. The a i r - formed oxide film ve ry  l ikely completely 
dissolved, considering the high rate  of oxygen diffusion 
and the high solubili ty of oxygen  in zirconium (12, 13). 

During stage I oxidation, some kind of s teady-sta te  
situation is being developed on the meta l  surface. Lack 
of reproducibi l i ty  indicates a sensit ivi ty to the original  
condition of the specimen (oxygen content  and dis- 
order in the surface layers of meta l?) .  Perhaps some 
oxide nuclei  fo rm at most  susceptible positions on the 
surface [as observed by Har t  in other  low-pressure  
studies (11)], but  essentially all the oxygen is pre-  
sumably dissolving in the metal. The ra te  of weight  
gain is substantial ly less than  the expected ra te  of 
diffusion of oxygen inward  f rom a saturated surface 
layer  (12). 

In stage II, the rate of oxygen uptake is apparent ly  
l imited by the ra te  of chemisorpt ion at the meta l  sur-  
face (not by the rate  of a r r iva l  of oxygen at the sur-  
face, since this is calculated to be substant ial ly grea ter  
than the oxidat ion ra te) .  I t  is difficult to est imate the 
degree of coverage by oxygen molecules or atoms, but  
coverage by ions must be ra ther  small  because the 
ra te  of uptake  is still lower  than the expected rate  of 
oxygen diffusion inward f rom a saturated surface. The 
pressure dependence of the rate is reminiscent  of a 
Langmui r  adsorption model. During this stage, local 
oxygen concentrat ion in surface layers of the metal  
apparent ly  builds up with  t ime until,  at the end of 
stage II, saturat ion occurs and surface oxide begins to 
form. 

This surface oxide is not significantly protect ive;  in 
fact the rate of oxygen uptake increases, perhaps be- 
cause the ionic crystal  surface is more  favorable  for 
the format ion of adsorbed oxygen ions (as distin- 
guished f rom uncharged species). As t ime goes on, 
more of the surface meta l  becomes saturated, and 
more of the surface becomes covered wi th  oxide. P re -  
sumably, different grain surfaces become saturated at 
different t imes because of their  different oxygen dif-  
fusion characterist ics (12). 

In due course the surface is covered wi th  oxide and 
stage III  begins (Table I) .  Pr ior  to this t ime it can 
be expected that  the concentrat ion of the oxygen-  
diffusing species in the surface layers of meta l  would  
not have been constant wi th  time, and therefore  that  
the oxygen uptake  at this point would be less than that  
expected if oxygen diffusion had been occurring f rom 
a saturated surface. However ,  dur ing the period be-  
tween stage II and stage III  there often occurred an 

Table I. Comparison of calculated and observed values of 
weight gain at start of stage Ill. Zirconium in 

oxygen at 700~ 

W c a l e .  
po 2, m m  Hg ,  Wobs, m g / d m  z % D e v i -  

R u n  No.  • 10a t ,  r a i n  m g / d r n 2  ( =  1.55tl/2) a t i o n  

amount  of oxidat ion which was substantial  wi th  re-  
spect to that which had occurred by the end of stage 
II. In order to aid in the deve lopment  of a model  for 
the processes actual ly occurr ing it was decided to 
compare the exper imenta l  resul ts  wi th  those which 
would be anticipated if oxygen diffusion into the 
meta l  had been occurr ing f rom a saturated surface 
(such as an oxide-covered  surface) .  

Using this model, the value of the weight  gain (W) 
at the beginning of stage III  might  approximate  k t  1/2, 
where  k is the diffusion rate  constant. Accordingly,  the 
"least  squares" op t imum value  of k was calculated for 
the nine available low pressure runs at 700 ~ A kind of 
rough correlat ion was observed, wi th  calculated 
weight  gains deviat ing by amounts  up to 38% from 
those observed. The value of  the diffusion ra~e con- 
stant was 1.55 mg dm 2 t -1/2, as close to Pemsler ' s  (12) 
value of 2.0 for polycrystal l ine zirconium as could be 
expected in this kind of analysis. 

Dur ing stage III  oxidation the rate  is again con- 
t rol led by the rate  of chemisorption,  and again Lang-  
mui r - l ike  pressure dependence is observed. The oxide 
film is not  thick enough to offer significant impedi-  
ment  to penetrat ion by oxygen. The film continues to 
thicken, however ,  and eventua l ly  does exhibi t  protec-  
tiveness. Accordingly,  the rate  decreases (stage IV) ,  
s lowly at first, and then more  rapidly  as the ra te  be-  
comes more and more  completely  l imited by the th ick-  
ening oxide film. Reaction kinetics then become similar 
to what  is observed in standard oxidat ion (a ra ther  
s traight  line on a log-log plot  of W vs. t, with  a slope 
somewhat  less than ~ ) .  

As an approximation,  it might  be expected that  the 
film would  become significantly protect ive at about  the 
same thickness (s) for different experiments.  Under  
these circumstances the value  of the weight  gain at the 
end of stage III  would be expected to equal  s + k t  1/2, 
where  k is again the rate  constant for the diffusion of 
oxygen in zirconium. A least-squares  fit provided 
values for s and k for the same 9 runs used previously.  
This t ime the fit was better,  wi th  an average  deviat ion 
in W of 7% (see Table  II) .  

The diffusion rate  constant was 1.62, in good agree-  
ment  wi th  that  calculated in connection with  the start  
of stage III, and a bit closer to Pemsler ' s  va lue  for 
polycrystal l ine zirconium. At this t ime no par t icular  
significance can be ascribed to the thickness (ap- 
parent ly  independent  of oxygen pressure in the range 
studied) at which the oxide film becomes significantly 
protective. The value  calculated was 23.4 mg oxygen /  
dm 2, or 1.51~ thickness. 

Some time after  the beginning of stage IV oxidation, 
the rate  of oxidation appeared to be essen t ia l ly  inde- 
pendent  of Po2. Even an oxygen pressure as high as 1 
vhm caused only about 10% decrease in rate  (decrease, 
ra ther  than increase, because the oxide thickness was 
greater) .  It  is surprising that  the rates were  equal  at 
the end of the three  low-pressure  runs of Fig. 2, a l -  
though the pressure var ied by a factor of 2.0, the 
weight  gains showed about a 60% variation,  and the 

Table Ih Comparison of calculated and observed values of 
weight gain at end of stage III. Zirconium in 

oxygen at 700~ 

W c a l c p  
m g / d m ~  

poz, m m  H g ,  Wobs, ( =  23.4 + % D e v i -  
R u n  No.  • 10 ~ t ,  m i n  rng /dm~  1.62tl/~) a t i o n  

215  10.0 18 6.4 6 .6  + 3 
213 7.0 36 11.7 9.3 - -21  
216 7.0 19 10.9 6 . 8  - -  38 
226 5.5 53 11.3 11.3 0 
219  4.0 49 13.3 10.8 -- 19 
222 4.0 48  10.0 10.7 + 7 
225 3.0 58 11.4 11.8 + 4 
220 2.0 296 21.2 26.2 + 24 
221 2.0 357 31.6 29.3 -- 7 

215  t 0 . 0  56 30.7  35 .4  + 15 
213 7.0 93 42.0  39.1 - - 7  
218 7.0 49  35.0  34.8  -- 1 
226  5.5 110 35.5 40.4  + 14 
219  4.0 130 45.5  41.9 -- 8 
222  4.0 114 41.3 40.7  --  1 
225  3.0 279 56 .9  50.5 --  11 
220  2.0 616 60.9 63.7 + 5 
221 2.0 510 58.9 60.1  + 2 

A v e r a g e  d e v i a t i o n  14% A v e r a g e  d e v i a t i o n  7% 
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calculated oxide thicknesses varied by a factor of 2.3. 
Apparent ly  the reaction rate at this t ime is l imited by 
the oxide film, but  is not in  any simple way related to 
total oxide film thickness. An explanat ion is not now 
available. 

It is felt that the new data reported here will  prob- 
ably prove valuable in  in terpre t ing  oxidation mech- 
anisms for zirconium. Certainly, a few new questions 
have been posed. 

Manuscript  received Feb. 16, 1967; revised manu-  
script received Ju ly  31, 1967. This work was per-  
formed under  the auspices of the United States Atomic 
Energy Commission. 

Any  discussion of this paper will appear in a Discus- 
sion Section to be published in the June  1968 JOURNAL. 
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The Oxidation Properties of a Zirconium-2.7 w/o Niobium 
Alloy in the Temperature Range 300~176 

M. G. Cowgill and W. W. Smeltzer 
Department of Metallurgy and Materials Science, McMaster University, Hamilton, Ontario, Canada 

ABSTRACT 

The reaction kinetics and structures of the al loy/oxide composite system 
were determined for martensi t ic  and several Widmans ta t t en-s t ruc tured  alloys 
oxidized at 300 ~ 400 ~ and 500~ in oxygen at l arm pressure. At 300 ~ and 
400~ there was li t t le difference between the oxidation rates of the differ- 
ent ly  s t ructured alloys in  the early stages of the reaction. Prolonged ex- 
posures i l lustrated the occurrence of two l imit ing oxidation curves: mar ten-  
sitic specimens oxidized most rapidly, the oxidation rate decreasing unt i l  a 
t ransi t ion range was at tained in which the rate subsequent ly  increased to a 
max imum value associated with l inear  kinetics; on the other hand, Wi dma n-  
s ta t ten-s t ructured specimens containing equi l ibr ium amounts  of proeutectoid 
a lpha-zi rconium from the quench temperature  oxidized most slowly, the ini-  
t ia l  decreasing oxidation rates finally approximat ing to l inear  kinetics at long 
exposures. Specimens containing in termediate  amounts  of proeutectoid alpha- 
zirconium oxidized at rates between these two l imi t ing cases. At 500~ the 
init ial  oxidation rates for all alloys approximated to parabolic kinetics, the 
reaction rate constants being directly dependent  on the volume fractions of 
martensite.  The oxide was cracked in the range of l inear  k inet ics ,  but  the 
role of the film as a barr ier  to oxidation could not be determined. The for- 
mat ion  of oxide pustules on martensi t ic  specimens was the only distinct fea- 
ture  indicat ing a difference in the mode of oxide formation on differently 
s t ructured alloys. The major  product of the reaction at all temperatures  i r -  
respective of alloy s t ructure  was an oxide whose s t ructure  could be indexed as 
monoclinic zirconia. 

Z i rconium-niobium alloys containing 2-3 w/o  nio-  
b ium are being utilized in nuclear  reactor technology 
for their desirable mechanical  and low neu t ron  ab- 
sorption properties. A pr imary  disadvantage of poor 
corrosion resistance for alloys in  an appropriate mar -  
tensitic s t ructure for opt imum mechanical  behavior 
has been largely overcome by  cold-working and tem-  
pering treatments.  Dawson ~ I) has presented a review 
of the l i terature  on this subject. Although there are 
many  observations on the beneficial effects of tem- 
per ing on decreasing the corrosion rates of dilute al- 
loys in steam, air, and carbon dioxide atmospheres, 
studies have not been at tempted of s t ructural  effects 
from a fundamenta l  viewpoint. In  this investigation, 
results are reported for the oxidation properties of a 
Zr-2.7 w/o  Nb alloy in  both martensi t ic  and Widman-  
s tat ten structures exposed to pure  oxygen at t empera-  
tures in  the range 300~176 Alloys of these s t ruc-  
tures could be readily obtained by vacuum anneal ing 

followed by quenching from temperatures  in  the p 
solid solution and in  the ~ ~ a phase regions selected 
from the b inary  phase diagram (2, 3). 

Experimental 
The mater ia l  was a zirconium-2.7 w/o n iobium 

alloy received as 2 mm thick sheet. Analyses for im-  
purities are presented in Table I. Specimens approx-  
imately l cm 2 were cut from this sheet and subjected 
to an appropriate annea l ing  and quenching t reatment .  
Several specimens of the above dimensions were re-  
ceived already in a martensi t ic  s t ructure following a 
vacuum anneal  at 960~ for i0 rain before water  
quenching. They were prepared directly for oxidation 
tests. 

Specimens were prepared by anneal ing and quench-  
ing in  an a l l -meta l  system capable of main ta in ing  a 
vacuum of 10 -6 Tort. In  order to minimize  contam- 
inat ion from residual  gas, specimens were wrapped in  
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Table I. Analysis of impurity content of Zr-2.7% Nb 

E l e m e n t  p P m  (max)  E l e m e n t  p p m  (max) 

A1 52 MO < 10 
n <0 .2  N 24 ~- 
C 100 Ni  50 E 
Cd <0.3  O 1100 -~ 1.0 
CO <5 P b  <5 
Cr 30 Si 100 
Cu  35 Sn  <100  _z 
Fe  980 Ta < 2 0 0  
H 5 Ti  20 
Hf 76 v <5 
Mg <i0 w <25 _~0,5 
Mn <I0 Zn <50  

pla t inum foil. In all  cases, hea t - t r ea tments  were  car -  
r ied out by rais ing the furnace  a l ready  at 1000~ over  
the anneal ing tube containing the specimen. The speci- 
men was held at this ~-solution t empera tu re  of the 
alloy for 1 hr, and, if the s t ructure  requi red  was that  
of full  martensite,  it was then quenched into oil. 
Specimens were  also quenched f rom 800~ in which 
cases a specimen was furnace cooled f rom 1000 ~ to 
800~ held at this t empera tu re  for a predetermined 
time, then quenched into oil. 

The surfaces of specimens were  prepared by abra-  
sion on SiC papers f rom 240 through 600 mesh grit  
under  wa te r  fol lowed by polishing for several  hours 
on napped cloths, impregnated  with 6 and 1# diamond 
paste, respectively,  and lubricated wi th  kerosene. F i -  
nal  polishing was obtained wi th  a v ibra tory  polisher 
using a suspension of 0.3~ a lumina powder  suspended 
in water.  In addition, several  specific preparat ions in-  
volv ing  chemical  etching and different types of abra-  
sion t rea tments  were  employed to determine  possible 
effects of surface preparat ion on the oxidat ion kinetics. 

Oxidat ion kinetic exper iments  were  carr ied out 
using a vacuum microbalance apparatus (4). These 
results were  supplemented by a series of exper iments  
in which the specimens were  in te rmi t ten t ly  removed  
for weighing f rom a quartz  reaction tube. Furnaces 
were  controlled to •176 and the oxygen pressure 
during react ion was 1 arm. Medical grade oxygen was 
used which was purified by passage through cupric 
oxide, phosphorous pentoxide,  Linde 5A molecular  
sieves, and a t rap immersed  in solid carbon dioxide 
to remove traces of hydrogen,  water  vapor,  carbon 
monoxide,  and carbon dioxide. 

The surfaces of oxidized specimens were  examined 
microscopically and subjected to nickel  fi l tered copper 
radiat ion with  a recording x - r a y  diffractometer in 
order to identify oxide consti tuents in the scales. Met-  
al lographic examinat ions were  carr ied out on speci- 
men cross sections mounted  in bakel i te  (4). In some 
instances, it was possible to delineate the s t ructure  of 
two-phase  alloys by rel ief  polishing wi thout  etching. 
When an etchant  was needed, the most successful was 
found to be an aqueous solution containing 30 v / o  
H~SO4, 30 v / o  HNOs, and 10 v / o  HF at a t empera tu re  
in the range 68 ~ 75~ The volume fract ion of p ro-  
eutectoid ~-Zr in a two-phase  alloy s t ructure  was 
readi ly  de termined  by project ing the  micros t ruc ture  
on a cal ibrated object ive screen of the microscope at a 
magnification in the range 200-600X. 

Results 
In order to de termine  the reproducibi l i ty  of mea-  

surements  and the influence of surface preparat ion on 
the react ion rates, several  specimens were  prepared 
with different structures and surface preparat ions 
for oxidation at 400~ (Fig. 1). Curves (a) and (b) 
i l lustrate  the oxidation behavior  of martensi t ic  speci- 
mens subjected to metal lographic and chemical  pol-  
ishes. These different preparat ions did not influence 
oxidation at long exposures since the rates were  of 
the same magni tude  af ter  t ransi t ion to l inear  kinetics. 
In the ear ly  stages of the reaction, a correlat ion was 
not found between the methods of surface preparat ion 
due to the i r reproducibi l i ty  of measurements .  How-  

l I I I I I I I I 
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Fig. 1. Oxidation of Zr-2.7 w/o Nb alloy at 400~ in oxygen 
at 1 arm pressure. (a) anneal 10 rain at 960~ water-quenched, 
surface chemically polished; (b) anneal 10 min at %0~ water- 
quenched, surface metallographically polished; (c) anneal 1 hr at 
1000~ water-quenched, surface metallographically polished; (d) 
anneal 1 hr at 1000~ oil-quenched, surface metallographically 
polished; (e) and (g) anneal I hr at 1000~ and 1 hr at 800~ 
oil-quenched, surface polished on 0.25~ diamond; (f) and (h) an- 
neal 1 hr at 1000~ and 1 hr at 800~ oil-quenched, surface pol- 
ished on 0.3~ alumina. 

ever, it was established that  the martensi t ic  specimens 
exhibi ted oxidation variat ions dependent  upon the 
heat  t rea tment  conditions. This is i l lustrated by com- 
paring the curves (b),  (c), and (d) for specimens 
quenched into water  af ter  vacuum anneals for 10 
min at 960 ~ and 1 hr  at 1000~ and for the specimen 
wrapped in p la t inum foil and quenched into oil af ter  
a vacuum anneal  of 1 hr  at 1000~ respectively.  These 
oxidation curves are of the same form with the lat ter  
specimen exhibi t ing the slowest rate. This behavior  
with the p la t inum-wrapped  specimen would be asso- 
ciated with less impur i ty  pickup from the residual  
gas or the slower rate of cooling during quenching. 
Martensitic specimens used in this invest igation were  
prepared by both methods and are  specified in the 
results. 

Possible effects on the oxidation rate  due to var ia-  
tions in the final stage of mechanical  polishing were  
also invest igated by oxidizing Widmanstat ten struc- 
tured specimens f rom the same batch hea t - t r ea tment  
(Fig. I) .  Curves (e) and (g) were  obtained f rom 

specimens after a polish with 0.25g diamond paste on 
a selvyt  cloth, whereas, curves (f) and (h) were  ob- 
tained f rom specimens polished on a v ibra tory  pol- 
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Fig. 2. Oxidation of Zr-2.7 w/o Nb alloy at 300~ in oxygen at 
] atm pressure. Figures in parantheses are approximate volume 
fractions of e-Zr in the alloys. Martensitic specimens water- 
quenched. 
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isher using a suspension of 0.3~ a lumina  in water. 
Apparent ly,  the oxidation rate is not influenced by 
the type of abrasive employed in  the final polishing 
stage. 

Typical measurements  of oxidation rates at 300 ~ , 
400 ~ and 500~ for various alloys prepared by metal-  
lographic polishing are shown in  Fig. 2, 3, and 4. 
Although the kinetics were characterized by a certain 
degree of i r reproducibi l i ty  in the init ial  stages, the 
large variat ions in the oxidation rates could be corre- 
lated with the structures of the specimens. It  is ap- 
parent  from the volume fraction of ~-Zr in the alloy 
listed with each kinetic curve that  the oxidation rates 
at all investigated temperatures  decrease with in-  
creasing amount  of this phase. 

Two examples of specimen microstructures obtained 
by quenching from 800 ~ and oxidized at 400~ are 
shown in Fig. 5. If the annea l  was carried out for 
only 5 rain, structures containing 10-15 v /o  ~-Zr were 
obtained. Upon equi l ibrat ing an alloy at 800~ the 
s tructure would contain about 50 v/o proeutectoid 
~-Zr. This condition was found after an anneal  for 
1 hr. Specimens containing contents of this phase be- 
tween these two extremes were obtained by anneal ing 
wi thin  the above time periods. 

The topography of an oxidized specimen was de- 
pendent  on the alloy structure, the reaction temper-  
ature, and the t ime of exposure. A martensi t ic  struc- 
tured specimen, oxidized at 300 ~ or 400~ exhibited 
interference colors to film thicknesses of approxi-  
mately  2000A with color t ints varying from grain to 
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Fig. 3. Oxidation of Zr-2.7 w/o Nb alloy at 400~ in oxygen at 
I atm pressure. Figures in parantheses are approximate volume frac- 
tions of ~-Zr in the alloys. Martensitic specimens water-quenched. 

0 i I i 1 I I 0 200 400 600 TiME (rains.) 
Fig. 4. Oxidation of Zr-2.7 w/o Nb alloy at 500~ in oxygen at 

I atm pressure. Figures in parantheses are approximate volume 
of c~-Zr in the alloys. Martensitic specimens oil- 
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Fig. 5. Microstructures of two specimens quenched from 800 ~ 
and oxidized at 400~ a (top), volume fraction of proeutectoid 
~-Zr ~ 15%; b (bottom), volume fraction of proeutectoid ~-Zr 

48%. 

grain. At about the t ime of t r ans i t ion  from an init ial  
decreasing rate to a more rapid approximately l inear  
rate, isolated growths of pustular  shape were ob- 
served. The densities of these pustules varied with al- 
loy grain orientations (Fig. 6a). These growths spread 
with lengthening exposure to cover most of the sur-  
face, al though complete coverage was never  observed 
in the exposure periods of the present  experiments  
(Fig. 6b). On viewing the surface of a pustule at high 
magnification, fine cracks were observed which ap-  
peared to emanate  from the tip. These pustules pro- 
t ruding above the main  oxide surface only accounted 
for a relat ively small  amount  of oxide as they were 
not  observed at the surface of metallographic cross 
sections. 

Martensitic specimens oxidized at 500~ did not 
exhibit  pustules even at brief  exposures of 10 rain. 
The oxidized specimens exhibited a gray rippled sur-  
face (Fig. 6c). This external  appearance indicated 
that  a very large n u m b e r  of small  pustules had formed 
in close proximity without  a large degree of lateral  
growth before their coalescence. 

Oxidation of an alloy obtained by quenching from 
the (a + 8) alloy region gave rise to rates of film 
growth dependent  on the phase on which the oxide 
was growing. The growth of oxide on the a-Zr plate- 
lets was much less than on the a ' -Zr  regions. For the 
conditions and exposures examined, the former film 
never  exhibited other than  interference colors. The 
film on the ~' s t ructure gave rise ini t ia l ly to in ter fer -  
ence colors, but  its growth rate was estimated to be 
at least triple that  of the film on ~-Zr. The film even-  
tual ly  became gray, and small  cracks appeared r u n -  
n ing parallel  to the direction of the a-Zr plates (Fig. 
7a). Eventual ly ,  these cracks became more extensive 
and developed into intr icate networks (Fig. 7b). Such 
observations applied to all specimens in  this alloy 
condition, irrespective of the reaction temperature,  
when reaction had proceeded to l inear  kinetics. No 
oxide pustules were observed at any  t ime for this 
alloy condition by light microscopy. 

Cross sections of all oxidized specimens revealed 
an uneven  metal /oxide interface. Martensi t ic-s t ruc-  
tured specimens exposed to the t ransi t ion range for 
l inear  kinetics exhibited fine microscopic irregularit ies 
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Fig. 7. Topographies of oxidized specimens with Widmanstatten 
structure, a (top), 10,800 min at 300~ oxygen uptake 0.09 
mg/cm2; magnification ca. 680X; b (bottom), 485 min at 400~ 
axygen uptake 0.5 mg/cm~; magnification ca. 460X. 

Fig. 6. Topographies of oxidized specimens with martensitic 
structure, a (top), 400 rain at 400~ oxygen uptake 0.07 mg/cm 2, 
magnification 150X; h (center), 1330 rain at 400~ oxygen up- 
take 1.9 mg/cm ~, magnification IOOX; c (bottom), 300 rain at 
500~ oxygen uptake 0.8 mg/cm 2, magnification 150X. 

and also much larger undula t ions  represent ing areas, 
ra ther  than points, of larger oxide penetra t ion (Fig. 
8a). At long exposures, the larger variat ions almost 
disappeared to leave a re la t ively uni form thick scale 
containing cracks, many  of which appeared to follow 
the contour of the meta l /oxide  interface (Fig. 8b). 

The topographical observations on oxidized speci- 
mens in the two phase (a + d -  Zr) s tructure were 
confirmed by the examinat ions of cross sections (Fig. 
9); that is, the rate of oxide growth was greater on 
the a' structure. This behavior  was most vividly i l lus- 
t rated by specimens exposed for long times at 300~ 
where the oxide formed on the d - reg ions  had selec- 
t ively penetra ted to the extent  that  it appeared p inned 
by the unoxidized a plates (Fig. 9a). This degree of 
selective penetra t ion became less pronounced with 
increasing temperature,  and the oxide in the external  
film appeared less cracked at the highest temperature  
of 500~ (Fig. 9c). 

Detailed examinat ion of the metal /oxide  interface 
of all specimens oxidized for relat ively long time peri-  
ods demonstrated that localized points of oxide pene-  
t rat ion occurred at the lines of martensi t ic  t rans-  
formation in the a'-Zr microstructure.  This is i l lus-  
t rated by the etched microstructure of the martensi t ic  
alloy (Fig. 10a), and by the Widmans ta t ten-s t ruc tured  
alloys (Fig. 9a, 10b) where the fine degree of oxide 
penetrat ions into the martensi t ic  s t ructure  between 
the ~-Zr plates is readi ly apparent.  

Fig. 8. Cross sections of oxidized specimens with martensitic 
structures, a (top), 1030 rain at 400~ oxygen uptake 1.1 mg/cm 2, 
magnification 675X; b (bottom), 1380 rain at 500~ oxygen up- 
take 2.0 mg/cm ~, magnification 675X. 

X-ray  analyses revealed that  the major  oxidation 
product could be indexed as monoclinic zirconia. 
Occasionally a weak reflection was observed which 
could be interpreted as either the cubic or tetragonal  
form of zirconia. Oxides of n iobium were not de- 
tected. However, the technique is l imited and mono-  
clinic zirconia may not be the only reaction product. 

Discussion 
An at tempt  has been made to elucidate more fully 

the oxidation mechanisms of a Zr -Nb alloy by deter-  
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Fig. 10. Etched structures of oxidized specimens, a (top), mar- 
tensitic structure, 7130 rain at 300~ b (bottom), Widmanstatten 
structure, 485 rain at 400~ Magnificaion 675X. 

Fig. 9. Cross sections of oxidized specimens with Widmanstatten 
structures, a (top), 19,300 rain at 300~ oxygen uptake 0.23 
mg/cm2; b (center), 485 rain at 400~ oxygen uptake 0.5 mg/cm2; 
c (bottom), 150 rain at w176 oxygen uptake 0.5 mg/cm 2. M~g- 
nification 675X. 

mining the effects of alloy structures on the oxidation 
kinetics. The results available at 300 ~ and 400~ 
(Fig. 2 and 3) gave two l imit ing oxidation curves 
for the alloy under  examination.  A distinct t ransi t ion 
was shown in the oxidation curves of the martensi t ic  
alloy, prepared by quenching f rom a E-solid solution 
temperature .  The rate  decreased unti l  a t ransi t ion 
range was attained in which the rate increased again 
to a max imum value associated with  approximate ly  
l inear kinetics. The other  l imit ing oxidation curve 
was shown by alloys wi th  Widmansta t ten  structures 
produced by quenching from 800~ and containing ap- 
p rox imate ly  50 v / o  proeutectoid a-Zr, the equi l ibr ium 
amount  for this temperature .  These curves exhibi ted 
a decreasing rate, which, in the la ter  stages, approx-  
imated to l inear kinetics. 

In the early stages of the react ion at 300 ~ and 
400~ there  was l i t t le  difference between the oxida-  
tion rates for the two alloy structures. However ,  the 
reaction rate  at long t imes of a Widmans ta t ten-s t ruc-  
tured alloy was much less than the l inear  rate  of the 
martensi t ic  alloy. Specimens with  in termedia te  
amounts  of proeutectoid ~-Zr exhibi ted oxidation 
rates be tween  these two l imit ing cases, the over -a l l  
rate  increasing with  decreasing amount  of ~-Zr. 

A direct relat ionship be tween the magni tude  of the 
react ion kinetics and the amount  of a-Zr in an alloy 
could not be demonstra ted f rom the present  results 

at 300 ~ and 400~ In the ini t ial  stages, the oxidation 
rate  of d - Z r  was at least three  t imes faster  than  a-Zr, 
while  in the final stages of the exposures, the con- 
t r ibut ion of film growth on the a-Zr  plates was of 
minor  significance to the  over-a l l  fi lm growth. More-  
over, the oxide film on a'-Zr at long exposures was 
cracked and porous. These observations suggest that  
the l inear  oxidation kinetics at 300 ~ and 400~ would  
be largely dependent  on the amount  of ~'-Zr in the 
alloy. 

Plots  of the l inear  rate  constants vs. the amount  of 
a'-Zr are shown in Fig. 11 and 12. At  300~ the 
kinetic curves were  i r regular  and the rate  constants 
are only approximations.  The martensi t ic  specimens 
reacted rapidly at this temperature ,  the ra te  decreas-  
ing marked ly  over  the range to 85 v / o  martensite.  
At 400~ the decrease in rate was proport ional  to 
the amount  of a ' -Zr  f rom full  to approximate ly  80 
v /o  martensite.  A smaller  dependence of the oxidation 
rate on the contents of a'-Zr less than  80 v / o  appeared 
to be associated with  the morphological  development  
of the oxide film. 

Chemical  composit ion is a major  difference between 
martensi te  formed by quenching f rom 1000 ~ and 
800~ a'-Zr formed under  the lat ter  condition would  
contain twice as much niobium. At small  niobium 
contents, alloys wi th  larger  niobium concentrat ion ex-  
hibit  more rapid oxidation (5, 6). Thus, a'-Zr would 
possibly oxidize more rapidly in the specimens 
quenched f rom 800~ The observations f rom this in-  
vestigation do not support  this consideration. Accord-  
ingly, any variat ions to be expected f rom increased 
niobium concentrat ion in the martensi t ic  phase were  
suppressed by possible variat ions in the s tructure of 
this phase or its mechanism of oxidation in the pres-  
ence of proeuteetoid ~-Zr. 

It  has been shown that  the oxide on the martensi t ic  
phase was subject  to constraint  by ~-Zr plates and 
was pinned beneath  the meta l /ox ide  interface,  Fig. 
9(a) .  The oxide under  such circumstances was less 
porous and the oxidation rate  showed a smaller  de- 
pendence on the amount  of d - Z r  at percentages less 
than 80 v / o  (Fig. 11 and 12). Thus, the over -a l l  oxida-  
tion rate became dependent  on two factors: the 
amount  of a ' -Zr  and the penetra t ion depth of oxide 
into the metal. With  low percentages of proeutectoid 
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~-Zr, this lat ter  factor was less important ,  and the 
over-al l  rate varied almost l inear ly  with the amount  
of martensite.  However, at large percentages of the 
proeutectoid phase, oxide on martensi te  penetrated 
selectively between plates of the former phase, and 
the oxidation rate was much slower than to be pre-  
dicted by a direct proport ional i ty between oxidation 
rate and amount  of a'-Zr. 

Oxidation curves at 500~ did not exhibit  t ransi-  
tions to more rapid l inear  kinetics as observed at the 
two lower temperatures.  Although the films on a-Zr 
were characterized by interference colors, those on 
the a '-phase were invar iab ly  gray at all  observed 
times in contrast  to results at the lowest temperatures.  
Though the oxidation properties were dependent  on 
alloy s t ructure  at this highest tempera ture  employed, 
the kinetics could be represented by parabolic plots 
for re la t ively long exposures (Fig. 13). Moreover, a 
plot of the parabolic constants vs. the amount  of 
a ' -Zr  demonstrated a direct proport ionali ty from full  
martensi te  to 50 v/o  proeutectoid a-Zr (Fig. 14). This 
behavior  appears reasonable since pronounced selec- 
tive penetrat ion of oxide between plates of this phase 
did not occur as at lower temperatures.  Temper ing of 
martensi te  occurs at this temperature  and ~-Zr would 
exhibit  a larger n iob ium solubility. The influence of 

these parameters  on oxidation processes in  a manner  
not understood at present  may account for the smaller 
degree of selective phase oxidation. 

In  view of the fact that  the form of the oxidation 
curve is dependent  on both alloy s tructure and tem- 
perature,  conclusions d rawn from comparisons of re- 
sults obtained under  different exposure conditions 
must  be accepted tentat ively.  The major  product of 
the reaction of all temperatures,  irrespective of alloy 
structure, was an oxide whose s tructure could be in-  
dexed as monoclinic zirconia. However, it is interest-  
ing to compare the differences in surface topography 
and cross sections of oxidized specimens (Fig. 6-9). 
At 500~ and while the rate curve was parabolic, the 
gray oxide which formed did not exhibit  cracks dis- 
t inguishable by light microscopy. The oxidation rate 
would be possibly controlled by  diffusion processes 
in .the oxide film dur ing this stage of the reaction. 
Cracking of such oxide, however, was noted at 300 ~ 
and 400~ for all alloys in early periods of exposure 
at small  film thicknesses and parabolic kinetics were 
not obeyed. On the other hand, the oxide was cracked 
in the range of approximately l inear  kinetics at all 
temperatures,  but  its role as a barr ier  to oxidation 
could not be interpreted by using standard metallo- 
graphic techniques. 
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The formation of oxide pustules was the only dis- 
t inct feature indicat ing a difference in the mode of 
oxide format ion on different structured alloys. The 
pustules, moreover, were only observed at the tem- 
peratures 300 ~ and 400~ on martensi t ic  specimens 
and appeared on the surface dur ing  the t ransi t ion to 
l inear  kinetics. These specimens were the only ones 
to exhibit  the type of oxidation curve where there was 
a very pronounced t ransformat ion in the kinetics 
from a small ini t ial  rate to a much more rapid rate at 
long exposures. This behavior, involving pustule 
formation and cracking, may be associated with in te r -  
facial stress be tween the alloy and the oxide film. At 
500~ such stress might be rel ieved by tempering 
of the alloy at the reaction tempera ture  and thus 
allow a more compact film to form. The presence of 
the proeutectoid ~-Zr plates could s imilar ly aid stress 
relief and so reduce the possibility of pustule forma- 
tion, bu t  no substant ia t ing evidence could be found in 
the present  results. 
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Electrochemical Reduction of Cyanoalkyldimethylsulfonium Ions 
John H. Wagenknecht and Manuel M. Baizer 

Centra~ Research Department, Monsanto Company, St. Louis, M~souvi 

ABSTRACT 

The polarographic and coulometric reduction of cyanomethyldimethylsul -  
fonium ion (I) in anhydrous dimethylsulfoxide occurs in  a single apparent  
one-electron reduction. Evidence from polarography in  the presence of acetic 
acid and from macroelectrolyses leads to the in terpre ta t ion  that  I probably 
actually undergoes a two-electron reduct ion to form the cyanomethyl  amon  
which reacts at the electrode surface with a second parent  ion. This result  ig 
another  example of a concealed l imit ing current  in the reduct ion of com- 
pounds (LCH2E)+X- .  Cyanoethyldimethylsul fonium ion and cyanopropyldi-  
methylsul fonium ion each have an ini t ial  one-electron reduct ion wave fol- 
lowed at more negative potentials by reduction to form cyanoalkyl  anions 
which react with the parent  sulfonium ion. Products obtained from macro- 
electrolyses are consistent with those predicted from the mechanisms pro- 
posed from the polarographic data. 

As part  of a study of the fol low-up reactions of 
species formed by the electrochemical reductive 
cleavage of compounds [L(CH2)nE] + X -  (when L is a 
"leaving group" and E is an e lect ron-withdrawing 
group),  we recently reported the electrochemical re- 
duction at mercury  of t r iphenylcyanoalkylphospho-  
n ium ions and the reaction of the cleaved cyanoalkyl  
groups with s tyrene (1). This paper is a report  of 
the results of a similar  study of cyanoalkyldimethyl -  
sulfonium ions, (CHa)2S + (CH2)nCN (n = 1, 2 or 3; I, 
II, and III, respectively).  

Calculations based on polarography and coulometry 
of I in aprotic solvents give a value of n ~ 1. We re- 
port evidence which strongly suggests that  a two-elec-  
t ron reduction is involved to form the cyanomethyl  
anion which then reacts with another  I to form a non-  
reducible product. 

The polarograms of II and III  obtained in aprotic 
media contain an ini t ial  one-electron reduct ion wave 
followed by a maximum.  The diffusion current  is the 
same before and after the maximum.  Evidence from 
polarograms of II and III obtained in the presence of 
phenol indicates that  at the potent ial  of the max imum 
a wave is repressed by reaction of the reduct ion prod- 
uct with the parent  sulfonium ion. Previous reports on 
sulfonium ion reductions ( 2 - 8 ) h a v e  indicated only 
that various ~-ketosulfonium ions have unusua l  max-  

ima (4-7). These do not appear to arise from the same 
phenomena as those occurring in the polarograms of 
II and III. 

Attempts to trap the electrochemically cleaved cy- 
anoalkyl fragments  by in situ reaction with styrene 
were of l imited success, but  the identification of the 
products obtained in  the macro electrolyses was help- 
ful in rat ionalizing the course of the electrochemical- 
chemical reactions. 

Experimental 1 
The polarographic data were obtained using a Sar-  

gent Model XXI Polarograph. Electrode constants 
were m ~ 2.216 mg/sec, t = 3.43 sec, and m2/~t 1/6 = 
2.08 mg2/3t -~/~ at a mercury  column height of 90 cm. 
The polarographic cell was immersed in  a thermo-  
stated water bath at 25 ~ • 0.1~ A Chemical Elec- 
tronics Corporation (Newcastle, England)  potentiostat  
and an electrometer operat ional-amplif ier  integrator  2 
were used to obtain microcoulometric data. The cou- 
lometry was carried out on 0.1 to 0.2 mmole of sul-  
fonium compound at a mercury  pool cathode in  a 
divided cell with a SCE reference electrode and silver 
wire secondary electrode. The solvent was dimethyl-  
sulfoxide containing 0.1M te t rabu ty lammonium bro-  

B o i l i n g  p o i n t s  are not  correc ted .  
'-' B u i l t  b y  Dr.  J o h n  M. F r i t s c h  a t  our  laborator ie s .  
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mide. Nuclear  magnetic resonance analyses were  car-  
r ied out wi th  a Varian A-60 n.m.r, spectrometer.  Ana-  
lyt ical  gas chromatography was carr ied out wi th  a 
F&M Model 300 Gas Chromatograph  with  3m, 1/4 in. 
columns packed with 18% Carbowax 20-1% AgNO3 
on Chromosorb W, 3% XE-60 on Teflon, 3% Flexol  
8N8 on Teflon or silicone grease on Chromosorb W. 
Vpc analyses were  obtained f rom two or more columns 
to insure the ident i ty  of the peaks. 

The dimethylsulfoxide  (Matheson, Coleman & Bell)  
was distil led at reduced pressure f rom a small  amount  
of sodium hydride,  bp 58~ * (5 mm) .  The d imethyl -  
formamide (DMF) was distil led f rom bar ium oxide 
before use. Styrene (Eastman) was distil led in vacuo 
just  before use and stabilized wi th  hydroquinone.  
Te t r a -n -bu ty l ammon ium bromide (Eastman) was re-  
crystal l ized f rom ethyl  acetate  before use. Te t rae thy l -  
ammonium p- toluenesulfonate  (Alfred Bader  Chemi-  
cal Company)  was recrystal l ized f rom acetone. 

The electrolytic cell used for macro electrolyses has 
been described (9). The cathode potential  was moni-  
tored with  a SCE and vacuum tube vol tmeter .  The 
power supply was a Nobatron RC150-7.5, and the cell 
vol tage was adjusted so that  the cathode potential  was 
near  the first wave, ha l f -wave  potential  of the com- 
pound being reduced. The cell  vol tage was manual ly  
control led la ter  in the run to prevent  a large rise in 
cathode potential.  The electrolysis was stopped when 
the cathode potent ial  would no longer remain  near  the 
ha l f -wave  potential  at a cell  cur ren t  of 0.25 amp in- 
dicat ing that  near ly  all  of the start ing mater ia l  had 
been consumed. An Analyt ical  Instruments ,  Inc. cur-  
rent  in tegrator  was used to de termine  the total  
amount  of electr ici ty passed. 

The anolyte in each case was a solution of te t ra-  
e thy lammonium p- toluenesulfonate  in DMF. Styrene  
was present  in the catholyte  in each case to t rap reac-  
tive intermediates.  

Macroelectrolysis of / . - -The  catholyte consisted of 
20.5g (0.075 mole) of cyanomethyld imethylsu l fonium 
p- toluenesulfonate  (10), 200 ml  of DMF, 30g of te t ra -  
e thy lammonium p- toluenesulfonate  and 30 ml  of sty- 
rene. The electrolysis was carr ied out at 10~ ~ 1.0- 
0.25 amp and a cathode vol tage o f - - 1 . 0  to --1.13v 
(vs. SCE).  The total  quant i ty  of electr ici ty was 0.096F. 
Af te r  the electrolysis, the solvent was removed from 
the catholyte  by dist i l lat ion at reduced pressure. The 
strong odor of d imethyl  sulfide was present. Vpc 
analysis of the disti l late showed the presence of 2.15g 
(70% based on start ing mater ia l )  of acetonitrile.  The 
residue after solvent  remova l  was extracted with 
ether. The residue af ter  remova l  of the ether  f rom the 
e ther  extract  contained no 4-phenylbutyroni t r i le  by 
vpc analysis. Traces of DMF were r emoved  from the 
residue by disti l lation at 0.1 mm leaving a black, 
gummy residue. 

A second electrolysis of I was carr ied out using a 
glass fr i t  divided H cell with a 20 ml  catholyte  capac- 
ity. The cathode was a 2 cm diameter  mercury  pool. 
The anode was pla t inum foil. The catholyte  consisted 
of 19 ml of 0.915M cyanomethyld imethylsu l fonium 
p- to luenesulfonate  in dimethylsulfoxide.  The anolyte 
consisted of 27 ml of 1M t e t r a -n -bu ty l ammon ium  bro-  
mide in d imethylsul foxide  and 1.5 ml of cyclohexene.  
The catholyte was deaerated wi th  N2 before the elec- 
trolysis and then was sealed. The anolyte was swept 
with N2 dur ing the electrolysis. The cathode potential  
was not monitored. Only a the rmomete r  was in contact 
wi th  the catholyte. The catholyte  was maintained at 
20~ during the run by immers ing the cell  in an ice- 
wa te r  bath. The electrolysis was carr ied out at 50-60 
ma until  8.7 m F  of current  was passed. Af te r  the elec-  
trolysis, polarographic analysis of the catholyte  and 
anolyte~ indicated 8.53 mmoles of I had been con- 
sumed. Vpc analysis of the catholyte  showed the pres-  
ence of 3.9 mmoles of acetonitr i le  (90% yield based 

a A s m a l l  a m o u n t  of  I h a d  b e e n  fo rced  by  h y d r a u i i c  p r e s su re  i n to  
t h e  anode  c o m p a r t m e n t .  

on 2 F / m o l e ) .  4 No acetonitr i le  was detected in the 
anolyte. 

Macroelectrolysis o f / / . - -The  catholyte  was identical  
to the previous run  except  that  the sulfonium salt 
(22g, 0.078 mole) was cyanoethyldimethylsul fonium 
p-toluenesulfonate.  The electrolysis was carried out at 
0 ~ 1.0-0.25 amp, and a cathode potential  o f - - 1 . 7 4  to 
--1.89v (vs. SCE).  5 The total quant i ty  of electr ici ty 
was 0.097F. The electrolysis was stopped at this point 
because more than 1F of electr ici ty per mole had been 
passed, and it was suspected that  II had been decom- 
posed ~ to form acrylonitr i le ,  the reduct ion of which 
would requi re  2F/mole.  The workup  was as described 
for the previous run  and yielded 1.0g (37%) of pro-  
pionitrile, 0.54g (21.6%) of acryloni t r i le  and a trace 
of adiponitr i le  (all  by vpc analysis) .  No 5-phenyl-  
valeroni t r i le  or mercur ia ls  were  detected. 

A second electrolysis was carr ied out in a glass fr i t  
divided H-cel l  wi th  a mercury  pool cathode and 
pla t inum foil anode. The catholyte  consisted of 150 ml 
of d imethylsul foxide  containing 0.1M t e t r a -n -bu ty l -  
ammonium bromide, 40g (0.14 mole)  of d imethylcy-  
anoethylsulfonium p-toluenesulfonate ,  30 ml  of sty- 
rene, and a trace of hydroquinone.  The anolyte was 
dimethylsulfoxide containing 0.1M t e t r a - n - b u t y l a m -  
monium bromide and saturated with  cyclohexene. The 
cell was maintained at 15 ~ by a water  bath. The elec-  
trolysis was carr ied out for 24.25 hr  wi th  a cell  vol tage 
of 150v, a curernt  of 0.2 amp, and at a cathode poten-  
tial o f - -1 .6v  (vs. SCE).  A total  of 0.167F of electr ici ty 
was passed. The cathode potential  did not increase as 
the 1F/mole  of II point was passed, and it was again 
suspected that  decomposition of II had occurred. 

After  the electrolysis, the catholyte  was evacuated  
to 30 mm through a dry-ice,  acetone-cooled t rap over -  
night. The t rap overnight  collected about 1 ml of a 
mix ture  of acrylonitri le,  propionitr i le,  and d imethyl -  
sulfide. 

At tempts  to get a quant i ta t ive  analysis of acrylo-  
nitr i le  in the catholyte by vpc analysis were  fut i le  be-  
cause II decomposes in the inject ion port  to form 
acrylonitri le.  At tempts  to determine  the amount  of 
acryloni t r i le  present  in the catholyte  by polarography 
were  also unsuccessful because the waves of it and II 
were  too close together.  

The catholyte  was then mixed  wi th  500 ml of  water,  
and this mix ture  was ext rac ted  with  three 200-ml 
portions of ether. The combined e ther  extract  was 
back-ext rac ted  with  wate r  and dried over  anhydrous 
magnesium sulfate. The ether  solution was concen- 
t rated on a rotary  evaporator.  The concentrated solu- 
tion was cooled in dry- ice  whereupon  1.2g (5.5%) of 
biscyanoethylmercury,  mp 46~ ~ (17), precipitated. 

The remainder  of the ether  was str ipped f rom the 
solution, and the s tyrene was r emoved  at reduced 
pressure (0.3 mm) .  The residue was distil led at 0.2 mm 
giving a single cut f rom 50*-80* (2.0g). Nmr  analysis 
of this indicated 1.0g each of 3- th iomethylpropioni-  
trile (7.1%) and methylcyanoethyl  mercury  (5.3 %).  
Vpc analysis of the pot residue which contained all 
the hydroquinone used to prevent  s tyrene polymeriza-  
tion showed the presence of 0.012g of 5-phenylva lero-  
nitrile. (The s tandard sample of 5-phenylva leroni t r i le  
was obtained from 5-phenylvaler ic  acid by the usual 
methods.) 

The mix ture  of 3-methyl th iopropioni t r i le  and 
methylcyanoethyl  mercury  was redist i l led in a micro 
apparatus. The 3- th iomethylpropioni t r i le  dist i l led at 
50*-60* at 0.2 mm. Two small  cuts were  then taken 
at 70 ~ and 71% The first was used for nmr  analysis and 

Due to  d e c o m p o s i t i o n  of I in  the  vpc  i n j e c t i o n  po r t  to  u n k n o w n  
p r o d u c t s  w h i c h  e m e r g e  in  t he  d i m e t h y l  su l f ide  reg ion ,  i t  was  im-  
poss ib le  to  d e t e r m i n e  d i m e t h y l  su l f ide  b y  t h i s  m e t h o d .  H o w e v e r ,  
n m r  ana ly s i s  of the  s o l u t i o n  i n d i c a t e d  t he  p re sence  of  7.3 m m o l e s  
of d i m e t h y l  sulf ide in  t he  ea tho ly t e  (168% base  on 2 F / m o l e ) .  See 
Discuss ion .  

Th i s  e lec t ro lys i s  was  ca r r i ed  ou t  a t  a l ower  t e m p e r a t u r e  t han  
t he  o thers ,  so t h a t  o v e r  t he  d u r a t i o n  of  t he  e l ec t ro lys i s  (cm 4 hr)  
the  base ca ta lyzed  H o f m a n n  e l i m i n a t i o n  r eac t i on  o f  I I  cou ld  be  
m i n i m i z e d .  
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the second for mass spectral analysis of the me thy l -  
cyanoethyl  mercury.  

The n m r  spectrum of methylcyanoethyl  mercury  
consists of a singlet at T = 9.68 for the methyl  wi th  its 
Hg lss side bands at T ~ 8.75 and 10.56. The triplets for 
the methylenes a and  /3 to the mercury  occur at  z ----- 
8.92 and 7.31, respectively. Hg 19s side bands occur as 
triplets at z ---- 6.51 and 9.78 and a mul t ip le t  between 
the major  ~ and/~ methylene  triplets. The n m r  spec- 
t rum contained small  peaks due to thiomethylpropio-  
ni t r i le  and 5-phenylvaleroni tr i le .  

The vpc analysis of the second cut indicated the 
presence of small  amounts  of thiomethylpropioni tr i le  
and 5-phenylvaleroni t r i le  along with what  were prob-  
ably decomposition products of the methylcyanoethyl  
mercury.  Mass spectral analysis of this cut showed 
small parent  ion peaks for th iomethylpropioni t r i le  at 
m/e  : 1Ol and 5-phenylvaleroni t r i le  at role = 159. 
The parent  ions for the methyleyanoethyl  mercury  
were obtained in the correct ratios for all  the na t -  
ura l ly  occurring mercury  isotopes, the major  ion being 
at role = 271 corresponding to the parent  ion con-  
ta in ing Hg ~~ the major  na tura l ly  occurr ing isotope. 

The n m r  spectrum of biscyanoethyl  mercury  consists 
of triplets for the methylene  a and p to the mercury  
at T = 8.64 and 7.18, respectively. The Hg 1so side bands 
occur as triplets at T ~ 6.25 and 9.55 and a mul t ip le t  
between the major  methylene  triplets. 

Macroelectrolysis of III .--The catholyte was ident i -  
cal with that  used for I except that  now the sulfonium 
salt was 30g (0.1 mole) of cyanopropyldimethylsul-  
fonium p-toluenesulfonate.  The electrolysis was car-  
ried out at 20~ ~ 1.0-0.25 amp, and a cathode po- 
tent ia l  of ~1.90 to --2.05v (vs. SCE). The total quan- 
tity of electricity was 0.123F. 

Vpc analysis of the catholyte indicated a trace of 
butyronitrile. The catholyte was then distilled at 5.0 
mm to remove solvent (warning: dimethyl sulfide). 
The nmr spectrum of the material trapped in a dry 
ice-acetone cooled trap during the solvent removal 
distillation showed a singlet at z ~-- 9.82 suggesting the 
presence of dimethyl mercury (11). 

The residue remaining after the solvent was re- 
moved from the catholyte was treated with 250 ml 
water  and extracted wi th  dichloromethane. The di- 
chloromethane was removed by dist i l lat ion from the 
extract. A trace of 6-phenylcaproni t r i le  was detected 
in  the residue by vpc. Disti l lat ion of the residue at 
0.005 mm gave three fractions (a) mostly DMF, 
bp < 25 ~ , (b) 3.0g, bp 55 ~ , (c) 3.1g, bp 145~ ~ . 
Fraction (b) contained 4-methylthiobutyronitrile by 
vpc analysis. The nmr spectrum of fraction (b) sug- 
gested the presence of methyl-3-cyanopropyl mercury 
giving singlets at x = 9.77 and z = 8.95 and z ---- 10.57 
(satellites due to Hg I~ splitting) for the methyl group 
attached to mercury. Fraction (c) appeared to be 
nearly pure biscyanopropyl mercury by nmr analysis 
which showed a complex mul t ip le t  at �9 : 7.85 due to 
the methylenes  alpha and beta to the ni t r i le  and t r ip -  
lets at T = 8.94 and z = 9.78 due to the methylene  
alpha to the mercury  and one of its Hgl0S satellites. 
The area ratio was 2:1 for the mul t ip le t  and major  
triplet. A port ion of fraction (c) was dissolved in 
ether and treated with anhydrous  HC1. From this solu- 
t ion cyanopropylmercur ic  chloride crystallized. I t  was 
recrystall ized from ether cooled in dry ice giving 
white crystals, mp 109%110 ~ 

Anal. Calcd. for C4H6C1HgN: C, 15.79; H, 1.99; C1, 
11.66; Hg, 65.95; N, 4.61. Found: C, 15.70; H, 2.04; 
C1, 11.41; Hg, 66.19; N, 4.64. 

The ether solution, after removal  of the solid, was 
found by vpc to contain butyroni tr i le .  

Preparation of cyanoethyldimethylsulfonium p-talu- 
enesul]onate.--3-Methylthiopropionitrile (12) was 
quaternized with methyl  p- toluenesulfonate  at room 
temperature.  Crops were removed from time to time. 
After  four weeks, 78.5% of crude product  was ob- 
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Fig. 1. Polarogram of cyanoethyldimethy|sulfenium p-tolueaesul- 
fonate in dimethylsulfoxide containing 0.2M tetra-n-butylam- 
monium bromide. Dashed line represents the effect of adding phenol 
to the solution. 

ta ined which, after  recrystal l izat ion from ethanol, 
melted at  110~ 

Anal. Calcd. for Cl~IlzNO3Ss: C, 50.14; H 5.96; S, 
22.32. Found: C, 50.12; H, 5.62; S, 22.43. 

Preparation oS dimethylcyanopropylsulSoniu~n p- 
toluenesulfonate.--A mixture  of 17.4g of sodium hy-  
droxide in 200 ml of ethanol was saturated with 
methanethiol .  To this solution was added 45g of 4- 
chlorobutyronitr i le ,  and  the solution was st irred for 
2 hr at 10~ The mix ture  was poured onto ice and 
then extracted wi th  ether. Evaporat ion of the ether  
and disti l lation of the residue yielded 32g (64%) of 
4-methyl thiobutyroni t r i le ,  bp 85 ~ (9 nun ) ,  n25D 1.4777. 
The 32g of thionitr i le  was mixed with 52g of methy l -  
p- toluenesulfonate  and  allowed to stand at room tem-  
perature.  After 4 days, the mix ture  was filtered and 
the solid recrystallized from CHaCN yielding 30g 
(36%) of dimethylcyanopropylsulfonium p-toluenesul- 
fonate, mp 142.5~ ~ 

Anal. Calcd. for Ct~HIsNO~Ss: C, 51.80; H, 6.35; l~I, 
4.64; S, 21.28. Found: C, 51.96; H, 6.14; N, 4.43; S, 
21.46. 

Results and Discussion 

The values of E1/2 (vs. SCE) and I~ 6 (in pa ren -  
theses) for I, II and III  were- -1 .04  (1.04), --1.69 (I.08), 
and --1.76 (I.06), respectively, for 1 mm solutions in 
dimethylsulfoxide containing 0.2M t e t r a - n - b u t y l a m -  
monium bromide. In  addition, the polarograms of II  
and HI each contain an unusua l  max imum (Fig. 1) 
occurring from --2.05 to --2.35v and --2.15 to --2.45v, 
respectively. Microcoulometry gave values of n : 
0.945, 0.98., and 1.03 for I, II, and HI, respectively, on 
exhaust ive reduct ion at a potent ia l  just  past  the half-  
wave potential.  ]By inference the values of Id must  
correspond to a one-electron reduct ion when  taken in  
conjunct ion with evidence from microcoulometry and  
comparison with values obtained with s imilar  phos- 
phonium ions (1). Dimethylsulfoxide was used for 
polarographic studies because traces of d imethyl-  
amine,  which abstract  a proton from I, could not  be 
removed from DMF. 

The addition of a small  amount  (tess than  1%) of 
acetic acid 7 to the polarographic solution of I caused 
the value of Id to double. Addi t ion of more acetic acid 
caused no  change. This paral lels  the behavior  of t r i -  
phenylcyanomethylphosphonium ion (1) and can be 
explained similarly. The reduct ion of I is most easily 
understood as a two-elect ron reduct ion (reaction [1]).  
In  the absence of another  proton source the cyano-  

o I s  = id,/C~,~-/~tl/~. 
7 Phenol  did not effect  the po la rogram.  The phenol  was  appar -  

ent ly  not acidic enough  to compete  effect ively  wi th  the  v e r y  acidic 
I for protonat ion of  the cyanomethy l  ion. The  s t rong  acidi ty  of I is 
not  su rp r i s ing  in  v i e w  of the  ac id i ty  of the  me thy lene  hydrogens  in 
compounds  such as eyanoacet ie  esters,  malononi t r i le ,  etc. 
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methyl  anion 

+ 2e 
(CHa)2SCH2CN > (CH3)2S + (CH2CN)-  [1] 

I 

abstracts a proton from an unreduced I (reaction [2]).  
The 

+ - -  

I 4- (CH2CN) - ~ (CH3)2S- -CHCN 4- CH3CN [2] 

net  result  is that  two electrons effectively consume 
two of the sulfonium ions giving an apparent  one- 
electron reduction. However, when  acetic acid is pres-  
ent, the cyanomethyl  anions are protonated by the 
acetic acid and all the sulfonium ions that diffuse to 
the mercury  drop are available for reduction, giving a 
two-electron reduction wave. Khaik in  and Feoktistov 
(13) recent ly published a theoretical t rea tment  of a 
general  system which would include the above ex-  
ample. 

Gerdil  (14) recently reported that  certain sulfides 
(C6H5S CH2X, X = CN, CO2C2H5, CO2H) gave one- 
electron reduction polarograms in anhydrous  DMF, but  
that  the wave height doubled on addition of phenol. 
These results may also be explained by reaction of the 
anion formed wi th  the depolarizer. 

2e + 
C6HsS CH2X > C6H~S (--) + (--) CH2X 

(--) 
C~HsS CH2X 4- (--) CH2X ~-~ CH~X 4- C6H5S CHX 

The results of the macroelectrolyses of I give further 
evidence for the reactions shown in Eq. [I] and [2]. If 
the reduction of I were a true one-electron reduction, 
the products would be dimethylsulfide and cyano- 
methyl radicals. The reduction carried out in DMF in 
the presence of styrene would have been expected to 
give the product of attack on styrene by cyanomethyl 
radicals (reaction [3]). 

�9 CH2CN + C6HsCH = CH2-> 

solvent 

C6HsCH(CH2)2CN > C6Hs(CH2)sCN [3] 

No 7-phenylbutyronitrile was detected in the electrol- 
ysis products. The only products detected in either 
electrolysis were acetorIitrile and dimethylsulfide. 8 It 
may be calculated from the yield of acetonitrile that 
about half the cyanomethyl anions formed in the elec- 
trolysis of I in DMF were protonated by sources other 
than I. Since the electrolysis was carried to comple- 
tion, it is not surprising that as the concentration of 
I became lower other sources of protons such as water 
and dimethylamine could effectively compete with I 
to react with cyanomethyl anions. 

The electrolysis of I in dimethylsulfoxide in the ab- 
sence of styrene was carried to only about 50% com- 
pletion. Since there was still a high concentration of I 
at the end of the run, little competition by other pro- 
ton sources was observed. The values of 1.02 F/mole 
of I consumed and a 90% yield of acetonitrile based 
on 2 F/mole are in accord with reactions 1 and 2. The 
higher than theoretical yield of dimethylsulfide can be 
explained by the fact that the su]fur ylid decomposes 
to form dimethylsulfide. 9 

s The other product expected would be the sulfur ylid in reac- 
tion [2]. Since simple sulfur ylids are very reactive (16), the ylid 
shown presumably led to the intraetible material formed in this 
electrolysis. Triphenyleyanomethylphosphonium ion behaves simi- 
larly to I, but in that case the more stable phosphorus ylid sur- 
vived the electrolysis and reacted with water in the workup to 
g{ve triphenylphosphine oxide which was isolated and identified (i). 

AIM solution of cyanomethyldimethylsulfonium p-toluene-sul- 
fonate in dimethylsulfoxide was treated with an equivalent amount 
of potassium $-butoxide in dimethylsulfoxide. The nmr spectrum of 
I in this mixture immediately disappeared and a small adsorption 
for dimethylsulfide appeared indicating that displacement of di- 
methylsulfide from I by nucleophilie attack by t-butoxide is not a 
m a j o r  c o n t r i b u t i n g  reac t ion .  O v e r  a p e r i o d  of 8 h r  the  d i m e t h y l -  
su l f ide  c o n c e n t r a t i o n  i n c r e a s e d  a t  l eas t  t en fo ld ;  the re fo re ,  i t  m u s t  
h a v e  a r i sen  b y  d e c o m p o s i t i o n  o f  the  s u l f u r  y l i d  s ince no  m o r e  I was  
p resen t .  No ace ton i t r i l e  cou ld  be  de t ec t ed  i n  the  r eac t i on  m i x t u r e .  

The first polarographic waves of II and III  are not 
effected by the addition of phenol indicat ing a true 
one-electron reduction (reaction [4]). However, the 
addit ion of phenol  does affect the unusua l  max imum 
for II or III  

+ le 
(CH3) 2S (CH~) nCN > (CH3)2S 

+ �9 (CH2)nCN (n -- 2 or 3) [4] 

changing it to an ordinary maximum preceding a wave 
(Fig. i). Since the second waves for II and III occur 
only in the presence of a proton donor, a reaction 
similar to that of I is suggested. Thus, at the potential 
of the second wave, a two-electron reduction occurs 
leading to the cyanoalkyl  anion (reaction [5] or [6]). 

-5 le 
(CH~) 2S (CH2) nCN > (CH3)2S 

l e -  
+ �9 (CH2),CN. > (--)  (CH2)nCN [5] 

+ 2e 
(CHa)2S(CH2),CN > (CH3)2S + (--)  (CH2)nCN 

[6] 

The reduction at the second wave may be a direct 
two-electron reduction (reaction [6]), or a one-elec-  
t ron reduct ion-dispropor t ionat ion--one-e lec t ron re- 
duction pathway (reaction [5]).  

In  the presence of phenol  the cyanoalkyl  anion is 
protonated by phenol, and both waves are observed. 
In  the absence of phenol the second wave does not 
appear because the cyanoalkyl  anion formed reacts 
with unreduced sulfonium ion (reaction [7] or [8]) 
so that two electrons effectively remove two sulfonium 
ions. This then gives the 

+ 
(--)  (CH~) nCN + (CH3) 2S (CH2).CN 

-> (CH3)2S + CN(CH2)~nCN [7] 

+ 
(--) (CHe),CN + (CI-I~)~S(CH2)nCN 

+-- 
-* CHz(CH2),-ICN + (CH3)2SCH(CH2)n-,CN [8] 

same wave height as the original one-electron reduc- 
tion. Although the diffusion current is prevented from 
increasing at the potential of the second wave by re- 
action [7] or [8], the maximum associated with the 
change in electrode mechanism still occurs giving the 
unusual polarogram. The maxima observed for ~-keto- 
sulfonium ions (4-9) have a similar appearance, but, 
since they occur in aqueous solution, they probably 
cannot be explained by similar reactions. 

The macroelectrolysis of II was complicated by the 
ease of base catalyzed decomposition of II (reaction 
[9]). 

+ B: 
(CH3) 2SCH2CH2CN > (CH~) 2S 

+ CH2 = CHCN + BH [9] 

It  has been ment ioned (15) that  the region next  to 
the cathode is very  basic dur ing  electrolysis even if the 
bulk solution is neutral .  It  is not surprising then that 
the products obtained from the reduction of II in  DMF 
appear to arise from the reduction of acrylonitri le.  The 
products identified were acrylonitri le,  propionitrile,  
and adiponitri le and are visualized as being formed 
by reactions [9]- [11]. 

2e 
CH2 = CHCN ) CHaCH2CN [I0] 

2H+ 

2e 
2CH2 = CHCN > CN(CH2)4CN [II] 

2H+ 
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Since even traces of base can catalyze reaction [9], 
the second electrolysis of II was carried out in  a 
more acidic medium, dimethylsulfoxide. In  this run,  
t e t r a -n -bu ty l ammon ium bromide was used so that 
bromine would be l iberated at the anode. Cyclohexene 
was added to the anolyte to react with the bromine.  
This was done in an at tempt  to el iminate the possi- 
bil i ty of acidic mater ia l  formed at the anode from 
enter ing the cathode compartment .  All  the components 
of the catholyte were rigorously purified. These pre-  
cautions, however, did not  prevent  the decomposition 
of II to acrylonitrile.  However, it was possible in this 
case to reduce enough II to allow products of that  re- 
duction to be isolated. In  addition to dimethylsulfide, 
acrylonitrile,  and propionitr i le  there were also ob- 
tained thiomethylpropionitr i le ,  methylcyanoethyl  mer -  
cury, biscyanoethyl  mercury, and 5-phenylvaleroni -  
trile. 

The products of the macroelectrolysis of III  were 
butyronitr i le ,  dimethylsulfide, th iomethylbutyroni t r i le ,  
6-phenylcapronitr i le ,  and biscyanopropyl  mercury,  
with evidence of dimethyl  mercury  and methylcyano-  
propyl mercury. The biscyanopropyl mercury  was 
identified by its n m r  spectrum (described in the ex- 
per imental  section) and its reaction with HC1 to form 
butyroni t r i le  and cyanopropylmercuric  chloride (re-  
action [12]). 

(CNCH2CH2CH2) 2Hg + HC1-~ CH3CH2CH2CN 

+ CNCH2CH2CH2HgC1 [12] 

The products f rom the reductions of II and III  are 
visualized as being formed by the following scheme 

le  
II  or III  ) (CH3)2S(CH2),CN (n = 2 or 3) 

(IV) 

IV-> (CHs)2S + " (CH2)nCN 

IV -* CHzS (CH~) nCN + �9 CH3 

Styrene Solvent 
�9 (CH2).CN ) CeHsCH(CHs)~+ICN ) C6Hs(CH2).+2CN 

I. Solvent 
> C H 3 ( C H 2 ) n - * C N  

Hg 
> ['Hg(CH~),~CN] ~ 1/2[CN(CH2)n]~Hg + 1/~Hg 

Hg 
.CI~-----> [-HgCHs] -~ I/2 (CH~)2Hg + VzHg 

['HgCHs] + ['Hg(CH2)nCN] -~ CH3Hg(CH2).CN + Hg 

The electrolyses were carried out at the potential of 
the first wave in each case, and the products are those 
expecte~l from a one-electron reduction. Compounds 

+ 
of the series (CH3)2S(CH2)nCN fall  into three cate- 
gories: (a) n = 1, (b) n = 2, (c) n---- 3 or greater. 
The p r imary  chemical consequence of the electron 
t ransfer  is cleavage of the s tar t ing mater ia l  between 
the sulfonium group and the adjacent  carbon. The 
--CN group has a decreasing influence on the fate of 
the cyanoalkyl  fragment.  When n = 1, fur ther  reduc- 
t ion of the ini t ia l  cyanomethyl  radical  to the relat ively 
stable cyanomethyl  anion is a very  favorable process. 
The relat ively anodic cathode voltage required reflects 
this ease of reduction. The cyanomethyl  anion ab -  
stracts a proton from the most acidic substrate pres-  
ent, namely  I. When n ----- 2 or 3 the - -CN group has 
a much weaker  ( inductive) stabilizing influence upon  
the cyanoalkyi  fragment.  Reduction to the cyanoalkyl  
carbanion is decreasingly favored, and reactions de- 
r iv ing from the ini t ia l  cyanoalkyl  radical predominate.  
When n = 2, fur ther  complications arise from the ease 
of decomposition of II in  a Hofmann- type  degradation 
to yield an addit ional  electro-reducible mater ial  
( acrylonitr i le) .  

Manuscript  received Dec. 27, 1966; revised m a n u -  
script received ca. Ju ly  24, 1967. This paper was pre-  
sented at the Dallas Meeting, May 7-12, 1967. 

Any discussion of this paper will  appear in a Discus- 
sion Section to be published in the June  1968 JOURNAL. 
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Correction 
Captions to Fig. 2 and 3 in the Technical Note by etch, 25~ A, 1M NaC104 2 kHz; B, 0.0OlM NaC104 

N. A. Hampson and D. Larken "The Double Layer 2 kHz; C, 0.01M NaC104 103 Hz; D, 0.01M NaC104 
Capacitance in Aqueous Solution," pp. 933-935, Sep- 400 Hz; E, 0.01M NaC104 2 kHz. 
tember  1967 issue should read: Fig. 3. Differential capacity curves in aqueous KC1; 

Fig. 2. Differential capacity curves and their fre-  electrolytic etch 25~ 2 kHz, �9 1M KC1; �9 0.001M KC1. 
quency dependence in  aqueous NaC104; electrolytic 



Nuclear Activation Technique for Detecting 
Nitrogen-15 Tracer in Solids 
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ABSTRACT 

A technique for s tudying the t ranspor t  of ni t rogen in solids is described 
which makes use of the nuclear  activation, NI~(~,n)F TM. The radioactivi ty of 
the product, F TM, can be used to deduce the location of the original  N 15 tracer  
by autoradiographic methods. Requirements  for the success of this  technique 
are discussed, and its application to the study of ni trogen diffusion in u r a n i u m  
mononi t r ide  is outlined. Other possible uses, i.e., the analysis for n i t rogen or 
the identification of ni t r ide inclusions in solid, are also mentioned. 

Radiotraeers have proven useful  in  m a n y  areas of 
solid-state research, par t icular ly  in diffusion and 
other mater ial  t ransport  studies. Unfor tunately ,  two 
of the most important  elements, oxygen and nitrogen, 
do not  have radioisotopes with convenient  half-lives, 
and for them it  has usual ly  been necessary t o  use 
stable isotope techniques which employ sources of 
the elements enriched in one of their  less abundan t  
species, O 17, O is, or N 15. These have general ly  in-  
volved a procedure where in  a solid specimen is an-  
nealed in  a gaseous env i ronment  containing the iso- 
topically enriched element,  and the depletion of this 
enr ichment  in the gas has been followed by  mass 
spectrometric analysis. Alternat ively,  the solid may 
be sectioned and the sections subjected to atomic mass 
analysis. These two methods have been compared (1). 
Lnterpretation of the data in  order to derive values 
for the diffusion wi thin  the solids in these ways is 
often obscured by  (a) uncertaint ies  regarding the 
surface exchange rate between gas and solid, (b) the 
possibility of diffusion along defects such as grain 
boundaries  or dislocation lines, and (c) the f requent  
need for fine particle materials to insure  sufficient 
area of solid for adequate exchange, because deter-  
minat ion  of the surface area requires an added ex- 
per imenta l  step. Special techniques such as in terna l  
friction (2) or nuclear  magnetic resonance (3) have 
been used to give an indirect  indication of diffusion 
coefficients, but  these are often l imited to special 
crystallographic species such as the bcc metals for 
in te rna l  friction or special isotopes for NMR. With 
radiotracers, however,  it is possible to use autora-  
diography which has proven versati le in p in-poin t ing  
the location of a tracer in solid specimens. This can 
reveal  segregation at microinclusions of an impur i ty  
or preferent ia l  diffusion along grain boundaries.  

We have previously described a means for c i rcum- 
ven t ing  this problem in  the case of oxygen (4). This 
involves the proton bombardmen t  activation of O is 
according to the nuclear  reaction, OlS(p,n)F is, leading 
to the production of a radioisotope of fluorine in those 
areas in which the oxygen tracer had migrated. This 
means that one can make use of O is almost as if it 
were a radiotracer. The only difference from the usual  
radiotracer  exper iment  is that  the O TM is made radio- 
active after the exper iment  rather  than  having been 
active from the start. In  locating the F is, we have 
relied on autoradiography which provides an indica- 
tion of the distr ibution of O is at the surface of the 
i r radiated specimen. 

This technique has been used in the s tudy of oxy- 
gen diffusion along dislocations and microcracks (5) 
and grain boundaries  (6) in MgO, and marker - type  
experiments  have been carried out with O is tracer 
used in the reaction be tween CoO and A120~ (7). It  
is cur rent ly  being used in studies of the mechanism 
of iron oxidation (8). A related technique has been 
developed to study silicon self-diffusion (9), the stable 

isotope, Si 30, being allowed to penetrate into silicon 
and then subsequent ly  being activated by neut ron  
i r radiat ion to give 2.6-hr Si 31. However, we are using 
charged-part icle  irradiations ra ther  than  neutrons.  
A general  review of charged-part ic le  activation tech- 
niques has been prepared by Ti lbury  (10). It is the 
purpose of this paper to describe an ion bombardment  
procedure for following the ni t rogen isotope, N 15, 
which makes such studies as those i n  oxides also 
possible in nitrides. 

Experimental Requirements 
For the nuclear  activation of stable isotopes to be 

of practical interest  in  t ranspor t  studies in  solids, it  is 
necessary that  the following conditions be met:  

1. The necessary stable isotopes must  be available in 
sufficient degree of enr ichment  over the na tu ra l  con- 
centration. This is clearly essential if self-diffusion 
measurements  are contemplated. 

2. The activation reaction must  give enough activ- 
ity for it to be measurable  by counting methods or 
autoradiographic procedures. 

3. Nuclear reactions involving other elements must  
not give rise to the same radioisotope as does the 
e lement  of pr incipal  interest,  and other radio- 
active species which are produced must  not in ter -  
fere with the detection of the principal  one. Addi-  
tionally, secondary reactions between consti tuents of 
the mater ial  under  study and the products of the 
pr imary  reaction, such as neutrons  produced by (p,n) 
or (a,n) reactions, must  not  yield interfer ing activities. 

4. The specimen must  be able to wi ths tand the i r ra-  
diation conditions. In the case of ion bombardment  
this will  normal ly  mean some increase in temperature  
under  vacuum conditions, al though setups usual ly  can 
be designed to avoid this. 

5. The activity must  be produced in the same posi- 
t ion as that  occupied by the tracer. The product  radio- 
isotope must  not recoil appreciably from the point 
of reaction, and it must  not diffuse away before its 
position is determined. 

6. The resolution of the detector, such as autora-  
diographic emulsions or counters, must  be adequate 
for the purposes of the experiment.  

7. It  must  be possible to relate some measurement  
of activity to the amount  of stable tracer present. This 
means that there must  be control over the homogene- 
ity of flux of the bombarding  particles and their  en-  
ergy. Given a homogeneous beam, the effect on nuclear  
reaction rates of variat ions in density and crystal  ori-  
entat ion must  be understood, because these affect 
the depth of penetrat ion of the beam. There must  also 
be a relat ively simple relat ionship between the geom- 
etry of the product  activity and the detector, and it 
must  be possible to calibrate the detector so that  its 
response can be related to the activity. 

I i 0 0  
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Experimental Results 
The ways in which ~-particle i r radiat ion of N 15 can 

be used to satisfy the above conditions are described 
in the following sections: 

1. Nitrogen-15 is present  in 0.37% concentrat ion in 
na tu ra l  n i t rogen and can be purchased in enr ichments  
up to 99%, a factor of almost 270. Under  a-part icle  
bombardment ,  it is converted to fluorine-18 via the 
nuclear  reaction NIs(~,n)F is. The radioactive F TM has 
a half-l ife of 110 min  (11) and decays with the emis- 
sion of a 0.6-Mev positron but  without  any accom- 
panying nuclear  7-ray.  This means that -~-spectros- 
copy cannot  be useful ly employed to dist inguish this 
isotope from others which might also be produced. 

2. The cross section of the N15(a,n)F TM reaction has 
not been measured experimental ly,  but  the energy has 
been calculated as --6.41 Mev (12), i.e., it is endother-  
mic and this energy is required to drive the reaction. 
Therefore, taking into account the momen tum cor- 
rection for the part icipants  (15 + 4)/15, the threshold 
energy for the reaction should be about 8.1 Mev. In  
a pre l iminary  at tempt  at est imating the cross section, 
we have irradiated specimens of u r an ium nitr ide with 
9.6-, 10.4- and 12.9-Mev ~-particles and have then 
removed a series of paral lel  slices by gr inding and 
taking counts of residual fluorine-18 activity r emain -  
ing after each slice. The observed activity density in -  
creases to a peak at a point below the surface and 
then falls off to zero at the depth into the UN speci- 
men where the energy of the a-particles had been 
reduced to 8.1 Mev (see Fig. 1). On the basis of this 
measurement ,  it appears that  there is a resonance 
peak in the cross section between 9.5 and 10.0 Mev. 

The cross section at the resonance peak can be 
estimated as being roughly  100 mb  on the basis of 
the radiochemical yield of fluorine-18. The amount  of 
activity produced in a specimen is about 3 X 105 
disintegrations per minu te  for each minute  of i r radia-  
tion with a 1-~a bombardment  current .  Even so, dur -  
ing a 10-rain irradiation,  only about one N 15 atom in 
3 X 106 undergoes reaction, so that  chemical  al tera-  
t ion of the sample is negligible. Any fur ther  reaction 
between this product isotope and the bombarding  ~- 
particles can also be neglected. In  a 10-min i r radia-  
tion with a current  of 1 ~a over a square cent imeter  
area, a generous amount  of activation is obtained with 
a pure N 15 target;  exposures of less than a minu te  
with Kodak Autoradiographic Plate, Type A, or 20 
rain with Kodak AR-10 str ipping emulsion will  give 
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Fig. I .  Activation yield of F TM in UN. Three specimens of UN 
containing N with natural isotopic abundance were bombarded 
with a-particles having energies of 9.6, 10.4, and 12.6 Mev. The 
density of F TM produced from N 15 as a function of depth below the 
surface was determined by sectioning the specimens. Yi~l.'ls are 
shown as a function of energy, i.e., the initial surfaces are dis- 
placed so as to align the three yield curves as a function of energy. 
Near-surface values are normally suspect because of slight surface 
roughness of about 1~. 

images of good film density. Of course, this is equal ly  
t rue  for small amounts  of t racer  concentrated at a 
few points. More dilute tracer requires longer i r radia-  
tion, and times up  to about  one half- l i fe  of the F TM 
may prove worthwhile.  

3. The act ivat ion of elements other than N 1~ has 
not been found to be serious wi th  most materials  we 
have studied thus far. However, unwan ted  activation 
is more f requent  than  for the corresponding 
O TM (p,n) F TM activation method ment ioned above. Our 
usual  bombardment  energy of 10 Mev is re la t ively 
low as far as reactions involving a-pm~ticles are c o n -  
c e r n e d ,  because the doubly charged a-part icle  must  
overcome the electrostatic repuls ion of the target  
atom. This means that  most reaction cross sections 
under  our bombardment  conditions should fall o f f  
quite rapidly after atomic n u m b e r  40, m'~d become 
negligible after number  50. Among the major i ty  of 
those elements which can be activated with 10-Mev 
~-particles, the resul tant  half- l ives will either be 
short compared with the l l 0 - m i n  half- l i fe  of F TM, so 
that  these unwanted  products can be allowed to decay 
away before analyzing a sample, or the half- l ives  are 
relat ively long; in this case, the specific activity wil l  
be low compared with that  of the F TM, and the auto-  
radiographic exposures of less than a few hours will  
not register them strongly. 

To obta in  a rough measure of interferences to be 
expected from various elements, a n u m b e r  of targets 
have been irradiated and counted wjth an  end-window 

counter. The activities in these targets 1 hr after 
i r radiat ion with 10-Mev alphas are compared in  Table 
I wi th  that  of a pure  n i t rogen target  of na tu ra l  iso- 
topic composition. The activation ratios have been 
normalized so that they correspond to equivalent  i r -  
radiations. Product  isotopes have been identified in 
most cases from an analysis of their  half-lives. The 
activation ratios listed in Table I should be used only 
for rough comparison because they do not take into 
account such impor tant  variables  as differences in 
sensitivity of different detectors, i.e., film vs,  coun-  
ters, and the effect of target density on the depth of 
activation. Also, the ratio is a funct ion of t ime after  
i r radiat ion and, indeed, on the durat ion of the i r ra-  
diation. In  summary,  it appears that  there is no ni t ro-  
gen compound in which ni t rogen diffusion could not  
be studied by this activation technique,  provided high 
enrichments,  greater than  about 50% of N 15 were used. 

The product neutrons  carry off several Mev energy, 
and the secondary reactions produced by them may 
have to be considered in some experiments.  The low- 
est energy neut rons  produced by this reaction still 
have energies above 1 Mev when a bombardment  en-  
ergies are just  above the threshold for reaction and 
the cross sections for most elements with such neu-  
trons are general ly  small. Thus, a typical 0 . l -ba rn  
cross section in  a 0.3-cm-thick specimen will  give 
0.1% of the activity which one would obtain in a tar-  
get of a n i t r ide  of pure N 15 or 1/3 of that  produced 
in a target of na tu ra l  ni t rogen composition. 

4. Under  ion bombardment  the specimen must  be 
protected against  heating. A 10-Mev, 1-~a beam 
delivers 10w, or 2.4 cal/sec. Therefore, the specimen 
must  be mounted  on a cooled support. We have nor -  
mal ly  employed a water-cooled target specimen holder 
and have placed a thin layer  of a nonvolati le,  heat-  
resistant  silicone grease between the back of our 
specimens and the holder as an aid to heat conduction 
from the specimen. On the basis of the thermal  con- 
duct ivi ty of a mater ia l  such as u ran ium nitride, 0.17 
w / c m / ~  (13), having 0.3 cm thickness and  an area 
of 1 cm 2, one would expect to impose a temperature  
differential of 18~ In  other materials  with lower 
conductivities the surface tempera ture  wil l  be greater, 
and f ractur ing of a specimen under  the temperature  
gradient  may occur. The fact that  such heat ing takes 
place in the vacuum of the cyclotron or Van de Graaff 
beam pipe may result  in the deteriorat ion of the speci- 
men  by vaporization or pyrolysis when  less stable 
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Table I. Ratio of activity produced in elements under a 

bombardment to that produced in nitrogen of natural isotopic 
abundance (0.37% N ~5) 

E l e m e n t  Z R e m a r k s  

A c t i v i t y  
r a t i o  ( m e a -  
s u r e d  1 h r  
a f t e r  b o m -  
b a r d m e n t )  

H 1 0* 
H e  2 0* 
LI  3 0 
B e  4 0 
B 5 R i c h  y i e l d  of N *a, tl/~ = 10 m.  0 
C 6 0 
N 7 1.00 
O 8 0 
F 9 R i c h  y i e l d  of N a  ~ ,  tl/~ = 2.6 y.  0.2 
N e  10 0* 
N a  11 0 
M g  12 0 
A1 13 R i c h  y i e l d  of p~o tl/2 = 2.6 m.  0 
S i  14 0 
P 15 C1 ~ ,  tl/2 = 32 m,  to  be  e x p e c t e d  > 1 "  
S 16 A r  3;, tl/2 = 34 d., to be  e x p e c t e d  1" 
C1 17 0 
A.I" 18 O" 
K 19 G o o d  y i e l d  of Sc ~,  tl/~ = 3.9 h .  20 
Ca 20 Good  y i e l d  of T i  ~,  tl/~ = 3.1 h.  0.3 
Se  21 V,s, tl/.2 = 16 d, to be  e x p e c t e d  < 1  
T i  22 R i c h  y i e l d  of Cr*% tl/$ = 42 m.  40 
V 23 0 
Cr  24 Good  y i e l d  of  F e  :~, tl/~ = 8.4 m.  1 
M n  25 F a i r  y i e l d  of  Co 5sin, tl/~ = 9 h.  0.1 
F e  26 F a i r  y i e l d  of N i  5r, tl/~ ~ 37 h.  0.1 
Co 27 F a i r  y i e l d  of Cu ~2, tl/~ ~ 10 m.  1 
N i  28  Good  y i e l d  of  Cu  ~l, tl/~ = 3 h.;  

Z n  ~,  t j / e =  38 m.  20 
C u  29 Good  y i e l d  of G a  as, tl/2 = 68 m. ;  

G a  ~ ,  tll~ = 10 h .  30 
Z n  30 M i x e d  p r o d u c t s  1 
G a  31 AsT~, tl/~ = 26 h. ,  to be  e x p e c t e d  < 1 "  
G e  32 S o m e  y i e l d  of  Sc  TM, t~/~ of 44 m.  0.3 
As  33 n r  TM, tl/2 = 64 m. ,  to be  e x p e c t e d  0,0" 
Se  34 M i x e d  p r o d u c t s  to  be  e x p e c t e d  1" 
B r  35 F a i r  y i e l d  of Rb  ram, t~/2 = 21 m.  0.3 
K r  36 M i x e d  p r o d u c t s  to be  e x p e c t e d  10" 
R b  37 yss,  t im = 105 d, to be e x p e c t e d  0.01" 
S r  38  M i x e d  p r o d u c t s  to  be  e x p e c t e d  0.1" 
Y 39 .00 
Z r  40 S m a l l  y i e l d  of Mo ~m, tl/,. = 6.9 h.  0.01 
N b  41 F a i r  y i e l d  of T c  ~m, tl12 = 52m.  0.01 
Mo 42 S m a l l  y i e l d  of R u  ~ ,  t / ~  = 1.7 h .  0.05 
Tc  43 
R u  44 M i x e d  p r o d u c t s  to be  e x p e c t e d  ~* 
R h  45 Good  y i e l d  of A g  1~ tl/~ = 24 m.  5 
P d  46 F a i r  y i e l d  of Cd 1~ tl/~ = 55 m. ;  

Cd~0% t~/~ = 6.7 h .  0.2 
A g  47 M i x e d  p r o d u c t s  0.2 
Cd 48 M i x e d  p r o d u c t s  0.05 
I n  49  S b  ~as, t~/~ = 5 h. ,  to  be e x p e c t e d  1" 
Sn  50 M i x e d  p r o d u c t s  0.03 

H f  7~" ~ A c t i v i t i e s  p r o b a b l y  due  to i m p u r -  ~ 0.01 T a  73 0.05 
W 74 ~ i t i e s  ~ 0.05 
Re  75 J 0.05 

* E s t i m a t e d  r a t i o s  no t  b a s e d  on  a c t u a l  m e a s u r e m e n t s .  

compounds are studied. Pro tec t ive  foil coverings are 
possible, provided the beam energy is boosted to com- 
pensate for its energy degradat ion in the foil. This 
procedure may give unwanted  neutrons, however.  

5. The excess energy of the nuclear  reaction, that  is, 
the bombardment  energy minus 6.41 Mev, appears 
a f te rward  as kinetic energy of the two products. It is 
divided between the F TM atom and the neutron roughly 
in the ratio 1:18, depending on the directions in 
which they recoil. The few hundred  ki lovol t  F is recoil  
distance will  be less than a few tenths of a micron in 
typical  solids (14), a distance smaller  by at least a 
factor of ten than the resolving power of s tandard 
autoradiographic techniques. 

I t  should be recognized that  the F TM may be able to 
diffuse in the target  mater ia l  at the tempera ture  to 
which it is heated in the beam. We have  not checked 
this in the case of F TM in UN, but it seems improbable  
tha t  diffusion over  measurable  distances will  occur at 
tempera tures  below the few hundred degrees to which 
a specimen may  be heated if a 10-~a beam is used or 
if the specimen is not perfect ly  cooled. 

6. Al though the most sophisticated autoradiography 
which makes use of the electron microscope to ex-  
amine the photographic emulsion may give resolutions 
of the order of 0.1~, (15), resolutions of l i t t le  bet ter  

than 10~ can normal ly  be expected with  commercia l ly  
avai lable str ipping films (16, 17). 

7. The s -par t ic le  beam may  not  be homogeneous 
over  the I cm 2 circular  target  area which we general ly  
employ. However ,  the shape of the beam normal ly  
remains fair ly constant wi th  t ime and the beam homo- 
geneity can be checked with  a fluorescent quartz  disk 
(avai lable in many  i r radiat ion facil i t ies).  Al te rna-  
atively,  a s tandard target  having a uni form distr ibution 
of N 15 may be i r radiated and autoradiographed to 
serve as a reference against which other  specimens 
can be compared. Then the concentrat ion of N 15 at one 
point can be related to that  at another  in a s t ra ight-  
forward  way if the mater ia l  is chemical ly and physi-  
cally homogeneous. For  de termining  the amount  of 
ni t rogen in solution in a specimen the absolute amount  
of bombardment  must be known, and the total charge 
of ~ particles injected can usual ly be measured within  
a few per cent by current  integration.  

One precaut ion which should be observed in ion 
bombardment  act ivat ion is to check the effect of crys- 
tal orientation. The bombarding ions t rave l  in closely 
paral lel  paths, and ent ry  into a crystal  along certain 
low- index  crystal lographic directions may permit  
channel ing through lines of inters t i t ia l  sites which do 
not block the ions in the usual way  (18). The act iva-  
tion in such cases might  be expected to be signifi- 
cant ly different f rom that  in r andomly  oriented crys- 
tals. 

A unique feature  of ion bombardment  act ivat ion is 
that, unlike neutron or 7-activation,  the nuclear  re-  
actions take place within  a region close to the surface 
ra ther  than throughout  the volume of the specimen. 
The range of penetrat ion of 10-Mev a-part icles in UN 
may be 25~, but  they only have  sufficient energy to 
induce the reaction with  N 15 to a depth of about 9~ 
(Fig. 1). If  the target  specimen were  to be mounted  so 
that  a beam strikes the surface at a shallow or graz- 
ing angle, the depth of act ivat ion could easily be re-  
duced to about 1#. 

Product ion of such a thin act ive layer  can serve the 
same purpose as does the thinning of metal lurgical  
specimens before an autoradiograph is taken, and 
makes it possible to achieve m ax im um  resolution of 
features of act ivi ty at or near  the surface (19). The 
distance within  which a flux of F TM positrons in UN 
would drop to 1/e would be close to 100~. Therefore,  
if F TM were  present  th roughout  the sample, subsurface 
act ivi ty  would tend to obscure surface details. In 
thicknesses of a few microns, on the other  hand, the 
flux from one point as measured at another  on the 
surface falls off as the reciprocal  of distance squared. 
Therefore,  ion bombardment  act ivat ion combined with  
autoradiography can almost be thought  of as meta l lo-  
graphic technique for looking at details of a surface. 
This can be impor tant  in measur ing the diffusion co- 
efficient if the mean penetra t ion of N ~5 is small. Vari-  
ations in act ivi ty as revea led  f rom densi tometer  scans 
of the autoradiograph can then be related to variat ions 
in surface concentrat ion of the N 15 tracer. The photo- 
graphic emulsion can be cal ibrated by making a series 
of different  exposures  wi th  the same sample so that  
the characterist ic curve, i.e., the optical density of the 
film vs. exposure time, can be used to t ranslate  film 
density into specimen activity. 

Discussion of Applications 

We have been applying these techniques in the 
study of the diffusion of ni t rogen in uran ium mono-  
nitride. In our explorat ion of the use of this act ivat ion 
technique we have used UN, because (a) its prepara-  
tion and properties have been described (13) ; (b) it is 
suitable for our purposes because it is avai lable  in 
dense, coarse-grained form; (c) there  are no com- 
peting reactions under  our ~ bombardment  energies;  
and (d) the rate of diffusion of ni trogen in the mate -  
r ial  has been measured previously by gas exchange 
(20). 
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Fig. 2. Beveled UN and autoradiograph. A specimen after a dif- 
fusion anneal in enriched N 15 gas as described in the text was 
beveled, the surface irradiated with s-particles, and an autoradio- 
graph taken. Note the decreased concentration of N 15 with depth 
below the original surface as revealed in the autoradiograph. Note, 
also, the preferential diffusion along grain boundaries. 

Specimens were prepared by hot-pressing UN, ob- 
tained by arc-mel t ing  metallic u r an ium in a ni t rogen 
atmosphere. The mater ia l  had a density about 97% of 
theoretical, and average grain diameter  of about 2 
mm. Porosity visible under  the microscope was con- 
fined mostly to grain boundaries (see Fig. 2), and 
there did not  seem to be many  open connecting path-  
ways between the pores. The specimen surfaces were 
ground fiat and parallel,  and one surface was polished 
through 4/0 emery paper. The sample was then an-  
nealed in an atmosphere of ni t rogen enriched to 35% 
N 15 at a pressure of 129 Torr  for 23.6 hr at 1792~ 

After this diffusion anneal,  the specimen was pre-  
pared for i r radiat ion by grinding a shallow bevel  on the 
previously polished surface of the material ,  so as to 
spread out the view of the region below the original 
interface as one scans away from the intersection of 
the bevel  plane with the original surface plane. In  the 
specimen shown (Fig. 2), this was a 16-~ increase in 
depth per mil l imeter  of traverse. The specimen was 
then i rradiated for 40 min  in a 1.0-#a beam of 10-Mev 
s-particles. Within  an hour after i r radiat ion an auto- 
radiograph was taken, with a 6-rain exposure on auto-  
radiographic plate type A (Eastman Kodak Co.). This 
autoradiograph shows the activity due to F is. The ac- 
tivity, which can be taken proport ional  to the N I~ 
concentrat ion at the surface, falls off from the original 
diffusion interface as shown in the densitometer trace 
(Fig. 3). Comparison with the grain structure (Fig. 2) 
shows that this corresponds to bulk  penetra t ion of the 
nitrogen. On the basis of the anneal  t ime and the 
penetrat ion as determined from the cal ibrat ion of this 
autoradiograph, the diffusion coefficient of N in UN at 
1792~ is approximately 8.1 x 10 - n  cm2/sec. This is 

2.0  
I - O < ~  ' I ' I ' I ' / 

o ol I , I , I , 1 " ~ -  
5 6 8 10 }2 14 

DISTANCE FROM EDGE OF SPECIMEN - -  mm 

Fig. 3. Optical density trace of autoradiograph. This measure- 
ment of the optical density of the autaradiagraph, Fig. 2, was 
obtained in the direction of the bevel. From this, a calibration of 
the film density in terms of activity and a relationship between 
distance along the surface of the specimen and depth below the 
original diffusion interface (16/~ increase in depth per mm of 
traverse) it is possible to obtain the N 15 penetration profile. 

smaller than the value measured by Sturiale  and De 
Crescente (20) who monitored the isotopic content  of 
the gas phase as it  exchanged with a UN specimen by 
diffusion. The apparent  discrepancy between the two 
sets of measurements  will  not  be discussed here, since 
our diffusion work will  be reported in detail at a later  
time. However, it is possible that g ra in -boundary  dif- 
fusion may have been an impor tant  but  neglected 
factor in  the earlier study. It  can be seen in Fig. 2 
that  enhanced penetrat ion has occurred at the bound-  
aries. Some of the rapid diffusion paths are actual  
cracks while others appear to be microscopically 
sound boundaries.  Apart  from trying to decide at this 
t ime the exact na ture  of the preferred paths of pene-  
tration, the  importance of this observation to the 
present  discussion is that such paths can be made ap- 
paren~ by this activation and autoradiographic detec- 
tion technique. 

The N 15 activation procedure may also find other ap- 
plications. It can serve as an analyt ical  tool for deter-  
mining  ni t rogen in solids due to the 0.37% of N 15 
present  in  the na tu ra l  element.  Of course, this is only 
possible for those materials for which the activity 
ratio (Table I) is not much greater than 1.0, or unless 
the half- l ives are clearly separable. Even the high Z 
elements, for which this method is attractive, are 
likely to contain impuri t ies  which could give a mixed 
yield of half-lives, thereby obscuring the F TM activity. 
However, taking a favorable element, hafnium, with 
an apparent  activity ratio of 0.01, it would appear 
possible to detect 1% na tura l  nitrogen. If one wished 
to carry out solubil i ty studies using 100% N 1~ it should 
be possible to detect about 40 ppm N. 

For the purpose of identifying ni t r ide inclusions in 
a metal  it is necessary that the i r radiat ion be followed 
by taking an autoradiograph on the specimen. This 
should prove successful if 

E d 2 
~ 1  

RS2 

where E is the atomic fraction of ni t rogen in the in -  
clusion (normal ly  about 0.5), d is the diameter  of the 
inclusion, R is the activation ratio, and S is the min i -  
mum distance resolvable by the film. With films hav-  
ing resolutions of 10~ it  should therefore be possible 
to identify ni t r ide particles in hafn ium having diam- 
eters of 1-2~, provided they are separated by dis- 
tances greater than  the film resolution. This is a 
sensit ivity which is comparable with standards 
achieved with the electron beam microprobe. If 
studies were to be carried out wi• enriched N 15 and 
high-resolut ion autoradiographic techniques, much 
greater sensit ivi ty and resolution would be possible. 

Conclusion 
The activation reaction, N15(~,n)F is appears to have 

significant potential  value in the s tudy of ni t rogen 
self-diffusion in nitrides and other solids, for the 
identification of ni t r ide inclusions in a number  of 
materials,  and the analysis for n i t rogen in solids. The 
ion bombardment  with ~-particles can be designed 
to yield activity within a micron of the surface of a 
specimen, and therefore this activation, when coupled 
with autoradiography of the i rradiated surface, can 
serve as a technique for resolving features of the 
distr ibution of the nitrogen-15 tracer. 
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Impurity Effects in the Pre-Electrolysis 
of Caustic Electrolytes 

Paul Malachesky, Raymond Jasinski, and Brian Burrows 
Tyco Laboratories, Inc., Wattha~, Massachusetts 

ABSTRACT 

Pre-electrolysis  is a common purification technique for aqueous solutions. 
However, detectable quant i t ies  of dissolved anode metal are found in  caustic 
electrolytes, if one of the pre-electrolysis electrodes is allowed to reach the 
oxygen evolution potential.  The reduct ion of 02 on oxidized cadmium and the 
displacement of the H~ evolut ion potential  on gold are useful  tests for this 
phenomenon.  Holding the Pt  anode at  +500 my (vs. DHE) or less prevents  
dissolution. Significant purification is accomplished on a high surface area 
p la t inum fuel cell electrode held --~ +300 my (vs. DHE). Some of the impur i -  
ties adsorbed by the electrode are desorbed at +500 mv. In  the purified elec- 
trolyte li t t le activity for oxygen reduction was found on oxidized cadmium; 
the reaction on reduced cadmium is diffusion limited. 

It  is well  established that  aqueous solutions of high 
pur i ty  must  be employed when studying charge t rans-  
fer processes on smooth electrodes. A common in situ 
purification technique is pre-electrolysis  between 
"inert"  noble metal  electrodes, pr imar i ly  pla t inum.  
The beneficial effects of this technique on the H2 oxi- 
dation reaction on  p la t inum has been recently dis- 
cussed in some detail  by Kronenberg  (1). This ap-  
proach to purification is not  without  its pitfalls, how- 
ever. Although impuri t ies  are indeed removed, it is 
also possible s imul taneously  to contaminate  the elec- 
trolyte. Such effects have been observed, for example, 
by Giner  (2) in acid solutions. This paper discusses a 
similar  contaminat ion  problem in caustic electrolytes, 
par t icular ly  with regard to the oxygen reduction re-  
action on cadmium. 

Experimental 
2N KOH was made up from Baker  Analyzed Re- 

agent pellets and t r iply distilled water.  Most of the 

electrolysis experiments  were carried out in  an  L&N 
coulometry cell (No. 7961). This cell had a Teflon 
cover which was attached to a 100 ml Pyrex  ta l l - form 
beaker  by a polyethylene ring. Openings of various 
sizes in  the cell cover allowed the insert ion of elec- 
trodes and a gas bubbl ing  tube. A 100 ml capacity cell, 
with ground glass connections, was used for experi -  
ments  requir ing more efficient exclusion of atmos- 
pheric impurities.  Argon was used to purge the sys- 
tem; the residual  oxygen concentrat ion in  the gas was 
given by the manufac turer  as 0.1-0.5 ppm. All  poten- 
tials were measured vs. the dynamic hydrogen elec- 
trode (DHE) (3). The DHE electrodes were enclosed 
in a glass shield. This device successfully inhibi ted 
diffusion of soluble p la t inum from the anode of the 
DHE couple to the test electrode. 

A Wenking  potentiostat  was used to obtain cur ren t -  
t ime curves. For  ~he galvanostatic charging experi-  
ments, the potential  step sequence for the electrode 
cleaning was obtained from the "set" and "output" 



Vol. 114, No. 11 I M P U R I T Y  E F F E C T S  

positions of a labora tory  constructed, step funct ion 
generator. Switching from potentiostatic to galvano- 
static operation was carried out with a mercury  relay 
(Pot ter-Brumfield) .  A bat tery  pack (90v) with ap- 
propriate resistors was used to supply the constant  
current  pulse. Potent ia l - t ime curves were photo- 
graphed on a Tektronix  Type 651A oscilloscope 
equipped with a Type 2,~63 differential amplifier and a 
Type 2B67 t ime base. 

Purity monitoring techniques.--The puri ty  moni tor -  
ing techniques can be broadly classified into two 
categories: (i) methods which are sensitive to the 
presence of electroactive organic compounds, dissolved 
oxygen, and heavy metal  ions, and (ii) methods which 
are selectively sensitive to the presence of trace noble 
metals. 

In  the first category are the following: (a) residual  
currents,  (b) the stabil i ty of hydrogen oxidation on 
plat inum, (c) the stabil i ty of O2 reduct ion on plat i -  
num or gold, and (d) galvanostatic charging. The 
residual, or background current  method is probably 
the least sensitive; fur thermore,  it  is affected by resid- 
ual  oxygen, which is not of part icular  concern in this 
study. The H2 oxidation method has been described by 
Kronenberg  (1); the O~ reduct ion method is s imilar  
in concept. A recent  paper indicated that  organic 
rather  t han  inorganic impuri t ies  altered the oxygen 
reduct ion activity of a noble metal  probe electrode 
(4). 

The galvanostatic charging method (5-9) assumes 
the formation of a monolayer  of atomic hydrogen (or 
oxygen) on a p la t inum electrode before molecular  
hydrogen (or oxygen) is evolved. The predominant  
face on polycrystal l ine p la t inum is the (100) plane 
w h i c h  adsorbs 1.3 x 1015 atoms/cm 2 or 210 ~coulombs/ 
cm 2 in  the deposition of a monolayer  of H atoms or 
420 ~,coulombs for a monolayer  of O atoms. In  the 
presence of an  absorbate, these sites are "poisoned," 
and the charge required for the formation of the P t -H  
monolayer  (QH) or the P t -O monolayer  (Qo) de- 
creases in  proport ion to the surface coverage. In  
addition, if the absorbate itself is oxidizable, it can 
cause an apparent  increase in  Qo. 

The two methods used to detect the presence of 
trace noble metals are based on (a) O2 reduct ion on 
cadmium and (b) H2 evolution on gold. The cadmium 
was used as a rota t ing disk electrode in a solution 
saturated wi th  oxygen. These resul ts  are discussed in 
detail below. 

Results and  Discussion 
It  was observed that pre-electrolysis of 2N KOH at 

ca. 10 m a / c m  2, in  the usual  manne r  (1, 10) removed 
impuri t ies  as judged by the moni tor ing techniques de- 
scribed above. However, it was also found that  O2 re-  
duction activity was induced on an oxidized cadmium 
electrode. Curve A of Fig. 1 is a slow sweep (10O m v /  
rain) cyclic vol tammogram of such an electrode im-  
mersed in  a n i t rogen-sa tura ted  solution; curve B is 
for an  oxygen saturated solution. Negligible activity 
for the reduct ion of oxygen at positive potentials was 
obtained; the react ion on cadmium metal  is diffusion 
limited. Pre-electrolysis  with Teflon-bonded pla t inum 
fuel cell electrodes led to a substant ia l  increase in O2 
reduction activity on oxidized cadmium (Fig. 2). 

This activated cadmium electrode was then removed 
from solution, washed thoroughly with distilled water,  
and placed in fresh, nonelectrolyzed electrolyte satu- 
rated with oxygen. The resul ts  were identical  to those 
shown in  Fig. 2. Thus the electrode had been perma-  
nent ly  altered by the pre-electrolysis procedure. The 
same phenomenon was observed when palladium, gold, 
or silver were used as pre-electrolysis electrodes, 
but  not  when  cadmium itself was used. Traces of 
p la t inum and silver added to the electrolyte in  the 
form of chloroplatinic acid or silver oxide also in-  
duced oxygen reduct ion activity. 

Another  technique sensitive to the presence of trace 
p la t inum is the potential  of the H2 evolution reaction 
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Fig. 2. Cyclic voltammogram (100 mv/min) of a rotating cad- 
mium disk electrode in Pt electrode pre-electrolyzed 2N KOH 
under 02. 

on gold. Brummer  (11) has observed, when  working 
with acid solutions, that  if a p la t inum counter  elec- 
trode was used in  conjunct ion with a gold working 
electrode, the gold electrode became covered with 
what  appeared to be a monolayer  of plat inum. Giner  
has observed similar  effects in  studies of I-I2 oxidation 
on gold in dilute acid (2). Apparen t ly  the same phe-  
nomenon can take place in aqueous caustic. Figure 3 
shows results for hydrogen evolution on gold before 
and after pre-electrolysis with plat inum. There is 
little doubt  tha t  trace noble metals can be introduced 
into a caustic electrolyte after convent ional  pre-elec-  
trolysis. However, as wil l  be shown, this effect is po- 
tent ial  dependent  and, if proper precautions are o b -  
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Fig. 3. Variation of the potential of H2 evolution on a gold 
electrode in Pt-electrode pro-electrolyzed and nonpre-electrelyzed 
2N KOH. 

served, significant purification can be obtained wi th-  
out s imultaneous contamination.  

High surface area, electroplated pla t inum electrodes 
have often been used for pre-electrolysis .  Teflon- 
bonded p la t inum fuel  cell  electrodes are more con- 
venient  and were  used in the exper iments  described 
below. Some success has been achieved with  this con- 
figuration in acid electrolytes as wel l  (2). 

The specific cr i ter ia  of pur i ty  were  the stabil i ty of 
the H2 oxidat ion react ion on plat inum in 2N KOH and 
the value of QH as a funct ion of time. The cr i ter ia  for 
contaminat ion of the solution by dissolved plat inum 
was the act ivi ty of anodized cadmium electrode to- 
ward  oxygen reduction. The pla t inum test electrode 
was a wire  of fixed area;  the same electrode was used 
throughout  the exper iments  reported below. Its real  
area, based on 210 ~coul /cm 2 for QH, was approxi-  
mate ly  0.25 cm 2. 

In an unpurified solution the value of QH on the 
probe is as shown in Table  I. The test electrode was 
first cleaned by holding at +1.35v and taken to the 
potent ial  of interest.  The oxide formed at +1.35v is 
reduced wi th in  the first 10 msec. After  holding for the 
t ime specified, the electrode is pulsed to hydrogen 
evolut ion and the quant i ty  of hydrogen deposited on 
the surface during this pulse computed. 

Purification was first carr ied out wi th  a pla t inum 
fuel  cell electrode at approximate ly  +1200 mv  v s .  

DHE. Al though the solution was purified, this pro-  
cedure  was unacceptable  because significant noble 
metal  contaminat ion took place as judged by oxygen 
reduct ion on oxidized cadmium. The effectiveness of 
purification at less posit ive potentials was then ex-  
plored. 

The pla t inum fuel  cell  electrode was taken to +300 
m v  and held for 24 hr  to a l low adsorption of impur i -  
ties. A cathodic current  was observed dur ing this time. 
The pal ladium counter  electrode, previously  charged 
wi th  hydrogen,  was at +500 my, where  presumably  
the  oxidation of adsorbed hydrogen took place. The 
quant i ty  of hydrogen then  adsorbed on the p la t inum 
probe a t  +300 mv  was 38.5 • 1.2 ~coul at t = 3 sec 
and 32.7 ~coul at 300 sec. Thus considerable improve-  
ment  on the unt rea ted  solution was noted. Trace noble 
metals  were  not present  as indicated by the Cd/Oe 
test. A t r iangular  voltage sweep on a cadmium elec-  
trode operated in the purified electrolyte  gave curves 
essentially as shown in Fig. 1. 

Table I. Platinum in untreated 2N KOH at 25~ 

E of  adsorpt ion 
(mv  v s .  DHE)  QH* (gcou]) 

+ 500 35.9 
+ 400 23.0 
+ 300 17.3 
+ 200 9.7 

* M e a s u r e d  w i t h  tad.p = 3 sec.  

Table II. Platinum charging in purified 2N KOH at 25~ 

t (sec) a t  +300  m v  QH (~coul) 

2 45.5 
5 44.6 

10 40.3 
30 41.4 
6O 

120 39.6 
300 39.2 

QH ave  = 41.3 + 1.6 

Considerable purification can in fact be achieved 
without  pre-electrolysis.  A p la t inum black electrode 
immersed  in the solution wil l  adsorb impuri t ies  ex ten-  
sively as shown by the fol lowing results. A Teflon- 
bonded fuel  cell  e lectrode was immersed  in a hydrogen 
saturated, 2N KOH solution for 24 hr. The dissolved 
hydrogen mainta ined the electrode potent ial  at +55 
my v s .  DHE. Cathodic galvanostat ic  charging curves 
were  then carr ied out on the p la t inum wire  probe and 
QH determined for E = +300 mv  v s .  DHE. The results 
are shown in Table II. The cu r ren t - t ime  curves for 
the oxidat ion of H2 on the probe in  unt rea ted  electro-  
lyte and after  purification by adsorption on Pt  are 
shown in Fig. 4. Obviously, a significant amount  of 
impur i ty  has been removed f rom the electrolyte.  

The same fuel  cell  electrode was then held poten-  
t iostatically a t  +500 my  for 24 hr  in the purified solu- 
tion now saturated with  argon. A small  anodic current  
was observed;  the Pt  counter  electrode was at +35 mv  
v s .  DHE. After  this period QH on the probe at t = 300 
sec was 24 _ 0.5 ~coul, a marked  decrease f rom its 
previous value of 39.2 gcoul. Thus, some of the im-  
purit ies adsorbed by the p la t inum electrode can ap-  
parent ly  be desorbed at +500 my. 

Summary 

The presence of trace p la t inum in the electrolyte  
induces O2 reduct ion on cadmium hydroxide  and de- 
creases the overpotent ia l  for H2 evolut ion on gold. 
Conventional  pre-electrolysis  be tween platinum, pal-  
ladium, gold, or s i lver  electrodes introduces detect-  
able quantit ies of metals into a 2N KOH electrolyte.  
Noble meta l  dissolution occurs at high posit ive poten-  
tials; it can be avoided by holding the p la t inum elec-  
trodes at lower potentials. At  500 my, dissolution does 
not take place but there  is no purification. At  --~300 
my, there  is no dissolution and considerable purifica- 
tion of the caustic solution. 

1.2( 

A 

E 

0 .80  v 

0 ~ . 0  

TIME [minutes) 

Fig. 4. Time dependence of the H2 oxidation current in the ac- 
tivation-controlled region in untreated (C)) and "adsorption" puri- 
fied ( � 9  2N KOH. 
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An oxidized cadmium electrode in a purified, 2N 
KOH electrolyte is not active for O2 reduction. Oxy-  
gen reduction on Cd meta l  is diffusion limited. 
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The Mechanism of Oxygen Reduction at Platinum 
in Alkaline Solutions with Special Reference 

to 

A. Damjanovic, M. A. Genshaw, and J. O'M. Bockris 
The E~ectrochemistry Laboratory, The University of Pennsylvania, PhiladeLphia, Pennsylvania 

ABSTRACT 

A rotat ing disk electrode with a concentric r i n g  has been used to deter-  
mine  the role of hydrogen peroxide in  the reduc t ion  of oxygen at p la t inum 
electrodes in  alkaline solution. Oxygen reduction proceeds along two paral lel  
reaction paths with comparable rates. In one of the paths, hydrogen peroxide 
is a reaction intermediate  which is par t ia l ly  reduced to water. In the other, 
oxygen reduces to water without  hydrogen peroxide as an intermediate.  In  
the path with hydrogen peroxide intermediate,  the first par t  of the probable 
sequence of reaction steps is shown to be 

O2 + e -  ~ 0 2 -  

O~- + H20 ~ HO2- + OH 

OH + e -  ~ O H -  

The peroxide anion is thereafter  reduced to water  in  a path which does not  
involve an electron transfer  before or in  the ra te-control l ing step. Possible 
paths for oxygen reduction to water without peroxide intermediates are dis- 
cussed in the light of already proposed mechanisms for the reduction at pro- 
reduced and preoxidized electrodes. 

It  has often been reported that HzO2 is formed in 
O2 reduction at p la t inum electrodes in alkaline solu- 
tions (1-12). It  was not clear, however,  whether  H~O2 
is an intermediate  in a reaction path and reduces fur-  
ther  to water  or a product  in a reaction path parallel  
to that in which oxygen is reduced to water  without  
hydrogen peroxide as an intermediate.  The rotat ing 
disk electrode with a concentric r ing proved to be 
suitable for detecting H202 formed in a reaction path 
(13). Using a diagnostic equation, which was previ-  
ously developed to dist inguish between reaction in te r -  
mediates and products in a paral lel  reaction (14), it 
has recent ly been shown that  in oxygen reduction at 
oxide free p la t inum in acid (H2SO4) solution no H202 
forms either as a reaction in termediate  in  the over-al l  
reduction to water  or as a product  in a parallel  path, 
providing the solution is sufficiently "pure" and elec- 
trode potential  is anodic to 0.15v in respect to the hy-  
drogen electrode in the same solution. In  impure  or in  
insufficiently purified solution H~O2 is formed in  a re- 
action path paral lel  to that  in  which oxygen is reduced 
to water  without H202 as an intermediate  (15). 

In  this paper, the role of HaO2 in  the reduct ion of 
oxygen at P t  electrodes in alkal ine solution is ana-  

lyzed. The mechanism of O2 reduction is discussed in  
the light of the available exper imenta l  data. 

Experimental 
The cell is shown in Fig, 1. It is the same cell used 

in a previous s tudy (15). It  consists of a spherical 
main  compar tment  with a side compar tment  for a hy-  
drogen reference electrode. Between experiments  the 
cell was washed with a mixture  of HNO3 and H2SO4. 
The details of the cell and of the rota t ing disk elec- 
trode with the concentric r ing are given in  a previous 
paper (15). 

KOH solutions (0.1N) were prepared from Baker 
Analyzed Reagent grade KOH and conductance water. 
Solutions were not purified by electrochemical means  
as no t ime dependent  effects on electrodes were ob-  
served a t t r ibutable  to the residual  impuri t ies  in the 
solutions. This is a notable contrast  to the behavior  
in  sulfuric acid solutions where the cur ren t  is s trongly 
t ime dependent  (15). 

The electrode was washed with acetone, conductance 
water, concentrated sulfuric acid, and again with con- 
ductance water. To remove SO4 =, the electrode was 
then  immersed for 15 rain in  the KOH solution used 
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Fig. 1. Drawing of the cell: A, position of the rotating disk 
electrode; B, counter electrode and Luggin capillary; C, refer- 
ence electrode; and D, F and G, gas inlets. 

in  the measurements.  Measurements  were taken by 
increasing electrode potentials in steps s tar t ing from 
0.00v at which potential  1 the electrode was kept for 
1 min  before the measurement .  These electrodes are 
called here prereduced. In  some experiments,  measure-  
ments  are taken by decreasing electrode potential  in  
steps s tar t ing from the rest potential  (not prereduced 
electrodes). 

Electrical circuit  and the procedure of measure-  
ments  were the same as described in an earlier paper 
(15). For any  given potential  of the disk electrode, 
currents  both at the disk and the r ing electrodes were 
measured. To ensure that  all hydrogen peroxide which 
diffuses from the disk electrode to the r ing  electrode 
is oxidized and hence detected, the r ing electrode is 
kept  at 1.4v. 

Results 
Poten t ia l -cur ren t  relationships are shown in  Fig. 2. 

At high potentials, Tafel slope is close to 0.06v either 
for prereduced or not prereduced electrodes. The same 
value of the slope was previously reported by other 
workers (2, 5, 10, 16, 17). The average exchange cur-  

i A l l  p o t e n t i a l s  a r e  g i v e n  w i t h  r e s p e c t  to  t h e  r e v e r s i b l e  h y d r o g e n  
e l e c t r o d e  in  t h e  s a m e  so lu t ion .  

rent  density from 6 measurements  is 5 x 10 -11 amp/  
c m  2. 

A second Tafel region with a slope of 2RT/F,  which 
has not previously been reported in alkal ine solution, 
appears at more cathodic potentials. To e l iminate  the 
effect of mass t ransfer  so that  Tafel lines at higher 
current  densities can be obtained, plots (18) of 1/J 
vs. ~-1/2 were extrapolated to ~ ~ co. Here, ~ is the 
rate of disk rotation, and J is the total (current)  flux 
of oxygen reacting at the electrode. To make this plot, 
the flux of oxygen is obtained from measured currents  
at the disk and r ing electrodes. 

The flux to the disk electrode is given by 

J = I I  + I 2 + I 3 + I 4  [I] 

where Ii is the partial current due to the reduction of 
oxygen to water in the path without peroxide inter- 
mediate, 12 is the partial current due to the reduction 
to hydrogen peroxide, 13 is the partial current for the 
further reduction of hydrogen peroxide to water, and 
I4 is the flux of hydrogen peroxide, expressed as cur- 
rent, which diffuses away from the disk electrode. 
Now, with (14) 

I1 + I2 -}- 13 = Id [2] 
and with (14) 

14 = I r /N  [3] 

the flux to the disk electrode becomes 

J = Id + I r /N  [4] 

Here Id is the cur ren t  at the disk electrode, Ir is the 
current  at the r ing electrode, and N the geometric fac- 
tor of the electrode which depends on the radii  of the 
disk and r ing electrodes (19, 20). 

The l inear i ty  of the 1/J  vs. ~-1/2 plot (Fig. 3) with 
the slope predicted from the mass t ransfer  considera- 
tions (18), indicates that  the reaction is first order in 
oxygen. 

In Fig. 4 and 5, the dependence is given of Id/Ir VS. 
,~-1/2 for the prereduced electrodes. For a given elec- 
trode potential, Id/Ir is l inear ly  dependent  on ~-1/2. 
In  the potential  range 0.30-0.60% the slopes of the 
Id/Ir lines increase with increasing potential. Above 
about 0.60v, they decrease. The intercept  of these 
lines with the I j I r  axis cluster around the value of 10 
(cf. Fig. 4 and 5). 

The dependence of Id/Ir on w 1/2 for the not prere-  
duced electrodes at potentials cathodic to about 0.65v 
is basically the same as for the prereduced electrodes. 
The intercepts with the Id/Ir axis are again close to 

0.9q 

w 
-1- 

0.8( 
o 
g 
g. 

0.7C 

I I I x ~ . ~  
6 5 4 3 

-,og Z. [q  

Fig. 2. Current at the disk electrode, o, prereduced Pt electrode; 
x, not prereduced Pt electrode. The area of the disk electrode is 
0.18 cm ~. 
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Fig. 3. Plot of the reciprocal of the disk current vs. reciprocal 
of the rate of disk rotation, c~ -1/2. Potential of the disk electrode: 
x, 0.875v; o, 0.800v; D ,  0.775v; + ,  0,750v; and L~, 0.725v 
(vs. HE). 
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Fig. 4. Plot of Id / I r  vs. us -1/2. Potential of the disk electrode: 
x, 0.35v; o, 0.40v; + ,  0.45v; D ,  0.50v; A ,  0.S5v. and =, 0.60v 
(vs. HE). Electrode is prereduced. 
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Fig. 5. The some as in Fig. 4. x, 0.62v; o, 0.65v; @,  0.67v; F-I, 
0.70v; and ~ ,  0.725v (vs. HE). 

I0. At higher potentials (Fig. 6), the intercepts are 
less than  10. 

Discuss ion  
It  is possible to dist inguish whether  in the electrode 

reduction of oxygen, hydrogen peroxide is an in te r -  
mediate in a single reaction path, or it  is a product  
in  a path parallel  to the main  path in  which oxygen is 
reduced to water  without  hydrogen peroxide as an 
intermediate.  For this distinction the equation (14) 

Id x + 1 x + 2 1.61 kay 1/6 

is used. In  this general  equation, Id and  It  have the 
same meanings  as given above, N is a calculable geo- 
metric factor for the given electrode assembly (19, 20), 
k3 is the rate constant  for the fur ther  react ion of an 
in termediate  at the disk electrode, v is the kinematic 
viscosity, and D is the diffusion coefficient of the 
intermediate.  The ratio of the current  at the disk elec- 
trode due to the reaction which does not  result  in the 

3 0 -  o.e7~v / ~  

25 - + / /  

20- 

I0 

5' 

i 
0 0 , I I I I 

0.04 0.08 0.12 0.'6 

w- ~t[sec v" ] 

Fig. 6. Plot of Id / I r  vs. ~ -Vz .  Pt electrode is not prereduced. 
Potentials of the disk electrode are marked in the figure. 

formation of intermediates,  to the cur ren t  at the same 
electrode due to the format ion of intermediafes is 
given by x. From the intercept  of an Id/Ir VS. ~-112 
l ine with the I J I r  axis, x can be obtained. From the 
slope of this line, k s can be calculated. 

For oxygen reduction, the  intercept  of straight l ines 
in the plots of Id/Ir VS. w~l/2 is given by  

X + 1 IH20/IH202 + 1 
intercept  - -  = [6] 

N N 

Here, IH20 is the part ial  cur ren t  at the disk, due to the 
reduction of oxygen to w a t e r  in  a path without  hydro-  
gen peroxide as an intermediate,  and IH~o2 is the par -  
tial cur ren t  at the same electrode due to the reduct ion 
of oxygen to hydrogen peroxide. For the present  elec- 
trode assembly, N is 0.38, as calculated from the di-  
mensions of the electrodes (21), and checked by a re-  
dox reaction (Fe + + + -~ Fe + +).  

The intercepts of the plots of Id / [ r  VS. w -1/2 are all  
greater  than 1iN ~ 2.6. Thus x > 0, and two paths of 
oxygen reduction must  be present, wi th  hydrogen 
peroxide produced as an in termediate  in  one of them. 

Ra~es For individual reactio~ paths.--For each po- 
tent ia l  of the disk electrode, the individual  rates of 
the two part ial  reactions, IH2o and IH~O2, can be ob-  
tained from the disk and r ing currents  if the value of 
x can be obtained with sufficient accuracy [cf. Eq. (19) 
and (20) of ref. (14)]. For  the prereduced electrodes 
the dependence of these part ial  currents  on potential  
are given in Fig. 7. For the not  prereduced electrode, 
in the Tafel region x is less than  1, and the separation 

1.0 

~ .  0.9 
"1- 

> 

_ ~  0.8 

O. 
0.7 

...... ~ I I 
5 4 3 
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Fig. 7. Partial currents at the disk electrode, o, current due to 
the formation of hydrogen peroxide; x, current due to the reduc- 
tion of oxygen to water without peroxide intermediate. Prereduced 
electrode. The area of the electrode is 0.18 cm 2. 
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Fig. 8. Same as in Fig. 7, but electrode is not prereduced 

of part ial  currents  IH20  and 1H202 is ra ther  uncertain.  
Nevertheless, from the best est imated values of x, 
these par t ia l  currents  are calculated (Fig. 8). 

For the prereduced electrode (Fig. 7), the slope of 
the log IH202 - -  ~/ line is about 0.070v at higher, and 
0.140v at lower potentials. For  IH2o, the corresponding 
slopes are 0.070 and 0.150v. 

For the not prereduced electrode (Fig. 8), the slope 
for the log /H2O2 l ine is about  0.050v, and  i t  increases 
at higher cathodic overpotentials.  The slope of the 
log /H2O line is 0.070v. Here, no change in the slope 
with potential  is observed. IH2O2 appears to be inde-  
pendent  of the electrode pretreatment ,  while the [H20 
changes with the pre t rea tment  by about factor 10. 
being larger at the prereduced electrodes. 

The change in the rate of oxygen reduct ion (Fig. 2, 
6, and 7) with electrode pre t rea tment  is not surpris-  
ing, as the amount  of oxides at  the surfaces of these 
two electrodes are probably very different. Ellipso- 
metric studies (22) in  sulfuric acid solutions have 
shown that  an air oxidized electrode is covered by an 
oxide layer  of average thickness of ~6A. It has also 
been shown that  in sulfuric acid solutions the kinetics 
and the mechanism of oxygen reduction at the bare  
and oxide covered Pt  surfaces are different (17, 23, 
24), the activity at the bare  electrodes, at 0.9v for in -  
stance, being higher than  at an oxide covered elec- 
trode by more than  a factor 10. A similar  s i tuat ion 
exists in alkal ine solutions; activity at bare electrodes 
(17) is about a factor 10 higher than at oxide cov- 
ered electrodes (24). Thus, an increase in the reaction 
rate by an order of magni tude  when  the oxides at the 
Pt  surface are reduced is expected. 

R e a c t i o n  p a t h  f o l l o w e d  i n  o x y g e n  e v o I u t i o n . - - S i n c e  
for the same electrode, two paths for oxygen reduc-  
tion are found, the question arises: "Which path is 
followed in oxygen evolution?" Tafel lines for oxygen 
evolution and reduct ion at oxide covered 2 Pt  elec- 
trodes intersect at the reversible potential  (16, 24, 25), 
and thus a common path is probably followed for the 
evolution and reduct ion reactions at these electrodes. 
A simple a rgument  is presented here to show that the 
path with the hydrogen peroxide in termediate  is not 
involved in oxygen evolution, and hence also in the 
reduction at oxide covered electrodes at potentials 
close to the reversible oxygen potential.  

Were H202 an intermediate,  then at the reversible 
oxygen potential  the oxygen electrode reaction is in 
equil ibrium. The rate of each stage of the reaction 
must  be equal to or greater than the (observed) ex-  
change current  density (~10 - l~  amp/cm2).  For the 
stage of reduction of hydrogen peroxide to water, the 
rate of the reaction may be wri t ten  as 

i ---- nFkcH2o2 -~ io ~ 10 -1~ amp/cm 2 [7] 

The concentrat ion of hydrogen peroxide, CH~02, at the 
electrode surface as calculated from the Nernst 's  equa-  
t ion for two electron reduct ion of oxygen is 10 -21 
moles/cm 3. Subst i tu t ing this value into [7], it is found 

In  evolut ion,  a P t  e lectrode  is expec t ed  to be  oxide  covered.  

tha t  
k --~ I0~ cmlsec [8] 

This rate constant  is 8 orders of magni tude larger 
than that exper imenta l ly  observed for the reduct ion of 
H202 to H20 in  the potential  range 0.90-0.00v (see 
later) .  It is unl ike ly  that  the rate would increase so 
greatly when  the potential  is made 0.30v more 
anodic (from 0.9 to 1.2v). Also, the anodic react ion 
would have to occur with an equal rate constant. 
From exper imental  data on hydrogen peroxide oxida- 
t ion (26, 27), the rate constant  at 1.23v is about 10 -2 
cm/sec. It  is much lower than  that  required for the 
model in which, at potentials close to the reversible 
oxygen electrode potential  hydrogen peroxide is an 
intermediate  in a reaction path. Hence, the path which 
does not  have hydrogen peroxide in termediate  must  
predominate near  the reversible potential  and in  oxy- 
gen evolution. 

T h e  m e c h a n i s m  i n  t h e  p a t h  w i t h  p e r o x i d e  i n t e r -  
m e d i a t e . - - F o r  analyses of this path, the following diag- 
nostic data are available. The Tafel slope is - - R T / F  at 
low overpotentials and changes to - - 2 R T / F  at more 
cathodic potentials. Under  Langmui r  conditions of ad- 
sorption 8 

v R T  
bc = - -  [9] 

(nc Jr  ~ n*) F  

where bc is the cathodic Tafel slope, v the stoichio- 
metric number ,  nc is the total n u m b e r  of electrons 
t ransferred before the ra te-control l ing step, ~ is the 
symmetry  factor ( =  u and n* is the n u m b e r  of 
electrons t ransferred in the ra te-control l ing step. With 
be = - - R T / F  for low current  density region 

n c  Jr ~ n *  ~ y 
Thus, since 

nc Jr n*  ~-- 2 
either 

no----l,  n * = 0 ,  and v = l  
o r  

nc=O,n* =2,  a n d v =  1 
o r  

nc = 2, n*  = 0 ,  a n d v = 2  

a simultaneous transfer  of two 

[I0] 

[11] 

[12] 

[13] 

[!4] 

electrons Since 
( n * =  2) is improbable,  the second case may be re-  
jected. The third case requires two identical  species 
for the ra te -de termining  step. This would require a 
dissociation of the oxygen-oxygen bond followed by 
a recombinat ion in the ra te -de te rmin ing  step which is 
highly improbable.  Thus, the path must  consist of an  
electron transfer  step followed by a ra te-control l ing 
step which does not involve an  electron transfer.  

Two such paths may be suggested. The first is 

02 + e -  ~:~ 02- [15] 

0 2 -  Jr H20--> HO2- Jr OH [16] 

OH Jr e -  ~ O H -  [17] 
The second is 

02 Jr H20 Jr e -  ~:~ HO2 Jr OH- [18] 

HO2 Jr H20-* H202 Jr OH [19] 

OH Jr e -  ~--- O H -  [20] 

These mechanisms may be distinguished by their dif- 
ferent pH dependences. In respect to a potential of a 
pH independent electrode, the first is pH independent, 
while the second has the dependence given by 
OV/OpH = - - R T / F .  The exper imental  pH dependence 
o f - -26  mv / pH  for the prereduced electrodes in alka-  
line solution (28.) reflects most probably the depen-  
dence on pH of the parallel  reaction leading to H20 
without  peroxide intermediate.  This is because the 
rate of the reaction for the la t ter  path is higher by 
at least a factor 3 than  that for the path in which 

3 See ref .  (17) a n d  (25). 
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peroxide  in an  in termedia te .  Hence, a c lea r  d is t inc-  
t ion be tween  the  proposed reac t ion  pa ths  m a y  not  
be made.  

The region of Tafel  slope of - - 2 R T / F  is consistent  
wi th  e i ther  pa th  and corresponds to a change of the  
ra te -con t ro l l ing  step to the  first, charge  t rans fe r  s tep 
(Eq. [15] or [18]). A point  in favor  of the  first pa th  
([15], [16], and [17]) is that  this is the  pa th  fol lowed 
in the  reduct ion  of oxygen to peroxide  at  gold elec-  
trodes,  which  behaves  kinet ical ly ,  in the  - - 2 R T / F  
Tafel  region, l ike p la t inum (29) 

A possible path w i th  a peroxide intermediate  under  
T e m k i n  cond~tions.--If  the  r a t e -con t ro l l ing  step is 

02 + e -  ~ 0 2 -  [21] 

the  ra te  expression under  Temkin  condit ions of ad-  
sorpt ion  is 

i = k[O~] e x p ( - - ~ V F / R T )  exp [ - -~ f (0 ) ]  [22] 
Wi th  (15) 

f (o)  -~ V F / R T  - -  In [H + ] [23] 

and ~ ~ Vz, the  ra te  expression becomes 

i = k [ O~] [H  + ] i /s  exp ( - - V F / R T )  [24] 

A t  h igher  cathodic overpotent ia ls ,  s ~ O and Temkin  
condit ions no longer  hold. Then, the  ra te  express ion 
becomes 

i ---= k [02] exp ( - - ~ V F / R T )  [25] 

and the  Tafel  slope for  the  same ra te -con t ro l l ing  s tep 
changes f r o m - - R T / F  for Temkin  to ~ 2 R T / F  for 
Langmui r i an  conditions.  

Thus, the exper imen ta l  resul ts  a re  consistent  wi th  
e i ther  Temkin  or Langmui r i an  conditions.  However ,  a 
s imilar  behavior  of p la t inum,  and gold, in respect  to 
oxygen reduct ion in a lka l ine  solut ion (29), favors  the  
in te rp re ta t ion  in te rms of Langmui r i an  condit ions wi th  
the same path  fol lowed at  these electrodes.  This is 
because at  gold the adsorpt ion  must  be Langmui r i an  
as coverage by  oxygen  is low. 

The mechanisms in the  paths wi th  no hydrogen per-  
oxide as an in termediate . - -For  the  pa rame te r s  ava i l -  
able in the l i t e ra tu re  (OV/O in  i ~ q -RT/F  and  ~ R T / F ,  
for anodic and  cathodic reac t ion  at  low overpotent ia l s  
(16,24), respect ively,  and - k2RT/F  for  high anodic 
overpoten t ia l s  (24), and  for (24) 0 log i/O log Po2 
0.5), two paths  were  suggested in the  l i t e ra tu re  for the 
reduct ion  at  p reoxid ized  electrodes.  These are  
first pa th  (30) 

O~ ~ 2 0 [26] 

2 ( 0 +  e - )  ~<-~-- 2 O -  [27] 

2 (O + H20) ~:2 2 ( O H -  + OH) [28,] 

2(OH -b e - )  ~ 2 O H -  [29] 

and second pa th  (24) 
Os ~=~ 2 0  [30] 

2(O -k H20) ~ 2 O - H - O H  [31] 

2 ( O - H - O H  -b e - )  ~---- 2 0 - H - O H -  [32] 

2 ( O - H - O H - )  ~=~ 2(OH -t- O H - )  [33] 

2 (OH -b e - )  ~=~2 O H -  [34] 

In the first path,  step [28] is the  ra te -con t ro l l ing  at 
low overpotent ia l s  w i th  s tep [27] and [29] becoming 
the r a t e -con t ro l l ing  at  high cathodic and anodic over -  

~ otentials,  respect ively.  In  the second path,  which  is 
as ical ly  a hyd ra t ed  vers ion of  the  first path,  step 

[33] is r a t e -con t ro l l ing  at  low overpotent ia l s  with 
[32] and [34] becoming ra te -con t ro l l ing  at  more  ca-  
thodic and anodic overpotent ia ls ,  respect ively .  

I t  is suggested tha t  at  the  not  p re reduced  electrodes 
of the  present  work,  which are  l ike ly  to be pa r t i a l l y  
oxide  covered,  the  mechanism for  oxygen  reduct ion  to 
wa te r  is as tha t  for  the  p reoxid ized  electrodes.  
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Fig. 9. Plot of the rate constant for hydrogen peroxide reduction, 
kz, vs. disk potential. Two measurements. 

The kinet ics  at the p re reduced  electrodes of the 
present  work  corresponds to tha t  a t  the oxide free 
electrodes for  which the mechanism has  r ecen t ly  been 
discussed in some detai ls  (17). Fo r  these p re reduced  
electrodes,  oxygen  pa r t i a l  p ressure  (OVIO log Po2 
R T / F )  and pH dependence  (OV/OpH ~ - -RT /2F)  were  
accounted for if T e m k i n  condit ions of adsorpt ion  by  
in te rmedia tes  a re  considered.  The r a t e -con t ro l l ing  s tep  
was suggested (17) to be  the  first d ischarge  according 
to e i ther  [15] or [18]. The observed  order  of the  reac-  
t ion with  respect  to O2 of the  presen t  work  4 is in  
agreement  wi th  this  mechanism.  

The change of s lope f rom - - R T / F  at  low overpo-  
tent ia ls  t o - - 2 R T / F  at  high overpotent ia ls ,  as observed  
in the present  work,  is then  accounted for  b y  the  
change of the condit ions for  adsorpt ion  of i n t e rmed i -  
ates from Temkin,  at low overpotent ia ls ,  to Lang-  
mui r ian  at h igh overpotent ia ls .  

The s i tuat ion in which  for  oxide free electrodes 
Langmui r i an  condit ions are  favored  for  the  pa th  in 
which peroxide  is an in termedia te ,  and  Temkin  (at  
low overpotent ia ls ,  at least)  for  the pa th  in which  no 
peroxide  is formed,  is not an impossible  one. Thus, 
this  s i tuat ion m a y  arise wheneve r  the re  is a he te ro -  
genei ty  of the  e lect rode surface. If, for  instance, a 
pa r t  of the  surface is st i l l  covered by  oxides,  these m a y  
serve as sites at  which reduct ion  occurs under  Lang-  
mui r i an  condit ions whi le  a t  oxide free e lect rode Tem-  
k in  condit ions m a y  preva i l  wi th  a different  react ion 
path. I t  seems p robab le  tha t  the  O2- in  a hydrogen  
peroxide  pa th  is not  chemisorbed at the  e lec t rode  su r -  
face. This view lends suppor t  from an analysis  tha t  in 
acid solut ion H~O2 appears  to form only  at  sites at  
which  res idual  impur i t i es  f rom the solut ion are  aI-  
r eady  adsorbed  (15), and, hence no chemisorpt ion  of 
Oe-  at  these sites is possible. 

The reduction of hydrogen perox ide . - -From the  di-  
agnostic Eq. [5], the slope of Id/Ir VS. ~-1/2 plots is 
given by  (14) 

(x  + 2) 
slope ~- - -  1.61 D -2/a v 1/~ ks [35] 

N 

F rom this re la t ionship,  the  ra te  constant  for  the fu r -  
ther  reduct ion  of hydrogen  peroxide  to water ,  ks, is 
ob ta ined  for  each e lect rode potent ia l  (Fig. 9). The 
change in k~ is less than two orders  of  magni tude  for  
the  potent ia l  change of 0.9v. In  Fig. 10, the  log of ks 
is p lo t ted  as a funct ion of potent ial .  If  a s t ra ight  l ine 
were  d r a w n  through  the  points,  the  slope would  be 
about  0.6v. This unusua l ly  high slope p robab ly  ind i -  

4 F o r  t he se  p r e r e d u e e d  e l e c t r o d e s  t he  o b s e r v e d  o r d e r  of  t he  r e -  
ac t ion  c o r r e s p o n d s  to t h e  p a t h  in  w h i c h  02 i s  r e d u c e d  t o  w a t e r .  
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cates tha t  the  reduct ion  of hydrogen  perox ide  is con-  
t ro l led  by  a chemical  step, r a the r  than  a step involv ing  
an e lect ron t ransfer .  

The va lue  of ks was prev ious ly  de te rmined  by  
Mul ler  and Nekrasov  (31) to be 8.9 • 0.8 x 10 -2  c m /  
sec at  0.5v, and 3.6 ___ 0.5 x 10 -2  cm/sec  at  0.1v. Jacq  
and Bloch (8) have  de t e rmined  the r a t e  constant  in 
1N KOH to be  2.3 x 10 -3  cm/sec  at  p la t in ized  p l a t inum 
at --0.5v vs. NHE. These values  are  somewhat  h igher  
than  those in Fig. 9. Consider ing the differences in the  
techniques  used, the  agreement  of th ree  independent  
sets of da t a  for the  ra te  constants  of the  reduct ion of 
hydrogen  peroxide  is good. 

The mechanism of hydrogen peroxide reduction at 
platinum.--The ra te  constant  for  the  reduct ion  of h y -  
drogen peroxide  shows only a smal l  dependence on po-  
ten t ia l  be tween  9.90 and 0.00v (cf. Fig. 1O). Since in 
this potent ia l  region,  the coverage by  OH and h y -  
drogen var ies  f rom zero to apprec iab le  values  wi thou t  
a ma jo r  change in the reac t ion  rate,  Temkin  kinet ics  
wi l l  not  be considered.  

Severa l  pa ths  for  hydrogen  peroxide  reduct ion,  
which  do not  involve e lect ron t ransfers  before  or  in 
the  r a t e -con t ro l l ing  step, have  been proposed. In the 
pa th  (32) 

H20~ + OH-~ HO2 § H20 [36] 

HO2 + H~O2-* 02 + H20 + OH [37] 

oxygen is formed which is then reduced to hydrogen 
peroxide.  

In  another  pa th  hydrogen  peroxide  is dissociated 
in the  ra te -con t ro l l ing  step which is then fol lowed 
by  a charge  t rans fe r  (33) 

H~O~-~ 2 OH [38] 

OH + e -  ~=~ O H -  [39] 

F ina l ly ,  in the  pa th  (34) 

H~O2 + P t -~  P tO + H20 [40] 

P tO + H~O + 2 e -  ~=~ P t  -}- 2 O H -  [41] 

hydrogen  peroxide  is decomposed into wa te r  and  an  
oxygen  a tom which  then reduces  to O H - .  

Since the  coverage  wi th  adsorbed  OH is known to be 
potent ia l  dependent ,  i t  seems un l ike ly  tha t  the  pa th  
according to [36] and [37] can be followed. The other  
two paths  involve  dissociation of hydrogen  peroxide.  
No dis t inct ion be tween  these pa ths  by  e lec t rochemical  
methods  can be made.  
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The Electrochemical Activation of Platinum Electrodes 
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ABSTRACT 

The various mechanisms proposed for the electrochemical activation of 
p la t inum electrodes are reviewed. Exper imenta l  results are described showing 
impur i ty  desorption to be by far the most impor tant  result  of conventional  
brief activation treatments.  Li terature  evidence is cited for the view that  a 
second type of activation exists produced by prolonged preoxidation and 
characterized by an exceptionally stable activity. This lat ter  activation is 
probably  associated with an oxide quite distinct from that  formed in con- 
vent ional  brief anodizations. 

It is well  known  that an electrical oxidat ion-reduc-  
t ion (anodization-cathodization, A-C) pre t rea tment  
applied to smooth Pt  electrodes in aqueous solution 
usual ly causes a marked improvement  in the rever-  
sibili ty and reproducibi l i ty  of electrode processes sub-  
sequently studied at the electrode. Equal ly  well  known  
is the fact that this increase in electrode activity is only 
t ransi tory and decays at rates varying  widely accord- 
ing to exper imental  conditions. This appears to have 
been first noticed by Hammet t  (1) who observed that  
the activation effect was obtained even if a long time 
separated "A" from "C" but  that  it  disappeared 
quickly after "C" (2). Var ious  explanations have been 
advanced for these observations. The impur i ty  theory 
(3-7) supposes that  the A-C t rea tment  causes de- 
sorption of adsorbed surface-active contaminants  
which were poisoning the electrode. These impuri t ies  
may be traces of organic mat ter  or of certain cations 
which, at sufficiently negat ive potentials, are very 
strongly adsorbed on Pt  (6). Desorption might  be 
effected either by the surface disruption involved in 
the format ion and dissolution of the oxide film or by 
the general  tendency of organic or cationic adsorbates 
to be desorbed dur ing  large positive excursions from 
the potent ial  of zero charge ( ~  +0.2v, NHE for P t  in 
1M HC104 or H2SO4). In  addition, destructive oxida- 
tion of organics might  produce simpler and less ad- 
sorbable products. The ini t ia l ly  high activity then de- 
cays as fresh contaminant  adsorbs on the electrode. 

The plat inizat ion theory (8-13), on the other hand, 
at tr ibutes the increased activity to a change in  the 
na ture  of the surface layers of Pt  consequent  on the 
successive formation and reduct ion of  a superficial 
oxide. Anson regards the A-C t rea tment  as effecting 
a light plat inization of the electrode. This is supported 
by the fact that  the surface texture  is visibly coars- 
ened by repeti t ive A-C t rea tments  (11,14). One 
hundred  such cycles removed the luster  from a br ight  
Pt  electrode in 1M H2SO4 and 600 cycles resulted in  
a dark  surface resembling that  of a convent ional ly  
platinized electrode (11). According to Will  and K nor r  
(9) the A-C procedure results in the formation of a 
very thin layer of unstable  atoms having a high 
electrochemical activity. This activity is supposed to 
decay as the active disturbed s t ructure  gradual ly  re-  
laxes into a relat ively stable and iner t  state. 

A third in terpre ta t ion of the effect of A-C t reat -  
ments on electrode activity was given by Feldberg 
et al. (15). From their  measurements  in  HC104 they 
inferred that  a fully oxidized Pt  surface suffered 
cathodic reduct ion (at constant  current )  rapidly  to a 
half- reduced state but  only very  slowly beyond this 
to the ful ly reduced state. They imply that the half -  
reduced state is produced under  the conditions of most 
A-C t reatments  and that  this state is one of very  high 
electrochemical activity. However this explanat ion is 
un tenab le  because (a) a rapid decay in  activity can 

1 Presen t  address: Elec t rochemis t ry  Division, Chemis t ry  Research 
Depar tment ,  United States Nava l  Ordnance  Laboratory ,  White Oak, 
Maryland.  

be observed at a potential  of about  +0.8v, NHE [Of. 
Fig. 1 referr ing to F e ( I I ) - ( I I D  in  1M HC104] where, 
on their  own testimony, the half-reduced state should 
be quite stable and (b) under  appropriate conditions, 
quite long-l ived activations of the hydrogen evolution 
reaction can be obtained, at 0v, NHE in acid where the 
half - reduced state should be quite unstable.  These 
arguments  also dispose of the basically s imilar  mech-  
anism proposed by Davis (16), viz., that  the A-C 
t rea tment  gives rise to a part ial ly reduced oxide film 
which facilitates electron t ransfer  v~a oxygen bridges 
between electrodejand reactant.  

A special mechanism, sometimes invoked for the 
hydrogen electrode, is related to the so-called "hy- 
drogen poisoning" effect. I t  has been  observed [see ref. 
(17) for summary]  that  hydrogen electrodes are sub-  
ject to fatigue on prolonged cathodization or exposure 
to hydrogen. It is postulated that  this decay in  activity 
is associated with a slow a t ta inment  of equi l ibr ium 
adsorption of atomic hydrogen into the bulk  p la t inum 
(18). Anodization, according to this idea, activates the 
electrode by s t r ipping the surface layers of dissolved 
hydrogen. 

Time variations, after activation, in  the activity of 
smooth Pt  cathodes reducing O3 in  acid solutions have 
been at t r ibuted to progressive deactivation by adsorp-  
tion of anions (19). This correlates with a pronounced 
shift in El~2 for O2 reduct ion towards negat ive  values 
in the series HC104 ~ H2SO4 < HC1 < HBr, i.e., the 
shift increases with anion adsorbabil i ty  (20-22). 

The present  study indicates clearly tha t  the re-  
moval of adsorbed impuri t ies  is by far the most im-  
portant  result  of conventional  brief activation t reat-  
ments.  

Since one of the major  themes of this article is the 
overriding importance of solution pur i ty  in  solid-elec- 
trode studies, a brief  discussion of this subject  is in 
order. 

Workers in F rumkin ' s  laboratory (23, 24) first 
realized the significance of capi l lary-act ive poisons 
under  conditions of low electrode-area to solution- 
volume ratio and long electrode-solution contact time. 
The effect of these contaminants  is minimized at the 
DME by the short ( ~ 4  sec) contact time. However, at  
a hanging drop or small  area solid electrode, removal  
of adsorbable impuri t ies  is of paramount  importance 
in  obtaining reproducible and meaningfu l  results. In  
some cases F r umki n  util ized platinized p la t inum as a 
pur i fying adsorbent.  Bockris and Conway (25) r ec -  
ommended preelectrolysis on auxi l iary  p la t inum elec- 
trodes as a method for cleaning a solution. However as 
Barker  pointed out (26) preelectrolysis on an  auxi l i -  
ary cathode, while capable of removing reducible im-  
puri t ies like oxygen or some of the meta l  ions, leaves 
organic contaminants  v i r tua l ly  untouched. Fur the r -  
more, exhaustive preelectrolysis at an auxi l iary  P t  
anode is l ikely to do more harm than  good, since 
oxidized Pt  is quite iner t  as a mater ia l  for the elec- 
trooxidation of most organic compounds over a wide 
range  of potentials (27) while, dur ing  the preelectrol-  
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ysis, appreciable amounts  of Pt  can leave the anode 
and deposit on other cell surfaces. This can be a 
f rui t ful  source of confusion, especially when  electrode 
materials other than  Pt  are under  study (28). Vah- 
ramian  (29) showed that  impurit ies responsible for 
the passivation of silver electrodes in AgNOz solutions 
could be el iminated by bubbl ing  oxygen through for 
2 hr at 60~ in the presence of plat inized plat inum. 
Vermilyea (30) confirmed this and established that  
both platinized p la t inum and O2 were necessary for 
the cleansing effect. No effect was obtained with Pt  
alone, or with activated carbon or alumina,  with or 
without  oxygenation, i.e., the effect was pr imar i ly  one 
of oxidation rather  than  adsorption of impurities. In  a 
study of the Cu-Cu 2+ reaction by an impedance tech- 
nique in  molar  KNO3, Hillson (31) found that it was 
impossible, by repeated recrystallizations, to purify 
his reagent-grade salts sufficiently to prevent  elec- 
trode contaminat ion dur ing  the course of an experi-  
ment.  He el iminated surfactants and obtained stable 
impedances by a batch t rea tment  of hls 200-ml cell 
solutions with 5g of X, a chromatographic a lumina  ad- 
sorbent. Although quite effective in this case the pro- 
cedure in  general  is severely limited by the unaccept-  
able solubili ty levels of h igh-area  a lumina  in many  
aqueous solutions. 

In  connection with his studies on single-drop po- 
larography, Barker  (26) developed an  adsorption 
purification technique, a simplified version of which 
was used in the present work. In  view of the effec- 
tiveness and versati l i ty of this method and the rela-  
tive inaccessibility of the original  publicat ion (26), 
this work will  be briefly described. The adsorbent  
column used contained a mixture  of active charcoal 
and silica gel. The charcoal was purified by extraction 
for several weeks in a Soxhlet apparatus, first with 2N 
HC1 and then with water. Granula ted  silica gel, formed 
by treat ing sodium silicate solution with dilute HC1, 
was washed repeatedly with water. Before use both 
materials were roasted in air then boiled with water  
to ensure thorough wetting. The small  adsorbent  
column containing 5g of charcoal-silica mixture  was 
an integral  part  of the polarographic cell and, in the 
in si tu purification, a ni t rogen lift circulated the cell 
solution (~100 ml) through this column for about an 
hour. An addit ional effort to el iminate reducible cat- 
ions involved circulating the solution for 15 hr past a 
30-cm 2 Hg pool cathode mainta ined at --0.Sv, NHE. 

By following the double- layer  capacity of a Hg drop 
formed in his solutions (molar KC1, analyt ical  re-  
agent) Barker  was able to demonstrate the radical 
improvement  effected by his cleansing procedure. In  
a cleansed solution the high ini t ial  capacity after drop 
formation was main ta ined  with a fall  of <1% in 24 
hr. On the other hand, in  unt rea ted  KC1, the capacity 
had fallen to 40% of the high value only 4 min after 
drop formation, due to the adsorption of surface-active 
impurities. Barker 's  method of solution purification, 
although used in British electrochemistry laboratories 
for over a decade (32) still appears relat ively u n -  
known in the United States. This is unfor tunate  as the 
method seems unr iva l led  in  its general  efficacy, e.g., 
Parsons (33) obtained stable impedances in a study of 
Vs+/V2+ at a hanging Hg drop only in charcoal- 
treated solutions. Other .standard purification tech- 
niques like distillation, recrystallization, and preelec- 
trolysis proved quite unsatisfactory. The charcoal ad-  
sorbent  is inexpensive and chemically resistant  to all 
but  the most strongly oxidizing solutions. 

Experimental  

Solution cleansing.--To cleanse solutions from sur-  
factants, Barker 's  method was subjected t6 a drast ic  
simplification. Both the silica half of the adsorption 
t rea tment  and the preelectrolysis at a Hg cathode were 
dispensed with, and solutions were mere ly  passed 
through a column of purified active charcoal. The 
charcoal employed was Nuchar C-115 (granular ) ,  a 
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Fig. 1. Effect of A-C pretreatment (1 min at 2.34 then I min 
at 0.1v, NHE) on current-stability during the anodic oxidation 
of Fe(ll) at a constant voltage of 30 my applied to a Pt rde. All 
curves in 1M HCIO4, 1.06 x 10-2M in Fe(ll) and (111) and at 
1500 rpm. A and B: Before and after A-C in charcoal-cleansed 
solution; A' and B': before and after A-C in uncleansed solution. 

decolorizing carbon from the West Virginia Pulp  and 
Paper  Company, having a specific surface of 800 m 2 
(BET). This carbon was sieved, re ta in ing the 16-40 

mesh particles which consti tuted about 70% of the 
whole. After boil ing with water  for about 2 hr, that  
portion still floating was discarded and purification 
commenced in an extra  large Soxhlet apparatus. The 
ground surfaces of the large (103/60) tapered joint  
in this apparatus were coated with a th in  Teflon layer 
to prevent  freezing and a special Pyrex,  f l i t ted  ex- 
traction thimble was made, capable of holding near ly  
1000 ml  of carbon. Extract ion with constant  boiling 
HC1 (6N) was carried out for 2 weeks using successive 
charges of fresh HC1 for 2-, 4-, and 8-day periods. 
Drainage of HC1 from the thimble occurred every 30 
min. Before the first and second changes of HC1 the 
boiler solution had a strong green and a pale green 
color, respectively, while at the end of the extract ion 
this solution was quite colorless. After the HC1 extrac- 
tion, the whole apparatus, including carbon, was rinsed 
with twice-disti l led water  and then a similar  water-  
extraction was done with daily charges of fresh water. 
Extraction for 5 days sufficed for the complete removal  
of HC1 (boiler solution tested with AgNO3). The pur i -  
fied carbon was stored under  distilled water  in Pyrex 
jars. Solutions to be cleansed (about 300 ml  in vol- 
ume) were percolated at 3 m l / m i n  through a 2.4 x 18- 
cm column of charcoal (this 80 ml of column con- 
tained 20g of dry carbon 2) via a ground joint  directly 
into the Pyrex electrochemical cell which was con- 
t inuously purged with pure N2. 

In the case of the F e ( I I ) - ( I I I ) - H C 1 0 4  system the 
solution was percolated as F e ( I I ) - I M  HC104, since 
Fe( I I I )  was very strongly adsorbed by the charcoal. 
After  percolation, half  of the Fe( I I )  was anodically 
oxidized in situ at a 40-cm 2 Pt  electrode. For the study 
of the hydrogen evolution reaction, no such problem 
existed, and 2N H2SO4 was filtered directly into the 
cell. 

The effectiveness of the charcoal t rea tment  is ob- 
vious in Fig. 1 from the complete e l iminat ion of cur-  
rent - ins tabi l i ty  (at ~0.Sv, NHE) following the A-C 
treatment.  The charcoal used to cleanse this solution 
had been purified the previous week. After  a year of 
storage under  distilled water, some of this carbon was 
lent  to a colleague who had found it impossible to re-  
produce vol tammograms for Ag + ~ Ag at a rota t ing 

T h i s  a m o u n t  of  c a r b o n  h a s  a B E T  sur face  area o f  ~ 2  • l 0  s e m  •, 
i . e . ,  m o n o l a y e r  a d s o r p t i o n  w o u l d  i n v o l v e  10-~ to  10 -1 m o l e s  of a 
m o l e c u l e  o c c u p y i n g  say  50A2. T h i s  is  10~-10 ~ t i m e s  t h e  a m o u n t  of  
c o n t a m i n a n t  l i k e l y  to e x i s t  i n  1 l i t e r  of, e . g . ,  r e a g e n t  g r a d e  H,~O4 
s o l u t i o n  w h i c h  is t h o u g h t  to conta in  a b o u t  10 -~ M of  i m p u r i t y  (34- 
36) .  T h u s ,  e v e n  a l l o w i n g  fo r  t h e  spec i f i c i t y  of a d s o r p t i o n  a n d  a 
w i d e  h e t e r o g e n e i t y  of a d s o r p t i o n  s i tes ,  i t  s e e m s  l i k e l y  t h a t  such  a 
c o l u m n  c o u l d  be  r e - u s e d  m a n y  t i m e s  to  c l eanse  so lu t ions  o f  n o r m a l ,  
r e a g e n t - g r a d e  p u r i t y .  
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disk electrode. After  charcoal-cleaning the molar  
HC104 support ing electrolyte, his scans (between 0.8 
to 0.5v, NHE) became quite reproducible (37). Thus 
the year 's  storage under  water had left the charcoal's 
cleansing abil i ty unimpaired.  The charcoal used to 
cleanse the H2SO4 used for Fig. 4 (h.e.r. at Pt)  had 
been stored under  water  for 2 years. Comparing curves 
A and C, it is clear that, while considerably xeducing 
current- ins tabi l i ty ,  the charcoal t rea tment  by no 
means el iminated it. That  the residual  instabi l i ty  was 
still largely due to solution impuri t ies  is shown by its 
pronounced dependence on rpm. It is probable that  the 
smaller  success of charcoal cleansing in stabilizing the 
h.e.r, is connected with an inherent ly  greater sensit iv- 
i ty of this reaction to impuri t ies  ra ther  than  with a 
degradation of the carbon dur ing  storage. This greater  
sensitivity may be l inked with the relative rat ional  
potentials (r = deviat ion of electrode potential  from 
its zero charge value) in the different systems. The po- 
tent ial  of zero charge for Pt  in I.I2SO4 or HC104 is 
about  W0.2v, NHE (38) and that  for Ag in  HC104 is 
probably close to 4-0.05v, NHE (39). Thus, in  Fig. 1, 

~ 4-0.6v; for the Ag-Ag + study ment ioned above, 
r was between 4-0.75 to 0.45v whereas in the h.e.r. 
study, ~ ~ --0.2v. Figure 2 reveals, as is discussed 
below, that  on Pt  at 0v, NHE, there is a wide spectrum 
of adsorbed impurit ies which are progressively re- 
moved at increasingly positive potentials. Thus, be- 
cause of the more positive r in the first two systems, 
even at open circuit, they are already activated re la-  
tive to the hydrogen electrode in  that  they are sensi- 
tive to a smaller  range of impurities.  The few direct 
measurements  made, e.g., for Cd2+ and T1 + (40), sup- 
port the expectation that, at least in this range  of po- 
tential, the adsorbabil i ty of cations on Pt  falls as r 
rises. Also, as a general  rule, ions are not well  ad- 
sorbed on activated charcoal (41). Hence it is l ikely 
that the impuri t ies  responsible for the instabi l i ty  of 
current  in Fig. 4 are metallic cations which passed 
through the charcoal column. 

Thus it appears that  purified charcoal may be stored 
for long periods under  water with little or no loss in  
effectiveness and is therefore always ready for im-  
mediate use. While excellent for the removal of or-  
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F~. 2. Effect of preanodization potential on current-stability 
for h.e.r, at Pt rde. All curves at 1200 rpm in uncleansed 2N 
H2S04 and constant cathodic applied voltage of 14.7 my, RHE. 
Each curve labelled with potential (vs. RHE) of its 1 rain (1200 
rpm) pre-anodization except curves A, B, C, and D where these 
potentials were 0.0, 0.25, 0.5 and 0.7v, RHE, respectively. Broken 
curve: see text. 

ganic contaminants  it appears much less so for me-  
tallic cations and where sensit ivity to cations is antici-  
pated (at low values of r it  should be supplemented 
by cathodic preelectrolysis at Hg, as recommended by 
Barker  (26). Actually, for P t  electrode studies the 
simplest way to clean a solution involves prolonged 
exposure to a large-area auxi l iary  Pt  electrode held 
at the most negative potential  of the projected s tudy 
(34). A periodic brief anodic cleaning of this auxi l i -  
ary electrode in  another  solution would enhance its 
effectiveness. 

Apparatus and procedure.--Electrode activity was 
followed by recording the current  at a given small  
overpotential  under  well-defined and constant  mass- 
t ransfer  conditions. This lat ter  s i tuat ion was achieved 
at a rotat ing disk electrode of Pt  (~0.03-cm 2 area) 
spinning at a constant  rpm (___1%) in an all-glass air-  
thermostat ted cell at 25 ~ _-+ 1~ This apparatus  has 
been described elsewhere (42). 

In  the case of the F e ( I I ) - F e ( I I I )  system, voltages of 
_+I0 and --+30 mv (constant and reproducible to wi thin  
0.1 mv) were applied between the rde and a large (40 
c m  2) unpolarized Pt  counter  electrode in  oxygen-free 
molar HC104, equimolar  in  Fe ( I I )  and (III)  at about 
10-2M. The general  procedure was as follows. After  
the rde had been quiescent in the solution, under  pure 
nitrogen, for a few hours or more, a small  constant  
voltage was applied at 1500 rpm and the resul t ing cur-  
rent  recorded for about 20 min. Then the still spinnfng 
electrode was given an A-C activation comprising 1 
min  at 4-2.34v, NHE (plat ing out oxygen at 120 
ma �9 cm -2) and 1 min  at W0.1v, NHE. After  1 rain at 
open-circui t  the current  was again recorded at the 
same rpm and applied voltage. All these electrical 
operations were done with a Sargent  model XXI 
polarograph and potentials are given on the Stockholm 
sign convention. The results of the above procedure 
were compared in two different solutions. The first 
solution contained chemicals of the reagent-grade 
pur i ty  customary in  most electrochemical studies. The 
second solution employed the same source of Fe ( I I )  
and HC104, but  it was cleansed from surface-active 
contaminants  by the charcoal t rea tment  described 
above. The unpurif ied solution was made up with 
Fe( I I )  and (III) equimolar  at 1.06 x 10-2M in 1M 
HC104. From l imit ing currents  at the rde in  this solu- 
tion, diffusion coefficients of 6.12 and 4.66 x 10 -6 
cm 2 �9 sec -1 at 25~ were calculated for Fe( I I )  and 
(III) ,  respectively. Using these data, by a reverse 
process, the composition of the purified solution after 
half-oxidat ion was calculated as 1.32 x 10-2M for both 
ferrous and ferric in  molar  HC104. Currents  observed 
in the purified solution were mul t ip l ied by 0.80 to al- 
low for this concentration difference and facilitate the 
comparison, in Fig. 1, of behavior  in the two solutions. 

In  the h.e.r, s tudy i l lustrated in  Fig. 2 to 4, the same 
Pt  rde was used in  N2-saturated molar H2SO4. How- 
ever, this time, the counter  and reference electrode 
was a reversible hydrogen electrode in the same 
solution separated from the main  compar tment  by a 
fine frit. Dur ing  these hydrogen deposition experi-  
ments, H2 formed at the Pt  disk was cont inual ly  swept 
by the motion of the rde into a fr inge of bubbles on 
the Teflon nonwork ing  surface leaving the Pt  surface 
perfectly bright. At rpm's  above 1500 these I.i~ bubbles  
were swept ent i re ly  away from the rde. The t ime-zero 
in Fig. 2 to 4 coincides with the end of the preanodiza- 
tion. Although the results of Fig. 2 to 4 were all ob- 
tained at the same constant  applied voltage of about  
14.6 my, RHE, a substant ia l ly  vary ing  iR drop (It ----- 
65 ohm) is included in this figure. For  instance, in 
curve A of Fig. 2, ~1 ---- 14.5 my, RI-IE, whereas at the 
highest i in  this figure, ~ ---- 5.5 my. This fact, whi le  
causing the curves of Fig. 2 to 4 significantly to under -  
state both the ini t ia l  act ivation levels achieved and 
the rate of their  decay, does not  vitiate the discussion, 
in  which only the relat ive shapes of these curves are 
invoked. 
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Fig. 3. Effect of stirring-rate on current-stability for h.e.r, at 
Pt rde. All curves, at labelled rpm's, in uncleansed 2N H2SO4 and 
constant cathodic applied voltage of 14.6 my, RHE, were preceded 
by I min of preanodization at 2.0v, I~HE (at 1200 rpm). 
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Fig. 4. Effect of solution-purity on current-stability for h.e.r, at 
Pt rde. All curves, at labelled rpm's and constant cathodic applied 
voltage of 14.6 mv, RHE, were preceded by 1 min of anodization 
at 2.0v, RHE (at 1200 rpm). Broken curves in charcoal-cleansed 
2N H2SO4. Curve C in uncleansed 2N H2SO4. Before B, solution 
subjected to additional cleaning described in text. 

Results and  Discussion 
Ferrous-Ferric.--Figure 1 shows the effect of the 

A-C t rea tment  on cur ren t  and its t ime-dependence 
for the oxidation of Fe( I I )  at the rde. (After cor- 
rection for iR drops, the actual anodic ~ operat ing in  
this case was 27.4 mv and at 2.1 ma �9 cm -2, the anodic 
i was about 40% of its l imit ing value.) In the unpur i -  
fled solution (A', B') the A-C t rea tment  caused an ini-  
tial boost of about 70% in the current  which then 
sank back quite rapidly toward its original  level. On 
the other hand, in the purified solution (A, B) the 
A-C t rea tment  raised i by only about  3%, and this 
increase took hours to recede. A'  and B' were only 
approximately reproducible, but  A and B in the 
purified solution were precisely reproducible,  e.g., 
even after eight days at open-circui t  unde r  pure N2 
curves A and B could be duplicated exactly. 

Comparable behavior  to that  i l lustrated in Fig. 1 was 
obtained for both anodic and cathodic currents  at •  
and • mv applied voltage. Thus the charcoal-cleans-  
ing t rea tment  of the solution v i r tua l ly  nullified the 

effect of an A-C pre t rea tment  on electrode activity. 
The "active-electrode" behavior  obtained ini t ia l ly  in  
B' following the A-C t rea tment  was produced in  A, B 
merely by the cleansing procedure. This is conclusive 
evidence for the impur i ty  theory as opposed to the 
other theories concerning the mechanism of electro- 
chemical activation. The 3% increase in  cur ren t  fol-  
lowing A-C in the purified solution may arise f rom the 
presence of residual surfactants or from a small 
"platinization" effect. 

Hydrogen evolution.--Figure 2, referr ing to u n -  
cleansed molar H2SO4, i l lustrates the activation levels 
achieved and their stabil i ty as a funct ion of the po- 
tent ial  (EA) of the 1-min preanodization. All  pre-  
anodization and the subsequent  recording of current  
were done at 1200 rpm. Pr ior  to curve A, the stat ion- 
ary rde was shorted to the reversible  hydrogen elec- 
trode for 2 hr with N2 bubbl ing  through the solution. 
Then the other curves were obtained after l - r a in  
anodizations at the potentials listed. The max imum 
activation effect, both in  terms of the ini t ial  cur rent  
and its stability, was achieved after EA = 2.0v, RHE. 
Raising EA to 2.3% RHE, effected no greater activation. 
Taking rough account of the differing n's prevai l ing in  
the two cases, the ini t ial  cur ren t  after EA ~ 2.0v, 
RHE, was about one hundredfold greater than that  
after prolonged main tenance  at the equi l ibr ium po- 
tent ial  (curve A).  This is a much greater effect than  
the 70% increase in current  observed in the Fe (II) 
(III) system. As discussed in the exper imental  section, 
this is probably caused by the much lower (by 0.8v) 
rat ional  potential  in  the h.e.r, s tudy and its conse- 
quent ly  greater sensit ivity to surfactants in general  
and metal  cations in particular.  A significant feature 
of Fig. 2 is the fact that  substant ia l  levels of activation 
were at tained even when EA ~ 0.9v, RHE, where it is 
quite unl ikely  that the Pt  surface is oxidized to any 
appreciable extent  (43-45). The unlabeled  broken 
curve of Fig. 2 is also re levant  to this point. The pre-  
t rea tment  here was 24-hr soaking of the previously 
reduced rde in the cell. at open-circui t  unde r  flowing 
N2. The equi l ibr ium potential  just  before recording of 
the curve was 0.95v, RHE. Since a 24-hr soaking in 
molar H2804 has been employed to completely free P t  
electrodes from surface oxides (46), it is obvious that 
the recent reduction of a surface oxide had noth ing  to 
do with the considerable activation evident  in  this 
broken curve. Thus the platinization theory of activa- 
t ion is un tenable  for this system. 

In the subsequent  work i l lustrated in Fig. 3 and 4 a 
l - ra in  preanodizat ion at 2.0v, RHE, was invar iab ly  
used as this achieves m a x i m u m  activation without  an 
inconvenient ly  high anodic current  (actual  anodic 
i ~ 5 ma �9 cm-2) .  Employing this 1-min prepolariza- 
t ion at 1200 rpm, Fig. 3 shows the rpm dependence of 
current -s tabi l i ty  for h.e.r, in  uncleansed molar H2SO4. 
The radical ly faster decay at  higher rpm shows the 
deactivation to be largely caused by mass t ransfer  
controlled adsorption of solution impurit ies and hence 
the activation must  have been due main ly  to the re-  
verse process, viz., impur i ty  desorption. It  is difficult 
to imagine how any s t ructural  change in the electrode 
surface, e.g., recrystal l ization or oxide reduct ion could 
be affected by angular  velocity of the electrode. Also, 
at this large concentrat ion of H2804 (2N) adsorption 
of ions from H2SO4 could not be l imited by mass 
transfer, i.e., the gradual  deactivation is not related 
to anion adsorption from the support ing electrolyte. 
The large increase in ini t ial  cur rent  with rpm, evident  
in Fig. 3, shows considerable control of the h.e.r, by 
concentrat ion polarization of dissolved H2. The polari-  
zation resistance R, for the over-al l  process of hydro-  
gen evolution, calculated from the init ial  cur rent  at 
3100 rpm was ~0.9 ohm �9 cm 2 (i = 4.5 ma �9 cm -2 at 

= 4.0 mv).  This would be somewhat lower after  cor- 
rection for residual concentrat ion polarization, and 
thus the electrode is quite active (47). As the current  
diminished, dur ing deactivation, so also did its rpm 
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dependence which eventual ly  changed sign, e.g., at 
the end of the 3100-rpm curve of Fig. 3; when  i, n had 
changed from their ini t ia l  values of 4.5 ma �9 cm -a  
at 4.0 mv to 0.125 ma �9 cm -2 at 14.5 mv, lowering 
rpm from 3100 to 1200 boosted i to 0.2 ma �9 cm -a, i.e., 
near ly  100% increase. Obviously, the deactivation had 
caused a change in mechanism of the h.e.r. It  is well-  
known  that, at contaminated Pt  electrodes, the com- 
binat ion of adsorbed H is inhibited, e.g., (18b). Hence 
it seems possible that, at the deactivated (contami- 
nated)  electrodes, electrochemical desorption becomes 
rate- l imit ing,  viz., Hads -5 I -I+ -5 e--> Ha. An  increase 
of stirring, by tending to clear the surface of Hads, 
might then cause a decrease in current .  

Figure  4 shows the effect of solution pur i ty  on the 
stabili ty of the h.e.r, cur rent  after a l - ra in  (1200 rpm) 
preanodization at 2.0v, RHE. A greatly enhanced sta- 
bil i ty in the charcoal-cleansed solution (broken 
curves) is fur ther  support  for the idea that  the activa- 
tion effect is pr imari ly  one of impur i ty  desorption. 
That  the residual  instabi l i ty  in  the cleansed solution 
is still largely due to solution impurit ies is shown by 
its pronounced dependence on rpm. Curve B, like A, 
was in a charcoal-cleansed solution at 3100 rpm but,  
before B, the solution was given an addit ional  cleans- 
ing as follows. As an integral  part  of the cell it con- 
tained a 40 cm2 auxi l iary  smooth Pt  electrode which, 
dur ing  every curve of Fig. 2-4 excepting B of Fig. 4, 
was s tanding idle in the solution at an open-circuit  
potential  of ~ 4- 0.9v, RHE. However, before B, 
this large electrode was shorted to the RHE for 40 
rain with Na bubbl ing  through the solution. Since 
Fig. 2 showed that Pt  is very much more heavily con- 
taminated at 0.0v than at 0.9v, RHE, it was anticipated 
that this procedure would significantly improve solu- 
tion cleanliness. The higher stabil i ty of current  in B 
shows this was true al though not quite to the ex- 
tent  hoped for. (The open-circui t  potential  of the 
large electrode rose slowly dur ing  the recording of 
B, but  even at the end of B it was only ~0.1v, RHE.) 

Thus, Fig. 2 to 4 show that,  at least in 2N HaSO4, 
the decay in activity of Pt  electrodes for h.e.r., fol- 
lowing activation, is due main ly  to the readsorption 
of solution impurities,  not  to the re laxat ion of a dis- 
turbed structure in the P t  surface, to the readsorption 
of anions from H2SO4, nor to a gradual  "hydrogen 
poisoning" effect. HaSO4 contains a wide spectrum of 
surface-active poisons which are progressively de- 
sorbed wi th  increasing potential  between 0.0 to 2.0v, 
RHE. 

Oxygen reduction.--The present study of electro- 
chemical activations was about to be concluded by 
examining oxygen reduct ion in  acid when  this was 
made unnecessary with the publicat ion of the work 
of Damjanovic,  Genshaw, and Bockris (34). They in-  
vestigated O5 reduct ion in 0.1N H~SO4 at a Pt  rde. 
After an activation t rea tment  comprising 1.4 and 0.0v, 
RHE, for 1 min each, it was found that, while poten- 
t iostatt ing at potentials <0.By, RHE, the cathodic 
current  decayed at a rate which increased greatly with 
rpm but  was greatly lessened (by X 10-100) after 
pur i fy ing the solution. The purification involved cir-  
culat ing the solution for 5 to 10 hr  through a plat-  
inized Pt  gauze adsorbent  main ta ined  at 0.3v, RHE. 
Thus their  activation effects were caused main ly  by  
impur i ty  desorption. They also found that, at poten-  
tials anodic to 0.15v, RHE, HI202 was produced only 
in  a dir ty solution. In  a purified solution at these po- 
tentials,  (>2 was reduced wholly to H20, the l imit ing 
current  being at tained at 0.Sv. 

In  unpurif ied solutions, after activation, scanning at 
constant  rpm cathodically from 0.9v, RHE, produced 
a max imum current  at 0.6% RHE, in their  manua l  
voltammograms. With fur ther  cycling of potential  be-  
tween 0.9 and 0.0v, the height of this max imu m fell 
radically as t ime elapsed, e.g., 20 min  after the activa- 
t ion the max imum cur ren t  was only 7% of its ini t ial  
value. They associated the m a x i m u m  with the idea 

that, as the potential  falls dur ing  a cathodic scan, a 
progressively more extensive contaminat ion of the 
electrode occurs producing a type of site where 02 
is reduced only as far as H2Oa (at least if E > 0.15v, 
RHE). They also postulated that  the reduction to water  
occurs on a different type of site, not subject to the 
influence of contaminants  and does not have H~O2 
as an intermediate.  Apart  from the inheren t  improba-  
bil i ty of these postulates, if this lat ter  type of site is 
uninfluenced by contaminants  then contaminat ion can 
reduce the current  only insofar as Oa reduct ion is 
diverted to the 2-electron process at the contaminated 
sites, i.e., a max imum lowering of 50% as compared 
with the factors of 10 or more by which currents  in 
the later stages of their  Fig. 5 differ from those im-  
mediately following the activation. 

There seems no justification for their  identification 
of impurit ies as exclusively or even main ly  organic in 
character. After activation at 1.4v, RHE, the gradual  
d iminut ion  of cur ren t  dur ing successive cycles between 
0.9 and  0.0v could, as they say, be due to the partial  
oxidation of organic impuri t ies  to even more tena-  
ciously adsorbable products. However their  a l te rna-  
tive explanation,  in  terms of a wide spectrum of im-  
purities, a fraction of which desorbs only above 0.9v, 
seems just  as cogent. If, after an activation at 1.4v, 
the potential  is not allowed to exceed 0.9v, then  this 
fraction will  gradual ly  readsorb in  a pseudoirrevers-  
ible manner  causing the gradual  reduction in  peak 
cur ren t  which they obtained. They advance no reason 
why various metall ic cations could not form part  of 
this spectrum of impurities.  

Thus, for the three electrode reactions described in  
this paper it has been shown that  impur i ty  desorption 
is by far the most impor tant  result  of brief  electro- 
chemical activations. Other effects like the creat ion of 
a disturbed P t  surface, the desorption of ions derived 
from the support ing electrolyte, or, in  the case of the 
h.e.r., the s tr ipping of absorbed H from surface layers 
may quite possibly be present  but  appear inconsequen-  
tial to the electrode kinetics. 

Activations involving protracted preanodizations.-- 
In  contrast  to the conclusion, expressed in the preced- 
ing paragraph, that  brief  activations act merely by 
impur i ty  desorption, the work of Shibata  (12) con-  
tains evidence l inking activations produced by pro- 
tracted preanodization with a change in  structure of 
the superficial layers of Pt  atoms, and this work merits  
fur ther  discussion. He found that,  al though a wide 
variety of preoxidation t rea tments  resul ted in the 
same high, ini t ial  value of electrode activity for H + 
reduction, the stabili ty of this activity differed pro- 
foundly according to the na ture  and durat ion of the 
pre-oxidat ion procedure. Assuming that  each pre-  
oxidation completely desorbed impuri t ies  and that 
electrode activation was due solely to this desorption, 
he reasoned that a similar t ime-decay of activity 
should be observed, as con taminan t  readsorbs from 
bulk solution, irrespective of the de ta i l ed  na ture  of 
the preoxidation. Hence he discarded the impur i ty  
theory and supposed the activation to originate in a 
superficial s t ructural  change whose l ifet ime increased 
with severity of the preoxidation. Shibata 's  qu i t e  com- 
plicated pretreatments ,  applied to a n u m b e r  of 1-cm a 
Pt  foil electrodes included aging for 2 weeks in a 
hydrogen atmosphere at room temperatur.e followed 
by a preoxidation (a) by soaking in chromic acid at 
80~ for 1, 15, or 60 min, or (b) by anodization in 
1N H2SO4 at 100 ma . c m -a  for 0.25, 1, or 28 hr. After  
washing in  water  followed by cathodization at 20 
ma .cm -a  for 200 sec, the electrodes were placed in 
Ha-saturated 1N HC1 for a definite t ime before mea-  
sur ing their  activity in this solution. 

In all cases the electrode activity fell off with t ime 
from roughly the same ini t ial  high value. The various 
preoxidations yielded activities increasing in stabil i ty 
along the series listed above. In  the least stable case, 
after chromic acid pre t rea tment  for 1 rain, the activity 
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in  HC1 dropped a hundredfold in 3 hr. At the other 
extreme, 28 hr of preanodization produced a high ac- 
t ivity that  had diminished only 10 to 20% after 30 hr 
in HC1. His ini t ial  activity corresponded to an over-al l  
R,~ for h.e.r, at 15~ in 1N HC1 of ~50 ohm.cm 2. This 
relat ively large value [cf. ref. (47)] is probably due, 
not to a relative inact ivi ty of Shibata 's  electrodes but  
to the fact that his measurements  were made in un -  
stirred, H2-saturated solution, i.e., the 50 ohm.cm '~ 
figure must  contain a large contr ibut ion arising from 
concentrat ion polarization of dissolved H2. Consider- 
ing the fact that his solutions were not par t icular ly  
pure with respect to surface-active mater ia l  (no pre-  
electrolysis or adsorption technique was used) the ac- 
t ivation produced by his extended anodization was 
unprecedentedly  stable. 

Another  str iking feature of Shibata 's  results are the 
two arrests in cathodic chronopotentiograms of his 
anodically activated electrodes. The first arrest" at 
0.6v, NHE, corresponded to a surface charge of 4 mC. 
cm -~. Similar ly  high charges have been observed pre-  
viously at this potential  (43, 48). The second arrest 
at 0.3v, NHE, lengthened with durat ion of the pre-  
anodization (after an induct ion period of about 30 
min)  and was 36 mC.cm -2 for an electrode which had 
been preanodized at 0.1 amp-cm -2 for 28 hr. The only 
arrest  previously described in the l i terature at this 
potential  is that caused by monolayer  hydrogen ad- 
sorption, accounting for 0.5 mC.cm -2 at the most (49). 
ir for the second arrest was independent  of cathodic i 
over at least 10 to 000 ~a.cm -2 (50) and this arrest  
thus arises in a surface film of some kind. Even allow- 
ing a roughness factor of 2.5 (49) a film equivalent  to 
36 mC.cm -2 corresponds to associating 40 oxygen 
atoms with each surface Pt. Shibata a t t r ibuted the 
second arrest to the reduction of such a "thick" sur-  
face oxide and the stable high activity persisting after 
this reduction to residual  strain remaining  in the 
surface layers. If the tempera ture  of Shibata 's  pre-  
anodizations was ~21~ irrespective of the severity 
or dura t ion of the anodic t reatment ,  the second arrest  
was never  observed in subsequent  cathodic chronopo- 
tentiograms (50). Shibata 's  discovery of this low- 
potential  arrest during the reduction of Pt  electrodes 
subjected to excessive prior anodization was confirmed 
and extended by Kozawa (20b). After constant  cur-  
rent  anodization in 1N H2SO4, Kazawa recorded 
vol tammograms in N2-saturated 1N H2SO4 from 0.9 to 
0.0v, NHE. As well as the normal  cathodic peak at 
0.6v he got a second peak at 0.2v the height of which 
increased with the duration,  current-densi ty ,  and t em-  
perature  of the anodic pretreatment .  As in Shibata 's  
experiments,  the charge corresponding to this low- 
potential  peak, under  extreme conditions, greatly ex- 
ceeded that  of the first peak. During anodization at 
300 ma .cm -2 at 40~ in 1N H2SO4 a Pt  anode ac- 
quired, after 3 hr, a yellow film whose color deepened 
with continued electrolysis. 

This Japanese work, indicating as it does the exist- 
ence of an electrochemically well-differentiated second 
oxide formed at very severely oxidized Pt, is very  
interest ing and appears to be unique. The lat ter  is 
certainly due to the fact that  with the notable ex- 
ception of the persulfuric acid manufacturers ,  ex-  
tended anodization of Pt  is rarely practiced by elec- 
trochemists. In  view of the innumerab le  papers pub-  
lished on the 0.6v oxide, the deafening silence with 
which electrochemists have greeted the 0.2v oxide is 
surprising. 

The work of Hoare (51, 52) has some similari ty to 
that  of Shibata in that  an extended period of preoxida-  
t ion was employed resul t ing in a stable high activity. 
After  preoxidation by immersion in concentrated 
HNOj, Hoare measured the activity of an electrode 
by its abil i ty to retain an open-circui t  potential  of 
1.229v, NHE, in oxygen-satura ted acid solution (51), 
or to catalyze the reduction of oxygen in acid (52). 
Hoare's activities were significantly less stable than 
Shibata 's  probably because of the greater severity of 

the latter 's  preoxidations. An  impor tant  feature of 
Hoare's results is the fact that the development  of a 
stable activity depended on an immersion in  HNO3 
for a min imum of about 50 hr, a much greater time 
than that  needed to free the electrode surface from 
adsorbed contaminants.  This fact argues for Hoare's 
content ion that his activation was caused by some 
change extending several monolayers  into the plat-  
inum. He identifies this change with the formation of 
a "Pt-O alloy" layer (53). Cathodic chronopotentio-  
grams on Hoare's activated electrodes revealed only 
the single arrest customari ly obtained at about  0.7v, 
NHE, in acid (54). However, in  acid solution swept 
with H2 gas, Hoare's activated electrodes took about 
40 rain to arrive at the same potential  as reduced 
p la t inum compared to 4 min for electrodes oxidized 
by conventional  anodization (51, 53). Assuming that  
Hoare had carefully removed adsorbed nitrogeneous 
species after the HNOj-soaking,  this would indicate 
that the HNOa-soaking yielded an oxide more stable 
or more extensive than  that  obtained conventionally.  
This then is another  significant s imilari ty to Shibata 's  
results as opposed to those normal ly  obtained. 

To sum up, both Hoare and Shibata activated pla t -  
inum electrodes under  conditions which appear to 
exclude impur i ty  desorption as the cause of activation. 
Both employed protracted preoxidations and at t r ibuted 
the resul t ing activation to the presence (Hoare) and 
recent  presence (Shibata) of a surface oxide qual i ta-  
t ively different from that rapidly reduced at 0.6v, 
NHE, in  acid solution. It  appears l ikely therefore that  
the electrochemical activation of p la t inum electrodes 
must  be divided into two classes: (a) conventional  
anodizations of the order of a minu te  in  durat ion 
which merely clean the electrode surface by desorbing 
impurities,  and (b) severe oxidations extending over 
periods of many  hours which appear to effect a more 
penetra t ing oxidation and an activation which is very 
stable, even in solutions not  par t icular ly  clean with 
respect to adsorbable impurities.  

Apart  from the work of Shibata and Kozawa already 
cited, other evidence exists for postulat ing a qual i ta-  
tive change in the na ture  of the anodic film on Pt  un -  
der extreme conditions of oxidation. For instance, sev- 
eral workers (43-45) have found definite changes in  
slope in plots of mC.cm -2 vs. E at about 1.8v, NHE, in  
acid solution. (mC.cm -2 is the charge required for 
the galvanostatic reduction of an electrode after its 
potentiostatic oxidation at potential  E.) Mayell  and 
Langer (43) observed a distinct max imum in  such 
plots at 1.8v followed by a plateau. These authors pro- 
posed a series of p la t inum-oxygen  couples culminat ing  
in a "tight" p la t inum oxide at potentials above 1.8v. 
Also, in Tafel plots for the oxygen evolution reaction 
at Pt  in HC104 or H2SO4, a rapid transi t ion toward 
higher overvoltages is observed at high cur ren t  den-  
sities (55). This t ransi t ion is associated with the in -  
cipient participation of anions in the electrode reac- 
t ion caused perhaps by a quali tat ive change in the na-  
ture of the oxide film. It  is re levant  here to ment ion  
that, in 1922, by fusing NaNO3 with chloroplatinic 
acid, Voorhees and Adams (56) arrived at a p la t inum 
oxide which is readily reduced by hydrogen giving a 
Pt  black of unprecedentedly  high and reproducible 
activity. This Pt  black is still the best Pt  catalyst avail-  
able to the organic chemist for hydrogenations (57). 
In view of all the foregoing, it does not seem unl ikely  
that the prolonged maintenance  of p la t inum electrodes 
in a severely oxidizing env i ronment  might  produce 
the more penetra t ing oxidation envisaged by Shibata 
and Hoare and hence a type of act ivation quite dis- 
tinct from that associated mere ly  with "anodic clean- 
ing" of electrodes. 

Manuscript  received Feb. 1, 1967; revised manu-  
script received June  22, 1967. This work was performed 
under  the auspices of the United States Atomic Energy 
Commission. The paper  was presented at the Dallas 
Meeting, May 7-12, 1967. 
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A n y  discussion of this paper  will  appear  in a Discus-  
sion Section to be publ ished in the  June  1968 JOURNAL. 
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Correction 
The fol lowing correct ions are  indica ted  for "Elect ro-  

chemical  Reduct ion of Aromat ic  Hydrocarbons  in 
E thy lened iamine"  by  H. W. Sternberg ,  R. E. Markby ,  
I. Wender,  and D. M. Mohilner,  143, 1060-1062 (1966). 

In the  tex t  to Fig. 3, ref. (6) and (10) should be 
replaced by  (1) and  (3).  

The subscr ipts  s in e - s  should be omi t ted  in the  
equations on the second column of page 1062. If any  
subscr ipt  is to be used, i t  should indicate  the  phase  in 
which  the e lect ron occurs. For  example ,  e'-pt indicates  
the e lect ron in the  pla t inum.  The equations should 
read  

Li% = Li+s ~- e -p t  Et ~ 1.1 

Bs ~- e-pt = B - s  Ei : --1.4 

Bs -I- Li% ---- Li+s ~- B-s Eo ------0.3 

Li% stands for Li  + . . . e - s  and  e - s  signifies the  sol-  
vated electron in contras t  to the  electron in the  p l a t -  
inum e -  pt. 

A s impler  and perhaps  more  in format ive  fo rmula -  
t ion would be the fol lowing 

e - s  = S + e -p t  Ei = 1.1 

Bs + e -p t  = B - s  Ei ---- --1.4 

B s §  = S §  Eo = --0.3 

Here S indicates  the  solvent  molecules  r equ i red  to 
solvate  an electron. 
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ABSTRACT 

The effects of the rmal  t rea tment  and chemical  etching of p la t inum on the 
specific ra te  of the chemical  react ion of chemisorbed oxygen with hydrogen 
were  determined.  The hydrogen was present in e lectrochemical ly  clean 1M 
H2SO4 and in the derma of the metal. On successive thermal  t rea tments  of 
br ight  Pt  beads, which were  heated to the melt ing point and then slowly 
recrystal l ized under  high temperatures ,  the specific rate var ied randomly  
f rom trial  to trial. Where  heat ing was more uniform, and the cooling rate 
slower, reaction of hydrogen with P t -O  was usually faster. Repeated aqua 
regia etching of a given Pt  bead caused monotonic improvement  unti l  a rate 
between 0.014 and 0.021 a m p / c m  2 was attained. Rates on Pt  wire  electrodes, 
which probably differed from the f lame-formed Pt  beads both in average 
crystal l i te  size and in number  of defects (created by the drawing process 
and only part ial ly removed by subsequent anneal ing) ,  were  highly variable,  
but considerably lower than on beads. Surfaces whose act ivi ty for the P t - O /  
hydrogen react ion differed manyfold showed no differences in anodic charging 
curves nor did electrochemical  rates of water  oxidation at +0.617 and ~0.587v 
(NHE) or reduction of hydrogen ions at +0.300v differ. It appears that  many 
electrochemical  reactions are insensit ive to these differences in surface condi-  
tion. Because of its great  sensi t ivi ty to catalyst  pretreatments ,  the P t - O /  
hydrogen react ion is identified as a "demanding reaction," especially useful 
for ident ifying and examining certain variables  affecting contact catalysis in 
solution. Since impur i ty  sorption is one such variable,  the rate  of this re-  
action is one of the most responsive cleanliness tests available. 

Boudart et al. (1) have pointed out that  the rates of 
some catalyzed reactions are  much more  sensitive to 
subtle nonuniformit ies  of solid surfaces than others. 
They suggested that  it may be impor tant  to dist inguish 
be tween these different types of reactions, and pro-  
posed the terms "demanding"  and "facile" reactions. 
They define a facile react ion as one for which the spe- 
cific act ivi ty of the catalyst  is pract ical ly independent  
of its mode of preparation.  The selection and use of de- 
manding reactions to moni tor  effects of changes in 
catalysts should offer considerable advantages in pre-  
cision and discrimination. 

It was previously found (2) that  the rate  of chem-  
ical reaction of oxygen chemisorbed on a smooth pla t -  
inum electrode with  hydrogen present  both in 1M 
H2SO4 solution and dissolved in the electrode was 
very  sensit ive to changes in the composit ion of the  
surface. In part icular ,  absorption of a monolayer  of 
oxygen atoms in the top few atomic layers of the meta l  
caused a change in the react ion mechanism and a six- 
fold reduct ion in rate, i.e., the  Pt  catalytic act ivi ty  
depended on the amount  of dermasorbed oxygen, even  
when the amounts  were  much less than a monolayer.  
This reaction rate  could be measured simply, quickly, 
and fair ly precisely by observing the t ime requi red  
for potential  decay af ter  depositing known amounts of 
adsorbed and /o r  dermasorbed oxygen wi th  an anodic 
current  pulse. It  appeared to be a demanding (1) re -  
action, wel l  suited to the study of other  factors im-  
portant  in catalysis. 

A study of catalysis must  have as one prerequis i te  a 
way  to el iminate effects due to impur i ty  sorption. The 
responsiveness of the rate  of the P t - O / h y d r o g e n  re-  
action to surface variat ions made it more sensitive to 
trace impuri t ies  than any other  rapid test we have  
had available,  and accordingly the invest igat ion was 
divided into two main sections. First,  the  effects of 
va ry ing  degrees of solution and meta l  cleanliness on 

1 N a t i o n a l  A c a d e m y  of Sc iences  P o s t d o c t o r a l  R e s i d e n t  Resea rch  
A s s o c i a t e  at  NRL.  P r e s e n t  addres s :  Ea s t e rn  B a p t i s t  Col lege,  St.  
Dav ids ,  P e n n s y l v a n i a .  

rate  were  examined to determine  under  what  condi- 
tions p la t inum could be considered sufficiently clean 
so that  changes in catalytic behavior  due to metall ic 
factors were  not obscured. The usefulness of this re-  
action rate  as a cleanliness test was concurrent ly  ex-  
amined. Second, having established these cri ter ia  and 
while  mainta ining the necessary conditions, the effect 
on rate  of changing the atomic a r rangement  and /o r  
the surface condit ion of the meta l  was determined.  
This s tudy was not designed to identify which types 
of surface conditions are the most active, a l though in- 
ferent ial  evidence was obtained, but  ra ther  to demon-  
strate that  subtle meta l  phase changes in a clean cata-  
lyst surface can have large effects on some react ion 
rates. The sensi t ivi ty of the studied react ion makes 
it a par t icular ly  useful exper imenta l  probe. Finally,  
the question was examined,  wil l  surface morphology 
changes that  affect the catalyt ic act ivi ty  for this 
chemical  react ion necessari ly cause changes in elec- 
t rochemical  reaction rates? 

Apparatus and General Procedure 
The gas-t ight  e lectrochemical  system, He and H~ 

purification trains, solutions, and general  procedures 
were  essentially the same as previously used (2, 3). 
The cell  contained a large pla t inum gauze counter  
electrode (about 80 cm 2 wet ted  geometric area) ,  a 
Pt  wire  reference electrode 0.064 cm diameter  ex-  
tending about 3 cm into the solution, a minia ture  
glass reference electrode, and two br ight  P t  bead 
working electrodes with areas about 0.1 cm 2. The 
beads were  formed by mel t ing the end of 99.99% pure 
Pt  wire. One bead was mounted by sealing the wire 
into a Pyrex  tube, the other was mounted  in a Teflon 
tube and sealed wi th  mol ten  polyethylene.  True  elec- 
t rode areas were  de termined  f rom the amount  of oxy-  
gen deposited in an anodic charging curve  (3) and 
all areas given are t rue  areas unless otherwise speci- 
fied. The oscilloscope was a Tektronix  Type 547 with 
Type 1A1 preamplifier;  the electrolyte  was 1M t-12804 
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at 25 ~ -+- 1~ and all potentials are given vs. the 
normal  hydrogen electrode. 

The cell was cleaned at different times in two dif- 
ferent  ways. The first method (5) was with hot HNO~ 
followed by numerous  rinses with t r iply distilled 
water. In the second method, the reference electrode 
and polyethylene-sealed bead were removed, and after 
cleaning with hot nitric acid the celt and remaining  
electrodes were steamed for several days while carry-  
ing the condensate out a side arm in a constant  s tream 
of purified H2. Periodically the cell was allowed to fill; 
on one such filling, NaOH was added to make hot 1M 
NaOH and the cell was soaked for 1 hr, and then 
r insed by fur ther  steaming. Final ly,  condensate was 
again allowed to collect and concentrated reagent 
grade H2SO4 was added to make up the electrolyte. In 
this cleaning technique, the cell is isolated from the 
room atmosphere at all t imes except when adding the 
NaOH or 1t2SO4, or when replacing the electrodes. 
Laboratory air was cont inuously purified (4). 

Solutions were cleaned by electrolysis under  H2 or 
He at 50 to 250 ma with the Pt  wire electrode as cath- 
ode and all other electrodes as anodes, the wire sub- 
sequently being cleaned with HNO8 and an H j O 2  
flame. Any electrode removed was r insed with concen- 
trated HNO3 and water  before reinsertion.  

Electrodes in the cell were cleaned by one or more 
of the following anodic treatments,  listed in  order of 
increasing severi ty and effectiveness: level 1, single 
anodic pulses just  up to 02 evolution region, as in 
Fig. 1; level 2, mult iple  pulses as in 1 with par t ia l  re-  
covery of potential  between pulses; level 3, d-c ano- 
dization at 3 amp/cm2; level 4, repeated (200/min) 7 
amp/cm 2 pulses for periods of 1 to over 10 min. 

Two classes of impurit ies could be distinguished by 
their influence on charging curves and by the difficulty 
of their removal  f rom an electrode surface or from 
solution. Their exact natures  are unknown;  they will 
be defined as "readily oxidizable" or "difficultly oxi- 
dizable" impurit ies as follows. The first category could 
be removed from an electrode by level 1 or 2 anodiza- 
tion and could be removed from solution by extended 
electrolysis. The "difficulty oxidizable" could be re- 
moved slowly and sometimes only part ial ly with level 
3 or 4 t reatment ,  and they could not  be removed from 
solution by electrolysis; they could be el iminated by 
cleaning the cell and charging with fresh solution. 

The strength of the bond between a foreign sub- 

Fig. 1. Traces 1 and 2; clean electrode charging curves at 
2.3 amp/era 2, 25~ time ~ 50 ~sec/cm, voltage ~ 0.5 v/cm. 
Trace 1 shows a full charging curve up to and into the O2 evolu- 
tion region, used to determine how much charge was required to 
deposit a monolayer of Pt-O. Trace 2 represents the pulse, ad- 
justed in length such that just one monolayer of Pt~ was deposited, 
whose decay time was subsequently measured. Trace 3 is the sub- 
sequent decay curve; time ~ 5 msec/cm, voltage ~ 0.2 v/cm. 
Decay time ~ 30 msec. The starting point of each trace is 0.000v. 
The end point of trace 2 is i.68v, just below the i.76v normally 
associated with the beginning of the 02 evolution region (3). 

stance and a p la t inum lattice may vary  cont inuously 
from weak physisorption to lattice incorporation. Im-  
purities will  be arbi t rar i ly  and operat ional ly divided 
into those removable by the cell and cleaning tech- 
niques used, and those not, with the former being 
called "sorbed impurit ies" and the la t ter  "lattice im-  
purities." It should be understood that under this divi-  
sion a sufficiently t ightly sorbed species could be 
classed as a lattice impur i ty  and would be experi-  
menta l ly  indist inguishable from one. 

M e a s u r e m e n t  of Decay  T i m e s  
The Pt  electrode was exposed to one-atmosphere 

hydrogen-sa tura ted  electrolyte un t i l  an equi l ibr ium 
H+/H2 potential  was reached. The electrode was then 
anodized with a single cons tant -current  pulse such 
that  just  one monolayer  of atomic oxygen was de- 
posited. Current  densities of 2.5 to 7.0 amp/cm 2 were 
used to avoid dermasorpt ion of oxygen in the metal  
lattice. Also, because of these high current  densities 
and since the pulses were te rminated  before the O2 
evolution region was reached, an insignificant amount  
of 02 was formed. At pulse cut-off, the electrode po- 
tential  became less positive as P t -O was reduced by 
reaction with hydrogen. The time required for the po- 
tential  to drop to a plateau at about 0.3v is defined as 
the decay time. At 0.3v, the electrode is v i r tua l ly  free 
of Oad and significant H sorption commences. Figure 1 
shows a typical display; for details see ref. (2). In 
ref. (2) vary ing  amounts  of oxygen qo were deposited 
on the electrode, and the observed decay times ];decay 
were converted to reaction rates ir where 

qo (coul /cm 2) 
i,. ( amp/cm 2) ---- [ 1 ] 

tdecay (sec) 

In this study, the tdecay resul t ing dur ing  removal  of 
one monolayer  of oxygen (420 ~coul/cm2), deposited 
on the electrode in the manne r  described above, was 
defined as to and reaction rates are f requent ly  dis- 
cussed in terms of the corresponding to. This procedure 
eliminates need for a priori knowledge of electrode 
area; it measures a quant i ty  related to specific reac- 
tion rate, automatical ly adjusted for surface area 
changes. In  these terms, the ir previously found for a 
clean system of 0.014 amp/cm 2 [from Fig. 4a of ref. 
(2); b lank correction requires that  ordinate values 
of Fig. 4 and 5 be divided by 2] is equivalent  to a 
monolayer  decay time, to, of 30 msec. 

During pulse cut-off and potential  decay, the im-  
pedance between the working electrode and any other 
cell component  must  be high enough so that  an in-  
significant cur ren t  flow results. This is achieved by 
using a 10 megohm probe [for circuit see Fig. 3, ref. 
(3)] and adding blocking diodes to the pulse gen-  
erator output  to impede back flow of current  after 
the pulse terminates [as in Fig. 2, r e f .  (6)].  Long 
decay times of over 100 msec that  later decrease wi th  
addit ional  purification are excellent evidence for the 
absence of significant current  leakage. Absence of long 
to in less active systems would indicate undetected 
leakage paths. 

Previous results (2) showed that  decay times in 
clean solutions are not  a function of hydrogen st i rr ing 
rate from 0 to 560 ml /min ,  nor  of current  density in 
the range used. The to values are independent  of soak 
time (time elapsed since last poIarizing pulse) from 1 
min to many  days; temperature  is not important ,  nor 
is hydrogen par t ia l  pressure (although longer soak 
times are required at lower part ial  pressures).  

CleanJiness Cr i te r i a  
For the purposes of this paper an electrode or a 

solution has been called clean if the following criteria 
were met. These criteria were monitored dur ing the 
course of the experiments  and were also used to esti- 
mate relative amounts  and types of contaminants,  
when  present. 



1122 J. Electrochem. Sot.: E L E C T R O C H E M I C A L  S C I E N C E  N o v e m b e r  1967 

Fig. 2. Views of flame-formed platinum bead at various approxi- 
mate amounts of clockwise rotation. Magnification ~ 12X. Photos 
by A. C. Simon. 

Hydrogen electrode potentials.--For a clean system, 
at PH2 = 1 atm, the potentials of the four smooth 
pla t inum electrodes differed by no more than 0.1 my. 

Current-voltage relations.--Recent (7) measure-  
ments in He-sa tura ted  solution in  a separate " im- 
proved gas-t ight  system" showed that  in that  system 
the rate  of electrode recontaminat ion with  oxidizable 
or reducible species was no more than one mil l ionth of 
the surface area per second, roughly equivalent  to 
contaminat ion rates in a 10 -t2 Torr  vacuum system. 
Further ,  there  was no indication of the presence of 
any nonoxidizable electrode poisons. Certain of the 
present  exper iments  were  carr ied out in this improved 
gas-t ight  system immedia te ly  after terminat ion of the 
previous work  (7). 

Anodic charging curves.--Figure 1 represents curves 
typical of a clean system (8). They show detail  in the 
hydrogen region, a small  plateau in the double layer  
region, and a l inear  oxygen region. To test system 
cleanliness with charging curves, it is first left  under  
flowing hydrogen at open circuit  for  extended periods 
(usually 16-64 hr, sometimes longer) .  Polar izat ion re -  
sult ing f rom the very  first pulse applied is photo-  
graphed. Af ter  several  in termedia te  charging curves 
to clean the surface, followed by a soak t ime of no less 
than 4 min, an addit ional  pulse is photographed wi th-  
out changing trace position. If the two superimposed 
traces are essentially the same, and if they  meet  the 
above cri teria concerning shape, the system is judged 
clean. If the pulses do not coincide, the differences in 
pulse shapes when  correlated with  soak t ime can give 
information on the type and amounts of contaminants  
present. 

Decay time.--In the course of this work  it was found 
that  a low decay t ime together with a l inear  Oad for-  
mation region is a dependable  measure  of cleanliness 
of an electrode and its associated electrolyte.  When-  
ever  possible, one electrode with  a to below 80 msec 
was obtained and used as a probe for solution condi-  
t ion while the other electrode was t reated in vary ing  
ways. So long as the solution probe electrode retained 
its to, short  and unchanging, the solution was consid- 
ered clean and unchanging. 

Results 

Effects of impurities.--Decay t imes are direct ly re-  
lated to solution and /o r  p la t inum cleanliness. Given 
an imperfect ly  cleaned solution, as shown by charg-  
ing curve  tests, newly  prepared Pt  electrodes gen-  
era l ly  showed re la t ive ly  high to of over  100 msec. 

This init ial  value was dependent  on a number  of var i -  
ables. Repeated solution and electrode cleaning caused 
a steady reduct ion of to to some l imit ing value, which 
will  be called the "base value"  of to. When this base 
value was reached, fu r the r  cleaning of solution and 
electrode had no effect on to, and unchanged values of 
to could then be observed over  t ime periods of many 
weeks. When a base value  was attained, other  tests 
indicated a clean solution. Base values at tained on 
different electrodes differed considerably, ranging 
f rom 25 to over  100 msec. 

Factors other  than solution or p la t inum cleanliness 
influence decay times. Two Pt  electrodes, nominal ly  the 
same and in the same solution at the same t ime usual ly 
showed different init ial  values of to, differing on oc- 
casion by almost two orders of magnitude.  Extended 
cleaning general ly  yie lded base values of to that  also 
differed, a typical pair being 32.7 ___ 3.2 and 100 __ 15 
msec (all errors given for to are standard deviat ions) .  
Previous work  2 indicated that  to of 29.6 • 3.0 msec 
could be at tained in clean solution, so that  Pt  wi th  a 
significantly higher  to was assumed to be capable of 
increased catalytic activity. Of the pair  of electrodes 
mentioned above, the one with an invar iant  to of 33 
msec indicated that  the solution was clean and un-  
changing. The other  was unaffected by any of the 
above cleaning techniques up to and including level  4 
anodization while s imultaneously boiling the solution. 
Other tests gave no evidence of impuri ty  present. It 
was concluded that  some factor other  than solution 
cleanliness or undesired sorbed species also influenced 
t~,. In a series of experiments,  the higher  base value 
to of a given pair was independent  of type of electrode 
mount ing (glass or Tef lon-polyethylene)  e l iminat ing 
that  variable.  The two-e lec t rode  studies described 
above also showed, that  given a clean solution, as in-  
dicated by the solution probe electrode, a newly  pre-  
pared Pt  electrode could be inserted into the cell 
wi thout  detectable solution contamination.  This re-  
sult was a necessary precondit ion to exper iments  de- 
scribed below. Such a newly  inserted electrode would 
sometimes have sorbed impur i ty  on it, as indicated by 
high initial to, that  could be removed by the cleaning 
techniques used. The resul t ing base value to var ied 
over  wide limits. 

Decay t ime on "act ive"  p la t inum in a clean solution 
increases on introduction of impuri t ies  to the solution. 
Active Pt  is here defined as that  wi th  to <35 msec in 
clean solution. The amount  of impur i ty  requi red  to 
cause a detectable change in to is re la ted to the base 
value of to originally shown; the lower the base value 
to, the more sensitive it is to traces of impurities.  Clean 
solutions containing two active electrodes were  ob- 
served over  long periods under  conditions, such as 
f requent  opening of the cell  for  short periods to insert  
or remove  one electrode, where  gradual  solution re-  
contaminat ion from impuri t ies  in the room atmosphere 
was expected to occur. The presence or absence of 
impur i ty  was est imated f rom charging curves, the 
re la t ive  amounts of impur i ty  f rom amount  accumu- 
lated in a given soak time. Simultaneously,  the base 
values of to were  moni tored as wel l  as the amount  
and level  of electrode cleaning requi red  to rea t ta in  the 
base value after long times on open circuit. 

In solutions bel ieved to be ve ry  clean, the decay 
t ime from the very  first charging curve  applied after 
12 days soak t ime was the same as the base value. 
With continued use, however ,  the "first decay t ime" 
after  a given soak t ime became higher  and higher  
and successively more severe electrode cleaning was 
required to bring to back to the base value. Finally,  
the original  base value became unattainable,  and 
"apparent  base values"  were  observed that  rose as 
more impur i ty  collected in solution. These apparent  
base values were  unaffected by electrode cleaning 
up to level  4, or by extended preelectrolysis  of solu- 
tion. Under  these conditions, both the solution probe 

-" Data  t a k e n  f r o m  t h a t  u sed  in  ref .  (2), F ig .  4a, and  i,. v a l u e s  con- 
v e r t e d  to c o r r e s p o n d i n g  to. 
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electrode and the working electrodes would show 
similar rises in apparent  base value to, that  is, they 
both appeared to be controlled by some external  
factor and took essentially the same value as they 
slowly rose together. 

Rising apparent  base values were connected with 
difficultly oxidizable impuri t ies  described more fully 
below. The point  in this sequence at which such an 
impur i ty  could be observed on the electrode using the 
charging curve test was highly variable,  but, in  gen- 
eral, first decay times observed after a few minutes  
soak that were higher than the base value would sig- 
nal  the presence of difficultly oxidizable impur i ty  
under  conditions where a charging curve after 8 to 
24 hr f requent ly  would not. On the other hand, when 
impur i ty  level in the solution was high enough to 
cause apparent  base values to rise, its presence could 
be confirmed via charging curves after 8-hr soak 
periods. 

This difficultly oxidizable impur i ty  had a number  
of interest ing properties. It was classed as difficultly 
oxidizable because it could not be removed from solu- 
tion by extended electrolysis, and because, when  
present in sufficient concentrations, it could not  be 
removed from the electrode by anodization, as indi -  
cated by charging curves and by the rising apparent  
base values. Yet after long s tanding in H2-saturated 
solutions, charging curves showed a species on  the 
electrode surface that  was oxidized at about lv. After 
this readily oxidizable species was removed, the elec- 
trode still had impaired catalytic activity, yet  charging 
curves gave no indication of any remaining  impuri ty.  
It  was tenta t ively  concluded that  this was some non-  
volatile, oxidized form of an impur i ty  that could in ter -  
act only slowly with H2 to give an oxidizable product 
on the electrode surface yet  was itself not removed 
with anodic treatment.  Note the interest ing similari-  
ties between this substance and CO2, which, when 
present  in  solutions containing Ha also causes anodic 
charging curves showing something being oxidized at 
around l v  (9). 

The importance of these observations is that diffi- 
cult ly oxidizable impurit ies might  accumulate in  any 
real system under  prolonged use. Even if the amount  
of surface covered with these impuri t ies  were too 
small  to influence charging curves, demanding  re-  
actions such as the P t -O/hydrogen  reaction could be 
affected. Hence, to s tudy such demanding reactions 
the usual  kinds of anodic cleaning may not suffice. 

The above results indicated that the increasing to 
were due to impur i ty  sorption. However, it was also 
possible that  some other process, such as a slow change 
in  the catalyst lattice, could be affecting the base to. If 
the increase in to had been due to sorption of some 
impur i ty  very resistant  to removal  by anodic polariza- 
tion, then recleaning the solution and cell should cause 
the original  value of to to be regained. These t reat-  
ments  would not  affect a changed catalyst structure,  
however. Experimental ly,  the original base value 
could be regained by recleaning the cell, recharging 
with fresh solution, and again cleaning solution and 
electrodes in situ. In  a typical case, the init ial  base value 
was 23 msec, the highest apparent  base value was 55 
msec, and the regained base value after recleaning 
was 25 msec. It  might  be argued that the solution elec- 
trolysis following recleaning of the cell would once 
again modify the base lattice to make it active again; 
however, the results in the paragraphs on Thermal  
Annea l ing  below show that anodization of a surface 
is not a necessary prerequisi te for an active surface, 
and further,  that  anodization of an inactive bu t  clean 
surface will not affect its activity in the least. 

Behavior of p la t inum with high to in clean solu- 
t ions.--If  under  the t rea tments  described, the only 
variable causing changes in  to were sorbed impuri ty,  
and if a system were sufficiently clean initially,  then 
the ini t ia l  value to should be the same as the base 
value. It  was desirable to obtain evidence in a system 

whose cleanliness was measured by an independent  
method. The improved gas-tight system (7) was such 
a system. The init ial  value of to was 270 msec; it was 
unaffected by  increasingly severe anodic t rea tment  up 
to level 4 while s imultaneously boiling the solution. 

Variables intrinsic to platinum.--Different Pt  elec- 
trodes, nomina l ly  the same, showed widely differing 
to even when clean and in  clean solutions. The var i -  
ables that  could affect the catalytic activity for the 
P t -O/hydrogen  reaction five or tenfold appeared to be 
fixed in the p la t inum when the electrodes were frozen. 
The following experiments  were pr imar i ly  designed to 
show that  this was the case. The P t  surfaces were re-  
arranged by remelt ing and by different heat - t rea t -  
ments, and the effect on decay time was observed. 
Surfaces were also etched with aqua regia. In  the 
following work, unless otherwise specified, solutions 
were clean as ind ica ted  by an active solution probe 
electrode with unvary ing  decay time, usual ly less 
than 25 msec, as well  as all other tests. Effects due to 
impuri t ies  introduced into the cell on a newly  in-  
serted electrode were eliminated, and all to under  
these conditions are necessarily base values. 

Thermal annealing.--Platinum beads were melted 
and recrystall ized repeatedly with determinat ion of to 
between subsequent  treatments.  They had highly var i -  
able decay times on successive trials. Figure 23 shows 
typical appearance of a wel l -annea led  Pt  bead before 
mounting.  I t  is nomina l ly  spherical with a number  of 
well-developed flat regions that may have crystallo- 
graphic significance. Not only are the developed flats 
regular ly  arrayed, but  emerging flat regions are also 
part  of the pattern,  for example, the emerging regions 
at 2 and 8 o'clock in the 45 ~ view are spaced between 
the large flats at 11 and 5 o'clock. A similar emerging 
flat can be seen in the 225 ~ view. Under  proper con- 
ditions, an entire bead could be held molten for as 
long as desired in  a relat ively large flame whose tem-  
perature was adjusted by changing the H2/O2 ratio. 
By reducing tempera ture  gradual ly the bead could also 
be kept indefinitely jus t  below the crystall ization tem-  
perature and then slowly cooled from there. Beads so 
formed had variable  to ranging from 20 to over 100 
msec; they were highly reflective and, in  general, 
would have no visible (10X optical) surface i r regu-  
larities other than the flats. Beads made with smaller  
flames or cooled rapidly from a mol ten condit ion fre-  
quent ly  showed fissures due to contraction on cooling, 
and flats were nei ther  so numerous  nor  well-formed. 
Their  to were also variable on repeat ing reforming of 
the same bead; they were f requent ly  much higher, a 
typical series being 550, 200, 600, and 650 msec. 

Typically, on inser t ing a newly formed bead, it was 
repeatedly anodized to oxygen evolut ion (in such a 
way as to ~ntroduce dermasorbed O) to remove sur-  
face impurities.  Usual ly this caused to to fall to a value 
lower than the ini t ial  value. It  was possible that  the 
repeated introduction of oxygen into the lattice fol- 
lowed by its removal with hydrogen was a l ternate ly  
expanding and contract ing the Pt  surface layers and 
that this was the essential process in  changing to. 
However, on several occasions, the ini t ial  to before any 
anodic polarization other than  the single charging curve 
was less than  30 msee and was also the base value, Le., 
heavy anodic polarization in clean solutions is not a 
prerequisite for low to. Fur thermore,  heavy anodiza- 
t ion of an originally clean electrode does not affect 
to even when it is as high as 270 msec (cf. section on 
behavior of Pt  with high to in clean solutions, above).  
Anodizat ion is presumed to reduce to pr imar i ly  by 
removing sorbed species. 

Chemical etching.--Decay t ime on a given Pt bead de- 
creased monotonical ly with t ime etched in  hot aqua 

3 P h o t o g r a p h s  we re  o b t a i n e d  by  s u r r o u n d i n g  t he  b r i g h t ,  r e f l ec t ive  
bead  w i t h  a w h i t e  r i g h t  c i r cu la r  c y l i n d e r  m a r k e d  w i t h  a b l ack  grid 
of p a r a l l e l  l ines .  I l l u m i n a t i o n  w a s  p r o j e c t e d  d o w n w a r d  t h r o u g h  a 
t r a n s l u c e n t  p l a n a r  surface ,  a lso m a r k e d  w i t h  a r e c t a n g u l a r  gr id ,  
t h a t  appea r s  as a b r i g h t  c i rcle  in  the  photographs. 
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regia unti l  a to was reached matching that  of the solu- 
tion probe electrode (be tween 20 and 30 msec).  Fu r -  
ther  etching caused no change in to, and it would 
then remain  unchanged as long as the solution re-  
mained clean. Since it remained unchanged over  long 
periods it was concluded that  contaminat ion by C12 
or C1- had been avoided. Microscopic examinat ion  
showed that  etching occurred first in the regions be- 
tween  fiats and, as etching continued, less and less 
area was unattacked,  but  the centers of many  of the 
flats remained bright  even after  15 min etching. Since 
attack is expected to take place at the most highly 
strained areas first, this supported the hypothesis that  
the flats might  be crystal lographical ly  significant. 

P l a t i n u m  wires  vs. p l a t i n u m  beads . - - I f  the s t ructural  
form of the under ly ing crystal  lattice is significant, 
then rates on wires should be different f rom rates on 
beads, for the drawing process introduces large num-  
bers of defects and possibly also surface impuri t ies  
that can only be removed par t ia l ly  by annealing. Fu r -  
thermore,  a wire  is unquest ionably composed of many 
small  crystallites. Wire electrodes under  extended 
aqua regia t rea tment  could not be brought  down to 
act ive bead values; the lowest wire  decay t ime 
achieved was 120 msec. 

Elec t rochemica l  rates on di f ferent  P t  e l e c t r o d e s . -  
Previous measurements  in this laboratory of hydrogen 
overvoltage,  anodic charging curves, etc., have not 
shown any detectable var ia t ion w h e n  measured on 
different electrodes, yet  the foregoing indicates that  
substantial  differences in catalytic act ivi ty for the 
chemical  P t - O / h y d r o g e n  reaction are the general  rule. 
This suggested that  these electrochemical  reactions 
may be facile reactions, i.e., independent  of Pt  pre-  
t reatment .  

Rates of oxidation and reduct ion of water  were  
measured in an improved gas- t ight  system (7) wi th  a 
to = 270 msec electrode. Brief  aqua regia  t rea tment  
reduced to to 50 msec, and three representa t ive  points 
were  redetermined.  Data are shown in Table I; the 
currents  were  measured under  He st irr ing rates of 
350 ml /min ,  and the currents  given for the to = 270 
msec electrode are mean values taken f rom Fig. 1 of 
ref. (7). Current  uncer ta in ty  at a given potent ial  is 
about __30%. Etching the Pt  bead did not  affect these 
rates wi thin  exper imenta l  error,  al though it increased 
the rate of the P t - O / h y d r o g e n  chemical reaction in- 
volved in the decay fivefold. 

Discussion 
The results show that each Pt  electrode as formed 

has some intrinsic act ivi ty for the chemical  react ion 

Pt-Oad -b hydrogen = Pt  + H20 [2] 

Hydrogen is avai lable f rom solution as H2 and f rom 
the Pt  metal  as dermasorbed H. The intrinsic activity, 
that  is, the catalytic act ivi ty  of the clean metal,  var ied 
widely  depending on how the meta l  was original ly 
crystallized, worked after  crystallizing, or etched. 
These t reatments  should affect the state of the surface, 
possibly by changing the type and number  of grain 
boundaries exposed at the surface, by changing the 
number  and distr ibution of crystal  defects at or near  
the surface, or by changing the number  and distr ibu- 
tion of impur i ty  atoms in the lattice and exposed at 
the surface. Carbon is one such impur i ty  persis tent ly 
present  in t race amounts  in platinum, and the plat-  
inum atoms surrounding such an impur i ty  are ex-  

Table I. Reaction rates on different electrodes 

C u r r e n t  C u r r e n t  
P o t e n t i a l  i n  a m p / e m ~  a m p / c m  ~ 

vo l t s  v s .  N H E  to = 50  m s e c  to = 2 7 0  m s e c  

+ 0 . 6 1 7  + 2 . 0  • 10  - s  + 2 . 0  x 10  - s  
+ 0 . 5 8 7  + 1.2 • 1 0 - s  + 1.2 x 10  - s  
+ 0 . 3 0 0  - - 4 , 5  x lO-S - - 6 . 0  x 10-~ 

pected to be quite different energetically.  Previous  
work (2) indicated that  oxygen present  as an impur -  
ity in the lattice would change activity. Which are 
the more important  variables cannot be established 
on the basis of these experiments.  

Since the detailed mechanisms of the chemical  P t -  
O/hydrogen  react ion and of the electrochemical  re -  
actions invest igated are not  known, it is not  possible 
to establish why  the fo rmer  should be so sensit ive to 
surface changes while  the lat ter  are unaffected. How-  
ever, it may be suggested that one way that these re-  
actions differ is in the extent  that  surface diffusion of 
reactant  is rate  limiting. Notwiths tanding the many 
differences between gas and solution phases, diffusion 
over the surface of a metal  is expected to be very  
sensitive to s tructural  differences. For  example,  in 
the gas phase, Ehrl ich and Hudda (10) observed that  
surface diffusion of tungsten adatoms on tungsten oc- 
curred at different rates on different single crystal  
planes, that  migrat ing atoms were  reflected at bound-  
aries of certain planes, and that  in some planes mo-  
tion along atomic rows was favored over diffusion 
across latt ice steps. The thermal  and chemical  t rea t -  
ment  used could act in a way to remove  barr iers  to 
rapid surface diffusion. It  was previously concluded 
(1) that  the probable r a t e -de te rmin ing  process in the 
decay react ion was diffusion of ei ther  O a d  o r  H a d  

over the surface to an act ive site. 
It is not appropriate  to speak in general  about  ac- 

tive or inact ive electrodes, for one may  be more ac- 
t ive than the other for a demanding reaction, but  both 
be equivalent  and as active as possible for a facile 
reaction. If the reaction that  defines the act ivi ty  is 
explici t ly given, then such ambigui ty  is avoided. This 
obviously also applies to such terms as electrode ac- 
tivation. One aspect of this invest igat ion should be 
stressed. Anodic p re t rea tment  of clean electrodes, for 
extended periods at up to 7 a m p / c m  2, changes ne i ther  
the surface area nor the Pt  act ivi ty  for the Pt-Oad/H2 
reaction. If, however,  P t  electrodes have impuri t ies  
sorbed on them, anodization can improve  such act iv-  
ity. P la t inum electrodes equal  in act ivi ty  to the best 
obtained could be achieved wi th  no init ial  anodic 
t reatment .  Such active surfaces stay active and un-  
changed indefinitely on open circuit, as long as they 
remain  clean. 

The combination of a charging curve  and its sub- 
sequent decay curve  gives extensive informat ion con- 
cerning solution and electrode cleanliness. Charging 
curves are ex t remely  sensitive to chemisorbed oxidiz-  
able substances (9) whereas  this work  shows that  they 
may fail to signal presence of traces of difficulty ox- 
idizable impurities.  On the other  hand, decay curves 
may not be influenced by t race amounts of easily 
oxidized species, which would tend to be r emoved  by 
the preceding charging curve, but  they are dependably 
influenced by difficultly oxidizable species present  in 
quantit ies too small  to be detected by any other tech-  
nique. Experience indicates that  these difficultly oxi-  
dizable impurit ies are more prevalent  than heretofore  
expected and, while  they requi re  demanding reac-  
tions to detect when  present  in trace amounts,  they 
can seriously affect catalysis. Exper ience also suggests, 
however ,  that  the electrochemical  reactions previously 
studied in this labora tory  to date are re la t ive ly  facile 
and unaffected by Pt  surface structure.  

Conclusions 

The specific rate of the chemical  reaction of oxygen 
chemisorbed on p la t inum with  hydrogen is par t icu-  
lar ly sensitive to metal l ic  pret reatment .  Under  clean 
conditions, certain thermal,  chemical  (etching) ,  and 
physical t rea tments  can modify this rate  manyfold  
while several  e lectrochemical  react ion rates moni tored 
concurrent ly  are unchanged.  

This demanding react ion is proposed as especially 
useful for ident ifying and examining  certain variables  
affecting catalysis. Because impur i ty  sorption is o n e  
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such variable, the rate of this reaction is one of the 
most responsive cleanliness tests available. It  is 
quickly and easily applied and is a convenient  way 
to monitor  solution puri ty.  

Anodization of a p la t inum surface is not a necessary 
prerequisi te for maximizing its catalytic activity 
either for the P t -O /hydrogen  reaction or for the elec- 
trochemical reactions investigated. Under  clean con- 
ditions, anodization of Pt  that  has low activity for 
this reaction does not  affect its activity in  the least. 
When sorbed impuri t ies  are present, anodic t rea tment  
can improve activity by  removing these sorbed spe- 
cies, but  such anodization cannot  do more than  bring 
activity up to that  intr insic to the clean metal  itself. 
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Electrochemical Formation and Dissolution of 
Different Types of Copper Layers on Platinum 

M. W. Breiter 
General Electric Research and Development Center, Schenectady, New York 

ABSTRACT 

The formation of adsorbed layers of Cu atoms and of thin and thick copper 
patches was studied at constant  potential  between 0.6v and 0.1v on smooth 
p la t inum in acidic solutions containing between 10-SM to 5"10-4M CuSO4. 
After  an activation procedure copper deposition was allowed for different 
times up to 1600 sec. The copper layers were characterized by the waves in 
the current -potent ia l  curves dur ing their  anodic str ipping by a l inear  po- 
tential  sweep at 30 mv/sec. Adsorbed layers alone are produced between 0.6 
and 0.4v. Sites for weakly and strongly bonded Cu atoms may be dist in-  
guished as for H adsorption. At potentials between 0.4 and 0.1v the adsorbed 
layer is formed first, followed by the formation of th in  and thick copper 
patches. The production of thin patches that do not yet possess the bulk 
properties of thick patches could be investigated at 0.3v. The extent  of 
the formation of th in  patches is small. 

The first studies (1-4) of the deposition and disso- 
lut ion of very small  amounts  of metals on iner t  elec- 
trodes were made with radioactive tracers. In  gen- 
eral, deposition of fractions of monolayers was ob- 
served to occur at a certain "undervoltage" with re-  
spect to the equi l ibr ium potential  of the reaction 

M z+ + 2 e - - - - - M  [1] 

Here, M z+ designates the metal  ion, and M, the metal  
atom in a lattice position. 

I t  was recognized (3) that  the undervol tage results 
energetically from the contr ibut ion of the heat of ad- 
sorption of the metal  atoms on the inert  metal  sur-  
face to the energy of act ivation of the discharge re-  
action. Electrochemical studies of undervol tage phe- 
nomena were carried out with different trace metals 
on electrodes of Au (5), Ag (5-7), and Pt  (8). A 
comprehensive paper involving Au, Ag, Cu, Bi, Pb, 
and Sn as inert  electrodes and Bi, Pb, Sn, T1, and Cd 
as deposited atoms was published (9) recently.  Ad- 
sorption of polarized adatoms or adions is widely as- 
sumed (10, 11) to play an impor tant  role in  the depo- 
sition of metal  ions on electrodes of the same metal. 

The decrease of hydrogen adsorption on smooth 
p la t inum in  the presence of traces of copper ions was 
studied previously (12). The present invest igat ion is 
much more comprehensive. It  was carried out for three 
reasons. First, the properties of the p la t inum surface 
have been characterized by extensive studies (13) of 
the adsorption of H atoms. Sites for the adsorption of 
weakly bonded H-atoms may  be easily distinguished 
(14-16) from sites on which H atoms are strongly 
bonded. It was of interest  to see if two types of sites 
are involved in  the adsorption of Cu atoms. 

Second, the t ransi t ion from the formation of an 
adsorbed layer to the format ion of thick copper layers 
may be investigated in a simple way. The growth of 
thick layers need not be uni form across the surface. 
Thin  layers (--~20A) of oxides or metals do not  yet  
possess (17) the properties of the bulk phase. The 
free energy of formation approaches (17) that  of the 
bulk  phase with increasing layer thickness. Thus the 
ini t ia l  formation of th in  copper layers may be ex-  
pected at potentials more anodic than the equi l ibr ium 
potential  of reaction [1], bu t  less anodic than  the 
potentials at which adsorbed layers are produced. Ex-  
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per imenta l  evidence for the behavior  of thin layers 
is scarce. The deposition and dissolution of small  
amounts of metals  on iner t  electrodes seems to offer 
an opportuni ty  to find out if and to what  extent  th in  
films exist as an in termedia te  stage in meta l  deposi- 
t ion in these systems. 

Third, the format ion of the described layers, espe- 
cially of the adsorbed layer  of Cu atoms should 
depend strongly on potential.  It  is the purpose of the 
paper  to establish this dependence for the system 
Pt /Cu .  

Exper imental  
The exper iments  were  made in a Py rex  glass vessel 

of s tandard design at 20 ~ • I~ The electrolytic solu- 
tions (XM CuSO4 § 0.5M H~SO4 or XM CuSO4 + 
1M HC104, X = 10 -~ to 5 �9 10-4M) were  prepared  
f rom double distilled water  and Analyt ical  Reagent  
chemicals. Purified hel ium was used to r emove  mo-  
lecular  oxygen from the solutions and for stirring. 
The  glass vessel was in an atmosphere of ni trogen 
inside a plastic dry box. The electrode potential,  U, 
was measured vs. a hydrogen electrode in 0.5M H2SO~ 
or 1M HC104, respectively.  

The fol lowing procedure which is similar  to proce-  
dures (18) for the study of the adsorption of organic 
species on pla t inum was adopted. The pla t inum wire  
electrode (0.5 cm 2 geometric surface area) was kept 
for 5 min under  He st irr ing at 1.4v. The st i rr ing was 
stopped. Two minutes later, the electrode potential  
was switched potentiostat ical ly to the desired poten-  
tial (0.1v ~ U ~ 0.6v). The oxygen layer  is reduced 
rapidly at these potentials. Deposition of copper atoms 
was al lowed for different t imes up to 1600 sec. Sub-  
sequently,  the copper layers were  removed by anodic 
potential  sweeps of 30 mv/sec .  In a given solution, 
the copper deposition was carried out for different 
t imes at 0.5v first, then at 0.4, 0.3, 0.2v, and finally at 
0.1v. The subsequent series of runs was made in a 
fresh solution with  increased copper sulfate concen- 
tration. 

The Wenking potentiostat  6 IRS, the Type 255 Func-  
tion Generator  of Exact  Electronics, a Western Electric 
275C Relay, and suitable potent iometers  formed the 
electronic circuit. The current,  I, was measured as 
voltage drop across s tandard resistors. The vol tam-  
metr ic  I -U curves were  recorded by the Varian F 80 
X - Y  recorder  or the Tetronix  502 Oscilloscope. Cyclic 
I -U curves were  also taken under  different exper i -  
menta l  conditions. 

Results 
Anodic I -U curves that  were  obtained after different 

t imes of deposition at 0.5v in 10-SM CuSO4 ~- 0.5M 
H2SO4 are replot ted in Fig. 1. The curves are shifted 
against each other. A wave  that is absent in 0.5M 
H2SO4 appears between about 0.6 and 0.9v. It was 

i I 
0,5 0.7 0.9 U (V) I.I 1.3 

Fig. 1. Anodic I-U curves ot 30 mv/sec offer different times 
of copper deposition at 0.Sv in 10-5M CuS04 -]- 0.SM H2S04: 
o, 50 sec; b, 100 sec; c, 200 sec; d, 400 sec; e, 800 sec; f, 1600 
sec .  

+ 8 ;  

~ .4 0 .6  

u (v) 

Fig. 2. Anodic I-U curves at 30 mv/sec after different deposition 
times at 0.1v in 10-5M CuSO4 ~ 0.5M H2SO4: a, 50 sec; b, 
100 sec; c, 200 sec; d, 400 sec; e, 800 sec; f, 1600 sec. 

verified by the corresponding exper iments  in 0.5M 
H2SO4 alone that this wave  is not due to the slow ad- 
sorption of traces of organic impurities.  The height  
of the wave increases wi th  time. It tends to a l imit ing 
value in Fig. 1 after 1000 sec. The charge equiva len t  
used up by the process that  causes the appearance of 
the wave  may be est imated by integrat ing the dashed 
area (sec curve  c) be tween the I -U curves with and 
without  this wave. It was 0.16 mcou l / cm 2 for curve  c. 
As wil l  be discussed later  in detail, the wave  is at-  
t r ibuted to the anodic remova l  of adsorbed Cu atoms. 
The deposition of Cu atoms on a Rh electrode has 
been postulated (19) previously at potentials U 
0.4v on the basis of the inhibit ion of the anodic disso- 
lution of molecular  hydrogen in 0.5M H2SO4 in the 
presence of traces of copper ions. 

The I -U curves taken after different deposition times 
at 0.1v in 10-~M CuSO4 + 0.5M HaSO4 are replot ted in 
Fig. 2. Curve a exhibits  two minima of the cathodic 
current  between 0.1 and 0.3v and the above described 
anodic wave  between 0.6 and 0.9v. The two minima of 
the cathodic current  are due to the superposition of 
the part ial  anodic current  of react ion [2] 

Had ~ H + ~ e -  [2] 

to the l imit ing diffusion current  of copper ions be- 
tween 0.1 and 0.3v at small  coverage with Cu atoms. 
The agreement  of each of the potentials of the two 
minima with the corresponding potentials of the hy-  
drogen peaks in 0.5M H2SO4 [see Fig. 1 in ref. (15)] 
demonstrates this. While the H layer  is formed rapidly 
at 0.1v, only a small  amount  of Cu atoms is deposited 
in 50 sec because of mass t ransport  control. The in- 
crease of the height  and the broadening of the anodic 
wave  between 0.6 and 0.9v is paral le led in curves b and 
c by a decrease of the part ial  anodic currents  of reac-  
tion [2]. It is concluded that  H atoms are replaced by 
Cu atoms that  are  more strongly bonded than hy-  
drogen atoms. 

Two new features are observable in curves d, e, and 
f. The broadening of the anodic wave  between 0.6 
and 0.9v leads to the appearance of another  peak. The 
two peak potentials differ by about 0.1v. S imul tane-  
ously, an additional anodic wave  with  the peak at 
about 0.3v increases in height  wi th  time. The de- 
ve lopment  of the described features  is accompanied 
by the disappearance of hydrogen adsorption. It  wil l  
be shown in the discussion that the wave  with  peak at 
about 0.3v may be ascribed to the anodic dissolution 
of thick copper patches. 

While it is possible to de termine  the charge equ iva-  
lent  of the wave  between 0.6 and 0.9v (compare curve  
c in Fig. 1) for U ~ 0.4v at deposition times up to 
1600 sec, the curves in Fig. 2 are an example  for the 
fact that  the integrat ion can only be made with cer-  
ta inty at shor ter  t imes for U -~ 0.3v. The overlapping 
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Fig. 3. Anodic I - U  curves at 30 mv/sec after 1600 sec at 0.3v 
inXM CuS04 + 0.SM H2S04: a, X ----- 10-5M; b,X ~ 3"10-5M; c, 
X ---~ 10-4M. 
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of the different waves  makes it  difficult to find the 
integrat ion limits at larger  times. There  is also the 
possibility that an addit ional  anodic wave  which is 
masked by over lapping effects exists be tween  0.35 and 
0.55v in curves d, e, and f of Fig. 2. The actual  pres-  
ence of this wave  is demonstra ted by the I-U curves 
in Fig. 3. These curves  were  taken after  a deposition 
of 1600 sec at 0.3v in XM CuSO4 ~- 0.SM tt2SO4 (X = 
10-~M, 3 �9 10-SM, 10-4M). The wave  with  the peak 
potential  at about 0.43v increases only slightly in 
height  wi th  the concentration of copper  ions. I t  could 
not be detected after  deposition at potentials U ~ 0.4v. 

The expected influence of mass t ransport  processes 
is demonstrated by the cyclic I-U curves of Fig. 4 in 
XM CuSO4 + 1M HC104 ( X - ~  4 �9 10-SM, 10-4M, 
5 �9 10-4M). St i r r ing increases the height  of the anodic 
wave  between 0.6 and 0.9v (compare curves a and a').  
The wave  between 0.35 and 0.55v appears in addition 
to the adsorption wave  at X = 10-4M in curve  b'. 
An increase of the sweep rate  has the same effect as 
a decrease of the ra te  of stirring, i.e., the  height  of 
the waves decreases (compare curve  b wi th  b' and c 
with c ') .  All  three  waves are present  in curve  c'. 
The split t ing of the adsorption wave  is visible in 
curves b' and c'. 

Discuss ion  
Conclusions on electrode reactions Jrom the f o ~ r r ~ -  

tion o~ thick films.--The thermodynamic  aspects and 
s teady-state  kinetics of the copper electrode have been 
discussed (20) recently.  Three electrochemical  net 
reactions, the standard potentials (21) Uo of which 
are given on the side of the equations, have  to be 
considered 

Cu + -~ e -  = Cu Uo = 0.522v [3] 

Cu ++ + 2 e -  = Cu Uo = 0.346v [4] 

Cu ++ + e -  = Cu + Uo = 0.170v [5] 

Thick copper layers could be buil t  up by three differ- 
ent  mechanisms (a) by react ion [3]; (b) by react ion 
[4]; (c) by a net local cell represented by reactions 
[1] and [2]. The contr ibut ion of react ion [3] is negl i-  
gible because of the small  concentrat ion of Cu +. The 
thermodynamics  demonstra te  that  the formation of 
thick layers according to reaction [4] is not feasible at 
U -~ 0.20v for X = 10-sM and at U ~-~ 0.23v for X = 
10-4M. The results in Fig. 5 suggest that  only react ion 
[4] contributes to the format ion of thick copper layers 
because of the occurrence of a peak at 0.3v in the re-  
gion of correct  thermodynamics  for Eq. [4] and by its 
absence when the thermodynamics  indicate that  re -  
action [4] wi l l  not  go. 

Curve d taken after  1600 sec of deposition at 0.1v 
and X = 10-4M coincides pract ical ly wi th  curve  c 
be tween 0.23 and 0.30v. The peak of curve  d appears at 
a more  posit ive potent ial  than that  of curve  c. This 
is in terpre ted  as a combined influence of act ivat ion 
polarization and resistance overvol tage  dur ing the 
final deplet ion of the thick copper layer.  Curves b, c, 

c 
~+g00 

e 

Fig. 4. Cyclic I - U  curves at 30 mv/sec (a, a', b', c') or 300 
mv/sec (b, c) in unstirred (a, b, b', c, c') and stirred (a') solutians 
of X M  CuSO4 -F 1M HCIO4: a, a', X = 4 . 1 0 - 5 M ;  b, b', X ~- 
1 0 - 4 M ;  c, c', X z 5 - 1 0 - 4 M .  

and d show the presence of the wave  be tween  0.6 and 
0.9v, in spite of the considerable charge equivalent  
corresponding to the dissolution of the thick layer.  
This is considered exper imenta l  evidence that  the 
thick layer  grows nonuniformly in patches on the Pt  
surface. 

Curves a, b, c and d in Fig. 2 demonstra te  that  the 
formation of the adsorbed layer  takes place first at 
0.1v. After  near ly  a monolayer  exists, the other  copper 
layers begin to form. The same s ta tement  holds for 
deposition at 0.2v. 

Formation o~ thin layers.--After deposit ion at 0.3v 
the small wave  between 0.35 and 0.55v is found for 

I000C I ~ I I 

500r  
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Io I I I I 
0.3 0.s u (v) 0.7 0.9 

Fig. 5. Anodic I - U  curves at 30 mv/sec offer 1600 sec at  0.2v 
(a, b, c) or 0.1v (d) in X M  CuS04 -F O.5M H2S04: o, X = 
1 0 - ~ M ;  b, X ~- 3 . 1 0 - 5 M ;  c, X ~ I 0 - 4 M ;  d, X = 1 0 - 4 M .  
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deposition times larger  than 400 sec at X : 10-SM, 
than 200 sec at X = 3 �9 10-SM, and than 100 sec at 
X = 10-4M. In contrast, the  wave  between 0.6 and 
0.9v is largely  developed when  the small  wave  begins 
to appear. This result  and the va lue  of the peak po- 
tent ial  of the small  wave  suggest that  a few patches of 
thin films wi th  in termedia te  behavior  be tween  ad- 
sorbed layers and thick layers are formed. Weak ad- 
sorption of Cu atoms in a second layer  on top of the 
first layer  might  be another  in terpreta t ion of the origin 
of the small  wave. However ,  a larger  dependence of 
the height  of the small  wave  on the concentrat ion of 
Cu + + than that  in Fig. 3 would  be expected in this 
case. 

Curve a in Fig. 5 shows that  the small  wave  is also 
present  af ter  deposition at 0.2v if the concentrat ion of 
Cu + + is sufficiently small  to rule  out the formation of 
thick layers. Humps in curves b, c, and d of Fig. 5 in-  
dicate the existence of the wave in the presence of 
thick patches. It  appears that  the thin patches have not 
been conver ted into thick patches under  the given 
conditions. 

A simple calculat ion demonstrates  that  the small 
wave  cannot result  f rom the format ion of a few thick 
patches according to reaction 3. In this case the con- 
centrat ion of Cu + ions would have to be 1.6 �9 10-4M 
at least. This is not possible for curves a and b in 
Fig. 3 wi th  X = 1O-SM and 3 �9 10-SM, respectively.  

Formation of adsorbed layers.--The wave  between 
0.6 and 0.9v can only be a t t r ibuted to the remova l  of 
adsorbed Cu atoms. Deposition of Cu atoms, accord- 
ing to reactions 3a and 4a 

Cu + -b e -  : C U a d  [3a] 

Cu + + Jr 2 e -  : 2CUad [4a] 

may occur at potentials more positive than the equi-  
l ibr ium potentials of react ion [3] and [4] at X --~ 
10 -4 M, since the free energy of act ivation of reactions 
[3a] and [4a] is smaller  than that  of reactions [3] 
and [4] because of the influence of the free energy 
of adsorption. The situation is similar to that  of reac-  
tion [2] for which the effect of the free energy of hy-  
drogen adsorption has been discussed (22) in detail. 

The charge equivalent  sQH corresponding to a mono-  
layer  of H atoms was determined f rom I-U curves in 
0.5M H2SO4 at the beginning of each series of deposi- 
tion runs in the usual way (23). It was found to decrease 
slowly with the number  of runs. The charge equiva-  
lents Qcu of the anodic wave  be tween  0.6 and 0.9v 
were  obtained for deposition at 0.4, 0.5, and 0.6v in the 
way shown for curve  c in Fig. 1. Table I contains s Q H ,  

Qcu, and ~cu = Qcu/2 �9 sQH at a deposition t ime of 
1600 sec for the different concentrations. 

The error  in the determinat ion  of sQH and Qcu is 
est imated as 5% leading to an error  of about 10% in 
~cu. Over lapping prevents  a rel iable determinat ion of 
~cu for U ~ 0.4v. 

In agreement  wi th  the results on the formation of 
thick layers, it had been assumed in the definition of 
8cu that  reaction [4a] is involved in the formation of 
the adsorbed layers of Cu atoms. The ec. values in 
Table  I support  this assumption since 6cu is la rger  than 
0.5 at 0.4v. The results in Table I demonstra te  that  
the adsorption depends s t rongly on potential.  As for 
the  adsorption of organic substances (18,24), the 
coverage decreases at constant bulk concentrat ion in 

Table I. Characteristic values for adsorption of Cu atoms 
at 0.4, 0.S, and 0.6v 

0.4v 
m c o u l  m c o u l  

s Q H - -  Q c u - -  0 .6v  0.6v 
cm ~ c m  ~ ~cu Qcu dcu Qcu 8Cu 

the potential  region of oxygen adsorption on plat inum. 
Oxygen atoms are more  strongly bonded than Cu 
atoms. Monolayer  format ion is not  yet  achieved at 0.4v 
in 10-4M CuSO4 -}- 0.5M H2804 according to Table I. 
The appearance of a second peak in the desorption 
wave is just noticeable after deposition at 0.4v and 
X = 10-4M. 

The anodic removal of CUad occurs in a potential 
region of about 0.35v. This width corresponds ap- 
proximately to that of the ionization of Had on smooth 
platinum in 0.5M H2SO4 at room temperature. Simi- 
larly, the desorption wave consists of two overlapping 
waves (see curves d to f in Fig. 2). A distinction be- 
tween loosely and strongly bonding sites may be made 
for CUad as well as for Had. However, while the num- 
ber of strongly and weakly bonding sites is approxi- 
mately equal for Had in 0.5M H2SO4, there are more 
strongly bonding sites than weakly bonding sites for 
Cuad. Since the adsorption experiments with Had and 
Cuad involve the same anions and the same concen- 
tration of anions, the latter difference is attributed to 
the specific influence of the adsorbed species on the 
surface states in the sense of an induced effect. 

Comparison of the preceding conclusions with the 
results o5 cyclic vol tammetry.- -The conclusions on the 
format ion of thick and thin copper layers and of ad- 
sorbed layers of Cu atoms are confirmed by the results 
obtained by cyclic vol tammetry .  Deposition of Cu 
atoms starts dur ing the cathodic sweep af ter  the 
oxygen layer has been reduced. 

The  hydrogen waves  are wel l  pronounced in curve  
a of Fig. 4, and the desorption wave  of Cu atoms is 
small in unst i r red 4 �9 10-4M CuSO4 ~ 1M HC104. 
St i r r ing of the solution decreases the thickness of the 
diffusion layer. More Cu atoms were  deposited in the 
case of curve a' than in curve  a. The desorption wave  
is large. The cathodic current  of Cu + + deposition is 
superimposed to that  of the deposition of the H layer  
during the cathodic sweep. This effect is c lear ly  pro-  
nounced for curve  a' taken in the s t i rred solution. 
Owing to blocking of sites for H adsorption by ad-  
sorbed Cu atoms, the hydrogen wave  is small  in curve  
a'. The sweep rate  and the concentrat ion of Cu ++ 
are such that  format ion and remova l  of only the ad- 
sorbed layer  are observable.  

The desorption wave  of Cu atoms is small  in curve  
b of Fig. 4 because of the short deposition t ime at a 
sweep rate of 300 mv/sec .  At  30 mv/sec  monolayer  
formation can be considered comple te  as indicated by 
the presence of the two peaks of the desorption wave. 
The small wave  at the foot of the desorpt ion wave  
shows that a few patches of thin films are dissolved 
there. 

As to be expected the height  of the desorption wave  
in curve  c' increases wi th  the Cu + + ion concentrat ion 
above the height  of the corresponding wave  in curve  
b. Simultaneously  hydrogen adsorpt ion decreases. The 
re la t ively  large cathodic current  be tween  0.4 and 0.05v 
in curve  c' indicates tha t  format ion of the thick layer  
occurs in 5 �9 10-4M CuSO4 + 1M HC10~ at 30 mv/sec .  
The presence of the first anodic wave  confirms this 
conclusion. In addition, the waves  corresponding to 
the removal  of the thin layer  and of the  adsorbed 
layer  are wel l  pronounced. 

It is clear f rom the preceding discussion that  the 
same conclusions that  were  obtained in a quant i ta t ive  
manner  f rom the results in Fig. 1 to 3 may be drawn 
in a qual i ta t ive  manner  f rom the curves in Fig. 4. 

Manuscript  received March 22, 1967; revised manu-  
script received ca. June  29, 1967. This paper was pre-  
sented in part  at the Dallas Meeting, May 7-12, 1967. 

Any  discussion of this paper wil l  appear in a Discus- 
sion Section to be published in the J u n e  1968 JOURNAL. 
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Use of Nonlinear Circuits 
for the Acquisition of Electrode Kinetic Data 

S. D. James ~ 

Brookhaven  National Laboratory,  Upton, N e w  Yor/r 

A wide variety of relaxat ion methods has been de- 
vised to measure the parameters  characterizing the 
kinetics of electrode processes. The usual  single-pulse 
techniques involve recording t rans ient  i, ,|, or Q 
(charge) vs. time, immediate ly  following the imposi- 
t ion of a galvanic s tep-funct ion to the cell (1-5) or 
recording ~ vs. t after the completion of a very abrupt  
increment  in electrode charge density (6, 7). 

In  the potent ial-s tep (1), potent ia l -s tep- in tegra l  
(2), voltage-step (3), and small  ampli tude cur ren t -  
step or galvanostatic (4) methods, the required pa- 
rameters  are obtained from the slope and intercept  of 
plots of i, ~, or Q vs. t 1/~. In  the charge-step method 
(6) and its derivat ive cur rent - impulse  method (7), n 
is abrupt ly  changed with a slug of charge. The double 
layer  then relaxes by discharging through the elec- 
trode reaction, and kinetic parameters  are extracted 
from plots of In ~ vs. t. In  the large ampli tude cur-  
rent -s tep  or chronopotentiometric method (5) the re-  
quired plot is ~ vs. In ( 1 - - A t l / 2 ) ,  where A = T -1/2, 
T ~- t ransi t ion time. 

It appears that  much more at tent ion has been  paid 
to the imposition of the electrical per turbat ion than 
to the read-out  of cell response (8). The usual  data 
acquisit ion method in these studies has been to photo- 
graph an oscilloscopic record of the electrical var iable  
vs. t ime and then replot the data in the form designed 
to achieve l ineari ty.  Apar t  from the t ime consumed 
(especially in  chronopotent iometry)  and the errors 
introduced by this replotting, the exper imenta t ion  
lacks fluency, punctuated  as it is by hiatuses for the 

1Presen t  address:  Elec t rochemis t ry  Division, Chemis t ry  Research 
Depar tment ,  U. S. Nava l  Ordnance Labora tory ,  White Oak, Mary-  
land. 

replotting. This is especially t rue  in  the ~ or i vs. t 112 
experiments  where the l inear i ty  with t 1/2 is often 
ra ther  brief and elusively sandwiched between the de- 
cay of capacitative cur ren t  on the one hand  and the 
onset of pure diffusion control on the other. The 
examinat ion  of a few t ime scales is always desirable 
to locate the one best displaying the l inear  region. In  
the opinion of the present  author, these difficulties 
may, at least in part, explain the relat ive paucity of 
applications of these methods (9). 

The use of nonl inear  circuits is recommended for 
the direct display of the desired l inear  relations. De- 
vices possessing a logarithmic response have been on 
the market  for about five years and appear well 
adapted for the direct display of In ,i vs. t curves 
(6, 7) by interposit ion between the cell output  and the 
y-plates  of the CRO. About  three years ago many  
other non l inea r  devices became avai lable in the form 
of p lug- in  uni ts  which can perform a broad spectrum 
of mathematical  operations on an electrical signal 
(these devices are the bui lding bricks of the more 
advanced analogue computers) .  There seems no rea-  
son why a direct read-out  of, e.g., the chronopotent io-  
metric l inear i ty  between ~ and i n  ( 1 -  At1/2), could 
not be obtained with a combinat ion of four of these 
devices: a quadrat ic  for 0/2, l inear  for A, differential 
amplifier to get (1 - -  At1/2), and finally a logarithmic 
device. 

Of part icular  use in  electrochemical kinetics is the 
square-root ing circuit  or "quadratic transconductor," 
which can convert  an input  V into an output  pro- 
port ional  to V 1/2. By diver t ing the ramp voltage which 
drives the t ime base of an oscilloscope through one of 
these circuits, the t ime base can be made to displace 
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"A" e - -  
TRIGGER 

EXT r 
HORIZ 
I NPUT 
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Fig. i. Circuit designed to illustrate square-rooting of CRO time 
base. T, Time mark generator Tektronix 180A; CRO, Tektronix 
547; PSQ-N and P85AU, quadratic transconductor and differential 
operational amplifier, respectively, of Philbrick Researches Inc. 

according to t 1/2 instead of t. Thus a direct display of 
the commonly useful t 1/2 l inear i ty  is secured. A cir- 
cuit designed to effect and i l lustrate the square-root ing 
of an oscilloscope's t ime base is shown in Fig. 1. 
PSQ-N is the quadratic device. Its input  is 0-10v, and 
the accuracy of the square-rooted output  is 0.1% of 
ful l  scale. The response, in terms of a set t l ing- t ime to 
wi thin  10% of its final value, is 1 ~sec. Thus it is al- 
ready suitable for most applications and fur ther  i m -  
provement  in both accuracy and response time is to be 
expected. Figure 2 is a photograph of 1-msec markers  
on a total t ime-base in terval  of 10 msec. The time 
base was square-rooted with the circuit  of Fig. 1. If 
a cell output  instead of the t ime markers  were applied 
to the y-plates,  a direct recording of output  vs. t 1/2 
would be obtained with an  abscissa dimension of 10 -2 
secl/2/cm. 
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Fig. 2. Photograph illustrating square-rooting of CRO time 
base. Total time interval of 10 msec starting from the right. 
Markers at 1-msec intervals. 

Manuscript  received Ju ly  31, 1967. 

Any discussion of this paper will  appear in a Discus- 
sion Section to be published in the June  1968 JOURNAL. 

REFERENCES 
1. M. Fle ischmann and H. R. Thirsk, Trans. Faraday 

Soc., 51, 71 (1955) ; H. Gerischer and W. Vielstich, 
Z. Physik .  Chem., 3, 16 (1955); ibid., 4, 10 (1955). 

2. J. H. Christie, G. Lauer, and R. A. Osteryoung, J. 
Electroanal. Chem., 7, 60 (1964). 

3. W. Vielstich and P. Delahay, J. Am.  Chem. Soc., 
79, 1874 (1957). 

4. T. Berzins and P. Delahay, ibid., 77, 6448 (1955). 
5. Ibid., 75, 2486 (1953). 
6. P. Delahay, J. Phys.  Chem., 66, 2204 (1962); W. H. 

Reinmuth,  Anal. Chem., 34, 1159 (1962). 
7. W. D. Weir and C. G. Enke, J. Phys. Chem., 71, 275, 

280 (1967). 
8. Cf., e.g., Symposium on Operat ional  Amplifiers in 

Analyt ical  Ins t rumenta t ion ,  Anal. Chem., 35, 1770 
(1963). 

9. N. Tanaka and R. Tamamushi ,  Electrochim. Acta,  9, 
963 (1964). 

Charge-Transfer Coefficients for Aqueous Cd (11) 
Evaluated by Large Amplitude A-C Polarography 

J. D. McLean and Andrew Timnick 

Depar tment  of Chemis try ,  Michigan State  Universi ty ,  East Lansing, Michigan 

This article is an extension of the ini t ial  work on 
large ampli tude a-c polarography of aqueous Cd(II)  
(1). The purpose of this work is to test the extent  of 
applicabil i ty of existing equations developed for low 
ampli tude a-c polarography by determining the effect 
of large ampli tudes of the applied a-c potential  on ex-  
per imenta l ly  determined charge- t ransfer  coefficient 
(~) values for Cd (II) in aqueous solutions. 

The solutions and chemicals employed in this work 
were described previously, as well as the ins t rumenta -  
tion and experimental  techniques (1). 

Charge- t ransfer  coefficients can be evaluated from 
cot ~ vs. ~1/2 plots of a-c polarographic data, where r 
is the corrected phase-angle  between the applied a-c 
potential  and the measured a-c current  from the 
polarographic cell, and ~ is the angular  f requency of 
the applied a-c potential. The phase-angles are cor- 
rected for uncompensated solution resistance and 
double- layer  charging current  of the support ing elec- 
trolytes according to the method of Bauer and Elving 
(3). The exper imental  constants necessary for these 

corrections are listed in Table I. To calculate values 
for ~, it is necessary to obtain the slopes of cot ~ vs. 
~1/2 plots evaluated at two different d-c potentials. 
The following equation is used for this calculation (2) 

f < l + e ~ 2 )  ( s l o p e  1 ) }  2.303 log ~ --log 
a (J2 --  Jl) 1 + eh slope 2 

[1] 
where 

nF 
j l  -~ - -  (Ed.c.1 --  E1/2 R) [2] 

R T  

n F  
J2 = (Ed.c. 2 - -  E l / 2  R) [3]  

R T  

In these equations the subscripts, one and  two, refer 
to the two d-c potentials, Ed.c.l and Ed.c.2, respectively, 
and El~2 R is reversible ha l f -wave  potential. The slopes 
listed in Tables II and III are the least squares slopes 
of cot r vs. ~1/2 plots evaluated  at 15 frequencies be-  



Vol .  114, No.  11 C H A R G E - T R A N S F E R  C O E F F I C I E N T S  F O R  Cd 

Table I. Experimental constants for the correction of the phase-angle for ~arlous supporting electrolytes 
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S u p p o r t i n g  E1/i E1/2 R Ea/~ 
e l e c t r o l y t e  E~/~ vs.  SClV, v a cd.t . ,  ~f R t  o h m s  cd. t . ,  ~,f R t  o h m s  cd. l , ,  g,f R~ o h m s  

1,0M Na~SO~ -- 0.606 0.844 78.7 0.834 78.7 0.81fi b 74.3 b 

1 .0M H~SO~ -- 0.597 0.966 56.0 0.856 b 60.4 ~ 0.912 56.0 

a E~]~ a n d  E~/~ w e r e  d i s p l a c e d  14 m y  f r o m  E~/~  in  a l l  m e d i a ,  
D e t e r m i n e d  w i t h  a s e c o n d  D .M.E .  

Table I[. Variation of the charge-transfer coefficient with 
changing amplitude of applied a-c potential for 

5.0 x 10 -4M Cd(ll) in 1.0M Na2S04 

Table III. Variation of the charge-transfer coefficient with 
changing amplitude of applied a-c potential for 

5.0 x ]O -4M Cd(ll) in 1.0M H2S04 

A E p - -  p,  S l o p e  • 10~ S l o p e  • 102 S lope  • 10 ~~ 
m v  a t  E1/, a t  E1/~  a t  E3/~ a ~ a b 

A E p - -  p ,  S lope  x 103 S l o p e  x 10 ~ S l o p e  x 102 
m v  a t  Ellt a t  E1/2 R a t  E31~ a a a b 

10 1.77 2.69 3.15 0.24 0.24 10 8.71 1.32 1.57 0.23 0.22 
20 1.50 2.28 2.58 0.25 0.25 20 8.29 1.35 1.58 0.20 0.21 
30 1.48 2.40 2.69 0.23 0.25 30 8.00 1.45 1.46 0.22 0.20 
40 1.45 2 .24 2 .55 0.24 0.24 40 8,21 1.38 1,59 0.20 0.20 
50 1.59 2.26 2.73 0.25 0.25 50 8.26 1.37 1.54 0.21 0.22 
60 1.55 2.21 2.60 0.26 0.26 60 8.27 1.30 1.58 0.20 0.20 
70 1.49 2.20 2.42 0.28 0.28 70 8.37 1.21 1.54 0.22 0.22 
80 1.52 2.14 2.43 0.28 0.28 80 8.23 1.26 1.40 0.25 0.26 
90 1.49 2 .03 2.32 0.30 0.30 90 8.31 1.21 1.39 0.26 0.26 

100 1.62 2.13 2.41 0.32 0.32 100 7.76 1.06 1.38 0.23 0.24 

a O b t a i n e d  f r o m  r a t i o  of s lopes  a t  E314 a n d  E~I~, see Eq .  [1] .  
b O b t a i n e d  f r o m  a n  a v e r a g e  of  a ' s  e v a l u a t e d  f r o m  t h e  r a t i o  of 

s lopes  a t  E1/.,~ a n d  El/~ ancl a t  E3/~, a n d  E1/~,  see Eq.  [1 ] .  

a O b t a i n e d  f r o m  r a t i o  of  s lopes  a t  E3/~ a n d  E1/*, see Eq .  [1] .  
b O b t a i n e d  f r o m  a n  a v e r a g e  of  ~ ' s  e v a l u a t e d  f r o m  t h e  r a t i o  of 

s lopes  a t  EI/~ ~ a n d  E1/~ a n d  a t  E~/~, a n d  E1/~,  see Eq .  [1 ] .  

tween 30 and 1100 Hz, at d-c potentials of E1/4, E l l 2  R 

and E3/4. The various support ing electrolytes were 
used to obtain a range of values for the apparent  
heterogeneous rate constant  (ku) since the accuracy 
of the determinat ion of a depends on the magni tude  
of kh. 

Table II lists the variat ion of values of ~ with in-  
creasing ampli tude of the applied a-c potential  for 
Cd(I I )  in 1.0M Na2SO4, for which k~ : 0.06 cm/sec. 
Table III lists similar variations of a for Cd(II )  in 
1.0M H2SO4 for which k h  ~-- 0.14 cm/sec. From Tables 
II and III  it is apparent  that  a values, as determined 
by the low ampli tude equation, do not vary markedly  
up to an ampli tude of 80 mv peak to peak. Although the 
a values show good agreement, some deviations in the 
plots become apparent  above 40 inv. These deviations 
occur as a distinct fall ing off from ]inearity in the cot 
r vs. ~1/2 plots at frequencies above 600 Hz, with the 
magnitude of the error increasing directly with the 
frequency. For typical plots, see Fig. 1 of the pre-  
vious paper (1). In  all of these plots the intercept  is 
one on the cot r axis at zero frequency, as predicted 
by low ampli tude theory. 

The changes in the slope of the cot ~ vs. ~1/2 plots 
with increasing ampli tudes are smaller  at Ell4 and E~z4 
than at E1/2 a. This leads to the conclusion that  accept- 
able values of a can be evaluated at large ampli tudes 
even though a is more sensitive to changes in the slope 
of these plots, than is ku. Smith's  (4) fheoretical plots 
of cot ~ vs. Ed.c. for a hypothetical  system at ampl i -  
tudes of 10, 40, 60, and 80 my peak to peak, predict 
smaller slope changes at El/4 and E8/4 than  at E1/e R, 
in agreement  with the results obtained in this study. 

The conclusions of this study are only valid for 
charge- t ransfer  coefficients for systems having ap- 
parent  heterogeneous rate constants in the range 0.01 
to 0.20 cm/sec, as is the case for Cd(II )  in the various 
sulfate media. When employing large amplitudes, 

charge- t ransfer  coefficients should only be evaluated 
with low ampli tude equations at potentials near  Ell4 
and E3/4 or from averages of data obtained at Ell4 and 
El~2 a and at E1/2 R and E3/4, since the larger variations 
in the slopes of cot ~ vs. L91/2 plots at El~2 R are el im- 
inated in  this manner .  

Transfer  coefficients for Cd(II )  in 1.0M KNO3 could 
not be evaluated due to the large value of the hetero- 
geneous rate constant  of 0.67 cm/sec. This caused the 
ratio of the uncertaint ies  in the slopes of cot ~ vs. ~1/2 
plots to become competit ive with the values of the 
ratio of the slopes. 

The results obtained for the aqueous Cd(II)  system 
indicate that, if the apparent  heterogeneous rate con- 
s tant  for electron transfer  is between 0.05 and 0.20 
cm/sec, low ampli tude equations can be used to cal- 
culate a values for applied a-c potentials of up to 80 
mv peak to peak, which is considerably beyond the 
previously predicted l imit  of 16/n mv which would be 
8 mv for Cd (II) .  
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ABSTRACT 

The anodic oxidat ion of tan ta lum in the gas phase was studied using an 
electromagnetic,  ion cathode. The anodic films were  prepared at constant 
current  densities of 1.0 and 2.0 m a / c m  2. The growth characterist ics of anodic 
tan ta lum oxide films, in the gas phase, were  found to be s imilar  to films 
prepared in l iquid electrolytes. A comparison is made be tween  the results Of 
this study and other  repor ted  gas phase reactions wi th  various anode surfaces. 
The tan ta lum oxide growth, for the exper imenta l  conditions reported here, 
is shown to be l inear ly  dependent  on the total  charge passed in the anode 
circuit  during the react ion up to a format ion vol tage of 200v. 

Tanta lum oxide films prepared by anodic reactions 
in aqueous and nonaqueous electrolytes have been 
shown to contain impuri t ies  f rom the solution (1-3). 
Anodic oxide films prepared  in an oxygen discharge 
(4-7) have been found to exhibi t  physical  and elec- 
tr ical  propert ies  analogous to those found with  films 
formed in l iquid electrolytes.  Certain aspects of the 
growth of films by anodization in l iquid electrolytes 
are similar  to those observed during gas phase anodi-  
zation. Examples  are the relat ionship be tween thick-  
ness and the formation vol tage and the current  decay 
at constant voltage. 

Some authors (5) repor t  the presence of a large 
electron populat ion in the gaseous electrolyte  and 
anode tempera tures  as high as 200~ during anodiza-  
tion. This paper reports  the use of an e lec t romagnet ic  
ion cathode which was designed to l imit  the electron 
and posit ive ion concentrat ion in the gaseous elec- 
trolyte. Separat ion of the ion cathode f rom the anode 
reduces heat ing effects of the anode and allows for the 
observation of the anode react ion wi thout  the mask-  
ing effects of a general  discharge. Results are com- 
pared wi th  anodic oxidation of tan ta lum in aqueous 
electrolytes and with gas phase anodization of va r i -  
ous mater ia ls  as repor ted  by others. 

Experimental 
The gas phase electrochemical  cell is i l lustrated in 

Fig. 1. Par t  of the cell (see Fig. 2) consists of an 
electromagnetic  ion cathode. The p r imary  function 
of the ion cathode is to serve as a source of negat ive  
charge carriers. The ion cathode consists of a pe rma-  
nent  magnet  (1400 gauss),  a tan ta lum cyl inder  which 
serves as a cathode, and a tungsten coil which serves 
as a pos i t ive  electrode. The tan ta lum cyl inder  (cath-  
o d e )  was held at 500 to 1000v negat ive  wi th  respect  
to ground while  the tungsten coil was mainta ined at 
ground potential.  The magnet ic  field served to restr ict  
the motion of the electrons to the space defined by the 
tungsten coil and thereby  enhance the probabi l i ty  of 
electron capture by the oxygen. The oxygen is intro-  
duced at the base of the ion cathode through a var i -  
able l eakJ  

The anode consisted of a tanta lum sheet, 0.010 in. 
thick, which was connected to an electr ical ly insulated 
lead. The tan ta lum anodes were  constructed f rom 
metal lurgical  grade (99.90% min) tan ta lum sheet sup-  
plied by the Fansteel  Metal lurgical  Company. The 
anodes were  prepared  by cleaning in a hot detergent  
solution for several  hours, fol lowed by rinsing in 
f reshly disti l led water.  Af ter  drying, an anode area of 
3.6 cm ~ was defined by masking the rest  of the anode 
with  v inyl  insulat ing tape. Electr ical  contact  to the 
anode was made by contact ing a wide strip of thin 
tan ta lum sheet to the back of the anode to serve as 

1 V a c t r o n l c  v a r i a b l e  l e ak ,  m o d e l  n u m b e r  V V S - 5 0 W .  

a low resistance contact. Only the 3.6 cm 2 anode area 
was exposed to the gas electrolyte.  

The pressure of the cell, de termined by a discharge 
gauge located in the base plate, was first reduced to 
5 x 10 -~ Torr  and was mainta ined at this pressure for 
less than 1 hr  in order  to l imit  possible contaminat ion 
due to backstreaming of the diffusion pump oil. The 
cell  was then backfilled wi th  oxygen to a pressure of 
70 mTorr.  

One of the operat ing characterist ics of our gas phase 
anodizing cell was that  no significant anode current  
was measured when the anode was negat ive  wi th  re-  
spect to ground. This was t aken  as evidence for a 
low concentrat ion of posit ive ions leaving the  ion 
cathode. The presence of posit ive ions in the gas 
phase cell  was invest igated using a probe fashioned 
after that  described by Barnes (8,). Posi t ive ions were  

j=~.GLASS BELL JAR 

I ~ T A N T A  LUM ANODE 

I I 
DISCHARGE V ~ =1 b IJ V 

GAUGE I > L I ~  • ~__~.._.._~ TO CONTROLLED 
oX,OEN GAS SOPPLY 

DIFFUSION ~ - - ~ - ~ ' ~  - - J 
PUMP - [ ,-JTk-, J ~ ION CATHODE 

L . .~T , ,T , , ,~ -~ -~__F~,  CORRENT METE. 
ION CATHODE / I I 
VOLT METER / j ~ CuRRAENODEMETER 
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Fig. 1. Gas phase onodization apparatus 
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Fig. 2. Electromagnetic ion cathode 
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Fig. 3. Chronopotentiograms for constant current density. 0 ,  

1.0 mo/cm 2, 40~ A ,  2.0 ma/cm 2, 70~ ion cathode voltage 
~750v, current 25 ma; oxygen pressure, 70 mTorr. 

detected only when  the anode was positive with re-  
spect to ground and only when the probe was in a 
zone character ized by a pale green glow immedia te ly  
adjacent  to the anode surface. 

Anodic reactions were  carr ied out at anode current  
densities of 1.0 and 2.0 m a / c m  2. The anode tempera-  
ture, which was measured by a thermocouple  at-  
tached to the metal  back of the anode, did not ex-  
ceed 40~ for the anodic reactions performed at 1.0 
m a / c m  2 and 70~ for reactions at 2.0 m a / c m  2. 

All films were  grown at a constant current  density 
and to a predetermined voltage. This voltage is de-  
fined as the formation vol tage and is measured be- 
tween ground and the metal  anode. Figure  3 i l lus-  
trates the vol tage- t ime dependency for films formed 
at current  densities of 1.0 and 2.0 m a / c m  2. It  wil l  be 
noted that  in Fig. 3 the vol tage- t ime curves do not 
intersect  the ordinate  at zero time. This is because it 
was observed exper imenta l ly  that  in a t ime of about 1 
sec or less the anode voltage would rise to about 45- 
50v for current  densities of 1.0 and 2.0 m a / c m  2 

In Fig. 4, the anode current  is plotted as a function 
of t ime for a 100v gas phase anodic TarO5 film. It is 
seen that  the relat ionship is nonlinear,  whi le  the re-  
ciprocal cu r ren t - t ime  function is linear. 

F igure  5 is a plot of the anode current  in the gas 
electrolyte as a funct ion of the applied anode voltage 
for a constant film thickness. In order to study this 
effect a 100v film was first prepared by gas phase 
anodization at a constant current  density of 2.0 m a /  
cm ~. The applied voltage was reduced to zero and then  
increased in small  increments.  The cur ren t  was mea-  
sured after  each increment.  Since there  was no notice- 
able change in the in terference color of the film it is 
assumed that  there was not a significant increase in 
the film thickness. F igure  5 reveals  a relat ionship be- 
tween the anode current  density and the applied vol t -  
age which is probably  due to s imultaneous changes 
in the electr ical  characterist ics of both the gas elec- 
t rolyte and the oxide film. It is of interest  to note 
that  the steep rise in the current  density be tween  32 
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Fig. 4. Time dependence of anode films form at a constant 
formation voltage. (2), current density vs. time; A ,  reciprocal cur- 
rent density vs time. 
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and 50v is in the same region as that  where  film 
growth begins. 

F i lm thickness was determined by capacitance mea-  
surements  and by comparison with an optical step 
gauge. In the capacitance measurements  eighteen 
gold contacts, measur ing approximate ly  0.020 cm 2, 
were  deposited on the oxide film. Electr ical  contact to 
the gold film was made with  a smaller  spot of con- 
duct ive si lver paint. Af te r  the si lver paint  had dried, 
the capacitance of the films was measured using a 
type 716-C General  Radio Capacitance Bridge. Ca- 
pacitance values measured at 1 kc/sec are  shown in 
Table I. Thicknesses were  calculated assuming a di- 
electric constant of 27.6 (9). The possible presence of 
~Ta2Os, which Pavlovic  (10) showed to have  a much 
larger  dielectric constant, was discounted by the ob- 
servation that  the capacitance and the dissipation 
factor of our films remains near ly  constant  f rom 77 ~ 
to 300~ while  the dielectric properties of ~Ta20~ 
are reported to be strongly t empera tu re  dependent.  

Thickness measurements  were  also made by com- 
parison with an optical step gauge (11). The gauge 
was prepared by anodization of a chemical ly  polished 
strip of tanta lum in a 0.1 w / o  solution of Na2SO4 at 
48~ Anodization was carried out in 15v steps, and 
for each increase in voltage a port ion of the t an ta lum 
strip was removed  from the solution. The current  
density was 2.0 m a / c m  2 m ax im um  and was al lowed 
to decay to 0.1 m a / c m  2 which was used as the end 
point for each step. The films prepared by gas phase 
anodization were  compared with the step gauge, and 
by matching the number  of fr inges and the color it 
was possible to est imate film thickness. 

The thickness-vol tage values determined by both 
the capacitance and optical techniques are plotted in 
Fig. 6. One should note that  the vol tage- thickness  
plots are l inear  for our gas phase films and have  
slopes close to that  reported by u  (11) ~or 

Table I. Capacitance and dissipation factors for Ta~05 films 
measured at 1 kc/sec 

C u r r e n t  A n o d e  M e a n  M e a n  
d e n s i t y ,  v o l t a g e ,  c a p a c i t a n c e ,  d i s s i p a t i o n  

A n o d e  m a / c m  "~ v /kf/cm~ f a c t o r  

1 1.0 75 0.2563 • 0.03* 0.048 4- 0.007* 
2 1.0 100 0.1742 • 0.01 0.045 • 0.007 
3 1.0 150 0.1129 • 0.003 0.025 -~ 0 .004 
4 1.0 200  0.0807 "+" 0.006 0.011 • 0.002 
5 2 .0  75 0.4289 • 0.03 0.081 -~ 0.005 
6 2.0 150 0.1322 • 0.008 0.018 • 0 .004 
7 2.0 200  0 .0944 • 0.008 0.035 _ 0.008 
8 2.0 250 0,0725 --~-- 0.008 0.013 -4- 0.002 

* S t a n d a r d  d e v i a t i o n .  
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Fig. 6. Thickness as o function of voltage at a constant current 
density. ~ ,  data from ref. (11); O ,  1.0 ma/cm 2, thickness 
determined by capacitance; ~ ,  2.0 ma/cm 2, thickness determined 
by capacitance; 0 ,  1~ ma/cm 2, thickness determined by optical 
step gauge. 

TasO5 films grown in l iquid electrolytes. The slopes 
for the gas phase film grown at 1.0 ms/era  ~ is 16.5 A / v  
and for the 2.0 ma/cm2 films it is 15.7 A/v .  There are 
differences due to measurement  techniques and ano-  
dization conditions. However, a strong s imilar i ty  be-  
tween the thickness-voltage relat ionship for the l iquid 
and gas phase films is evident.  I t  is also noted that  
extrapolat ion to zero thickness leads to voltage in ter -  
cepts that are larger than  zero. 

The efficiency of film growth was determined by 
calculating the mass of the Ta205 produced for each 
set of anodization conditions and comparing them 
with  the quant i ty  of charge that  had passed through 
the  anode circuit. For  these calculations a density of 
8.0 g /cm 3 was assumed for TasO5 (12). The Faraday  
efficiency calculated for films grown at applied anode 
voltages of 200 or less is 17%. Figure 7 is a plot of the 
measured thickness values as a funct ion of the total  
charge that  passed through the anode circuit. Al -  
though there  is a difference between the intercepts of 
the plots from the capacitance and the optical data 
(the lat ter  are believed to be more accurate and have 
a slope of 256 A/coub 'cm2),  both are l inear  for films 
grown up to 200v. I t  is also evident  that  film growth 
efficiency is independent  of the cur ren t  density and  
anode temperature  in  the l imited range of the var i -  
ables studied, since the points for 1.0 and 2.0 m a / c m  2 
films fall on the same line. The extrapolat ion of the 
optical plot in  Fig. 7 to zero charge leads to an in te r -  
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Fig. 7. Total charge dependence of total film thickness. 0~ 
film formed at 1.O ma/cm2, thickness determined by capacitance; 
A ,  films formed at 2.0 ma/cm ~, thickness determined by capaci- 
tance; C), films formed at 1.O ma/cm~ thickness determined by 
cempQrison of interference colors with an optical step gage. 

cept on the ordinate that  corresponds to a film thick- 
ness of 57A. 

The results of the x - r ay  diffraction studies on the 
gas phase anodic films did not  indicate the presence 
of crystal l ine Ta205. A vacuum fusion analysis  was 
conducted on both anodized and unanodized tantalum. 
The results of these analyses showed a significant in-  
crease in the oxygen concentrat ion and no significant 
increase in  the hydrogen and  ni t rogen concentrat ion 
as a result  of the gas phase anodization of tanta lum.  
These results indicate that  the film was free from hy-  
drocarbon contaminat ion due to the v inyl  tape and the 
diffusion pump oil. 

Discussion 
The na tu re  of the interference colors, the apparent  

tempera ture  independent  dielectric constant,  the low 
dielectric loss of the films, and the fact that  these 
films were insoluble in all  common acids and alkali, 
except HF, is in accord with the assumption that  the 
composition of these gas phase anodic films is Ta205. 

It is of interest  to compare the growth character-  
istics of the films formed b y  the gas phase and by 
l iquid phase anodizat ion of tan ta lum.  

The vol tage- t ime curves shown in Fig. 3 for the gas 
phase anodization exhibit  similarit ies to those for l iq- 
u id  phase anodization (11) except for a brief  ini t ial  
period in which the voltage rise is exceptionally rapid 
in the gas phase process. 

The thickness-voltage relat ionship for gas phase 
anodic Ta205 films plotted in Fig. 6 is not only a 
straight line, but  matches very  closely the slope of the 
plots for comparable films g rown  in  l iquid solutions 
(11). The intercepts on the voltage axis are substan-  
t ial ly above zero. 

The decay of the anode current  measured as a func-  
t ion of t ime at  constant  current  voltage is nonl inear  
and, in  addition, the plot of the reciprocal cur ren t  vs. 
t ime (Fig. 4) is l inear  and agrees with the experi-  
menta l  observations by Dreiner  (13) for anodic Ta20~ 
films grown in l iquid electrolytes. 

The current -vol tage  relat ion for a film pre- formed at 
100v is more complex than  that  for film growth in  l iq- 
uid electrolytes. It  can be represented as two straight 
lines intersecting at about  32v. This voltage value is 
near  the point at which film growth appears to begin 
in  the plot of Fig. 3 and  also coincides with the region 
of the voltage intercepts in  Fig. 4. These results  sug- 
gest that there may  be an induct ion period required 
before TasO5 film growth can proceed in  the gas phase 
system. This la t ter  observation may well  be associated 
with the bu i ld -up  of reactive species in  the vicini ty 
of the anode or may be due to the ini t ia l  presence of 
a thin oxide film on the anode surface as in  Ver-  
milyea 's  experiments  and  as suggested by  the plot of 
our  data in  Fig. 7. The localization of reactive species 
in the vicini ty of the anode is consistent wi th  the ob- 
servation of a glow near  the anode, bu t  fur ther  ex- 
per imental  work wil l  be required  to determine ade- 
quate ly  the composition of the gaseous electrolyte. 

It  is also of interest  to compare our  results  with 
those of Miles and  Smith (4), TiboI and Hull  (5), 
Ligenza (6), and Weinreich (7), who have inves t i -  
gated gas phase anodic processes with various mate-  
rials. 

Miles and Smith (4) and Tibol and Hull (5) ob- 
served a linear dependence of film thickness on ap- 
plied voltage wi th  a l u m i n u m  anodes. The la t ter  also 
reported a nonl inear  decay of the anode current  with 
time at constant  anode voltage, bu t  their  results ior  
a l u m i n u m  differ from ours for t an ta lum in  tha t  a 
plot of the reciprocal of the cu r ren t  vs. t ime for a lu-  
m i num is nonl inear .  

The maximum applied anode voltage in this work 
was 250v while in Miles and Smith's paper the maxi- 
mum voltage reported is 9v for aluminum, and in the 
work of Tibol and Hull the maximum is 90v for alu- 
minum. Ligenza (6) reports a maximum voltage of 
90v for silicon anodes and Weinreich (7) reports a 
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m a x i m u m  voltage of 50v for GaAs anodes. Ligenza 
(6) and Miles and Smith (4) also noted that  oxide 
films grew on their anode surfaces when  no voltage 
was applied, and this is probably due to the presence 
of high energy species in the gaseous electrolyte. 

Ligenza reported a white glow on the surface of 
the anode dur ing anodization. We also observed a 
glow, which was, however, pale green. In  both cases 
the in tensi ty  of the glow was associated with an in-  
crease in the rate of oxide formation. 

In  summary,  we have investigated the gas phase 
anodization of t an ta lum and observed that  films ob- 
tained in  this m a n n e r  bear a close similari ty in growth 
characteristics and optical and dielectric properties to 
those films obtained by anodization in the l iquid elec- 
trolyte. We believe that this observation is made pos- 
sible by the design of the anodization cell in which 
the anode surface is not exposed to the high energy 
species present  in  the conventional  discharge. It is 
fur thermore  considered significant that  the quant i ty  of 
Ta205 produced in the gas anodization process is a 
l inear  function of the charge passed through the 
anode surface up to a formation voltage of 200v. 

We suggest that the gas phase anodization process 
described here offers a means of preparing Ta205 
films which are comparable to those obtained in liquid 
systems, bu t  which are free of impuri t ies  deposited 
from the solution. 

Manuscript  received Dec. 8, 1966; revised m a n u -  
script received May 29, 1967. This research was sup- 
ported by the U. S. Army Research Office, Durham, 
North Carolina, I n t r a - A r m y  Order No. ARO-D-7 and 
is part  of a dissertation submit ted by one of the au-  
thors (T.A.J.) to Temple Univers i ty  Graduate  Board 
in part ial  fulf i l lment of the requirements  for the M.A. 
degree. 

Any discussion of this paper will  appear in  a Discus- 
sion Section to be published in the June  1968 Jo tmNn .  
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Luminescent Behavior of Bismuth in Rare-Earth Oxides 
R. K. Datta 

Lighting Research Laboratory, General Electric Company, Cleveland, Ohio 

ABSTRACT 

Activation of ra re-ear th  oxides by ions other than  rare earths is success- 
fully at tempted in  the present  investigation. Bi § is incorporated in  yt t r ium,  
gadolinium, and l an thanum oxides by solid state reaction. P robab ly  a charge- 
t ransfer  mechanism involving b ismuth  and oxygen introduces an absorption 
band at about 3200A region. Under  3650A radiat ion R203:Bi (R ~ Y ,  Gd, La) 
shows Bi +3 emission (blue) with a b road-band  spectrum extending from 4500 
to 6000A and peaking at 5000A. When incorporated in R203:Eu phosphors, Bi +3 
acts as a sensitizer for Eu § emission under  3650A radiation. Energy ab-  
sorbed by b ismuth-oxygen  component  is t ransferred by a radiationless process 
to Eu +3 resul t ing in  the final emission from excited Eu +3 (SDo-~ ~E2). How- 
ever, under  2537A radiat ion Bi +3 in R20~:Bi acts as a "killer." Among the 
three oxide matrices studied, the fluorescence of Bi has been found to be most 
efficient in Y203 host. Reflectance, emission, and excitat ion spectra of the 
phosphors are discussed with special reference ,to Y203:Bi and Y~O~:Eu:Bi. 

Activat ion of ra re -ear th  oxides by  various rare-  
earth ions has d rawn  much at tent ion in recent  years. 
The phosphor R2Oz:Eu (R ---- Y, Gd) (1) shows na r -  
row-band,  Eu +~ emissions in the region 5900-7000A, 
a very  strong max imum occurring at about 6100A. 
Although efficient under  cathode-ray and short wave-  
length  (2537A) u.v. excitations, this phosphor has 
very poor response to long wavelength (3650A) u.v. 
radiation. Borchardt  (2) studied the mechanism of 
absorption and emission in Y203:Eu from empirical  
observations. Wickersheim et aI. (3) studied the same 
phosphor and interpreted its photoluminescence in 
terms of crystal-field theory. Ropp (4) studied differ- 
ent ra re -ear th  oxide phosphors activated by  rare-  
earth ions and generalized that except for Gd20~, 
where  special stabil i ty of Gd +3 is obtained due to 
half-fi l l ing of inner  4f shell, fluorescence occurs only 
in those oxides where the cation possesses no unpai red  
electron, i.e., in Y203 and La203. Al though various 
ra re -ear th  ions are used to activate these oxides and 
other ra re -ear th  compounds (5), only one published 
report  (6) has come to the present  author 's  a t tent ion 

where ions other than  rare earths have been used to 
activate ra re -ear th  compounds, especially the oxides. 
Bi +3 ion is well  known as an activator and sensitizer 
in several par t icular  phosphors (7). In  addition, on 
the basis of ionic size Bi +3 (radius -~ 0.96A)1 is very  
close to y+3 (r  -~ 0.92A), Gd +3 (r  ---- 0.97A), and La +a 
(r ---- 1.14A). On the basis of these arguments,  Bi +a 
is used in an at tempt to activate Y203, Gd2Os, La20~ 
(the most promising ra re -ear th  oxide matrices known)  
and various solid solutions of these oxides. I t  has been 
found in  the present  invest igat ion that  Bi +3 can ac- 
t ivate Y203, Gd203, La203, and sensitize the Eu +8 
emission of Y203:Eu, Gd20~:Eu, and La203:Eu phos- 
phors under  3650A excitations and possibly unde r  
cathode-rays. Thus, two different groups of phosphors 
are obtained. (i) R203:Bi (R ----- rare  earth, Table I) 
and (ii) R203:Eu:Bi.  R203:Bi shows weak blue emis- 
sion under  cathode rays and 3650A radiation, whereas 
R203:Eu:Bi  phosphor shows strong red Eu  +3 emis- 
sion under  cathode rays, 2537 and 3650A excitations. 

z Ahrens  r ev i sed  f igure  (1953). 
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It should be noted that  the former group does not 
show any Bi +3 fluorescence under  2537A excitation, 
and although sensitized Eu +3 emission is observed in 
the latter group of phosphors under  3650A excitation, 
only usual  unsensit ized Eu +3 fluorescence is shown 
under  2537A radiation. 

This paper describes the mechanism of photolumi-  
nescence in  terms of absorption, emission, and excita- 
t ion of the phosphors with special emphasis on Y203: 
Bi and Y203: Eu: Bi. 

Experimental Procedure 
Sample preparation and composition.--The raw ma-  

terials used in this investigation consisted of lumi-  
nescent  grade (99.99-99.999% pure) oxides, such as 
y t t r ium oxide, Y203, gadolinium oxide, Gd203, lan-  
thanum oxide, La~Oa, europium oxide, Eu20~, and 
bismuth trioxide, Bi203. 

Appropriate amounts  of Y203, ' ~ ' U 2 0 3 ,  and Bi208 
were mixed together and dissolved in  dilute nitr ic 
acid. Eu and Bi were incorporated in y t t r ium (gado- 
l inium, l an thanum)  oxide by co-precipi tat ion as the 
oxalates from the ni t ra te  solution. The oxalate was 
ignited to oxide at temperatures  from 900 ~ to 1000~ 2 
for 1 or 2 hr depending on the size of the charge. The 
firings of the phosphor were done in covered, fused- 
silica containers. Samples consisting essentially of 
Gd203 required a second firing at about 650~ for 
complete conversion to the low temperature,  cubic 
form which is the most efficient matr ix  among GdeO~ 
polymorphs. 

Samples having general  composition (Rl-yBiy).~O~ 
and (R1-x-yEuxBi~)208 with x and y varying  from 
0.005 to 0.06 and 0.001 to 0.02, respectively, were syn-  
thesized. Composition of the finished phosphors were 
periodically analyzed by wet chemical method in order 
to determine the loss of bismuth dur ing firing. A loss 
of 2-6% of Bi was noticed in the analyzed samples; 
however, the amount  of bismuth in the phosphor de- 
scribed throughout  this report is based on the formu-  
lated compositions. 

To assure that  all b ismuth-act ivated  compositions 
s tudied in the present investigation were single 
phases, the pre l iminary  step involved in act ivating 
rare-ear th  oxides was to s tudy the solubil i ty of Bi203 
in the ra re-ear th  oxide lattices. Bi203 has two stable 
polymorphs. The high tempera ture  cubic form shows 
a reversible t ransi t ion to the low temperature  mono-  
clinic form at 730~ Levin and Roth (8) studied 
the phase equi l ibr ium relat ionship of the b i smuth-  
rich side [100-85 m/o  (mole per cent) of Bi203] of 
the systemsBi203-M~Ob (M stands for cations having 
charge from one to five). Since a detailed study of the 
phase equi l ibr ium relationships between the rare-  
earth oxides and Bi203 is beyond the scope of the 
present  program, only the subsolidus solubili ty of 
Bi20~ in the ra re -ear th  oxide lattices at 1050~ was 
studied. It  has been found that at least 50, 35 and 15 
m/o  of Bi203 is soluble in Y203, Gd203, and La203, 
respectively, at  1050~ These amounts  are well be-  
yond the range of concentrat ion of activators in usual  
phosphors. Nevertheless, phase pur i ty  of the phosphors 
prepared was checked by x - r ay  diffraction analysis. 
CuKa radiat ion from a G. E. diffractometer with a 
nickel filter was used to investigate all  compounds. 

Spectroscopic ~easurements.--Diffuse reflectance 
spectra of the samples wi th in  the range 2500-7000A 
were obtained using CaF2 as s tandard  in a Cary Re- 
cording Spectrophotometer, Model No. 14. The emis- 
sion spectra from phosphor plaques, excited under  
different u.v. sources, were obtained by a di rect - re-  
cording spectroradiometer (9) adapted with a grat-  
ing monochromator  with near ly  constant  dispersion. 
Maximum sensitivity in  the spectral region from 

$ C o m m e r c i a l  g r a d e  Y~O3:Eu p h o s p h o r  is u s u a l l y  f i r ed  a t  a b o u t  
1200~ or  h i g h e r .  T h e  l o w e r  t e m p e r a t u r e  of  f i r ing ,  as  f o l l o w e d  in  
the  p r e s e n t  inves t i ga t ion ,  w a s  n e c e s s i t a t e d  d u e  to  h i g h  v o l a t i l i t y  of  
Bi~O3. T h i s  l o w  t e m p e r a t u r e  of  f i r i n g  .~%lso e x p l a i n s  t h e  l o w e r  b r i g h t -  
h e s s  of  t h e  s t a n d a r d  s a m p l e  (see  T a b l e s  I I  a n d  I I I ) .  

2500-7000A was obtained with a quartz-windowed,  
S-20 response photomultiplier.  The total  band  pass 
was kept about 30A. The spectra were calibrated 
against a s tandard tungsten  fi lament lamp reflected 
from a magnesium-oxide plaque. Photoluminescent-  
brightness data given throughout  this report  were 
measured from the height of the main  peak (in case of 
narrow emission),  or from the area (in case of broad 
emission) of the emission spectra. The excitation 
spectra were measured using sodium salicylate as 
standard. 

Cathodoluminescence spectra were obtained using a 
demountable  cathode-ray tube operating at 20 kv 
anode potential  at 17.5# a beam current  over a s tan-  
dard scan TV raster of 35 cm u area. Brightness and 
color points of emission under  these conditions were 
measured using an eye-corrected Weston foot-Lambert  
meter and G. E. colorimeter (JB1E),  respectively. 

Results and Discussions 
The subsequent  discussion on optical properties 

will  pertain to the optimized phosphors, i.e., 
(Yo.995Bi0.005)2Oa and (Y0.946Eu0.osBi0.o04)~Oa, unless 
otherwise stated. However, spectra of phosphors hav-  
ing other compositions are presented in m a n y  figures 
to emphasize the role of Bi. 

Excitation spectra.--The excitation spectra of 
Y2Oa:Bi (Fig. 1) and Y2Oa:Eu:Bi (Fig. 2 and 3) are 
shown. 

Y~O~:Bi has a spectrum with nar row responses at  
about 2000 and 3650A regions. Y203:Eu:Bi  has a broad 
excitation spectrum with responses to 2000, 2537, and 
3650A excitations. This spectrum, divided into two 
parts, is shown in  Fig. 2 and 3. Y20~:Eu has a very 
poor response to 3650A excitation. However, incor- 
poration of Bi enhances its response to 3650A excita- 
t ion markedly  wi th  a simultaneous,  but  small  decrease 
in its response to both 2000 and 2537A radiations. The 
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BO 2- ( Y 99Bi 01) 2 03 
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Fig. 1. Excitation spectrum of Y203:Bi 
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Fig. 3. Excitation spectra of Y203:Eu and Y20~:Eu:Bi (3000- 
3800A). 

implicat ion of these exci tat ion data  wil l  be discussed 
la ter  in conjunct ion wi th  emission and reflectance 
spectra. 

Emission spectra and plaque brightness.~Bi +.~ ac- 
t iva ted  r a re -ea r th  oxides do not show any emission 
under  2537A radiat ion (Table I).  However ,  when  ex-  
cited by 3650A radiation, they emit  b road-band  spec- 
t ra  in the region of 4500-6000A with  a peak at about 
5000A. Most of the Bi+~-act ivated phosphors (sul-  
fides, selenides, carbonates, oxides, silicates, etc.) emit  
in the blue region, a l though other  emissions, such as 
green, yellow, red, etc., are  known (7). No simple 
correlat ion between the Bi +~ emission and composi- 
t ion and s t ructure  of the matr ices  could be obtained. 
Bi +~ fluorescence is suggested to be due to 6s6p ~ 6s ~ 
transi t ion (10). These outer  sp orbitals of Bi +z ions 
are also actual  bonding orbitals which are influenced 
by the neighbor ing anions. It may  be general ized that  
in all  these phosphors Bi +~ ions act as emission cen- 
ters, a l though the nature  of the emission is highly 
influenced by the envi ronment  of Bi +~ ion. Pure  
r a re -ea r th  oxides, such as Y20~ and Gd2Oa, do not 
show any emission under  ca thode-ray  and u.v. ex-  
citations. Hence, on the basis of their  blue emission 
under  ca thode-ray  and 3650A excitations, it may be 
postulated that  Bi +a ions in R2Os:Bi act as pr imary  
activators,  a l though indirect  involvement  of oxygen 
ions in the emission process cannot  be ruled out. 

The emission spectra of Y20~:Bi under  3650A e x -  

Table I. Visible* Bi +3 fluorescence in rare-earth oxide matrices 

B r i g h t n e s s  C a t h o d e  
U n d e r  r a y  

e x c i t a t i o n ,  b r i g h t -  B o d y  S t r u c -  
C o m p o s i t i o ~  3 6 5 0 A  n e s s  c o l o r  t u r e * *  

(Yo .a~Bio .oo0  2Oa w - -  W h i t e  C u b i c  
( Yo.sgsBio.co._, } ~Oa m m W h i t e  C u b i c  
(Yo.~sBio.c~5) 2Oa m m W h i t e  C u b i c  
( Y o . ~ B i o . o 0  ~C~ m - -  W h i t e  C u b i c  
(Yo.~Bio.o~) .20a m - -  P a l e  g r a y  C u b i c  
(Yo.~'~Bio.cD ~ W - -  Y e l l o w  C u b i c  
(Lao.9~Bio.ooO_,Oa w - -  W h i t e  H e x a g o n a l  
( L a o . ~ B i o . o l )  20~ w w W h i t e  H e x a g o n a l  
(Lao,o,~Bio.o~) 20~ w w W h i t e  H e x a g o n a l  
(Gdo.9~Bio.coO~Oa w - -  W h i t e  C u b i c  
( Gdo .  msBio,  oo~ ) ,.~C~a m m W h i t e  C u b i c  
(Gdo.o~Bio.ce~)  ~O~ m m W h i t e  C u b i c  
( G d o . ~ B i o . o 0  ~Oa m w W h i t e  C u b i c  
( Lao .  ~Yo,sg~-oBio.oa~) ~Oa w - -  W h i t e  C u b i c  
(Lao.~Yo.a~3io,o0203 w - -  Gray Cubic 
( Lao. o~Gdo. ~Bio.oo~) ~O~ w - -  W h i t e  Cubic 
(Lao.~Yo.o~Bio.oo~) ~Oa w - -  G r a y  H e x a g o n a l  
( L a o . g G d o . o ~ B i o , o ~ )  ~O3 W - -  G r a y  H e x a g o n a l  
( Yo, 5Gdo.~sBio .cos )  ~0~ m w W h i t e  C u b i c  
(Yo.gGdo.o95~io.oo5) 203  m - -  W h i t e  C u b i c  
(Gdo.oYo.o0aBi0.0ea) eOa m m W h i t e  C u b i c  

* w = w e a k ;  m = m e d i u m ;  s = s t r o n g .  
** A s  i n d i c a t e d  b y  x - r a y  d i f f r a c t i o n .  
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Fig, 4. Emission spectra of (YEuBi)203 under 3650A excitation 
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Fig. 5. Plaque brightness vs. Bi +3 concentration in Y 2 0 3  and- 
Gd203 (3650.~ excitation). 

citation are shown in Fig. 4. Normalized plots of 
plaque brightness against logar i thm of Bi +3 concen- 
t ra t ion in Y203 and Gd203 are shown in Fig. 5. The 
opt imum ranges of concentrat ion of Bi +~ in u and 
Gd203 are found to be about  0.5-2 and 0.5-1 m/o ,  r e -  
spectively, of total  y t t r ium (gadolinium) and bismuth 
present. 

Y203:Eu:Bi  samples show essentially Eu +3 emis-  
sion under  cathode rays (Fig. 6), 2537A (Fig. 7), and 
3650A radiations (Fig. 4). Under  2537A radiation, as 
Bi +3 is added to Y203:Eu, the plaque brightness 
gradual ly  decreases, whereas  under  3650A excitat ion 
the brightness shows a sharp rise wi th  increase in 
Bi +3 content  (Fig. 8, Table II) .  This is also demon-  
strated in the emission spectra of the samples. 

Under  3650A, excitation Y203:Eu has very  weak 
emission. As Bi +3 is incorporated in the lattice, the 
na r row-band  Eu +~ emission with  a m ax im um at 
6110A (SDo-> 7F2 transition) is enhanced considerably. 
On the other  hand, the band shape of the Bi +~ emis-  
sion in Y203:Bi is general ly  unchanged, al though the 
intensi ty of the luminescence of Bi +~ is s trongly 
quenched by incorporat ing europium in the phosphor 
(Fig. 4). This indicates that  Bi +3 is acting as a sensi- 
t izer for Eu +3 emission and the major  port ion of the 
energy,  which would have  otherwise been emit ted  as 
Bi +3 emission (as in Y203:Bi),  is t ransferred by a 
radiationless process (11) to Eu +3 resul t ing in exci ta-  
tion of the la t te r  among levels  of the 4f ~ Configura- 
tion. The final emission originates f rom these excited 
Eu +3 ions. The situation is quite different under  2537A 
excitation. Bi +3 in Y203:Bi does not show any emis-  
sion, whereas  YeOs:Eu shows Eu +s emission corre-  
sponding to 5Do-* 7F2 transition. As Bi +3 is gradual ly  
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incorporated in Y203:Eu, Eu +3 emission is gradually 
reduced without  any noticeable emergence of Bi § 
emission. 

These observations indicate that Bi § in Y203: Eu: Bi 
acts as "killer" and sensitizer for Eu +3 emission under 
2537 and 3650A excitation, respectively.  

The cathode ray brightness of Y203:Eu:Bi  as func-  
tion of Bi § ~ concentration is shown in Fig. 9. Because 
of instrumental  l imitations, the cathode-ray spectra 
(Fig. 6) could not detect any Bi +3 emission. However,  

weak  Bi § emission under cathode-ray excitation, as 
indicated by shift in color point (Table III) with in-  
crease in Bi § content, is inferred. This bismuth emis-  
sion, al though undetected, may  also explain the in-  
creased brightness of the phosphor Y~O3: Eu: Bi wi th  
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Fig. 8. Plaque brightness vs. Bi +8 concentration in Y203:Eu:Bi 
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very litle change in the Eu +a emission peak under 
cathode-ray excitation. 

Reflectance spectra.--Y203: Bi . - -The  reflectance spec- 
tra of the Y208: Bi samples studied are shown in Fig. 
10. Gd203, Y203, and La203 show broad u.v.-absorption 
bands at wavelengths  less than 2300A. Addit ion of 
Bi +3 to these oxides introduces two broad absorption 
bands, namely,  at 2500 (or lower wavelengths)  and 
3200A regions. Pure Y203 has about 90 and 100% re- 

Table II. Plaque brightness of R~O3:Eu:Bi phosphors 
(R = Gd, Y, La) 

Rela t ive  b r i g h t n e s s  
u n d e r  u .v .  e x c i t a t i o n  

B o d y  
C o m p o s i t i o n  2537A 3650A co lor  

(Ya.~Euo.os) 2Oa 85.0 5.0 W h i t e  
(Yo.94~Euo.c~Bio.eol) ~_Os 73 17 W h i t e  
(Yo.9~Euo.esBio.oo~) 2as 75 27 W h i t e  
( yo.945Euo.csBio.oo~ ) ~(~ 50 81.5 W h i t e  
( Yo.0~sEuo.osBio, c~7) ~)s* 32.2 108 W h i t e  
(Gdo.~Eu0.05) 2Os 80.7 4.5 W h i t e  
(Gdo.~oEuo.osBio.ool) 2as 69.5 20.3 W h i t e  
(Gde.94~EUo.oaBio.ces) ".r 40.2 77.0 W h i t e  
(Lao.~Euo.o~)._~ 47.0 5 W h i t e  
( Lao.94oEuo.osBio.om ) ~ 3  31 12 W h i t e  
( Laa.~sEuo. o:jBio.~o~) ~O~ * 25 35 W h i t e  
(Lao. ]Yo.sc.~Euo.e~Bio,~5) ~.Oe 35 60 W h i t e  
( Gdo. ~Yo.~o~Euo.er~Bia.<~) ~O3 51 75 W h i t e  
C o m m e r c i a l  g r a d e  YVO4:Eu 100 1O0 

* T h e s e  s a m p l e s  s h o w  b o t h  Bi  +~ a n d  E u  +s e m i s s i o n s  u n d e r  3650A 
radiat ion.  
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Table III. Cathode-ray brightness of Y203:Eu:Bi 

Per c e n t  
b r i g h t n e s s  Color  coord ina tes*  

Compositions x y 

(Yo.~Euo.~) ~O~ 96.4 0.636 0.347 
(Yo.9~EUo.o~Bio.ooz) ~O~ 98.4 
(Yo.~sEuo.o~Bio.oo2) ~0~ 103.4 0.640 0.354 
( Yo. 9~Euc. o~Bio, oo,~ ) 2Os 86.2 0.640 0.354 
(Gdo.o~Euo.05Bio.c~s) sos 104.1 0.643 0.357 
Commercial grade YsO~:Eu I00.0 0.637 0.360 

* B a s e d  on  1931 CIE  C h r o m a t i c i t y  D i a g r a m .  

flectance at  2500 and 3600A, respect ively ,  whereas  
(Y0.99~Bio.005)203 has about  20 and 60% reflectance at  
the corresponding wavelengths .  The u .v . -absorpt ion  
bands (below 2300A) of pure  r a r e - e a r t h  oxides are  
a t t r ibu ted  to charge: tT~nsfer  absorpt ion  states invo lv-  
ing the  r a r e - e a r t h  ion and oxygen  (2). A s imi lar  ab -  
sorpt ion band is seen in B]203, except  tha t  i t  extends  
to longer  wave leng th  (to 4200A) a s  shown in Fig. 
11. Absorp t ion  of u.v. r ad ia t ion  due to cha rge - t r ans fe r  
processes involv ing  Bi +3 is known (10). The quest ion 
now arises if Bi +z is exci ted direct ly ,  or  b i s m u t h - o x y -  
gen states are  involved  dur ing  such absorpt ion.  The 
reflectance spec t rum of a non-oxid ic  b i smuth  com- 
pound, such as BiF3 (Fig.  11), shows absorpt ion  
a round  2500A only. This suggests tha t  u .v . -absorpt ion  
of YsO3:Bi at  about  3200A m a y  wel l  be due to 
cha rge - t r ans fe r  states involv ing  b i smuth  and  oxygen,  
whereas  the  absorpt ion  at  about  2500A is caused by  
exci ta t ion of Bi +3 ion. 

The essential  mechanism of fluorescence in Y20~:Bi 
under  3650A exci ta t ion  is, therefore,  suggested to 
be absorpt ion  of long wave length  (3650A) u.v. r ad ia -  
t ion by the bismuth-oxygen component resulting in 
the excitation of charge-transfer states and the final 
emission from such excited states. The excitation band 
of YsO3:Bi at around 2000A (Fig. 1) may be due to 
fundamental absorption by YsO3. The failure of 
Y203:Bi to emit under 2537A excitation, in spite of its 
high absorption of this radiation, is not' understood 
yet. 
YsO3:Eu:Bi.--Y2Os:Eu has about 15 and 95% reflect- 
ance around 2500 and 3600A, respectively, and it shows 
strong Eu +3 emission under short wavelength (2537A) 
u.v. radiation. From a study of the reflectance and ex- 
citation spectra of many Eu+3-activated phosphors, 
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i ~176 
5O 

o 40 
=e 

8 i205 

I I I ] I I 
3000 4000 5000 
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I I 7o~ro 60o0 

Fig. 11. Diffuse reflectance spectra of BiF3 and Bi203 

Borchard t  (2) suggested tha t  exc i ta t ion  is due to 
cha rge - t r ans fe r  absorpt ion  involv ing  Eu -O  compo-  
nents, and wavelengths  anywhere  be low 2800A would 
cause such absorpt ion  and efficiently exci te  Eu +3 ions 
to fluoresce. 

When  Bi +3 is incorpora ted  in Y~O3:Eu, a new, 
b road  absorpt ion  band  is in t roduced  at  about  3200A, 
a l though l i t t le  change in absorpt ion  at  about  2500A is 
observed.  The band extends  wel l  up to 4000A, and in -  
corpora t ion  of 0.5 m / o  of Bi +3 in (Y0.95Euo.05)203 
causes a reflectance of about  60% at  3650A, whereas  
(Y0.95Eu0.05)203 wi th  no Bi +3 has a reflectance of 
about  95% at the same wave leng th  (Fig.  12). This new 
absorpt ion,  on the  basis of a rguments  presented  ear l ier ,  
might  wel l  be due to absorpt ion  by  b i smu th -oxygen  
components  of the  phosphor.  Fu r the rmore ,  this  new 
absorpt ion band is responsible  for the enhanced Eu +3 
emission of Y203:Eu:Bi  under  3650A excitat ion.  I t  
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may be recalled here again that  under  3650A excita-  
tion Y203: Eu: Bi phosphor shows Eu +2 emission much 
more intensely than that  shown by Y.,O3:Eu under  
similar  conditions. This contradicts Borchardt ' s  (2) 
suggestion that  the min imum energy requi red  for 
Eu +3 fluorescence in any host is about 2800A radia-  
tion. His observat ion is t rue in cases where  absorption 
is caused essentially by Eu-O components of the 
phosphors. 

The inferences drawn f rom the emission and re-  
flectance spectra can be combined and the postulated 
mechanism of fluorescence in Y20~:Eu:Bi  restated. 
Eu +3 emission of Y2Os:Eu:Bi under  3650A excitat ion 
is due to charge- t ransfer  absorption involv ing  Bi-O 
components  of the phosphor resul t ing in the exci tat ion 
of charge- t ransfer  states, re laxat ion of these giving 
rise to Bi +3 in the excited states, t ransfer  of energy 
f rom Bi +3 to Eu +3 and the final emission f rom the 
exci ted states of Eu +3 among levels of the 4f 6 con- 
figuration. Al though incorporat ion of Bi +3 does not 
decrease the absorption of Y203:Eu around 2500A 
region, Eu +3 emission of Y203:Eu is gradual ly  re-  
duced under  2537A excitat ion as Bi +8 is gradual ly  in-  
corporated in the latt ice (Fig. 7). Probably,  under  
2537A radiat ion Bi +3 acts as a "ki l ler"  in the phosphor 
Y203: Eu: Bi. 

Summary 
Oxides of yt t r ium, gadolinium, and lan thanum 

show extens ive  solid solution with Bi203. However ,  
when  incorporated in small  amounts  (0.I-2 m/o )  in 
these oxides, Bi +3 introduces broad absorption bands 
at about 3200A. By analogy, as well  as by independent  
evidence, this absorption band is a t t r ibuted to charge-  
t ransfer  states involving bismuth and oxygen. By 
v i r tue  of such broad absorption, R203:Bi (R ~ Y, 
Gd, La) show Bi +3 emission (blue) under  3650A 
excitation. When incorporated in RuO3:Eu phosphor, 
Bi again introduces a new absorption band around 
3200A which extends wel l  up to 4000A. This enhances 
the Eu +3 emission of R203:Eu:Bi  under  3650A radia-  
tion; on the other  hand, the emission under  2537A 
excitation is reduced. Bi +3, therefore,  acts as a sensi- 
t izer and "ki l ler"  for the Eu +3 emission in 1~203: Eu: Bi 
under  3650 and 2537A, respectively.  In the fo rmer  

case, energy absorbed by b i smuth-oxygen  component  
is t ransferred by a radiationless process to Eu +3 re-  
sult ing in the sensitization of Eu +~ ions and their  ex- 
citation between states of the 4f 6 configuration. Final  
emission takes place f rom the excited Eu +3 ion 
(~Do -~ 7F2). 

Of the three oxide matrices studied, Y203 has been 
found to be the most suitable ma t r ix  for Bi +~ act iva-  
tion. 

Acknowledgment 
The author  acknowledges the assistance of Dr. R. L. 

Brown in obtaining emission and excitat ion spectra, of 
Miss M. Brines and F. Geraghty  who measured catho- 
doluminescent  properties.  The author  also wishes to 
express his thanks to L. S. Staikoff for x - r a y  mea-  
surements,  to T. Luscher for p repar ing  the phosphor 
and measur ing u.v. brightness and to Dr. E. F. Apple 
for many helpful  discussions. The quant i ta t ive  anal-  
yses of Bi in the samples were  done by N. Braun. 

Manuscript  received Apri l  27, 1967; revised manu-  
script received Ju ly  17, 1967. 

Any discussion of this paper wil l  appear in a Discus- 
sion Section to be published in the June  1968 JOURNAL. 

REFERENCES 
1. N. C. Chang, J. Appl. Phys., 34, 3500 (1963). 
2. H. J. Borchardt,  J. Chem. Phys., 39, 504 (1963). 
3. K. A. Wickersheim and R. A. Lefever,  This Jour- 

nal, 111, 47 (1964). 
4. R. C. Ropp, ibid., 111, 311 (1964). 
5. G. H. Dieke and R. Sarup, J. Chem. Phys., 36, 371 

(1962). 
6. R. A. Lefever  and K. A. Wickersheim, General  

Telephone and Electronics Lab., U. S. Pat. 
3,291,747, Dec. 13, 1966. 

7. F. A. Kroger,  "Some Aspects of the Luminescence 
of Solids," Elsevier  Publ ishing Co., Inc., New 
York (1948). 

8. E. M. Levin  and R. S. Roth, J. Research, Natl. 
Bur. Standards, 68A [2], 200 (1964). 

9. R. L. Brown, Illum. Eng., 61, 230 (1966). 
10. D. S. McClure, "Solid State Physics," vo]. 9, pp. 

399-525, Academic Press, N e w  York (1959). 
11. C. C. Klick and J. H. Schulman, "Solid State 

Physics," vol. 5, pp. 97-172, Academic Press, 
New York (1957). 



The Role of Copper in the Transformation of 
Hexagonal Zinc Sulfide 

Gleb Gashurov 1 and Ephraim Banks 
Department of Chemistry, Polytechnic Institute of Brooklyn, Braoklyn, New York 

ABSTRACT 

The mechanism of the copper- induced t ransformat ion  of hexagonal  zinc 
sulfide was investigated. H igh- t empera tu re  x - r ay  studies and rate  exper iments  
suggest that  the t ransformat ion  is character ized by a one-dimensional  re-  
crystal l izat ion process, ini t iated by nuclei  of cubic ZnS which precipi tate f rom 
a solid solution of ZnS in cuprous sulfide under  gross isothermal  conditions. 
This solid solution is formed at e levated temperatures ,  and at 800~ the con- 
centrat ion of ZnS that can be dissolved in cuprous sulfide lies in the neighbor-  
hood of 8 mole per cent. 

Well  crystal l ized hexagonal  ZnS is known to be 
exceptional ly stable toward the t ransformat ion to its 
cubic modification. The tempera ture  of transi t ion 
between hexagonal  ZnS (high t empera tu re  form) and 
cubic ZnS is around 1020~ (1, 2), but h ighly  perfect  
crystals of hexagonal  ZnS show no change in struc- 
ture even after  anneal ing at 975~ for 504 hr  (3) .  

When hexagonal  ZnS (wurtzi te)  is fired in the 
presence of small amounts  of copper, the t ransforma-  
tion to the cubic phase (sphaleri te)  is found to begin 
at a t empera ture  as low as 350~ (4). It appears that  
there exists a min imum concentrat ion of copper that  
will  init iate the wur tz i te -sphaler i te  t ransformat ion at 
a given tempera tu re  wi thin  a reasonable period of 
time. Nickerson, Goldberg, and Baird (5) found that  
when a given hexagonal  ZnS:Cu,C1 sample was fired 
in H 2 S ,  above its cri t ical  temperature ,  appreciable 
amounts  of both copper and chloride were  ejected 
f rom the ZnS lattice. They speculate that  the H._,S 
serves to remove  copper as copper sulfide, and that  it 
is the physical presence of copper sulfide as a separate 
phase that  tr iggers the observed transformation.  This 
hypothesis is s t rongly supported by their  exper iments  
in which a small amount  of copper sulfide was added 
to samples containing certain amounts  of incorporated 
copper. Complete t ransformat ion occurred at a t em-  
pera ture  100~ ~ below the tempera ture  at which 
the t ransformat ion would  occur wi thout  additional 
copper. These samples showed no significant changes 
in incorporated copper content. 

Aven  and Parodi  (6) have also proposed that  the 
hexagonal  to cubic t ransformat ion of ZnS:Cu  is ini-  
t iated by the format ion of a separate phase of copper 
sulfide. They observed that, in ZnS :Cu  samples syn-  
thesized at 1100~ in H2S and then cooled to room 
temperature ,  the wur tz i te -sphaler i te  transi t ion be-  
come detectable when  the concentrat ion of incorpo-  
ra ted copper was increased to about 5 x 10 -4 atom 
fraction. However ,  in the presence of small  amounts  
of a luminum, which has been shown to increase the 
solubil i ty of copper in ZnS (7), a higher  concentra-  
tion of copper was necessary to t r igger  the t rans-  
formation.  In fact, the  change became appreciable 
when the Cu-concentra t ion in excess of that  of a lumi-  
num was about 5 x 10 -4 atom fraction. 

The effect of copper on the t ransformat ion  of hexag-  
onal ZnS has also been discussed by Bal lentyne  (8), 
Gobrecht  et al. (4), and by Pres land et al. (9). 

The exper iments  by Nickerson et al., as well  as 
those by Avert and Parodi,  indicate then that  it is the 
ex te rna l  (unincorporated)  copper sulfide phase that  
init iates the ZnS transition. It was decided therefore  
to carry  out a detailed study of the zinc sulfide-copper 
sulfide interaction. Par t icu la r  emphasis was placed on 
a high tempera ture  x - r a y  study of the system. The 

1 Present address: General Telephone & Electronics Laboratories, 
Incorporated, Bayside, New York. 

invest igat ion also included a study of the kinetics of 
the copper- induced ZnS transformation.  

Experimental 
Materials.--Hexagonal ZnS was prepared by firing 

ZnS precipi tate in an a tmosphere  of hydrogen sulfide 
at 1200~ for  2 hr. The resul t ing hexagonal  ZnS 
showed no detectable t ransformat ion to the cubic 
phase when fired at 800~ for 2 hr in. H2S,Ne, vacuum 
or sulfur  vapor. Cul.sS was prepared  in two steps. 
Spectroscopically pure  copper  was fired in HaS at 
800~ for 1 hr. Chemical  analysis showed its copper 
content  to be 78.36% by weight  (the theoret ical  con- 
tent  is 79.88%). This impure  Cul.sS was then fired 
in a sealed, evacuated vial  containing a small  amount  
of CuS at 800~ for 4 hr. (CuS was separated f rom 
CUl.sS by means of a quartz  part i t ion as shown in 
Fig. 1). The x - r a y  pat tern  of the resul t ing sulfide was 
in excel lent  agreement  with that  of Djur le ' s  CUl.sS 
(10). The prepara t ion of Cu2S was also carr ied out in 
two steps. First,  CuS was fired in ni t rogen at 800~ 
for 1 hr. This t rea tment  produced Cul.96S together 
wi th  a small  amount  of Cu2S. The mix ture  was then 
fired in a sealed, evacuated vial  containing a small  
amount  of copper (Fig. 1) at 800~ for 4 hr. The re-  
sult ing mater ia l  was examined with  x - rays  and found 
to be essential ly pure Cu2S with  a t race of Cul.9~S. 
Single crystals of zinc sulfide were  kindly supplied by 
Dr. H. Samelson of General  Telephone & Electronics 
Laboratories.  The preparat ion of these crystals is de- 
scribed in ref. (1i) .  

L co? 

Fig. I .  Quartz vial used for preparation of cuprous sulfides 
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X-ray  measurements.--X-ray measurements  were 
made on a Philips wide range  goniometer using a 
Geiger tube as a detecting source. The degree of the 
ZnS conversion was calculated by measur ing the inte-  
grated intensi ty  of the (200) cubic reflection and nor -  
malizing it with respect to the intensi ty  for a com- 
pletely converted sample. The (200) peak was chosen 
because it is the strongest cubic reflection which is not 
overlapped by hexagonal  peaks. The (200) peak was 
scanned at the rate of 1 /8~ using a t ime constant  
of 4 sec. To minimize preferred orientation,  the fol- 
lowing technique was used. Specimens were moist-  
ened with a dilute solution of castor oil in  xylene  
and gently pressed into the specimen holder which 
was in  the form of a machined recess in an a luminum 
disk. The specimen was then rotated about an axis at 
r ight  angles to the diffractometer axis and normal  to 
the plane of the specimen. This technique reduced the 
mean  deviation in the (200) integrated intensi ty  to a 
few per cent. In  those cases where  only a qual i tat ive 
x - r ay  identification was desired, the scanning speed 
wan increased to l ~  Nickel filtered CuKa was 
used in all  x - r ay  measurements .  

High tempera ture  x - r ay  measurements  were made 
in a special high tempera ture  diffractometer at tach- 
ment  (model X-86G, MRC Corporation) used with a 
Philips wide- range  goniometer. The specimen stage 
in most experiments  was a Pt-40% Rh r ibbon which 
also served as a heat ing element,  with a P t /P t -13% 
Rh thermocouple welded to the specimen stage. High 
tempera ture  runs  were made in a ni t rogen atmosphere. 
The zero positioning in  the a t tachment  is possible only 
by using actual Bragg reflections as a gauge. The 
Bragg reflections of the powder specimen were deter-  
mined at room temperature  prior to the high tem- 
perature  measurements.  The room tempera ture  re-  
flections served as the basis for correcting the high 
tempera ture  peaks. 

Resutts 
According to Djurle  (10) there are four composi- 

t ional  forms of copper sulfide: Cu2S, Cul.96S, Cut.sS, 
and CuS. Since pre l iminary  experiments  showed that  
firing of hexagonal  ZnS with CuS produces no de- 
tectable t ransformat ion in  the ZnS phase unt i l  CuS is 
decomposed into cuprous sulfide, investigation of the 
relat ive efficiencies of copper sulfides in t ransforming 
hexagonal  ZnS was l imited to cuprous sulfides. 

First, exper iments  were carried out to determine 
conditions under  which firing of ZnS with cuprous 
sulfides produces no change in the copper sulfide 
phase. ZnS was mixed with Cul.sS (in the ratio of 2 to 
1 by weight) and fired in  a sealed, evacuated quartz 
vial  conta ining a small  amount  of CuS (not in physi-  
cal contact with the mixture)  at 800~ for 1 hr. 2 A 
similar exper iment  was carried out with a mixture  of 
ZnS  and Cu2S, except that  in  this case copper metal  
was used instead of CuS. In  both cases ZnS was com- 
pletely converted to the cubic form but  no changes 
could be detected in the copper sulfides. These ex- 
per imental  conditions appear then to preserve the 
identities of copper sulfides. Next, ZnS was fired in  
sealed vials at 800~ for 1 hr  with 1% by weight of 
Cu2S or Cul.sS under  conditions stabil izing the re-  
spective cuprous sulfides. Conversion was found to be 
complete in the case of ZnS-Cul.8S, and near ly  com- 
plete in the case of ZnS-Cu2S. Similar  firings were 
carried out at lower temperatures  (700 ~ and 600~ 
In  all cases the degree of t ransformat ion was only 
slightly higher for the ZnS-Cul.8S combination.  Simi-  
lar  exper iments  were carried out with ZnS-Cul.9eS. 
Unfor tunately ,  at tempts to prepare pure Cul.96S (free 
of Cu2S) were not successful. Exper iments  with 
cuprous sulfide consisting of p redominant ly  Cu~.96S 
(with some Cu2S) showed that  this mix ture  was 

I n  th i s  e x p e r i m e n t  as  w e l l  as i n  a l l  e x p e r i m e n t s  e x c e p t  the  h i g h  
t e m p e r a t u r e  x - r a y  s tudies ,  s a m p l e s  we re  cooled by  r e m o v i n g  t he  
c o m b u s t i o n  t ube  f r o m  the  fu rnace .  Th i s  r e s u l t e d  in  a coo l ing  t i m e  
of  a b o u t  5 rain.  

Fig. 2. Photomicrograph of ZnS single crystal treated with CuS 
at 800~ 

essentially as effective as pure Cu2S. One may con- 
clude, then, that at least when  present  in amounts  
exceeding i%, all forms of cuprous sulfide, namely,  
Cu2S, Cu~.96S, and Cut.sS, are near ly  equal ly  effective 
agents in ZnS transformation.  

In  the course of studies with single crystals, it was 
found that  heat t rea tment  of ZnS single crystals em- 
bedded in  copper sulfide leaves marked signs of 
chemical attack on ZnS. For example, a "thick" crystal  
of hexagonal  ZnS (3 m m  long and 0.2 mm thick) was 
fired together with two "thin" ZnS crystals (2 mm 
long and slightly less than  0.1 mm in thickness) in H2S 
at 800~ for 1 hr. The crystals were embedded in  CuS 
powder. After the t reatment ,  the thin crystals could 
not be detected; microscopic examinat ion  of the thick 
crystal (after KCN-washing)  showed that the crystal 
had been heavily attacked by CuS as can be seen in 
Fig. 2. A rotation photograph of this crystal was that  
of a heavily faulted cubic ZnS with just  a trace of co- 
herent  hexagonal  ZnS. In  addition, a polycrystal l ine 
pat tern  of cubic ZnS was superimposed on the single 
crystal  photograph. 

Addit ional  single crystal  experiments  gave similar  
results. Of part icular  interest  is the exper iment  in 
which two single crystals of hexagonal  ZnS were 
placed on a pressed pellet of Cul.sS and fired in  H2S 
at 900~ for l hr. Figure 3 shows the photographs of 
one of the crystals before and after firing. One can see 
that as a result  of this t reatment ,  the ZnS crystal  has 
been covered wi th  a very thick coating of Cut.sS (the 
cross-section has increased by a factor of almost two).  
The crystal was then treated with KCN solution for 
a few minutes  and photographed again. In  Fig. 3c 
small  ZnS crystalli tes are seen dispersed in  Cut.sS. 
Complete KCN t rea tment  left only polycrystal l ine ZnS 
together with a very  th in  ZnS plate containing fair ly 
large portions of monocrystal l ine  cubic ZnS. The plate 
was found below the original ZnS crystal  and since its 
dimensions were longer than  the cross-section of the 
original crystal, i t  is possible that  it crystall ized on 
cooling. 

A possible explanat ion for the result  of the above 
experiments is that  zinc sulfide and copper sulfide 
interact  to form a compound or a solid solution. X- ray  
examinat ion of quenched ZnS-CuS samples showed no 
phases other than  those of pure ZnS (hexagonal  or 
cubic) and cuprous sulfide. I t  was decided therefore 
to use high tempera ture  x - r a y  techniques in our 
fur ther  study of the ZnS-copper  sulfide interaction.  

High temperature x-ray studies.--The fol lowing ex-  
per iment  shows a typical course of the ZnS-CuS in te r -  
action at elevated temperatures.  A 1 to 1 mix ture  (by 
weight) of ZnS and CuS was x - rayed  in N2 atmosphere 
on a h igh- tempera ture  diffractometer. The temper-  
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Fig. 4. High temperature diffractometer traces of Zn$ ~ Cu$: 
(a) at 300~ (b) at 350~ (c) at 350~ (d) at 400~ (e) at 
room temperature following high temperature run. 

Fig. 3. Photomicrograph of ZnS single crystal treated with cup- 
rous sulfide: (a) before copper treatment, (b) after copper treat- 
ment, (c) copper treated crystal after KCN etching, (d) ZnS plate 
(see text). 

ature was raised from room tempera ture  to 300~ 
wi th in  15 min, and 30 min  later an x - ray  trace was 
taken. The x - r ay  pattern,  Fig. 4a, is that  of wel l -crys-  
tallized hexagonal  ZnS and CuS. The temperature  was 
raised to 350~ and a few minutes  later an x - ray  trace 
was taken. CuS was found to be converted to Cul.sS, 
while a substant ial  fraction of the ZnS was t rans-  
formed to the cubic form (Fig. 4b). The tempera ture  
was kept  constant, and 30 min  after the first r un  at 
350~ a second trace was taken. As can be seen from 
Fig. 4c, the ratio of cubic to hexagonal  ZnS increased 
still further.  A slight shift may be detected in the 
cuprous sulfide peaks indicat ing t ransi t ion from Cul.sS 
toward Cul.96S. The temperature  was next  raised to 
400~ and after about 20 min  an x - ray  trace was 
taken. Figure 4d shows that  the cubic to hexagonal  
ratio increased still further,  while the cuprous sul- 
fide peaks diminished slightly in intensi ty  (the in-  
tensity decrease in cuprous sulfide peaks has been 
found to be quite general  for the ZnS-cuprous sulfide 
system at elevated temperatures) .  The tempera ture  
was lowered to room temperature  wi thin  a few min -  
utes. Apart  from a slight thermal  shift, the ZnS pat-  
tern can be seen to be essentially unchanged as com- 
pared with that at 400~ The cuprous sulfide is found 
to consist of low- tempera ture  forms of Cul.96S and 
Cul.sS (Fig. 4e). 

In  some high tempera ture  experiments  the conver-  
sion of CuS has been found to precede the t ransfor-  

mat ion of ZnS. The temperature  of the incipient  ZnS 
t ransformat ion was usual ly  around 350~176 Cer- 
ta in  impor tant  facts emerge from these experiments.  
First, the conversion of ZnS occurs at the firing tem- 
perature  and not dur ing  the cooling process. Also the 
t ransformat ion of ZnS appears to be preceded by the 
conversion of CuS. I t  appears then  that  copper sulfide 
must  be in the form of the high tempera ture  modifica- 
tion of cuprous sulfide in order to exert  its catalyzing 
effect. 

Exper iments  were then carried out to determine 
changes in  lattice constants of ZnS and Cu2S. The 
lattice de terminat ion  of the high tempera ture  Cu~S 
form was based on its (220) peak since this is the 
strongest peak of high Cu2S and, except for the 
(311) peak [which is only 4 ~ above the (220) peak], 
is the peak with the highest  0 value. For the sake of 
consistency, the lattice de terminat ion  of ZnS was also 
based on its (220) peak, both (220) of ZnS and (220) 
of Cu2S occurring in the 220-24 ~ 6 range. Since in the 
high temperature  diffractometer the flat surface of the 
specimen did not  usual ly  pass through the rotat ion 
axis of the ins t rument ,  the following procedure was 
adopted. The pure samples of ZnS and Cu2S were first 
run  on the regular  wide range diffractometer at room 
temperature,  and the (220) peak of ZnS (cubic),  as 
well as the (3.12.0) peak of room tempera ture  Cu2S, 
was calibrated against the (220) peak of a National  
Bureau of Standards silicon sample. The difference 
between the correct value of the peak (of either ZnS 
or Cu2S) and the room tempera ture  value of the same 
peak recorded on the high tempera ture  diffractometer 
was used to correct the high temperature  (220) peaks 
of both ZnS and Cu2S. This procedure is permissible 
since all the per t inent  peaks occur in the 22o-24 ~ 
0 region. The angular  shift due to displacement of the 
sample from the in s t rumen t  axis is proport ional  to 
cos 0 (12), and this means that  in the 22o-24 ~ region 
the shift varies by less than  1.4%. 

Table I gives the calculated lattice parameters  for 
ZnS and Cu2S. The values were based on three inde-  
pendent  runs.  According to Djur le  (10) the value of 
a for Cu2S is 5.735 _ 0.010A at 500~ which is seen to 
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Table I. Lattice parameters of ZnS and Cu2S 

S a m p l e  a, A 

P u r e  Z n S  a t  50~~ 
Z n S  in  Z n S  + Cues  m i x t u r e  a t  500~ 
P u r e  Z n S  a t  800~ 
Z n S  in  Z n S  + Cu~S m i x t u r e  a t  800~ 
P u r e  Cues  a t  500~ 

Cu~S in  Z n S  + CueS m i x t u r e  a t  500~ 
P u r e  CueS a t  800~ 

Cues  in  Z n S  + Cues  m i x t u r e  a t  800~ 

5.434 • 0 .010 
5.437 • 0.010 
5.448 ----4- 0.010 

5.450----_ 0.010 
5.725 • 0.010 

5.720 • 0 .010 

5.762 • 0.010 
5.736 • 0.010 

be quite  close to the value  obtained in our invest iga-  
tion, 5.725. If one assumes a l inear relat ion between 
uni t  cell parameter  and concentration, one obtains a 
value  of 8 m / o  (mole per cent) of ZnS in CueS at 
800~ The lattice paramete r  of ZnS, in the presence 
of Cu2S at high temperatures ,  seems to show a slight 
t rend indicating solid solution of Cu2S in ZnS. How-  
ever,  these shifts are wi th in  exper imenta l  error.  No 
such apparent  shift was detectable in ZnS at room 
temperature .  In all  cases, analysis of cooled and cy-  
anide washed samples showed reta ined copper con- 
centrat ions of the order  of a few hundred parts per 
million. 

The results of the exper iments  described so far 
point very  strongly to the existence of a solid solu- 
tion between ZnS and cuprous sulfide. These results 
are thus in basic agreement  wi th  those of Novoselov 
(13). Novoselov's  value for the concentrat ion of ZnS 
dissolved in CueS at 800~ is about 12 m/o (as esti- 
mated from his diagram). His results were obtained 
by means of differential thermal analysis. 

Experiments were carried out to obtain additional 
evidence for solid solution formation between ZnS 
and CueS. 

A mix ture  of 0.95 mole of CueS and 0.05 mole of 
cubic ZnS was deposited on P t -Rh  holder. The tem-  
pera ture  was raised quickly (2 to 3 min)  to 800~ 
The (111) peak of cubic ZnS could not be detected. 
The 300-28 ~ region was scanned for 38 min  more but 
no indication of the (111) peak was obtained. The 
t empera tu re  was then lowered to 500 ~ and a small 
though ra ther  broad (111) peak was recorded. This 
peak became sharper  wi th  t ime at 500~ indicating a 
crystal l ization process of ZnS. The tempera ture  was 
raised to 800~ again and the (11I) peak disappeared. 
A similar  exper iment  was made with  a mix tu re  con- 
taining 8 m / o  of cubic ZnS. The results were  essen- 
t ial ly the same as in the preceding experiment .  In a 
mix ture  containing 15 m / o  of ZnS, however ,  the ZnS 
phase could be detected at both 500 ~ and 800 ~ 

The last three exper iments  allow one to set approx-  
imate  limits on the solid solubili ty at 500 ~ and 800~ 
The ZnS phase in the 5% ZnS mixture  was detectable 
at 500~ The ZnS concentrat ion in CueS is therefore  
less than 5 m / o  at 500~ At  800~ the ZnS phase 
disappears in both 5 and 8% ZnS mixtures.  It is sig- 
nificant that  in the 8% mix tu re  the position of the 
(200) CueS peak reached wha t  appears to be an equi-  
l ibr ium 2e value at 800~ The ZnS concentrat ion at 
800~ then does not exceed 8 m/o.  

The fol lowing exper iment  is quite indicat ive of solid 
solution formation. A layer of hexagonal  ZnS was 
deposited on a P t -Rh  strip and Cu2S was then placed 
on top of the ZnS. The diffractometer  trace taken at 
room tempera ture  showed weak reflections of hex-  
agonal ZnS. This probably indicates that  the Cu2S 
layer  was not thick enough to stop the x - r a y  radiat ion 
used. The tempera ture  was raised to 800~ and the 
scanning of the 31-28 20 region was begun. The x - r a y  
t race showed no hexagonal  ZnS. The cubic (111) peak 
was ini t ial ly quite  broad; it g rew steadily with time, 
reaching what  appeared to be an equi l ibr ium intensi ty 
after  about 80 min at 800~ At no t ime was the hex-  
agonal phase detectable. It appears that  hexagonal  
ZnS forms a solid solution with CueS and the cubic 
ZnS precipitates in the cooler portion of the layer.  
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Rate e x p e r i m e n t s . - - I n  these exper iments  two dif-  
ferent  preparat ions of hexagonal  ZnS and two CuS 
reagents were  used. CuS was used, ra ther  than any 
form of cuprous sulfide because the former  was avai l-  
able as very  fine powder,  whi le  the Cu2S prepared 
here  was very  coarse-grained.  To have  ground the 
Cues materials  might  have introduced unwanted  con- 
tamination. The crystal l i te  size in both CuS reagents  
was about the same (below 1~); however ,  in CuS-2 
the crystall i tes were  f requen t ly  s intered together,  
forming somewhat  coarser particles than in CuS-1. 
All  exper iments  in this section were  carr ied out by 
mixing  4 parts of hexagonal  ZnS and 1 part  of CuS 
and firing the mix ture  in ni t rogen atmosphere  for 
various periods of time. It was found that  the above 
ratio of the reactants  was sufficient to provide in- 
t imate  contact be tween the react ing part icles and that  
no change in the ZnS t ransformat ion rate would result  
on increasing the CuS to ZnS ratio. The degree of 
conversion to the cubic form of ZnS was determined 
on the basis of the integrated intensi ty of the cubic 
(200) ZnS peak, measured at room temperature .  

The exper imenta l  data have been found to fit the 
so-called sigmoidal rate  equation. 

x =  1 - - e x p  ( - - b t  n) 

where  x is the fract ion of the t ransformed phase, 
t the  total t ransformat ion time, n a constant de te r -  
mined by the shape of the growing particle, and b is 
a constant re la ted to the rate constant. 

In n u m e r o u s  instances the sigmoidal equation has 
been found to describe the kinetics of various phase 
changes (14). A plot of In I n ( I / I - - x )  against  In t 
should yield a straight line, and Fig. 5 shows that 
good straight lines are indeed obtained for the data 
of our experiments.  The fai lure  to obtain a straight 
line relat ion between In I n ( i / i - - x )  and In t for  sam- 
ples fired at 500~ indicates that  at this t empera ture  
the induction period, x, is re la t ive ly  long. In this case 
In I n ( I / i - - x )  was plotted against  ln( t --T)  for a series 
of �9 values, and the value of �9 which gave a s traight  
line was taken as the induction period. 

Table II lists the values of the constants n and b, 
as well  as the rate constants k = nb obtained from 
Fig. 5. 

Table II shows that  for samples t reated with  CuS-1, 
as well  as for samples fired at 500~ (with ei ther 
CuS-1 or CuS-2) ,  the value of n is very  near ly  1/2. 

Table II. Rate parameters of ZnS transformation 

S e r i e s  T e m p ,  ~ n b k ( m i n  -~) 

1 ( Z n S - 2  + Cu_S-2) 500 0.61 0.078 0.040 
2 ( Z n S - 1  + CuS-1 )  500 0.53 0.064 0.034 
3 ( Z n S - 2  + CuS-2 )  600 0.205 0.51 0.1O 
4 ( Z n S - 2  + CuS-1 )  600 0.54 0.39 0.21 
5 ( Z n S - 2  + CuS-2)  700 0.225 0.51 0.11 
6 ( Z n S - 1  + CuS-1 )  700 0.54 0.22 0.12 
7 ( Z n S - 2  + CuS-2 )  800 0.325 0.51 0.17 
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A depar ture  f rom n = 1/2 is observed for samples 
fired with CuS-2 at t empera tures  above 500~ This 
may be a t t r ibuted to the fact that, owing to the 
coarser particles of CuS-2, an appreciable number  of 
ZnS crystall i tes may  have escaped at tack by CuS. 
This effect, however ,  would be of re la t ive ly  minor  
importance at 500~ where  the t ransformat ion rate  is 
not fast. Also it may  be noted that  the two prepara-  
tions of ZnS t ransformed at different rates; this may 
be a t t r ibuted to slight differences in their  s toichiom- 
e t ry  or crystal l ine perfection. 

Discussion 
It has been shown that  the copper phase effecting 

the ZnS t ransformat ion is the high t empera tu re  mod-  
ification of cuprous sulfide and that, at least when 
present  in sufficiently large amounts (1% or more) ,  
all compositional forms of cuprous sulfide, i.e., Cu2S, 
Cul.96S, and Cul.sS, are near ly  equally effective at 
e levated temperatures .  It  has also been shown that  at 
e levated tempera tures  ZnS and cuprous sulfide in ter -  
act to form a solid solution having  a composition in 
the neighborhood of 8 m / o  ZnS at 800~ The high 
tempera ture  x - r a y  evidence for the solid solution is 
based on exper iments  involving Cu2S. Other forms of 
cuprous sulfide, in par t icular  Cul.sS, undoubtedly  form 
solid solutions also, as has been shown in exper iments  
with single crystals. This is unders tandable  since the 
high tempera ture  modifications of all cuprous sulfides 
appear  to be isostructural  (10). In this s t ructure  the 
sulfur atoms form a close-packed cubic arrangement ,  
and the copper atoms are statistically distr ibuted in 
the te t rahedra l  sites (15). The s t ructure  of high cu- 
prous sulfide is thus seen to be related to that  of cubic 
ZnS, in which the positions of the sulfur atoms are 
also those of face-centered  cubic close packing with 
the zinc atoms occupying one-hal f  of the te t rahedral  
holes. It  appears that  it is the s t ructural  s imilar i ty be- 
tween cubic ZnS and high cuprous sulfide that  enables 
the two sulfides to form solid solution. The (Cu,Zn)S 
solid solution cannot be preserved by quenching to 
room temperature ,  and this again is unders tandable  
since on cooling the high tempera ture  form of the 
cuprous-sulfides is t ransformed into low symmet ry  
structures (10). 

One may assume then that  tile first step in the ZnS 
t ransformat ion (copper induced) is format ion of the 
(Cu,Zn)S solid solution. The high t empera tu re  x - r ay  
results show that  in a thoroughly mixed sample of 
ZnS and cuprous sulfide (containing comparable  
amounts of both sulfides) this process is quite  rapid 
at 800~ The rapid rate  of the solid solution forma-  
tion is i l lustrated by the fact that  the shift in the 
(220) peak of Cu2S in ZnS-Cu2S mixture  appears to 
reach an equi l ibr ium value  within the first 1 or 2 rain 
at 800~ (with a total  hea t ing-up  period of only 2-3 
min) .  At this t empera tu re  then, solid solution forma-  
tion is not a rate  de termining  step. The fact  that  the 
t ransformat ion rates are quite close in the 600~176 
range suggests that  all the steps in the t ransformation,  
including that  of solid solution formation,  are rapid 
in the 600~176 range. 

There is no direct evidence on which one could 
draw conclusions regarding the rate  of nucleation, but 
the kinetic data suggest that, in the 600~176 range, 
nuclei  are formed in a t ime that  is negligible com- 
pared to the t ime requi red  for par t ic le  growth. Rapid 
nucleation rates have been established (by inference 
f rom over -a l l  rate) in a number  of precipitat ion reac-  
tions (14), as well  as in many recrystal l izat ion proc- 
esses (16). It  is reasonable to assume then that  in the 
600~176 range the formation of ZnS nuclei  is not 
a rate determining process. 

The over -a l l  t ransformat ion rate  of ZnS has been 
found to obey the sigmoidal rate  equat ion 

dx 
- -  = k ( 1 - - x )  t n - 1  
dt 
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Fig. 6. Photomicrographs of (a) starting hexagonal ZnS, (b) hex- 
agonal ZnS treated with CuS at 800~ (after KCN wash), (c) 
precipitated ZnS fired at 800~ 

with n lying in the neighborhood of 1/2. This value  
of n may be expla ined ei ther in terms of a one-d imen-  
sional growth mechanism which is de termined only by 
processes occurring at the interface of the growing 
phase, or in terms of a one-dimensional  precipitat ion 
model  proposed by Roberts  et al. (17). The essen- 
tial difference be tween these two models lies in the 
fact that  in the lat ter  model  (precipitat ion) the 
growth of the part icle is diffusion controlled. It  has 
been shown by Zener (18) that  the ra te  of l inear  
growth in this case is proport ional  to (Dt)l/2, where  
D is the diffusion coefficient of the diffusing species. 
Assuming a l inear  concentrat ion gradient,  it is then 
easy to show (17) that  the growth ra te  of a part icle 
in one dimension (e.g., a platelet  which thickens 
with  t ime) should be proport ional  to t -1/2. 

If one assumes that the growth of cubic ZnS is dif-  
fusion controlled, it fol lows that  the ZnS t ransforma-  
tion proceeds by dissolution of hexagonal  ZnS in CufS, 
fol lowed by precipi tat ion and subsequent  crystal l iza-  
tion of cubic ZnS. In Fig. 6 are shown photomicro-  
graphs of the start ing hexagonal  ZnS, hexagonal  ZnS 
t reated with CuS at 800~ for 1 hr, and ZnS pre-  
cipitate crystal l ized for 1 hr  at 800~ It is seen that  
the copper- t rea ted  sample (which was almost com-  
pletely conver ted to the cubic form) is essentially 
similar  to the s tar t ing hexagonal  ZnS. Crystal l ization 
of ZnS precipitate,  on the other  hand, yielded crystal-  
lites considerably smaller  in size. Crystal l izat ion of 
ZnS precipi tate  at tempera tures  lower  than 800~ 
would be expected to produce even smaller  crystal-  
lites, yet the crystal  size of ZnS samples t reated with 
CuS even at 350~ shows no detectable difference 
f rom that of the start ing mater ia l  (al though consider-  
able conversion to the cubic form may be achieved 
after  1 hr at 350~ One may then re ject  the dif-  
fus ion-control led  mechanism, though as pointed out 
ear l ier  it has been found operat ive under  certain con- 
ditions. 

We shall now examine  a one-dimensional  growth 
mechanism which is control led pr imar i ly  by processes 
occurring at the phase interface. It may be recal led 
that  the ZnS structure can be regarded  as being com- 
posed of ZnS layers stacked in the direction normal  
to the layer  plane. The forces holding each layer  to-  
gether  are apparent ly  considerably s t ronger  than 
those holding the separate layers together.  This is 
evidenced by the fact that  the mechanical  or the rmal  
t rea tment  ve ry  often produces one-dimensional  fau l t -  
ing, but  there  is no detectable sign of disorder wi th in  
individual  layers. It is significant that  mechanical  or 
thermal  t rea tment  of hexagonal  ZnS (without  copper) 
produces usual ly l i t t le or no coherent  cubic ZnS. For  
example,  Smith  and Hill  (19) found that  impact  com- 
minut ion of hexagonal  ZnS results  in a heavi ly  faul ted 
s t ructure  which is nei ther  coherent  cubic nor  coherent  
hexagonal.  They obtained similar  results for thermal ly  
t reated ZnS (prolonged sintering with  NaC1 at 850 ~ 
970~ Short  and S teward  (20) describe similar  ex-  
per iments  on grinding hexagonal  ZnS. They repor t  a 
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decrease in the proport ion of hexagonal  stacking 
as the gr inding t ime is increased. However ,  there is 
no evidence in their  paper for the appearance of a 
coherent  cubic phase, as can be seen f rom the ab- 
sence of any intensi ty in the cubic (200) reflection. 
Extens ive  fault ing with li t t le or no coherence in 
ei ther  cubic or hexagonal  phases was reported in the 
case of the rmal ly  t reated hexagonal  ZnS in the ab- 
sence of copper (21). In the single crystal  exper iments  
carr ied out as par t  of this invest igat ion it was also ob- 
served that  in the absence of copper, thermal  t rea t -  
ment  produces faul t ing but li t t le or no coherent  cubic 
ZnS. 

The theory of one-dimensional  disorder,  as developed 
by Wilson (22) and Jagodzinski  (23), which proved 
to be successful in in terpre t ing  stacking fault  disorder 
in cer ta in  layer  structures (cobalt, graphite,  ZnS, etc.), 
assumes that  wheneve r  growth or deformat ion faul t -  
ing occurs, the position which will  be taken by a given 
layer  depends on the positions of the preceding layers.  
In Wilson's theory  the "sphere of influence" was re -  
stricted to two preceding layers. This model  proved 
to be inadequate  in certain cases (including ZnS) and 
bet ter  agreement  wi th  exper iment  was achieved by 
extending the sphere of influence to 3 layers (23). A 
more adequate  description of one-dimensional  dis- 
order  would probably have to extend the interact ion 
range to more layers (24). 

It  is proposed that  the fai lure  of thermal  t rea tment  
(no copper) to t ransform hexagonal  ZnS into co- 
herent  cubic phase lies in the fact that  for such t rans-  
format ion to occur one needs nuclei of coherent  cubic 
ZnS which could guide the t ransformat ion wave. Such 
nuclei  appear  to form in copper- t rea ted  ZnS as a re-  
sult of precipi tat ion of cubic ZnS from the (Cu,Zn)S 
solid solution. When the nucleus attains a certain cri t -  
ical size (perhaps a few tens of layers thick) ,  it may  
start  to reorder  the hexagonal  layers, provided the 
nucleus happens to grow on certain specific hexagonal  
faces, for example,  (0002). The t ransformat ion  of 
hexagonal  ZnS may then be character ized by a pro-  
gressive movement  of the hexagonal-cubic  interface, 
the dr iving force being a decrease in the free energy 
associated with the transi t ion to the stable cubic 
phase. In this case the t ransformat ion mechanism 
amounts to a one-dimensional  growth process. Now, 
assuming that  the l inear growth rate is proport ional  
to t -1/2, which according to Loria et al. (16) appears 
to hold for many  recrystal l izat ion processes, and fur-  
ther  assuming that  the nucleat ion period is negligible 
compared with  the t ime requi red  for g rowth  (which 
also seems to be a very  reasonable assumption) (16), 
one may set the over-a l l  t ransformat ion rate propor-  
t ional to t -1/2. Making al lowance for mutual  in ter -  
ference of growing domains by introducing a factor 
( l - - x ) ,  one obtains 

d x  
= k(1 - -  x) t  -1/2 

dt 

which is the rate  equat ion describing our kinetic data. 
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Influence of Carbon Transport Kinetics 
on Solution Growth of 3-Silicon Carbide Crystals 
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ABSTRACT 

Twinned  E-silicon carbide platelets with a (111) habit  were grown from 
the walls of graphite crucibles in l iquid silicon solutions with carbon con- 
centrat ions below 0.1 a/o (atomic per cent) .  The observed crystal  growth 
effects resul t ing from increasing the carbon solute t ransport  rate by s t i r r ing 
the solution are described and correlated with boundary  layer theory. Both 
forward growth of platelets into the solution and lateral  growth of platelets 
were accelerated by stirring. However, crystal growth in the forward direction 
was eventual ly  l imited by a boundary  layer  region, beyond which the solution 
was no longer supersaturated.  Because of the decrease in boundary  layer  
thickness with increasing s t i r r ing speed, the t e rmina l  lengths of silicon 
carbide platelets decrease with increasing st i rr ing speed. 

Cubic Z-silicon carbide crystals have been grown 
from carbon-sa tura ted  l iquid silicon solutions (1,2).  
These crystals normal ly  occur as vicinal  platelets with 
a (111) habit. They nucleate on walls of the graphite 
crucible and extend into the solution with their  major  
faces normal  to the wall. The crystals are usual ly  
twinned on the (111) planes (3), and the twin  plane 
r e -en t r an t  edge formed when at least two (111) twin 
planes occur in the crystal is believed to cause more 
rapid growth at the edge of these platelets than in a 
direction normal  to their  habi t  faces (4, 5). This anisot- 
ropy in growth kinetics accounts for the platelet 
morphology. However, modifications in  this general  
form have been observed under  different growth con- 
ditions. St i rr ing the solution causes a reduction in 
platelet length and an increase in platelet  thickness, 
and rapid st i rr ing leads to approximately equidimen-  
sional twinned crystals (see Fig. 1 where  cross sec- 
tions of part ial ly leached crucibles are shown).  Un-  
twinned  crystals are also polyhedral  and quite small  
unless the solution is rapidly stirred to increase the 
rate of t ransport  of carbon across the boundary  layer. 

Although there is considerable exper imental  evi- 
dence to support  the twin plane r e -en t r an t  edge 
mechanism of platelet  crystal  growth for silicon car-  

bide (see Fig. 2) there are no data on the kinetics of 
solute a t tachment  to the crystal (sticking coefficients) 
as a funct ion of crystal habit  that would permit  an 
analyt ical  t rea tment  of this aspect of the crystal 
growth rate. It  would be exceedingly difficult, if not 
impossible, to devise suitable experiments  to secure 
these data because of the high crystal  growth tem- 
peratures and highly reactive growth environment .  
Consequently,  the present study was confined to an 
analysis of carbon t ransport  in the solution adjacent  
to the growing crystal platelet and the effect of car-  
bon t ransport  on crystal growth rates. Both forward, 
~110~,  and lateral,  [111], growth directions of plate-  
lets were considered, but  pr imary  at tention was 
placed on the forward growth rate. 

Experimental 
The method of growing E-silicon carbide from solu- 

tion in  a m o l t e n  silicon solvent has been described 
previously (1, 2). Silicon is mel ted in a graphite cruci-  
ble and is he ld  in a thermal  gradient, which permits  
solution of carbon at the upper  walls and growth of 
silicon carbide crystals on the base and lower walls of 
the crucible: The solubil i ty of carbon in  l iquid silicon 
(6) is only about 0.03 a /o  at 1600~ Carbon transport  

Fig. I. fl-SiC crystals as grown in graphite crucibles. Magnification ca. 5X. 
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Fig. 2. Edge view of twinned ~-silicon carbide crystal showing 
the re-entrant angle. Magnification 235X. 

within  the solution normal ly  occurs by free convec- 
tion and diffusion. In the present  study, carbon t rans-  
port  was accelerated by st i rr ing the solution with  a 
graphi te  impeller .  The crucible d iameter  was 50 mm 
and the impel ler  d iameter  was 38 mm. The impel ler  
was separated 15-20 mm from the crucible base. Crys-  
tal  growth exper iments  were  conducted at impel le r  
speeds vary ing  f rom 0 to 500 rpm. 

Although more crystals were  formed wi th  increas-  
ing impel ler  speed, platelet  length decreased. The ter-  
minal  length of platelets grown in 24 hr  decreased 
f rom 8-10 mm to about 1 mm as the s t i r r ing speed was 
increased f rom 0 to 500 rpm (see Fig. 1). P la te le t  
thickness increased wi th  s t i r r ing speed, and at 500 
rpm crystal  thickness approached crystal  length. 

Theory 
Latent  heat e f fec t . - -The effect of the latent  heat  of 

formation of the growing silicon carbide crystals on the 
growth mechanism is insignificant. This fact can be 
confirmed by examining  the diffusion-controlled rate  
of growth of silicon carbide in a perfect ly  quiescent  
solution with  the fol lowing typical exper imenta l  con- 
ditions: a t empera tu re  difference ~T of 100~ and a 
carbon mole fract ion difference Xc~ - -  X~.o of 2 x 10 -4 
(2 x 10 -2 a /o)  from source to sink, and a distance -~y 
of 3 cm be tween  the source and sink. T ~ - - T o  and 
Xc~--X~o correspond to a growth t empera tu re  of 
1530~ and a source tempera ture  of 1630~ based on 
Scace and Slack's data (6) for carbon solubil i ty in 
silicon. 

For  s teady-sta te  diffusion, the carbon flux J (moles 
cm -2 sec - t )  is given by 

J = CoD (Xc~ -- Xco) / •  [1] 

where  Co is the total molar  concentra t ion of the di lute 
solution (0.0768 mole cm-3 ) ,  and D is the diffusivity 
of carbon in the solution. The physical propert ies  of 
l iqu id  silicon Cp, D, K L ,  # ,  and p, requi red  for this and 
subsequent  analyses are  listed in Table I. Estimates 
were  made for #,  E L ,  and D. The diffusion coefficient 
for carbon, D = 1.7 x 10 -4 cm 2 sec -1, was est imated 
using the general ly  accepted empir ical  equat ion for 
self-diffusion in liquids shown in Table I. The growth 
rate  y is re la ted to the carbon flux in solution by 
the expression 

~I = J (M/p) sic = 12.5J [2] 

Table I. Properties of liquid silicon 

Property Value  

Specific heat ,  Cp 
Viscosity,  /~ 
T h e r m a l  c o n d u c t i v i t y ,  KL 
Dens i ty ,  p 
Dif fus ion ,  D 
K i n e m a t i c  v i scos i ty ,  o = ~/p 
P r a n d t l  n u m b e r ,  P r  = C-plt/KL 
Schmidt  number,  Sc  = /~/pD 

0.182 ca l  g-1 oC-~ 
1 X 10 -2 po i se  (est.)* 
0.08 cal  sec -~ cm-X ~ (est . )* 
2.55 g cm ~ 
1.7 X 10 -~ cm ~ see-l? 
3.92 X 10 -~ cm 2 see-1 
0.023 
23 

* L i q u i d  s i l i con  is m e t a l l i c  r a t h e r  t h a n  s e m i c o n d u c t i n g ;  es t i -  
m a t e s  for  t h e r m a l  c o n d u c t i v i t y  a n d  v i s c o s i t y  a re  based  on  v a l u e s  
for other liquid meta l s ,  p a r t i c u l a r l y  t in .  

t Di f fus ion  coeff ic ient  c a l c u l a t e d  f r o m  l i q u i d  s i l i con  p r o p e r t i e s  
using the fo l lowing,  f o r m u l a  

D = (kT/2~) (No#/M)~/~ 

For the selected conditions previously mentioned, 
~/ = 8.3 x 10 -3 mm/day ,  or conversely,  121 days are 
required to increase the crystal  length by 1 ram. 

The heat  flux qi associated wi th  this simple diffu- 
s ion-control led growth can be calculated f rom the 
heat  of formation of silicon carbide from liquid silicon 
saturated with carbon 

qf = ?~p (--AHf) [3] 

where  AHf is the heat  of formation of SiC at 1580~ 
~Hf = --1470 ca l /g  (--59,000 ca l /mole ) .  The heat  flux 
t ransferred through the l iquid solution, qL, is given for 
the convectionless case 

qL ~- KL (T| - -  To) /Ay  [4] 

The ratio ql/qL is the ratio of heat  flux originat ing 
from crystal l ization to heat  flux arising f rom transfer  
through the solution. This ratio is ve ry  small  for the 
selected condition, qf/qL = 1.6 X 10 -5, and conse- 
quent ly  the heat  of crystal l izat ion will  not signifi- 
cantly affect heat  t ransfer  or t empera tu re  distr ibut ion 
within  the solution or at the crystal  solution interface. 
St i r r ing the solution wil l  increase both qf and qL, but 
the ratio qf/qL will  remain  negl igibly small  for the 
growth of silicon carbide. 

Boundary layer pro#les . - -Boundary  layer  theory 
(7, 8) is used to describe the silicon solution adjacent  
to the crucible wal l  under  defined st i rr ing conditions. 
This analysis proceeds as follows. Dimensionless pro-  
files of the mass (carbon concentrat ion) ,  fluid velocity, 
and tempera ture  are calculated as functions of a di- 
mensionless distance f rom the cold wall. These cal-  
culations are made wi thout  regard  to the presence of 
silicon carbide crystals, which are considered to be too 
few in number  to al ter  the boundary layer  profiles. 
Physical  constants for l iquid silicon or est imated 
physical constants based on propert ies  of other  simi- 
lar l iquid metals are used. The thermal  boundary  
layer  is much thicker  than the mass boundary layer,  
leaving a supersaturated region near  the cold wall, 
even if equi l ibr ium is a t ta ined at the cold wal l  sur-  
face. The converse is t rue near  the hot wall,  where  
an undersa tura ted  region wil l  be found even though 
equi l ibr ium with respect to carbon solubil i ty is at-  
tained at the hot wall.  These results are a consequence 
of the thermal  diffusivity being much larger  than the 
mass diffusivity. The situation is shown schematical ly 
in Fig. 3. The l inear  gradients in this figure represent  
molecular  diffusion and thermal  conduction in a quies-  
cent liquid. 

Consider solution flow around a flat disk that  rotates 
about an axis perpendicular  to its plane with  uni form 
angular  veloci ty o, in a fluid otherwise at rest. Because 
of friction, a boundary  layer  of fluid is carr ied by the 
disk and thrown outward  by centr i fugal  forces. This 
flow is compensated for by an influx of fluid in the 
axial  direction toward the disk. The axial  and radial  
flow are shown in Fig. 4. This case permits  a solution 
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Fig. 3. Schematic diagram comparing the temperature and car- 
bon mole fraction profiles near the crucible cold wall. 
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of the Navier-Stokes equations for flow (7) and, with 
some modification, provides a good analogue of the 
conditions existing at the bottom of an impel ler-  
stirred crucible. The thickness ~ of the layer carried 
by the disk is 

8 --~ (v/~) in [5] 

Dimensionless velocity profiles for tangent ia l  (cir- 
cumferent ia l ) ,  radial,  and axial flow are shown in 
Fig. 5(a) as functions of a dimensionless distance 
from the disk, where ~ = y / ( v / ~ , ) 1 / 2 .  The actual veloc- 
ties, v in the tangent ia l  direction, u in the radial  di- 
rection, and w in the axial direction, are obtained 
from the dimensionless velocities by the following de- 
fining equations 

G = v / r  ~ ~ [6] 

F = u / r  ~ ~ [7] 

~ . o ~  I i " I 
O.B I~TANGENTIAL (G) 

0.4 

0.2 ~ 
0 

0 ( 2 3 
DIMENSIONLESS 

DISTANCE ~= y (..~-) '/2 

(a) 

TANGENTIAL O.S ( 

0 
0 I 2 3 
DIMENSIONLESS 

DISTANCE ~ = y (-~-) V2 

(b) 

Fig. 5. Velocity distribution near u disk rotating in a fluid 
at rest (a) and in a rotating fluid near a disk at rest (b). 
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H = w / ( v  ~ ~) l m  [8] 

where r is the local radius of the disk where the 
velocity values are being determined. The velocity 
profiles for a s tat ionary disk, e.g.,  with the reference 
coordinates rota t ing with the disk, are shown in Fig. 
5(b) .  The tangent ia l  flow is zero at the surface and 
increases in  the direction away from the surface. This 
si tuation corresponds closely wi th  that  in  the base of 
a stirred crucible when the impeller  forces fluid down 
onto the crucible base. The curves of Fig. 5 are for an  
infinite disk, but  they are not  altered for a finite disk, 
or a finite crucible diameter,  provided that  the disk or 
crucible radius R > ~  8. The tangent ia l  velocity for 
rotat ing coordinates is defined as 

IGI = :- (vlr~ ~) [91 

Although the axial  flow component  is essential for 
permit t ing the introduct ion of enriched solution into 
the boundary  layer, it is not significant in terms of 
flow over the surface of a platelet  pro t ruding  into or 
through the boundary  layer. This is because of the 
much smaller  absolute magni tude  of the axial flow 
compared with tangent ia l  flow, i.e., r > (v/~) :/2 and 
therefore v > >  w at all but  very  small  values of r, 
(r -* 0). Fur thermore,  the region beyond the ve-  
locity boundary  layer y > (v/w) 1/2, is of p r imary  
interest  because the thermal  boundary  layer  is much 
thicker than the velocity boundary  layer. Since flow in 
the radial  direction does not  increase beyond y = 
(viol) 1/~, flow past a platelet  growing in  the region 
to the l imit  of the thermal  boundary  layer (super- 
saturated region) can be described to a good approxi-  
mation with only the tangent ia l  velocity component.  

The temperature  and mass (carbon) boundary  layer 
thicknesses depend on the velocity boundary  layer, 5. 
Figure 5(b) shows that  an exact definition of 5 is 
impossible, because the velocity is a continuous func-  
t ion of y. Boundary  layer  theory can be used to cal-  
culate the temperature  and concentrat ion profiles as 
functions of o, where o ---- y / 8 .  These dimensionless 
temperature  and concentrat ion profiles also depend on 
the Prand t l  ( P r )  and Schmidt ( S c )  numbers ,  respec- 
t ively (see Table I).  In the l imit  as the net  mass t rans-  
fer rate approaches zero, which is a val id approxi-  
mat ion because of the slow growth of silicon carbide, 
the profile equations are 

# 
T --  To o exp (--1.328Pr 08/3!) do 

[10a] 
T~- -To  j '~ exp (--1.328Pr o8/3!) do 

o 

# 
X c  - -  Xr o exp (--1.328Sc h3/3!) dh 

[10b] 
Xc=-- Xco f=~ exp (--1.328Sc ~3/3!) do 

o 

For a derivation of these equations, the reader is re-  
ferred to Bird e t  al. (8), chap. 4 and 19, or to Schlich- 
t ing (9), chap. 7. 

The general  profile from Eq. [10] is plotted in  Fig. 
6, which is taken from Bird e t  al. (8). By lett ing 
5 = 1.3 (~/~)~/2, the curve of Fig. 6 fits well with the 
tangent ia l  curve of Fig. 5(b) .  In  effect, curve fitting 
has been used to select the constant, 1.3, in Eq. [5] 
in order to match all of the profiles appropriately. 
Using the values for S c  and Pr  listed in Table I and 
the curve from Fig. 6, the temperature  and carbon 
concentrat ion dimensionless profiles were calculated 
and plotted in  Fig. 7. It is readi ly seen that  the mass 
t ransfer  boundary  layer is th inner  than the velocity 
boundary  layer  and very much th inner  than  the tem- 
erature boundary  ]ayer. Since equi l ibr ium (carbon- 
saturated solution) occurs in  the silicon solution be-  
yond the boundary  layers, a supersaturated region 
must  occur wi th in  the thermal  boundary  layer. Crystal  
growth is enhanced in this region in direct proportion 
to the separation between the mass t ransfer  profile 
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Fig. 7. Dimensionless temperature, velocity, and carbon mole 
fraction profiles in a stirred crucible of liquid silicon. 

and the temperature  profile, since this is a measure of 
the degree of supersaturat ion.  The boundary  layer  
thickness is proport ional  to (~-1/2) (see Eq. [5] and 
Fig. 7). 

This pronounced difference in profiles is a direct 
consequence of the disparity in Schmidt and Prand t l  
numbers ;  more part icularly,  the thermal  diffusivity, 
EL~pep, is very much higher than the mass diffusivity, 
D. Thus, mass t ransport  is very dependent  on stirring, 
whereas thermal  t ransport  is always rapid and is ac- 
celerated only slightly by stirring. 

C a l c u l a t e d  piate ' let  g r o w t h  r a t e . - - C a l c u l a t i o n  of the 
platelet  growth rate involves two major  terms: (i) the 
excess carbon mole fraction, •  in the supersaturated 
(boundary  layer) region, and (ii)  an appropriate mass 
t ransfer  coefficient, k,~. The velocity profiles for the 
silicon carbide growth conditions have been described 
and used to determine temperature  and concentrat ion 
profiles that  define the supersaturated region. Over all 
of this region, except very close to the wall, the carbon 
mole fraction Xc is equal  to the level wi th in  the solu- 
tion, Xc ~ Xc~, and the tangent ia l  fluid velocity v is 
equal  to the velocity of the bulk  of the solution, v~. 
Consequently,  the critical carbon mole fraction ~Xc 
in excess of equi l ibr ium is a funct ion of distance into 
the boundary  layer, y, as follows 

= [-L 1 - { t  T-~-'~oT--T~ ) ] ( y )  ( X c |  [11] AX----c(y) 

where ( T  -- T o ) / ( T ~  - -  To) is given by Fig. 7. 
The carbon flux J to the surface and the reaction 

rate to form silicon carbide, assuming a sticking co- 
efficient a = 1, are proportional to the carbon mole 
fraction in excess of equi l ibr ium AXe(u) as follows 

J(y~ = km AXc(u) [12] 

where km is the mass t ransfer  coefficient, which will  
now be discussed. 

In  general, km is a function of the fluid properties 
and velocity of flow. The Nusselt number  (Nu~) for 
mass transfer, which is a dimensionless group defined 
a s  

N Um = kind~CoD [13] 

where d is a characteristic d imension of the system, 
is often used in t reat ing mass t ransfer  problems in 
fluid systems. Empirical  correlations have been made 
to evaluate the Nusselt numbers  for forced flow 
around a few simple shapes. The tangent ia l  flow of 
silicon over the tip of a platelet  affects its forward 
growth rate. Flow over the minor  dimension (thick- 
hess) of a platelet can be approximated by viscous 
flow around a submerged rod ( transverse direction) 
or sphere. The resul t ing Nusselt numbers  using the 
sphere correlation differ little from the Nusselt num-  
bers for the rod. The calculated Nusselt numbers  for 
rods or spheres of the same diameter  in identical 
fluids and flow velocities are usual ly  wi thin  20% of 
each other, which is adequate for our purpose. Adopt-  
ing the simple sphere correlat ion (10) 

Num = 2.0 + 0.6 R e  l/s Sc 1/3 [14] 

where Re  is the Reynolds number  for flow over the 
tip of the platelet 

Re  = d r ~ / v  [15] 

In Eq. [15] d is the minor  dimension (thickness) of 
the platelet, and r is the radial  distance from the center 
of the crucible to the platelet. From Eq. [13] and [14] 
the mass t ransfer  coefficient i s  

km = (CoD~d) (2.0 + 0.6 d 1/2 r 1/2 ~1/2 v-l /2 Scl/3) [16] 

Combining Eq. [2], [11], [12], [13], and [14] yields 
the following relat ion for the rate of forward plate-  
let growth (sticking coefficient ~ = 1) 

y : ( M / p )  sic ( C o D / d )  (2.0 + 0.6 d 1/2 r 1/2 •1/2 v-l~2 Scl/a) 

[ 1 - -  (Xc~ ~ Xeo) [17] 
T~ - -  To (y) 

where [ 1 - - ( T - - T o / T |  is a funct ion of y 
determined from Fig. 7. Because of this term the 
growth rate ~ decreases as y increases. 

The effects of the radial  location of the platelet in 
the crucible, r, and the minor  dimension, d, of a 
platelet on forward growth velocity and te rminal  
thickness of the platelet are also obtained from Eq. 
[17], or the Reynolds number .  Increasing r increases 
the growth velocity, but  does not affect te rminal  
length. The growth rate decreases slightly as d in-  
creases (decrease in aspect rat io) .  

Results and Discussion 
Equation [17] was integrated by successive approxi-  

mations to obtain growth curves for SiC platelets at 
various s t i r r ing speeds. The following parameters  
were used in Eq. [17]: the minor  platelet thickness, 
d, is 10 -2 cm (typical of observed values of d) ;  
(Xc~ --  Xco) = 1 x 10-4; and the radial  platelet  loca- 
tion is r = 3 cm. The calculated growth curves are 
shown in  Fig. 8. Results of crystal growth experiments  
for (Xco --  Xc~) = 1 x 10 -4 are also presented in Fig. 
8 as bars. The number  adjacent  to each data bar  in -  
dicates the st irr ing speed, in  rpm rather  than  ~, as- 
sociated with the crystal  lengths observed in  that  run.  
The data consensus of more than 30 unst i r red experi-  
ments is shown as a dashed zone. The te rminal  crystal  
lengths are in good agreement  with observed values 
for various st irr ing speeds, except at the lowest s t i r -  
r ing  speed, 1 rpm. Crystals longer than 10 mm are 
usual ly  thin whiskers, and none greater  than 15 mm 
has been grown. Several  factors, in addition to some 
lack of precision in  de termining the boundary  layer 
thickness, may contr ibute  to this small  discrepancy: 
(A) A st irr ing speed of 1 r pm is very slow, and free 
convection in an unst i r red nonisothermal  solution 
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may actually provide more mixing than is secured 
from st i r r ing at this speed, and consequently may re- 
duce the boundary  layer thickness. (B) The sticking 
coefficient in the forward growth direction may be 
less than a ---- 1. (C) As growth progresses, impurit ies 
may strongly adsorb on the surface, blocking reactive 
sites and slowing or even hal t ing fur ther  growth. 
Support  for impur i ty  poisoning is found in the fact that 
crystals longer than a few mil l imeters  have only been 
obtained in  an env i ronment  without  ni t rogen or oxy- 
gen. Iron and other metals, when  added to the solution 
in sufficient quanti ty,  have been observed to repress 
the forward growth of platelets. 

Thus far no at tempt  has been made to analyze the 
free convection si tuat ion where fluid motion is in-  
duced because of gravitat ional  forces and the differ- 
ential  specific gravity of a nonisothermal  solution. 
The results in Fig. 8 indicate that  free convection mix-  
ing is approximately equivalent  to s t i rr ing at 5 rpm. 

The lateral  growth direction, [111], of/~-silicon car- 
bide can be discussed only quali tatively.  The sticking 
coefficient on the (111) habit  is undoubtedly  a < <  1, 
and because surface active sites for carbon a t tachment  
are probably kinks, edges, or other surface anomalies, 
the effective sticking coefficient probably varies with 
the surface roughness. Considerable var ia t ion in 
thickness of crystals wi th in  a single melt  has been ob- 
served. Nevertheless, the effect of s t i rr ing on the 
relat ive rate of lateral  growth is of interest  because 
significantly thicker crystals are obtained as a re- 
sult  of stirring. The mass t ransfer  coefficient for 
growth in  the lateral  direction can also be expressed 
as a funct ion of an appropriate Nusselt number ,  and it 
can be shown by dimensional  analysis that  Nu~, = 
f(Re"). For simple shapes n ~ 0.5. Thus the lateral  
growth velocity (z) is a funct ion of st irr ing velocity, 
z ---- f(~").  Assuming n ---- 0.5, un twinned  polyhedral  
crystals grown at a s t i rr ing speed of 480 rpm should 
be 22 times larger than un tw inned  crystals grown at 
1 rpm over the same growth period. A marked in-  
crease in the size of un twinned  crystals was observed 
as a result  of s t i r r ing the solution. 

S u m m a r y  
The case of a rotat ing impeller  inside a large cru-  

cible has been treated using boundary  layer  theory for 
laminar  flow, and the calculated crystal  growth re-  
sults are similar  to exper imental  results obtained us- 
ing a crucible stirred with a thin impeller.  St i r r ing 
creates a region of quas i -uni form temperature  and 
carbon concentrat ion throughout  most of the solution. 
However, near  the cold base of the crucible where 
growth occurs, the solution temperature,  carbon con- 
centration,  and the fluid velocity decrease as the cru-  
cible wall  is approached. With in  this gradient  zone, or 
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boundary  layer, supersaturat ion and crystal growth 
occur. At higher s t i r r ing velocities, crystal  growth is 
more rapid, but  the boundary  layer is also thinner .  
Consequently,  growth in the forward direction quickly 
terminates  at a shorter total  platelet  length than is 
eventual ly  at tained by slower growing crystals in less 
rapidly stirred solutions. Growth in  the lateral  direc- 
tion, [111], which is the s low-growth direction, is in -  
creased by st i rr ing and proceeds without  impediment  
until ,  given sufficient time, adjacent  crystals come in 
contact. Because higher st irr ing speeds cause greater 
supersaturat ion at the crucible wall, the n u m b e r  of 
stable nuclei  is probably increased by stirring. At 
higher s t i rr ing speeds, these phenomena,  coupled with 
the greater lateral  growth velocity of twinned crys- 
tals, eventual ly  produce a compact mass of adjacent, 
approximately equidimensional  crystals, ra ther  than  
the widely separated platelets obtained at low st irr ing 
speeds, or without  stirring. The agreement  between 
calculated and observed lengths for twinned  crystals 
is satisfactory at all s t i rr ing speeds. Agreement  is 
poorest at low velocities: at 1 rpm, the calculated 
platelet  lengths obtained in 24-48 hr  are about  twice 
the max imum observed length. 

In a perfectly quiescent solution there is no bound-  
ary layer l imit  on the crystal length, but  the rate of 
growth becomes extremely slow. In  reality, a quies- 
cent solution is never  attained, even wi thout  stirring, 
because of the free convective mixing of the noniso- 
thermal  solution. A description of free convection in  a 
hot-top, cold-bottom large crucible has not been at-  
tempted. This si tuation causes much less mixing  than 
the opposite thermal  gradient, but  the problem is too 
complex for analysis at this time. The modest free 
convective mixing  obtained in large crucibles, such as 
those used current ly ,  is probably a good compromise 
between adequate growth velocity and adequate ter-  
minal  length of the crystals. 
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NOMENCLATURE 
Co Total solution concentrat ion 
C-, Specific heat of solution 
d Minor dimension of silicon carbide platelets 

and characteristic dimension for definition of 
NUm 

D Solution diffusion coefficient (carbon) 
F Radial dimensionless fluid velocity 
G Tangent ia l  dimensionless fluid velocity 
H Axial dimensionless fluid velocity 
~Hr Heat of formation of silicon carbide from solu- 

t ion 
J Carbon flux in  solution 
k Boltzmann's  constant  
k,, Mass t ransfer  coefficient 
K Thermal  conductivi ty 
M Molecular weight 
No Avogadro's Number  
q Heat flux 
r Radial location of platelet in  crucible(0--~r--~R) 
R Crucible radius 
T Tempera ture  
u Radial fluid velocity 
v Tangent ia l  fluid velocity 
w Axial  fluid velocity 
Xc Carbon mole fraction in solution 



1154 J. Electrochem. Sot.: S O L I D  S T A T E  S C I E N C E  N o v e m b e r  1967 

/XXc(~) Carbon mole fraction in excess of equi l ibr ium 
value (a function of y given by Fig. 7 and 
equation ( l l ) J  

y Distance in forward growth direction (normal  
to crucible wall) 
Growth velocity in the forward direction 

z Distance in lateral  growth direction, [111] 
5 Boundary layer  thickness 

Corrected dimensionless distance 
# Viscosity of solution 
v Kinematic  viscosity (#/p) 

Dimensionless distance, uncorrected (Note: 

p Density 
Sticking coefficient 
Angular  velocity 

Num Nusselt dimensionless group for mass t ransport  
Pr Prandt l  dimensionless group 
Re Reynolds dimensionless group 
Sc Schmidt dimensionless group 

Subscripts 
f Proper ty  based on heat of formation of silicon 

carbide 
L Solution property 

O Evaluated at crystal  surface 
Evaluated beyond the boundary  layer 
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Behavior of Large-Scale Surface Perturbations 
during Silicon Epitaxial Growth 

W. R. Runyan and Earl G. Alexander 
Texas I~str~ments Incorporated, Dallas, Texas 

and S. E. Craig, Jr. 
Arizona State University, Tempe, Arizona 

ABSTRACT 

The behavior of relat ively large surface depressions and protrusions was 
studied as a function of various epitaxial growth parameters.  It  is shown 
that at high concentrat ions of s i l icon-bearing species, surface stability occurs 
which cannot  be explained solely on the basis of gas phase diffusion and 
capillarity. 

The effects of various process variables on the 
growth rate of silicon over large relat ively flat areas 
have been studied extensively and are reasonably pre-  
dictable. The differences to be observed between the 
infinite plane case just  ment ioned and one in which 
only small  areas of silicon are exposed has also been 
treated (1, 2). In  addition, the general  problem of the 
stabil i ty of very small  surface per turbat ions dur ing  
diffusion controlled growth was examined in terms of 
the relat ive effects of the diffusion gradient  and capil-  
lar i ty  (3-5). The behavior  of ra ther  large individual  
surface depressions or protrusions dur ing vapor phase 
growth is also of considerable importance and is the 
subject of the present  investigation. It wil l  be shown 
that, by the proper choice of gas stream composition, 
large ini t ia l  variat ions in the surface contour can be 
made to disappear, remain,  or grow in amplitude. 

This par t icular  study was ini t iated original ly be-  
cause of the possibility of s tudying growth rates as a 
funct ion of orientat ion by examining  the behavior  of 
different sides of small  holes. Ini t ial  work, however,  
showed that  in the silicon system other features of 
the deposition process were usual ly  dominant  and 
should be fur ther  investigated. From a more prac- 
tical standpoint,  the desire to construct commercial  
semiconductor devices which require far more com- 
plex structures than  the original n on n +  mater ial  

has added considerable impetus to confined growth. 
As examples of structures requi r ing  this type of 
growth there are field effect transistors using channels  
etched and refilled, the polycrystat l ine silicon depo- 
sition required in making  dielectric isolation networks,  
the n-  and p-type local areas used for complementary 
structures in p -n  junct ion  isolated integrated circuits, 
and the etch-refill  process often used in conjunct ion 
with dielectric isolation. Even though the results have 
not been fully verified for other systems (such as 
germanium and gall ium arsenide),  it is felt that  the 
study and in terpre ta t ion of such confined growth c a n  

mater ia l ly  aid in the unders tand ing  of vapor deposi- 
tion processes. 

Experimental 
While the major i ty  of the data taken related to 

silicon, the GeC14-H2 system was briefly examined and 
found to behave in a roughly analogous manner .  

The exper imental  a r rangement  used for the silicon 
growth studies has been described previously in some 
detail (6). Substrates of single crystal (111) oriented 
silicon approximately 2.5 cm in  diameter were first 
polished chemically to produce damage-free p lanar  
surfaces. One side of each slice was then selectively 
masked and fur ther  etched to produce hills or holes ap- 
proximately 125 ~m in diameter  and 25 ~m deep spaced 
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Fig. I. Cross section of a depression and a hill overgrown at 
1270~ while using a mole fraction of 0.006 SiCI4 in hydrogen. 
During growth in the depression, alternate p- and n-type dopants 
were introduced at equal time intervals. This produced, after 
subsequent staining, the banding visible in the photograph. 

Fig. 2. Cross section of overgrowth of a topography similar to 
that of Fig. 1, but using a mole fraction of 0.06 SiCI4 in hydro- 
gen (growth at 1270~ 

on 1.25 mm centers, after which the masking mater ial  
was removed. Reactant  gases were fed through a 
conventional  flow system and delivered at atmospheric 
pressure to a single-slice, vertical-flow epitaxial  re-  

Fig. 3. Detail of the overgrowth of a hole using a SiCI4 mole 
fraction of 0.01 (growth at 1270~ Time dependence of the 
growth interface is revealed by staining the layers of alternating 
dopant types. 

actor. The surface was in situ vapor etched and the 
silicon grown epitaxially by either the hydrogen re-  
duction of SIC14 or by the pyrolysis of silane diluted 
with hydrogen. During growth, p- and n - type  dopants 
were sometimes a l ternate ly  introduced so that by 
s taining a perpendicular  section, the growth interface 
at any  given t ime could be approximately determined. 
The germanium was deposited via the hydrogen re-  
duction of GeC14 at 9O0~ onto (111) oriented, in situ 
vapor etched germanium substrates. 

The photographs of Fig. 1-3 are typical of the be- 
havior observed dur ing the silicon deposition from 
SIC14 at temperatures  of 1270~ Figure 1 is a cross 
section of a hole and a hill  overgrown while using a 
mole fraction of 0.006 SIC14 in  H2. These are the con- 
ditions often used dur ing  silicon growth and are the 
ones which give unstable  growth. 1 Figure  2, which 
shows silicon grown using a mole fraction of 0..06 
SIC14 in H2 (which produces, on a flat surface, the 
same deposition rate as the 0.006 SIC14 case), repre-  
sents a stable system, i.e., the holes fill up and the 
hills level out. Comparable experiments  using the 
s i lane-hydrogen system failed to show any region of 
stability. Detail of the growth interface, as delineated 
by the a l ternat ing dopant technique, is shown in Fig. 
3 for the intermediate  mole fraction of 0.01 SiCl4 in H2. 

Figure 4a plots the observed growth rate vs. mole 
fraction SIC14 for a flat surface at both 1130 ~ and 
1270~ In Fig. 4b the ratio of the growth rate on the 
per turbat ion  (hill  o r  hole) to tha t  on the flat surface 
is plotted as a funct ion of y, the reactant  gas stream 
mole fraction of SIC14 in  hydrogen. Since the rate on 
the per turba t ion  is t ime-dependent ,  the numbers  pre-  
sented are estimated ini t ial  rates. Figure  5 shows ger- 
man ium growth cross sections for GeC14 mole frac- 
tions 0.0005 and 0.005, respectively. Figure 6, analogous 
to Fig. 4, shows that for germanium the conversion 
from unstable  to stable growth occurs before the max-  
imum deposition rate, whereas f o r  silicon, the t ransi-  
t ion appears quite close to the maximum. 

Discussion 
Because of the observations just  mentioned,  it is 

tempt ing to postulate a mechanism based on simple 
diffusion through a boundary  layer  of thickness w 
over the unper tu rbed  port ion of the slice. Then, if a 
small  depression of depth 8 occurs, in that  depression 
the boundary  layer thickness will  be approximately 
w -~ 8, and the rate will be correspondingly reduced 
since all s i l icon-bearing species are required to dif- 
fuse through a larger distance. If growth conditions 
are such that the deposition rate J decreases as the gas 
stream concentrat ion y increases (i.e., OJ/Oy is neg-  
at ive),  increasing the layer  width might lead to an 

z A stable system is defined as one in which the amplitude of sur- 
face discontinuities decreases with time. 
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Fig. 4a. (top) Observed silicon growth rate for a flat surface 
versus mole fraction SiCI4 (growth at i130 ~ and 1270~ Fig. 4b. 
Ratio of silicon growth rate on the perturbation (Jr) to that on 
the flat surface (Jo) as a function of mole fraction of $iCI4 in hy- 
drogen. 

Fig. 5. Cross sections of germanium growth at 900~ Top, 
0.0005 mole fraction GeCI4 in H2; bottom, 0.005 mole fraction 
GeCI4 in H2. Hole diameters are 200/~m. 

increased deposition rate  in the hole. Such an argu-  
ment  is difficult to deal  wi th  even qual i ta t ively  be- 
cause of the inabil i ty to actual ly determine  whe the r  
or not  a change in y occurred. Despite the previous 
discussion it cannot be said that  the surface concen-  
t rat ion changed since there  appears to be considerable 
evidence that  very  close to the surface, equi l ibr ium 
occurs [e.g., (7, 8)] ;  surface concentrat ion is thus 
independent  of local diffusion layer  thickness. S im-  
ilarly, the inlet  gas s t ream concentrat ion is c lear ly  
independent  of surface fluctuations. 
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There are actual ly several  formulat ions of J vs.  y ,  
depending on the assumptions made and boundary 
conditions chosen. The growth rate  may be considered 
in terms of thermodynamics,  surface kinetics, mass 
transport,  or a combinat ion of these concepts (9). The 
mass t ransport  formulat ion can in general  be reduced 
to the form 

J = k ( y - -  Yo*) [1] 

where  k is a mass t ransfer  coefficient (which involves 
appropriate  diffusion coefficients and is inversely  de- 
pendent  on the boundary layer  thickness),  y is the 
summat ion of the mole fractions of all  s i l icon-con-  
taining species (i.e., Sill4, SIC14, SIC12, etc.) in the 
bulk gas, and yo* is the value  at equi l ibr ium wi th  
a flat surface. F r o m  this, 

d J  = d k ( y  - -  yo*) ~ k d y  ~ kdyo*  [2] 

If surface energy effects are neglected, d y  and dyo* 
are zero as the surface is t raversed.  A depression will  
cause an increase in the boundary layer  thickness and 
d k  will  be negative. The consequent  negat ive d J  leads 
to a hole deepening for all values of y. The inclusion 
of surface energy terms changes the equi l ibr ium sur- 
face concentrat ion Yo* to y*  at the perturbat ion,  
given by 

Y* = Yo* (1 + r K )  [3] 

where  K is the curva ture  determined by the geometry  
of the hole or hill, 1 ~ ---- ( ~ 2 / R T ) ,  "y is the surface 
energy,  ~ is the molar  vo lume of the solid, and RT 
is the gas constant t imes absolute temperature .  The 
curva ture  is posit ive for a convex surface (hill) and 
negat ive for a concave surface (hole).  With this addi- 
tion, Eq. [ i]  becomes 

J = k [ Y ~ Y o *  (1 Jr r K ) ]  [4] 
and 

dJ  ---- [ y -  yo* (1 + r K ) ]  d k  - -  k r y o * d K  [5a] 
o r  
~ J  = J ,  - -  Jo = (Y - -  Yo* ) ( k s - -  ko) - -  yo* r k v K v  [5b] 

since dy ,  dyo*, dF, 2 and Ko = 0. The subscript  p de- 
notes in the per turbat ion and the subscript o denotes 
on the flat surface. 

Note in Eq. [5b] the term involving the surface en- 
ergy is negat ive while  the te rm involving Ak, i.e., ( k  s 

"~ dF is p r o b a b l y  no t  zero since 3/ is  o r i e n t a t i o n  d e p e n d e n t .  How-  
ever ,  the  change  s h o u l d  be  s m a l l  a n d  can be n e g l e c t e d  as a f i rs t  
a p p r o x i m a t i o n .  
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- -  ko), is positive. Note also that  Ak and K have the 
same sign (positive quanti t ies for a hill, negative for 
a hole). Thus, if ryo* is sufficiently large, the system 
is stable. For the silane system yo* is extremely small  
over the useful range of inlet  silane concentrations. 
No range of stabil i ty would then be expected, and as 
previously indicated none was observed. The behavior 
of the silicon te t rachlor ide-hydrogen system is de- 
cidedly different however, in  that as the inlet  SIC14 
concentrat ion increases, so does yo* [see e.g., Fig. 7 
and ref. (10)]. 

This fact does provide for a range of stability, but  
the formulat ion is not completely satisfactory because 
a subst i tut ion of appropriate numbers  does not agree 
well with measured dJ's. This can most easily be 
shown by  examining  Eq. [5b] for the case of the hole 
nei ther  deepening nor filling. Thus, 

Yo * rkpKp 
Y - -  Yo* [6] 

kp -- ko 

Unstable growth should result  if the r igh t -hand  side 
of Eq. [6] is smaller than the left. Conversely if the 
r igh t -hand  side is larger than the left, the growth 
should be stable. 

From Eq. [1], values of ko and k~ may be calculated 
for the case of small  y (and accordingly, small  Yo*). 
yo* can be obtained from Fig. 7, which was plotted 
from Lever's data (10). The curvature  term Kp may 
be estimated from the appropriate photograph, and 
from Fig. 4b the value of y for aJ  : 0 can be deter-  
mined. Alternat ively,  the average value of the ratio 
of t ransport  coefficients may be obtained from the 
boundary  layer theory as 

k~ w 
[7] 

kp - -  ko 

while the average K may be obtained from the defini- 
tion Kavg = (dA/dV) ~- 4/D, where A is the surface 
area, V is the volume of solid, and D is the per turba-  
tion diameter. The parameter  r, involving the surface 
tension ~, is the only term not exper imental ly  observ- 
able, but  by substi tut ion of the values into Eq. [6], 
-y must  be at least 20,000 ergs/cm 2, as compared to a 
reported value of 1230 ergs/cm 2. 

While some uncertaint ies  exist in the values of 
K, k, yo*, and % these uncertaint ies  cannot explain 
the discrepancies noted above. Also, two-dimensional  
computer solutions and three-dimensional  electrical 
analog solutions of the diffusion equation were ob- 
tained which confirmed the general  finding that, for gas 
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Fig. 7. Equilibrium surface concentration of silicon-containing 
species, Yo*, as a function of mole fraction of SiCI4 in incident 
reactant gas stream, y. 

phase diffusion to explain the observed phenomena,  
the surface energy of silicon would need to be at 
least an order of magni tude  greater than  its known  
value. 

The diffusion equat ion assumes a s tagnant  film 
through which mass is t ransported and this certainly 
is not true. However, the concentrat ion field in the 
gas is distorted by the per turbat ions for only a very 
small  distance into the gas as compared to the total  
apparent  film thickness. In  this distorted region the 
velocities are very low and the s tandard  diffusion 
equations should be an excellent approximation. We 
are s t rengthened in this conclusion by not ing that the 
deposit shapes and local deposition rate around the 
per turbat ion  are not a funct ion of the direction of 
flow. 

Departures of the gas phase concentrat ions from the 
equi l ibr ium values of yo* exist, bu t  these cannot  ex- 
plain the observed results. Since all areas of the 
sample surface are undergoing deposition, the con-  
centrat ions must  be equal to or greater  than the 
values given by the equi l ibr ium equat ion corrected 
for capil lari ty in order to have the small  positive 
by's required for a dr iving force. One would expect 
these 8y's to be general ly proport ional  to rate of 
growth. Therefore, such by's would be in  the wrong 
direction to explain the observed results. Also in cases 
where the per turba t ion  bottoms (or tops) remain  fiat 
and grow at the same rate as the main  flat surface, 
~y in  the center of the per turbat ion  should equal 5y 
on the main  flat surface, and any deviations from 
equi l ibr ium would cancel. 

Diffusion of possible u n k n o w n  species in the gas 
phase has already been taken into consideration in  our 
development.  We have added the gradients of all 
s i l icon-containing gas species to obta in  the total gra- 
dient  of silicon in the gas phase. We have assumed 
that all gas phase species have the same diffusivities 
and have neglected the total flow of gases away from 
the surface. This t rea tment  may result  in an error of 
a few per cent, but  cannot  result  in an error of a 
size needed to explain the observed results. 

I t  appears that theory based on gas phase diffu- 
sion and capil lar i ty cannot  be used alone to explain 
the details of growth on per turbed surfaces of silicon. 
An addit ional mode of mass t ransport  of silicon is re- 
quired. Since volume diffusion of solid silicon is ex- 
t remely slow, the only possibility seems to be surface 
diffusion. If this is true, several  conclusions can be 
drawn about the diffusing surface specie. First  and 
most obvious is that  such a specie is not  silicon ad- 
atoms. The concentrat ion of silicon adatoms on the 
surface is believed to be mainly  a function of temper-  
ature, growth rate, and crystal orientation. However, 
deposits which have approximately the same concen- 
t rat ion of adatoms have growth characteristics that 
differ widely. Also, the surface species cannot  be com- 
posed of only silicon and hydrogen, for the sample 
deposited from silane would then  be expected to ex- 
hibit  the same type growth phenomena as that ob- 
served for SIC14 reduction. It  is concluded therefore 
that  the species diffusing on the surface must  also 
contain chlorine. They may be chemically adsorbed 
SIC14, SiHCI~, or SIC12, etc., or perhaps an adsorbed 
radical  such as SIC1. 

Conclusions 
While most of the studies reported were for the 

specific case of silicon, and while explanat ions of the 
observations are not complete, the results should be 
directly applicable to systems which exhibit  a yo* 
that  varies appreciably with inlet  gas concentration. 
If a substrate etch is used which produces surface 
asperities, growth conditions can be chosen to e l im- 
inate them. This explanat ion could, for example, be 
applicable to GaAs where the vapor etching prior to 
deposition often produces a rough surface which after 
deposition is again found to be smooth. However, if 
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a fai thful  replica of the original  surface is desired, this 
can also be approximated.  

It  is observed that  even if the system is unstable, 
i.e., a hole gets deeper, the walls often gradual ly  close 
in. If small  areas are ini t ia l ly  masked, perhaps by 
unintent ional  foreign matter ,  a wel l  may be formed 
which can close over  to give a continuous surface with  
holes beneath. It  is suggested that  this is the mech-  
anism which gave rise to the interface voids observed 
dur ing some of the ear ly  work  with  silicon and ger-  
man ium epitaxy. Even  though such a system is not  
desirable, it may still be preferable  to one which al- 
lows direct overgrowth  of the impur i ty  wi th  the at- 
tendant  high probabil i ty of polycrystal l ine growth. 

Finally,  it should be remembered  that  while  all  of 
the discussion has been based on single crystal  growth, 
most of the observations should apply di rec t ly  to poly-  
crystal  growth as well.  For  the specific case of silicon 
we have verified that  the polycrystal l ine filling or 
deepening of holes direct ly parallels  the single crys-  
tal behavior.  
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Some Properties of Vapor Deposited SiC 
Kenneth E. Bean and Paul S. Gleim 

Texas Instruments Incorporated, Dallas, Texas 

ABSTRACT 

A process for the vapor deposition of silicon carbide films on silicon sub- 
strates using the hydrogen reduct ion of silicon tetrachloride and the pyrolysis 
of a hydrocarbon such as toluene was developed. At the opt imum deposition 
tempera ture  of 1075 ~ • 10~ the deposition rate using 0.89% silicon te t ra-  
chloride and 0.18% toluene was 1.6 ~/min. Fi lms deposited at less than 0.18% 
toluene, wi th  a fixed silicon te t rachlor ide concentrat ion of 0.89%, were  at-  
tacked by "Planar  etch," while those deposited at or above 0.18% toluene 
were  not; the electr ical  resistance decreased, however.  When the silicon te t ra-  
chloride concentrat ion was var ied  from 0.7 to 0.9% at 0.18% toluene, the 
electrical  resistance of the films was greater  than one hundred  megohms. 
The thermal  coefficient of expansion was tai lored to be less than, equal  to, or 
greater  than that  of silicon by changing the concentrat ion of silicon te t ra -  
chloride from 0.6 to 1.2% at 0.18% toluene. The refract ive  index of the films 
also changed with the change in silicon tetrachloride concentration. Inf rared  
transmission data on films deposited at 0.18% toluene and 0.89% silicon te t ra -  
chloride were  identical  to those for bulk silicon carbide. X - r a y  diffraction 
studies showed that  the films were  normal ly  polycrystal l ine and consisted of 
both alpha and beta phases, however ,  epitaxial  silicon carbide was observed 
in some cases. 

Considerable work  has been done on the growth 
of SiC crystals for various purposes. Also, work  has 
been reported both in the open l i te ra ture  and in gov-  
e rnment  reports  on the vapor  deposition of thin SiC 
films (1-10). The work  to be discussed in this paper  
covers the vapor  deposition of polycrystal l ine SiC 
films which were  very  hard, had high electr ical  re -  
sistivity, and were  chemical ly  resistant  to s tandard 
silicon etchants. 

The process used was the hydrogen reduct ion of 
silicon te t rachlor ide and the pyrolysis  of a hydrocar -  
bon. The flow system employed was a convent ional  
vapor  deposition unit. S i lver  pa l ladium purified hy-  
drogen was used as the reducing agent for the silicon 
te t rachlor ide and as the carr ier  gas for  the silicon 
halide and the hydrocarbon,  toluene. Other  hydro-  
carbons, both l iquid and gaseous, were  also used suc- 
cessfully. Constant t empera ture  baths were  used to 

control  the vapor  pressure of the silicon halide and 
hydrocarbon. A l iquid ni t rogen trap was employed 
to prevent  back s t reaming of the hydrocarbon into 
the pure hydrogen source. Anhydrous  hydrogen chlo- 
ride was used for in situ vapor  etching (11) of the 
substrates prior to silicon carbide film deposition. 
Forming  gas was used as the  purge  gas. The reactor  
was a horizontal,  resis tance-heated,  co ld-wal l  uni t  
uti l izing a water  cooled quartz  react ion chamber.  
Water  cooled Hastel loy B electrodes were  used to 
carry  current  to the silicon carbide (TI -Kote) |  1 
coated graphite strip heater.  The deposition t emper -  
a ture  was moni tored and control led by a radiat ion de- 
tector and feedback controller.  

The substrates used for film deposition were  single 
crystal  silicon. The (111), (110), and (100) or ienta-  
tions (both on and 11/2 ~ off) were  examined.  Very 

1 (R) U.S .  P a t e n t  Office. 
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Fig. 1. SiC etch resistance vs. per cent toluene in source 

l i t t le difference in film qual i ty  was observed, how- 
ever, films deposited on substrates oriented 11~ ~ off 
the (110) were  consistently haze free and had mir ror  
like surfaces. It  should be noted that  the visual  ap- 
pearance of the film is also dependent  on substrate 
surface preparation.  

Exper imenta l  
Exper iments  were  carr ied out to de termine  the 

op t imum deposition t empera tu re  to give the desired 
film characteristics.  Invest igat ions were  made at 25 ~ 
increments  between 800  ~ and 1300~ The opt imum 
tempera ture  for producing films that  had mi r ro r - l ike  
planar  surfaces was found to be 1075 ~ +_ 10~ 2 At 
this temperature ,  the deposition rate  was 1.6 ~ /min  
at 0.89% silicon tetrachloride and 0.18% toluene. 

Silicon carbide films were  deposited on silicon sub- 
strates (in groups of two) at a constant t empera ture  
of 1075~ 0.89% silicon te t rachlor ide and a total flow 
rate  of 50 1/min. The per cent toluene was var ied 
f rom 0.046 to 0.28%. One slice f rom each group was 
subjected to a planar  etch 8 while  the other was kept  
as a standard. F igure  1 is a photographic comparison 
of the slices. As is evident  f rom the figure the films 
deposited at less than 0.18% toluene were  attacked 
(note discoloration) by planar  etch while  those de- 
posited at or above 0.18% toluene were  inert  to planar  
etch. Fi lms deposited at 0.28% toluene and 0.89% 
silicon te t rachlor ide  were  complete ly  iner t  to p lanar  
etch but had an electr ical  resis t ivi ty substantial ly 
below that  of films deposited at 0.18% toluene. 

To determine  the effect of changing the concentra-  
tion of silicon te t rachlor ide on the film's electr ical  re-  
sistance and resistivity,  the silicon tetrachloride con- 
centrat ion was var ied  from 0.2 through 2:0%. Resist- 
ance measurements  were  made by a two-point  
probe technique on 20.0~ films on silicon substrates. 
The re la t ive  values obtained are plotted in Fig. 
2. The resistance of the films f rom 0.7 to 0.9% was 
at least  one hundred  megohms, which is the upper  
l imit  of the test equipment  used. Resistance values 
of films deposited with  silicon tetrachloride con- 
centrations below 0.7 and above 0.9% drop off 
markedly  perhaps due to a change in the stoi- 

Opt ica l  p y r o m e t e r .  
P l a n a r  e tch,  15-HNOs, 6-HAc,  2-HF.  

125 

][MPERATURE- 1075"C 

PERCENT C~ Ha - O. 18~ 

~ 75 

~ 25 

1.5 5 lO  ZO 

PERCENT S i C i 4  

Fig. 2. Electrical resistance vs .  per cent silicon tetrachloride 

chiometry of the films. Evidence of this change, 
which produces a silicon r ich or carbon rich film is 
apparent  from the data in Fig. 1, 3, and 5. For ex-  
ample in Fig. 1, as the toluene concentrat ion is de- 
creased below 0.15% a silicon r ich film results 
which is more soluble in the common silicon etch- 
ants. Resist ivi ty measurements  were  made by Hall  
mobil i ty  studies using low resis t ivi ty silicon as con- 
tacts and values of approximate ly  6000 ohm-cm were  
obtained. Resist ivi ty values on samples deposited wi th  
different concentrations of silicon te t rachlor ide  were  
calculated f rom sheet resistance measurements  on 
thick films (>  20 mils) using a four-point  probe and 
values of approximate ly  8000 ohm-cm were  obtained. 
This resist ivi ty is adequate  for the isolation of com- 
ponents in some in tegra ted  circuits. 

The repor ted  va lue  for the thermal  coefficient of 
expansion of SiC (4.4 x 10 -6) (20) closely matches 
that of silicon (4.2 x 10 -6 ) (12, 13) (see Table I).  
A series of runs was conducted to determine  the ef- 
fect of vary ing  the concentra t ion of silicon te t rachlo-  
ride in the reactant  gases on the the rmal  coefficient 
of expansion of the deposited films. Fi lms 50.8.~ thick 
were  deposited with silicon te t rachlor ide  concentra-  
tions from 0.6 to 1.2% on 1 in. diameter,  14 mil  thick 
silicon substrates. The re la t ive  change in the thermal  
coefficient of expansion was de termined  by measur ing 
the amount  of curva ture  4 of the silicon slice after film 
deposition. These measurements  were  made by using 
a Taylor-Hobson Talysurf  and the data are shown in 
Fig. 3. F rom the data it may be observed that  the co- 
efficient of thermal  expansion of the SiC films can 
be changed or tai lored to be equal  to, greater  than, or 
less than that  of silicon by changing the per cent 
silicon te t rachlor ide in the reactant  gas stream. 

An exper iment  was conducted to compare the curva-  
ture of like silicon substrates having silicon carbide 
films with those having silicon dioxide films. Silicon 
carbide films 10.O~ thick were  deposited (one side only) 
at 1075~ with  a deposition ra te  of 1.6 ~ /min  on 1-in. 
d iameter  14 mil  thick silicon substrates, using 0.89% 
silicon te t rachlor ide and 0.18% toluene. Fi lms of SiO2 

C u r v a t u r e  is de f ined  h e r e i n  as the  v a r i a t i o n  f r o m  p l a n a r i t y  
across  a 1 in.  d i a m e t e r  s u b s t r a t e  and  is  exp re s sed  i n  mi l s .  

Table I. Some properties of Si, SiC, Si3N4, and Si02 

Si  SiC Si3N4 SiO2 

T h e r m a l  e x p a n s i o n  4,2 • 10-~/~ 4.8 • 10-~176 (2} a : 2.87 x 10-e/~ (Fused  si l ica)  
4.3 x 10-~176 (20) 
4.5 • 10-~176 (20) ~ : 2.25 • 10-~176 0.58 x 10-~/~ 

(0-1000~ (13) (0-1000~ (25-1000~ (19) (0-1200~ (15) 
T h e r m a l  c o n d u c t i v i t y  0.30 cgs @ 20~ (12) 1.17 cgs @ 20~ (21) 0.035 cgs (22) 0.0021 cgs @ 20~ (23) 
R e s i s t i v i t y  @ 25~ > 1 0  ~ o h m - c m  (12) 6-8 • 10 ~ o h m - c m  > 1 0  s o h m - c m  (25) 101~-10 iv o h m - c m  (27) 

( text ,  also) 
(see Fig .  4t 5 • 101~ ohm-e ra  (24) 

Die lec t r i c  cons t an t  11.7 @ 5 • 10 ~ to  3,0 10.0 ( long  w a v e l e n g t h s )  4.2 @ 1 • 10 a cps (29) 3.78 @ 10 ~ to 10 ~o cps ( 2 ~  
x 10 Tcps (12) (18) 

I n d e x  of  r e f r a c t i o n  4.05 @ 5461A (16) 2.6 @ 5461A (18) 2,05 @ 5461A (26) 1.47 @ 5461A (16) 
Y o u n g ' s  m o d u l u s  27,6 • 10~ ps i  56 • 10 ~ ps i  (30) 13 • 10 ~ ps i  (31) 10.4 x 10 ~ ps i  ( fused)  (33) 

[111] d i r ec t i on  (12) 
H a r d n e s s  

K n o o p  950-1150 
Vickers  1000 
Mohs  7 (12) 

2500-2550 100g 3 0 0 0 8 g  (26) 710-790 100g (32) 
3000-3500 25 g 1103-1260 50g (32) 
9.2 (30) > 9  (31) 4.9 ( fused)  (33) 
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Fig. 4. Curvature of silicon slice, with Si02 vs. SiC film 

(i0.0# thick) were deposited from silicon tetrachloride, 
CO2 and H2 at 1250~ with a deposition rate of 0.34 
~/min. The SiC films produced a 10.0~ curvature,  con- 
cave to the top or SiC surface. The SiO2 films pro- 
duced a 56.0~ curvature,  convex to the top or SiO2 
surface. This indicates a 5.5 times greater bowing or 
curvature  in the opposite direction in the case of the 
SiO2 films (see Fig. 4). The reported thermal  coeffi- 
cient of expansion of fused silica (SIO2) is 0.58 x 
10-8/~ (14). 

A series of runs  was made, varying the per cent 
silicon tetrachloride, to determine the refractive index 
of the deposited films as a function of per cent silicon 
tetrachloride in the reactant  gas stream. The per cent 
toluene was 0.18 and the deposition temperature  was 
1075~ These data were taken at 5461A using the 
ellipsometer technique (15, 16) and are plotted in 
Fig. 5. It should be noted from Fig. 5 that the curve 
passes through 2.6, the reported value (17) for the 
index of refraction of SiC, at approximately 0.9 and 
again at approximately 0.15% silicon tetrachloride. 

4.0 
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(D 

~ -  2.0 

TEMPERAI1JRE- 1075"C 

PERCENT C~l a -0. 

_': = = Y 

' 1!0 x!, .5 
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Fig. 5. Refractive index vs. per cent silicon tetrachloride 

2.0 

Inf rared  transmission data were obtained on f i l m s  
deposited at 1075~ with a toluene concentrat ion of 
0.18% and silicon tetrachloride concentrat ion of 0.89%. 
These data show the t ransmission of the films is the 
same as for bulk SiC (18). The infrared transmission 
curve for a SiC film on silicon is shown in Fig. 6. 

Attempts to measure hardness as a funct ion of the 
per cent toluene in  the gas stream are incomplete; 
however, from observations dur ing  sawing, lapping, 
and polishing of the films, the hardness increases with 
increasing toluene. 

X- ray  diffraction studies show the films are alpha 
and beta SiC. Single crystal  epitaxial  SiC was ob- 
served in some cases but  the growth of very hard, 
chemically stable, high resistivity films was the ob- 
jective of this program. 

S u m m a r y  and A p p l i c a t i o n s  
The chemical, physical, and optical properties of 

silicon carbide films can be tailored by changing the 
deposition temperature,  volume per cent silicon tetra-  
chloride and or toluene. The opt imum conditions for 
deposition were 1075~ at 0.89% silicon tetrachloride 
and 0.18% toluene in  hydrogen with a total flow of 
50 l/rain. At these conditions a deposition rate of 
1.6 ~ /min  was obtained. Infrared transmission data 
on the polycrystal l ine (alpha and b e t a ) f i l m s  agree 
with that  reported for bulk silicon carbide. 

The films were used as the isolation medium in  di- 
electric isolation type structures. They are superior 
to SiO2 films from the s tandpoint  of hardness or abra-  
sive resistance thus providing an excellent lap stop 
or wear resistant  surface. They are also superior to 
SiO2 films with respect to etch resistance thus pro- 
viding an excellent etch stop. The thermal  conduc- 
t ivity of silicon carbide (see Table I) is much greater 
than  that  of silicon dioxide and other common insula t -  
ing materials.  In general  the dielectric properties of 
the films are inferior to those of SIO2. However, a 
thin oxide or ni t r ide film can be used in conjunct ion 
with the SiC film to give good dielectric isolation. 
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The Ga-P-Te System 
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ABSTRACT 

Differential thermal  analysis, x-ray,  and  electron beam microprobe studies 
of melts cooled from the l iquid in the Ga rich region of the Ga-P-Te  system 
have been done, and a part  of the te rnary  condensed phase diagram has been 
drawn on the basis of the exper imental  data. GaP does not  form continuous 
or extensive solid solutions with Te containing phases. The possible existence 
of a t e rnary  compound in the P rich region is discussed. 

This work is part  of a series of studies of the phase 
systems and phase fields encountered when  GaAs or 
GaP are present  in equi l ibr ium with other phases 
containing e lemental  impuri t ies  which are of general  
interest  in semiconductor studies. 

The most extensive work with I I I -V-VI  systems has 
been done for the AmBV--A2mC3VI b inary  systems (1) 
where there is par t icular  interest  in the A2nIc3 w com- 
pounds, which crystallize in a te t rahedral  lattice with 
bu i l t - in  vacancies. These compounds might  be ex- 
pected to have extensive solid solubil i ty with Arab  v 
compounds. In addition to solid solution formation, 
I I I -V-VI  systems are l ikely to be complicated by 
te rnary  compound formation such as has been sug- 
gested by Hahn and Thiele (2) for In2AsSe and dem- 
onstrated for InAs3S by Luzhnaya et al. (3). Liquid 
immiscibi l i ty has been observed in  the InSb- InSe  
system by O'Kane and Stemple (4). The Ga-P-Te  
system appears to be most closely related to the Ga-  
As-Te system which was recent ly studied in this 
laboratory (5). 

In  this work we have observed thermal  effects by 
differential thermal  analysis when  cooling several 

mol ten mixtures  through phase transitions. Compo- 
sitions were along selected cuts in the t e rnary  system. 
Because of the high pressure and temperatures  en-  
countered in  this system we were able to study in 
detail only mixtures  with compositions in the gall ium 
rich region of the ternary.  

Samples obtained after cooling te rnary  mixtures  
from the melt  were examined by electron beam mi-  
croprobe and x - r a y  techniques. 

Experimental 
Semiconductor grade Te with pur i ty  bet ter  than 

99.999% and reclaimed Ga and GaP wi th  purit ies 
bet ter  than 99.99% were used in  this work. The use 
of GaP rather  than the elements  was necessary in  
order to prevent  explosions resul t ing from the exo- 
thermal  react ion of the elements.  

Fused silica capsules with a volume of about 2 cc 
which were about 2/3 filled with melt  were used for 
the differential thermal  analysis experiments.  The 
exper imental  details are very  similar to those which 
have al ready been described for the study of the 
Ga-As-Zn  t e rna ry  (6) and several other systems 
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Table I. DTA, x-ray, and microprobe data 

a/o 

Ga P Te T1 T~ Ts 
Phases  (x - r ay  
& mic rop robe )  C u t  

70 10 20 1247 740 - -  
50 5 45 832 (770) 
50 5 45 1 ~ 2  829 (785) 
50 10 40 1290 821 (740) 
50 10 40 - -  840* - -  
50 I0 40 855* 
40.5 2.5 57.0 11-01 802 (79-5) 
41,0 5.0 54.0 1171 798 774 
41.5 7.5 51.0 -- None  o b t a i n e d  - -  
42.0 10.0 48.0 -- 802 770 
33.0 17.0 50.0 1158 415"* 390"* 
20 20 60 -- None  o b t a i n e d  -- 
30 30 40 - -  None  o b t a i n e d  -- 

GaP~'$, GaTe#~ 
G a P t $ ,  G a T e , S  

GaP%$, Ga2Tez% ~ 
GaPt$, Ga2Te~ $ 
GaP%r GasTe3f $ 
G a P t $ ,  Ga~Te~t ~; 

G a P t $ ,  Ga~Te~t$, ? 
GaPt$, Ga~Tesf$, P$, ? 

GaP%$, GasTe~%$, ? 

A 
B 
B 
B 
B 
B 
C 
C 
C 
C 
D 
E 
E 

* HeatL~g. t X- ray .  c ~ Very  s m a l l  effect.  
** E x t e n s i v e  supe rcoo l ing .  $ Microprobe .  

(5, 7). The precision to which thermal  effect temper-  
atures are reported is about •176 

For all  of the runs  it was necessary to heat the 
cells above 1250~ and in some cases to about 1350~ 
These temperatures  are above the softening point  
of fused silica and in general  the cells expanded. Ex- 
pansion of the DTA cell resulted in poorer contact of 
the l iquid to the thermopile  well. The precision of 
the t empera ture - thermal  effect data in these studies 
is therefore somewhat poorer than in previous studies. 
In  some cases only the highest tempera ture  t ransi t ion 
could be obtained before the cell became useless. In  
these cases other t ransi t ions were obtained by heat ing 
the celi to 1200~176 and then al lowing it to cool 
without  a t tempting to study the first transit ion.  

X- ray  analysis of the DTA samples was done by 
s tandard powder techniques, and electron beam micro- 
probe analyses were obtained for several of the 
samples. 

For several compositions along the GaP-Te  cut at 
which we were unable  to obtain DTA curves, mix-  
tures were heated in heavy (1/8 in.) walled fused 
silica capsules which were only about  1/5 filled with 
the molten mixture.  These samples were heated very 
slowly to about 1250~ and then allowed to cool at 
about 1 ~ 

The Binary Phase Systems 
Ga-P . - -Ga l l i um and phosphorus form a single con- 

gruent ly  mel t ing compound GaP, with a melt ing point  
of 1465~ (8). Thurmond  (9) has utilized the solu- 
bil i ty data of Rubenste in  (8) and Hall  (10) along 
wi th  an adaptat ion of the regular  solution t rea tment  
of Vieland (11) to construct  the b ina ry  phase dia-  
gram. 

Ga-Te . - -Ga l l ium and te l lur ium form two congru-  
ent ly  mel t ing compounds, GaTe and Ga2Te3. The 
mel t ing point of Ga2Te3 has been reported as 792~ 
(12) and 790~ (13) and  that of GaTe as 835 ~ (12) 
and 824~ (13). In  recent work on the Ga-As-Te  
system (5) the mel t ing points of Ga2Te3 and GaTe 
were found to be 789 ~ _ 3~ and 827 ~ _+ 3~ respec- 
tively. Two other tellurides, Ga3Te2 and GaTe~, have 
been suggested on the basis of thermal  analysis 
studies (12). These compounds were reported to de- 
compose below their mel t ing points. A phase cor- 
responding to GaTe3 has been identified in a metal -  
lographic study (14), bu t  in the same study Ga~Te2 
was not identified. A region of l iquid immiscibil i ty 
on the gall ium rich side of the b inary  phase diagram 
has been reported but  not confirmed (12). 

Te -P . - -There  is no phase informat ion available for 
the Te-P  system. One compound, P2Te~, has been re-  
ported (15). 

Results 
The temperatures  at which thermal  effects were 

observed and the phases obtained when various com- 
positions were cooled are given in Table I, and some 
of the data are plotted in  Fig. 1 and 2. 

In  each case T1 represents the t empera tu re  at which 
the surface of p r imary  crystallization was reached, 
and T2 represents the tempera ture  of the first appear-  
ance of a second phase. GaP was found by powder 
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P, and Te is found, but  to a much more limited ex- 
tent,  and below the limits of detectibil i ty (~5-10 a/o 
P) in the x - r ay  powder photographs. 

Unfor tunately ,  the second order L~I l ine of Te in-  
terferes with K~I l ine of P and therefore reduces the 
sensit ivity of the electron beam microprobe to P in the 
presence of Te. I t  was therefore not possible to deter-  
mine the amount  of P in the Ga2Te3 phase. Goryunova 
and Radautsan (16) have, however, reported an ap- 
proximate solubil i ty of about 6 a/o P in Ga2Tes. 

The T8 t ransi t ion is interpreted here as a t e rnary  
eutectic or peritectic which occurs near  the Ga-Te bi-  
na ry  between the GaTe and Ga2Te3 compositions. 

Cut D.--DTA, x-ray,  and electron beam microprobe 
data have been obtained for one point along cut D of 
Fig. 3. Again the high T1 value and the presence of 

G8 t464~ p 

Fig. 3. Portion of the Ga-P-Te ternary phase diagram. Composi- 
tions are in atom per cent. 

x- ray  and microprobe studies to be present  in  all 
samples. By analogy with the Ga-As-Te system we 
take this to indicate that, since GaP is the highest 
melt ing compound in the system and since T1 is quite 
high in all cases, all the mixtures  studied were in the 
GaP pr imary  phase field. 

The x - ray  patterns for GaP were sharp and un-  
shifted. This indicates that GaP crystallized in this 
system did not form extensive solid solutions with Te. 1 

Cut A.- -Only  one exper imental  point was obtained 
along cut A of Fig. 3. Except for the higher value of 
T1, the DTA and the x - r ay  data are essentially 
identical with the data from a similar point in the 
Ga-As-Te system (5). When cooling, GaP precipitates 
first; then as the liquid composition moves along cut A 
toward the Ga-Te binary,  a two l iquid region is en-  
countered (no thermal  effect observed) and finally at 
740~ GaTe precipitates. 

Cut B (the GaP-GaTe system).--Several  DTA runs  
with samples at two compositions on this cut were 
done. As above, except for the higher temperature  of 
the T1 transition, the DTA data and the x - r ay  data 
are similar to the data previously obtained in the 
Ga-As-Te system (5). The suggested l iquidus curve 
is given in Fig. 1 along with that  for the GaAs-GaTe 
cut for comparison. The T2 and T3 transit ions ob- 
tained when cooling are at approximately  the same 
temperature  as t ransi t ions obtained in the Ga-As-Te 
system. Several DTA points for T2 were obtained from 
slow heat ing cycles and yielded a somewhat higher 
temperature.  It is not clear whether  T2 is a eutectic 
or peritectic t ransi t ion from this data. As with the 
GaAs-GaTe system, the occurrence of the T~ t rans i -  
tion, which in this case is very slight, is an indication 
that  the liquid has reached the composition of the 
start of the two liquid region and therefore that the 
GaTe phase precipitat ing must  be somewhat rich in 
Te. 

Cut C (the GaP-Ga2Te3 cu t ) . - -Trans i t ions  observed 
by DTA for two compositions along this cut are shown 
in Fig. 2. The suggested l iquidus curve is shown along 
with that  for the GaAs-Ga2Te~ cut for comparison. 
Examinat ion  of the cooled samples with the electron 
beam microprobe showed large crystals of GaP pres- 
ent, and this is again interpreted to show that  GaP is 
present as the pr imary  phase formed at T1. X- ray  and 
microprobe examinat ion showed the second phase 
(which we suggest starts to precipitate at T2) to be 
Ga~Te~. In  contrast  to the GaAs-Ga2Te3 cut, in this 
case the x - r ay  lines from the Ga2Te3 phase are moder-  
ately sharp and unshifted. Since T2 is above the mel t -  
ing point  of pure Ga2Te3 it appears that as in  the 
GaAs-Ga2Te3 case a solid solution containing excess 

1 I t  s h o u l d  be  n o t e d  t h a t  t h e  prec i s ion  of t h e  p o w d e r  x - r a y  d a t a  
is  s u c h  t h a t  so l id  s o l u t i o n s  w i t h  less t h a n  s eve ra l  pe r  cen t  of im-  
p u r i t y  w o u l d  n o t  be  d e t e c t e d .  

large crystals of GaP are taken to show that the over-  
all composition is in  the GaP pr imary  phase field. The 
T2 and T8 transit ions are due to the formation of 
phases in the Te rich portion of the phase diagram. 

It is instruct ive to inspect three electron beam mi-  
croprobe photographs of the surface of a polished sam- 
ple from the DTA r un  of cut D taken by scanning the 
fluorescence radiat ion from each of the elements (Fig. 
4). Several features of this system are demonstrated. 
There is a large region (lower left corner) of GaP 
and a large region which is high in Te as shown by 
the Te fluorescence photograph but  which contains 
at least three different intensities of Ga fluorescence 
radiation. The P fluorescence radiat ion photograph 
contains an over-al l  haze of interference from the Te 
second order L~I l ine as ment ioned above, but  also has 
a few bright  zones in the Te rich region. It  thus ap-  
pears that there are at least two te l lur ium containing 
phases other than the Ga2Te3 phase identified by the 
x - r ay  powder patterns. The bright  regions on the P 
photograph indicate that  at least one of these Te con- 
ta ining phases may be associated with P, and there is 
some x - ray  evidence that one of the phases may be 
principal ly Te. The powder pat terns for this sample 
were too complicated, however, to permit  definite 
identification of anyth ing  other than the GaP and 
Ga2Te~ phases. 

Cut E (the GaP-Te  pseudo binary).--Only x- ray  and 
electron beam microprobe studies were done with 
mixtures  with compositions on this cut. DTA studies 

Fig. 4. X-ray fluorescence photographs of a sample from cut 
D of Fig. 3. 
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were at tempted but  the relat ively th in  walled (1 or 2 
ram) fused silica cells charged with Te and GaP al- 
ways exploded dur ing the hea t -up  period. Explosions 
occurred at temperatures  as low as 8OO~ if the cells 
were heated at about 5~  and in the 1206~ range 
when heated much more slowly. 

It was possible to prepare molten mixtures  which 
were then slow cooled for subsequent  examinat ion by 
using relat ively large heavy walled cells which were 
only about 1/5 filled with the mixture.  These cells 
also exploded occasionally at about 8O0~ dur ing the 
heat up, and on several occasions cells exploded at 
about the same tempera ture  on cooling when too fu l l  
or when too rapidly cooled. 

The x - ray  and microprobe examinations both re- 
vealed the presence of GaP and Ga2Te3 in addition to 
other phases. Again, the x - r ay  pat terns were too com- 
plicated to permit  identification of the other phases, 
and the Te interference with the P radiat ion prevented 
accurate analysis for P. There is, however, at least one 
phase containing Ga other than Ga2Te3. Fur thermore,  
there is evidence for a phase very rich in P (prob- 
ably elemental  P) from the microprobe studies. In 
Fig. 5 the Ga, P, and Te radiat ion photographs of a 
small  region of the s ample  containing 60 a/o Te are 
shown. Figure 5 shows a dendri te  like structure which 
is essentially all P in a matr ix  which is pr incipal ly 
Ga2Te3 with some small areas containing a phase with 
Te and probably some P. 

On the basis of the small  amount  of data obtained 
for this cut, it appears that  the pr imary phase is GaP 
at the compositions studied. The explosion of cells at 
about 800~ on heating indicates that  an exothermic 
reaction (probably occurring suddenly due to a phase 
change in a protecting layer) occurred to form an un-  
known new phase. The presence of elemental  phos- 
phorus can be explained if we assume that a com- 
pound or compounds decomposed at a te rnary  peri-  
tectic at a relat ively low temperature.  [This is remi-  
niscent of the Ga-As-Te  system (5) in which there 
was evidence that a t e rnary  compound decomposed at 
a low temperature  (~340~ to yield elemental  ar-  
senic and a phase based on the Ga2Tea structure.] 

Fig. 5. X-ray fluorescence photographs of a sample from cut E 
of Fig. 3. 

The ternary phase diagram.--The te rnary  diagram 
(Fig. 3) is drawn in such a m a n n e r  as to be consistent 
with the DTA, x-ray,  and microprobe data for the 
cuts indicated. No data were obtained in  the Te and P 
rich regions of the system. 

Conclusion 
Part  of the condensed te rnary  phase diagram for 

the G a - P - Te  system has been constructed on the basis 
of data obtained from differential  thermal  analysis, 
x-ray,  and electron beam microprobe studies. Unlike 
several other I I I -V-VI  systems (17-21), no regions of 
extensive solid solubili ty of te l lur ium in GaP or GaP 
in Ga2Te3 were observed. The gall ium rich part  of 
the phase diagram appears to be similar to that  found 
earlier for the Ga-As-Te  system (5) except that  the 
pr imary  phase formation of GaP occurs at higher tem- 
peratures than the formation of GaAs, as would be ex- 
pected from the higher mel t ing point  of GaP. 

DTA data were not obtained for mixtures  on the 
GaP-Te  cut. X- ray  and microprobe data for samples 
prepared along this cut yield data  which indicate that 
a t e rnary  compound may exist in the P rich region 
which decomposes to yield P and Ga2Te8 on cooling. 
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Properties of Gold Doped MOS Structures 
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ABSTRACT 

The theoretical capacitance-voltage characteristics of gold-doped metal -  
oxide-silicon structures have been calculated and  compared with exper iment  
for both the high and the low frequency cases. It is found that gold diffused 
from the back side causes a negative interface charge QAu in  addit ion to the 
usual  positive Qss. Evidence is presented to show that  the gold responsible 
for QAu is located in the silicon very near  the oxide silicon interface. Gold 
diffused from the top side ( through the oxide) results in a positive QAa indi-  
cating that gold in the oxide near  the interface is positively charged. Tem- 
perature-bias  tests showed that QAu was stable under  conditions which mobile 
alkali ions such as sodium drift  rapidly. In  addition, an MOS capacitance- 
voltage method is described for determining diffusion coefficients and solid 
solubilities in  the oxide layer. Values of D ~---- 3 x 10 -8 t~2/hr and N --~ 3 x 10 is 
cm -3 were obtained for gold in SiO~ at l l00~ 

The introduct ion of gold into silicon devices is an 
effective and commonly used method for controll ing 
minor i ty  carrier lifetime. Because of this practical 
application, the properties of gold in bulk  silicon have 
been studied extensively (1). It has been found that  
gold diffuses rapidly in  silicon, bu t  that  its diffusion 
depends in a complicated way on the defect s tructure 
of the crystal (2, 3). It  has also been found that each 
gold atom in a subst i tut ional  site gives rise to two 
energy levels located within the silicon forbidden 
band:  one of these is a donor level 0.35 ev above the 
valence band edge; the other is an acceptor level lo- 
cated 0.54 ev below the conduction band edge (4). 

Because of the current  importance of p lanar  silicon 
technology, a knowledge of the effects of gold on oxi- 
dized silicon surfaces would be desirable. Such sur-  
faces can be studied effectively using the capacitance- 
voltage characteristics of metal-oxide-semiconductor  
(MOS) structures. Theoretical C-V characteristics 
have already been calculated for nongold doped de- 
vices and successfully compared with exper iment  (5). 
The most impor tant  conclusion of these studies is that 
the oxidized silicon surface is characterized by a fixed 
positive surface-state charge Qss which tends to de- 
plete or inver t  p- type  silicon and accumulate n - type  
silicon. These theoretical C-V characteristics, how- 
ever, are val id only for the case of silicon doped with 
shallow donors or acceptors such as phosphorus and 
boron for which complete ionization throughout  both 
the neut ra l  semiconductor and the surface space- 
charge region can be assumed. The charge state of the 
deep gold levels, on the other hand, will  depend 
strongly on the electrostatic potential  within the sili- 
con. Thus, before one can effectively study the surface 
characteristics of gold doped silicon, the corresponding 
theoretical C-V characteristics must  be developed. In 
the following sections these characteristics are calcu- 
lated for both the high and the low frequency cases 
and are compared with exper imental  measurements.  
Such comparisons reveal the presence of an excess in-  
terface charge in addition to the normal  Qss. The in ter-  
face charge density is determined for various gold dif-  
fusion conditions and an at tempt is made to determine 
the physical location of the gold responsible for the 
excess charge. Finally,  the MOS method is used in a 
novel way to determine the diffusion coefficient and 
solid solubil i ty of gold in SIO2. 

Theory 
We shall now proceed to calculate the theoretical 

capacitance-voltage characteristics of gold doped MOS 
capacitors using the same procedure and notat ion as 
were used in ref. (5) for the  nongold doped case. 

The introduct ion of gold into the silicon substrate 
will affect the C-V characteristic because of the pres- 
ence of the gold energy levels lying deep wi th in  the 

forbidden gap, the charge state of which will  depend 
on the potential  wi th in  the depletion region. Thus the 
space-charge density and hence the depletion region 
width and the resu l tan t  high frequency capacitance 
will  be dependent  on the gold concentration. At suffi- 
ciently low measurement  frequencies, the charge in 
the gold levels will also respond to the a-c signal, 
giving an addit ional  contr ibut ion to the semiconductor 
capacitance (6). 

The charge state of a gold atom in silicon is not 
related to the potential  by the usual  Fermi  factor be-  
cause each gold atom introduces both a donor level 
and an acceptor level and the two are not  inde-  
pendent;  i.e., a gold atom cannot  be both a positively 
charged donor and a negat ively charged acceptor at 
the same time. Taking this into account, the expres- 
sions for the concentrat ion of gold atoms in each 
charge state become (2, 7) 

N A u -  ~--- 
NAu 

[1] 
1+2 exp (UF-~-U~UAu-) [1-~- 1~ exp (UF~-U--~Au+) ] 

NAu + -~ 
NAu 

[2] 
1 + 2 exp ('//'Au + - - U F - - U )  [ l -~- 1/2 e x p  ( U A u - - - - U F - - U )  ] 

where NAu is the total gold concentration, UAu-, and 
UAa+ are the potentials of the gold acceptor and donor 
levels, respectively, UF is the Fermi  potential  in the 
bulk and u is the electrostatic potential  or band 
bending. 1 Note that when the Fermi  level lies above 
the gold acceptor level most of the gold atoms are 
negatively charged; when the Fermi level is between 
the two gold levels most of the gold atoms are new- 
tral;  and when the Fermi  level is below the gold 
donor level most of the gold atoms are positively 
charged. 

Potent ial  and charge distr ibutions in the vicini ty of 
an inverted n - type  silicon surface are shown in Fig. 
1 and 2. The band diagrams are drawn to scale and 
were obtained from a computer  solution to Poisson's 
equation, which will  be described in detail later. Fig-  
ure 1 corresponds to a sample doped with 1.0 x 1016 
shallow donors/cm 8 and shows the usual  uniform 
charge distr ibution and parabolic potential  dis tr ibu-  
tion wi th in  the depletion region. Figure 2 shows the 
same sample but  with the addit ion of 0.98 x 1016 gold 
a toms/cm 3 to the silicon. Note tha t  the bulk  Fermi  
level has moved toward midgap due to compensation 
by the gold atoms. Note also that  the depletion region 
is considerably wider and no longer contains a un i -  

1 All potentials are measured  in units of kT/q with  the potential 
at the intrinsic Fe rmi  level in the bulk of the semiconductor  t aken  
as reference.  Note tha t  the energy  levels in the lower  half  of the 
band gap correspond to positive potentials while energy  levels in 
the  upper  half of the band gap correspond to nega t ive  potentials,  
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NAU = 0 

CB = 0 .100  E 17 cm -3  
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Fig. 1. Approximate charge density p (electronic charges/cm s) 
and energy band diagram near an inverted n-type silicon surface 
(ND ~ 1.0 x 10 TM cm -3,  Us - -  --26.8). The charge in the de- 
pletion region consists of positively charged ionized donors. The 
thin layer of added charge at the surface is due to accumulated 
minority carriers (holes). 
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Fig. 2. Approximate charge density p (electronic charges/cm 3) 
and energy band diagram near an inverted surface of gold-doped 
n-type silicon (ND = 1.0 x 10 TM cm -s ,  NAu ~ 9.8 x 1015 
cm -3,  Us = --26.8). The charge in region I consists of minority 
carriers (holes) plus positively charged ionized donors plus posi- 
tively charged gold atoms. The charge in region II consists of 
positively charged ionized donors (the gold is neutral). The 
charge in region III consists of positively charged ionized donors 
plus negatively charged gold atoms. 

form charge density. In  fact the depletion region can 
be divided into three regions corresponding to the 
three charge states of the gold. In  region I the charge 
density is given approximately by q(ND+NAu), in  
region II by qN• and in region III  by q(ND--NAM). It  
is because of the charge compensation in region III  

that the band  bending extends farther into the silicon 
than in the nongold doped case. This is t rue for all 
gold concentrations NAn ~ N D .  For gold concentrations 
substant ia l ly  above ND, the gold donor ions in region 
I will contr ibute approximately NAn positive charges 
whereas the compensation effect in  region III  will  di- 
minish because the Fermi  level will  lie close to (or 
even below) the gold acceptor level. 2 The silicon de- 
pletion region will then consist of two regions: one of 
charge density NAn + N D  and the other of density 
~ND. Effectively, the silicon wil l  have an  average 
donor concentrat ion greater than  No, thereby resul t ing 
in a smaller max imum depletion region width than is 
obtained on the nongold doped case [see ref. (5)].  

The above figures and discussion were based on the 
calculated variat ion of the space charge in the silicon 
with potential. We shall now discuss these calculations 
using gold-doped n - type  silicon as an example. The 
theory applies equal ly well for p- type silicon, but 
different characteristics are obtained because of the 
asymmetry  of the gold levels about the center of the 
forbidden band. The charge density in the silicon is 
given by 

p ---- q ( p -  n + N D -  NA +NAu+ - - N A u - )  [3] 

where p and n are the equi l ibr ium electron and hole 
concentrations, ND and NA are the densities of shallow 
level donor and acceptor impurities, and NAu+ and 
NAn- are the densities of charged gold atoms in donor 
and acceptor states respectively as given by [1] and 
[2]. Assuming that the semiconductor is nondegen-  
erate, the carrier concentrat ions are given by 

p = ni exp (UF--  U) 
and 

n = n i  e x p  ( u  - -  UF) [4] 

The Fermi  potential  is determined from the condit ion 
of charge neut ra l i ty  in  the bu lk  (far from the sur-  
face) ; there u = 0 and 

n + N A u - - + N A - - - - p + N A u +  + N D  [5] 

In  terms of the normalized potent ial  u, Poisson's equa- 
tion is given by 

d2u --qp 
[6] 

dx 2 = kTKseo 

Subst i tu t ing [3] into [6], defining the intr insic  Debye 
length 

L D _  ( kTKseo ) 1/2 
2q2ni 

and not ing that 

dx ~-= dx du dx = 2 du \ - - ~ - x /  [7] 

we obtain 

d--u ~ x  ---- sinh (u - -  ME) - -  (NO - -  NA)/2hi 

hrAu/2ni 

+ 

1+2 exp (UAu+ ~ - ~ b - - U F )  [1-~-  1~ exp (UAu---F~---UF) ] 

NAu/2ni t 
1+2 exp(uF--UAu----U) [1+1/2 eXp(UF--UAu+--U) ] 

[ 8 ]  

The above expression can be integrated in  closed form 
from u ----- 0 (far in the bulk)  to u = u~ (at the silicon 
surface). The net charge per uni t  area in the silicon 
is then given by 

kT du ] 
Qs ~- Kseo [9] 

q ~ x=0 
2 A d d i n g  go ld  to n - t y p e  s i l i con  w i l l  p r o g r e s s i v e l y  m o v e  t h e  F e r m i  

l e v e l  t o w a r d  t h e  c e n t e r  o f  t h e  b a n d  gap and  will  u l t i m a t e l y  a s s u m e  
a p o s i t i o n  m i d w a y  b e t w e e n  t h e  t w o  g o l d  l eve l s .  
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This charge is made up of two parts: (i) minor i ty  
carr iers  (holes) in a na r row inversion layer  near  the 
surface, and (it) ionized gold and shallow donor and 
acceptor ions wi thin  a deplet ion region of wid th  Xd. 
The part  of Qs which is due to holes in the inversion 
layer  can be calculated f rom 

Qv - q p ( x )  d x  = q ~ du  [10] 8 
us d u / d x  

Similarly,  that  part  of Qs which is due to uncompen-  
sated ions wi thin  the depletion region may be calcu- 
lated f rom 

QB -~ q [NAu+ (x) - -  NAu- (x) + ND -- NA]dX 

: q ~O [NAu+ (U) INALI_ (U) ] du -~ q(ND-- NA)Xd 
Us d u / d x  

[11] 

where  Xd is the effective depletion region width, This 
useful quant i ty  may  be determined f rom the re la t ion 

f 
o p (u) 

Qs = q ~ du 
us d u /  d x  

o [NA,+ (U) - -  NAu- (u) ] 
+ q d u  + ct(N D m N A ) X  d 

us d u / d x  
[12] 

Once a surface is s t rongly inverted,  Xd rapidly ap-  
proaches a max imum value  with fur ther  increase in 
surface potential,  corresponding to the fact that  the 
added potential  var ia t ion causes a very  large increase 
in Qp without  substantial ly affecting QB. 

In an MOS capacitor, the gate voltage VG applied 
to the meta l  electrode is re la ted to the silicon surface 
potential  Cs and the net  charge in the silicon Qs by (5) 

V G -  CMS + Qss/Co = Cs - -  Qs/Co [13] 

where  CMS is the meta l -semiconductor  work  function 
difference, Co is the oxide capacitance per unit  area, 
and Qss is the surface-state  charge density which for 
nongold doped samples was shown to be independent  
of surface potential  over  the observable range. 

If the charge in surface states is independent  of 
surface potential,  the small  signal MOS capacitance 
per unit  area can be calculated f rom the relat ion 

1 
C = [14] 

(1/Co) + (1/Cs) 

where  Co = Koeo/Xo is the oxide capacitance per unit  
area and Cs is the silicon space charge capacitance per 
unit  area. The lat ter  must be calculated separately for 
the two cases of high and low measurement  frequency.  
At sufficiently low frequencies,  the minor i ty  carriers, 
the major i ty  carriers,  and the charge on the gold 
atoms within  the space-charge region can follow the 
applied a-c measurement  signal and contr ibute  to the 
capacitance. The silicon capacitance can thus be deter -  
mined f rom the relat ion 

dQs d ~, co 
Cs 

di, s des  o p ( x )  d x  J 
d ~ o  p ( x ( r  p ( x  = O) 

[15] 
des  *s d r  dr  [ 

dx t x = 0  

where  the surface charge density p(x ~-- 0) is given 
by Eq. [3] evaluated at u = us, and the potent ial  
gradient  at the surface follows di rec t ly  f rom the first 
integrat ion of Poisson's equation [8]. 

T h o u g h  t h e  i n v e r s i o n  l a y e r  d o e s  n o t ,  o f  c o u r s e ,  e x t e n d  t h r o u g h -  
o u t  t h e  d e p l e t i o n  r e g i o n ,  t h e  e x p r e s s i o n  f o r  p (u)  d e c r e a s e s  e x p o -  
n e n t i a l l y  a n d  t h e  i n t e g r a l  m a y  b e  e x t e n d e d  to  u ~ 0 w i t h o u t  s e r i -  
o u s  e r r o r .  
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Fig. 3. Theoretical low frequency MOS C-V curves for a con- 
stant donor density of 1 x 10 TM cm - ~  and various gold concentra- 
tions (Xo = 0.2~). 
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Fig. 4. Theoretical low frequency MOS C-V curves for a constant 
acceptor density of 1 x 1018 cm - 8  and various gold concentrations 
(Xo = 0.2~). 

For  par t icular  values of N D -  NA, various Fermi  
levels were  fed into an IBM 1130 computer.  Gold con- 
centrations were  calculated for each Fermi  level  
from the equat ion of charge neut ra l i ty  [5]. For  each 
gold concentration, the silicon capacitance Cs was 
computed for values of surface potential  spanning 
most of the band gap. The MOS capacitance was then 
determined as the series sum of the oxide and silicon 
capacitances [14]. Final ly,  each surface potent ia l  was 
related to the effective applied gate voltage V G -  r 
+ Qss/Co by Eq. [13]. Families of calculated C - V  
curves for 10 TM doped n- type  and 10 TM doped p- type  
mater ia l  with gold concentrat ion as a parameter  are 
shown in Fig. 3 and 4. These par t icular  curves are for 
an oxide thickness of 0.2~. 

The presence of gold within  the deplet ion region re-  
sults in a peak in the C - V  curve  in the deple t ion- in-  
version range of the characteristic.  This peak is simi- 
lar to what  would  be obtained if surface states lo-  
calized in energy wi th in  the forbidden band could 
fol low the a-c measurement  signal and contr ibute  to 
the capacitance. As an example,  a low-f requency  MOS 
C - V  characterist ic was calculated for the case of non- 
gold doped n- type  silicon in the presence of 5 x 10 TM 

cm -2 fast donor states located 8.88 k T  units below the 
intr insic level  and 5 x 101~ cm -2 fast acceptor states 
located 1.54 k T  units above the intrinsic level, corre-  
sponding to the energy levels  of gold. The doping was 
chosen such that  the Fermi  level  was the same as that  
for the sample, doped with 9.8 x 1015 gold a toms/cm -s,  
whose C-V characterist ic is shown in Fig. 3. The re-  
sults are  shown in Fig. 5, where  two sharp peaks can 
be seen in the deple t ion- invers ion  region, correspond-  
ing to the Fermi  level  crossing each of the surface 
state levels. In the case of gold-doped silicon, those 
gold atoms that  are located at the point where  ei ther 
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Fig. 5. Comparison of the effects of surface states and deep 
bulk levels on low frequency MOS C-V characteristics. The solid 
line corresponds to the case of 5 x 10 lo cm - 2  fast acceptor 
states at u ~ - -1 .5  and 5 x 10 TM cm - 2  fast donor states at u 
+ 8 . 9 .  The dotted line corresponds to gold doped silicon (NAu 
9.8 x 1015 cm-3 ) .  In each case ND = I x 10 TM cm - 3  and Xo ---- 
0.2~. 

gold level  crosses the Fermi  level  wil l  contr ibute  to 
the capacitance in the same way. However ,  the gold 
wil l  continue to contr ibute  even af ter  the gold levels 
at the surface cross the Fermi  level, since the cross- 
over  point then simply moves back into the bulk with  
increasing surface potential .  Thus, the discrete gold 
levels behave qual i ta t ively  like fast surface states that  
are distr ibuted in energy, resul t ing in a smearing of 
the two peaks into the single broader peak which is 
actual ly  obtained. 

At sufficiently high frequencies  only the major i ty  
carr iers  can respond to the a-c signal; the minor i ty  
carr iers  and the charge on the gold within the de- 
pletion region do not contr ibute  to the capacitance. 
For  this case the silicon capacitance is obtained by 
differentiat ing Eq. [12] keeping the first two terms 
on the r ight  constant. This results in 
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Fig. 6. Theoretical high frequency MOS C-V curves for a con- 
stant donor density of ] x 10 TM cm - 3  and various gold concentra- 
tions (xo ~--- 0.2~). 
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Fig. 7. Theoretical high frequency MOS C-V curves for a con- 
stant acceptor density of 1 x 10 TM cm -'~ and various gold concen- 
trations (x ~ 0.2#). 

Cs = q ( N A - -  ND)dXd/d~b~ [17] 

where  dxd/di~s can be calculated on the basis of the 
idealized charge distr ibut ion shown in Fig. 2. This re-  
sults in 

Cs = Kseo/Xd [18] 

Thus for each va lue  of surface potential,  an xd, and 
hence a Cs, is obtained. Cs is re la ted to the MOS ca- 
paci tance by Eq. [14] and surface potent ia l  is related 
to gate voltage by Eq. [13], as in the low f requency 
case. 

High f requency curves for n - type  (ND -~ 1016 cm -~) 
and p- type  (NA : 10 TM cm -3) silicon doped with  va ry -  
ing amounts of gold are shown in Fig. 6 and 7. Note 
that the MOS capacitance levels  off at a min imum 
value in the inversion range corresponding to a maxi -  
mum value for Xd. We shall refer  to this l imit ing 
value of the effective space-charge width as Xdmax. The 
effect of increasing gold concentrat ion on Xdmax is 
shown in Fig. 8. Here  the calculated ratio of Xamax 
wi th  gold to the corresponding value wi thout  gold is 
shown as a function of normal ized gold concentration. 

Comparison of Experimentat  and 
Theoretical Characteristic~ 

Gold doped MOS capacitors were fabricated in 
order to compare the calculated C-V characterist ics 
wi th  experiment ,  n - type  units were  made using (100) 
surface oriented silicon wafers  doped with  1.0 x 10 TM 

phosphorus a toms/cm 3. The wafers  were  chemical ly  
polished to 150~ and oxidized in dry 02 to form a 0.2~ 
thick oxide layer.  The oxide was then removed  from 
one side; 500A of gold was deposited on this side and 
then diffused for 1.5 hr  at 1000~ in a ni t rogen am-  
bient. A luminum was then evaporated onto the oxide 
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Fig. 8. Theoretical gold concentration NAu (normalized to ND) 
as a function of Xdmax (normalized to Xdmax without gold) for 
various values of ND. 



V o l .  114,  N o .  11 

J . 0 ~  t 

0.8 

0.7 
c 
Co 

0.6 

0.5 

0.4 

0.3 

0.2 

I 
-6  -4  

G O L D  D O P E D  M O S  S T R U C T U R E  P R O P E R T I E S  

I J [ 
-2 o 

f t l i - -  

- -  T H E O R Y  

EXPERIMENT 
(LOW FREQUENCY) 

• EXPERIMENT 
(HIGH FREQUENCY) 

I I I 
2 4 6 

V e ( vo ( t s )  

Fig, 9. Comparison between theoretical and experimental MOS 
C-V characteristics for n-type silicon gold-diffused at 1000°C 
(xo ~ 0.2~, ND -~- 1 x 10 TM cm -3 ,  and NAu = 9.8 x 1015 cm -3 ,  
low frequency: 73 Hz, high frequency: 100 kHz). Experimental 
curves are shifted to the left to account for a fixed negative 
interface charge. 

O.C~ 

O.E 

0.7-- 
C 

O.6-- 

BEFORE GOLD .,, 
D I F F U S l O N ~  

0 . 4  

0 .3 - -  

1169 

/AFTER GOLD 
DIFFUSION 

0 . 2 - -  

0 . 1 -  

o ~  
-40  -30 -2:0 -IO 0 IO 2 0 3 0  

V e (volts) 

Fig. 10. Experimental C-V characteristic of a lightly doped 
n-type sample overcompensated with gold (go~d diffused 40 rain 
at 1200°C). Also shown is the C-V characteristic on the same 
sample before gold diffusion. 

side and etched to form the field plates of MOS ca- 
pacitors. Finally,  the sample was heat treated at 565°C 
in  nitrogen. 4 

High frequency C - V  characteristics (100 kc/sec) 
were obtained using a Boonton model 74C-$8 capaci- 
tance bridge, and low frequency charac£eristics (73 
Hz) were obtained using a Wayne -Ker r  model B221 
bridge. The t ransi t ion between high and low frequency 
type characteristics [see Ref. (5)] was about 100 Hz 
for these devices. The results for a typical device 
are shown as the data points in Fig. 9. Reproduci-  
bil i ty of both high and low frequency characteristics 
from device to device was good. The theoretical char-  
acteristics (solid l ines),  to which the exper imental  
points are compared, were chosen so as to match the 
min imum capacitance of the high frequency measure-  
ments. The theoretical curves thus obtained corre- 
spond to a gold concentrat ion of 9.8 x 1015 cm -~, a 
value in good agreement  with the solid solubility of 
gold at the 1000°C diffusion temperature.  Agreement  
between theoretical and experimental  curve shapes is 
excellent in the high frequency case and fair ly good 
in the low frequency case.~ 

The possibility of over-compensat ion of n - type  ma-  
terial with gold was also demonstrated using the MOS 
technique. For this purpose MOS capacitors were fab- 
ricated with s tar t ing mater ial  phosphorus doped to a 
concentrat ion of only 101~ cm -3 and with gold diffu- 
sion taking place at 1200°C. Controls were fabricated 
similarly but  without  the gold diffusion step. High 
frequency (100 kHz) capacitance-voltage measure-  
ments  made on the resul t ing devices are shown in Fig. 
10. Note that the characteristic of the gold-diffused 
device corresponds to a p- type silicon substrate. Al-  
though the silicon substrate is near ly  insula t ing  (the 
Fermi level is a few k T  units  below the intr insic 
level) ,  the m i n i m u m - t o - m a x i m u m  capacitance ratio 
corresponds to a relat ively large substrate impur i ty  
concentration. As the bands are bent  downward (cor- 

4 T h e  a b o v e  MOS p r o c e s s i n g  w a s  used  t h r o u g h o u t  t h e  cou r se  of  
th is  w o r k  un less  o t h e r w i s e  no ted .  

F o r  th is  c o m p a r i s o n  t h e  e x p e r i m e n t a I  c h a r a c t e r i s t i c s  w e r e  
sh i f t ed  h o r i z o n t a l l y  a l ong  t he  v o l t a g e  ax i s  b y  a c o n s t a n t  a m o u n t  AV 
t o  b r i n g  t h e m  in to  a l i g n m e n t  w i t h  t he  t heo re t i c a l  cu rve s .  T h e  m a g -  
n i t u d e  of  AV can  be  u s e d  to ca l cu l a t e  i n t e r f ace  c h a r g e  dens i t ies ,  as 
w i l l  b e  d e s c r i b e d  in  t h e  n e x t  sect ion.  

responding to a positive voltage on the gate elec- 
trode), the gold acceptor level is brought  below the 
Fermi level and hence the gold near  the surface be- 
comes negat ively charged. Thus, the charge density in 
the surface space-charge region is equal  to the gold 
concentrat ion which is ~10 TM cm -3 in this case. 

I n t e r f a c e  C h a r g e  Dens i t i e s  

The surface-state charge density Qss of oxidized sili- 
con can be evaluated from capacitance-voltage char-  
acteristics by comparing an exper imental  plot of C vs.  
VG with a theoretical plot of C vs.  V ¢  ~ "bMS -k Qss/Co. 
If ~Ms is known,  the displacement between the two 
curves yields Qss. For  nongold doped silicon, Qss is 
normal ly  positive and of the order of several times 
l0 ll electronic charges per cm 2, its exact value de-  
pending on or ientat ion (8) and on oxidation and an -  
neal ing conditions (9). In  the present  study, high fre-  
quency capacitance-voltage characteristics were mea-  
sured on both control and gold diffused samples and 
were compared with the appropriate theoretical 
curves. The controls yielded Qss values in general  
agreement  with those previously reported, but  the 
apparent  Qss of the gold-diffused samples was less 
positive than  that  of the controls and in many  cases 
it was actually negative. This indicates the presence 
of a gold-related effective interface charge in addition 
to the normal  Qss. We shall refer to the density of this 
gold related interface charge as QAu. Thus the dis- 
placement  ~V between theoretical and exper imental  
C-V curves is given by a V  = Qss/Co ~ ~MS for the 
control samples and by AV = (Qss -k QAu)/Co ~ ~MS 
for the gold diffused samples. After back side gold 
diffusion, QAu was always negative. Its magni tude  in -  
creased with diffusion time reaching a steady state 
value after about 10 min  at 1000°C. To assure that  this 
steady state had been reached, s tandard diffusion 
times of 1 hr were used for comparing samples proc- 
essed in various ways. In  each case it was demon-  
strated that Q A u  w a s  stable under  fields of ±50 v/~ 
at 250°C, a condition under  which mobile oxide im-  
purit ies such as sodium migrate  rapidly (10). 

Ef f ec t  oS d o p i n g  and  c o n d u c t i v i t y  t y p e . - - N e g a t i v e  
QAu shifts are observed on both p- and n- type  silicon; 
nei ther  type nor  doping seem to have an impor tant  
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Table I. Values of Qss and QAu for a set of n- and p-type samples Table Ill. Average Qss and QAu values in gold diffused wafers 

D o p i n g  ( Q s s  + Q A u ) / ( g o l d )  Qss/q ( c o n t r o l )  Q.*u/cl G r o u p  ( Q s ,  + QAu)/q ( g o l d )  Q s s / q  ( c o n t r o l )  Q'Au/q 

5 x 1 0 1 5 c m - a , n  - - 3  x 1 0 ~ c m  -~ 
1 x 1 0 1 7 c m  - a , n  - - 1 . 5  • 1 0  ~ x c m ~  
1 x 1 0 1 a c r e  - ~ , p  - - 3  x 1 0 1 1 c m  --~ 

2 X I 0  jl c m  -~ - -5  • 1011 c m  --~ 
2 X 1011cm--" --3.5 X lO~Icm-~ 
3 x 1 0  ~ Icm- -"  - 6  X 1011cm- :~  

A 0 .9  ----. 0 .2  x 10 a l  c m  -2 
n 1.7-----0.3 x 10 a l c m - u  
C 1 .5  ~ 0 .1  • 10  x ! e m  ~ 

3.1 -~- 0.5 x i 0  ~ c m  -r --2.2 x I 0  ~ c m  -2 
3.8-----0.1 x l O ~ c m - ~  --2.1 X 1011cm --" 
2.9+0.6 • lOncm -~- - 1 . 4  x l O ~ c m  

Table II. Values of Qss and QAu for (100) and (111) orientations 

(Qss + Q .~ ) /q  
O r i e n t a t i o n  ( g o l d )  QsB/q ( c o n t r o l )  Q.~u/q 

( I00)  - - I  • lOa lcm -e 1 x I0~I c m  -2 - -2 • 1011cm -2 
( I I i )  - -3  x i0~I cm-2 3 • lOa' cm-2 - -6  • i011 c m  -~ 

effect. Values of --5 x 1011 electronic charges /cm 2 are 
typical  for both p-  and n- type  samples of (111) or ien-  
tat ion which have been diffused 1 hr at 1000~ Values 
of Qss and QAu for a set of n-  and p- type  samples with 
0.2~ oxides and various doping concentrations are 
shown in Table  I. 

Effect of orientation.--There appears to be a definite 
or ientat ion effect on the magni tude  of the gold-re la ted  
interface charge. Values of Qss and QAu for (100) and 
(111) orientations are shown in Table II. All were  
n- type  (~1016 cm -3) with 0.2~ oxide and were  gold 
diffused for 1 hr at 1000~ 

Effect of dislocation density.--To determine the 
effect of dislocation density on QAu, the fol lowing ex-  
per iment  was performed.  Three  different sets of 
wafers,  one with low dislocation count (<100 c m - 2 ) ,  
another  with in termediate  dislocation count (~3000 
cm-2 ) ,  and the third wi th  high dislocation density 
(>10,000 cm -2) were  gold diffused 1 hr at 1000~ 
in N2. Control samples were  fabricated s imilar ly but  
without  the gold diffusion step. In agreement  with an 
earl ier  study (11) the controls all showed identical  
Qss, approximate ly  2.5 x 1011 cm -2 independent  of dis- 
location count. The gold diffused samples all showed 
negat ive QAu of about --6.0 x 1011 cm -2, independent  
of dislocation density. 

Effect of ambient.--To ascertain the effect of the 
diffusion ambient,  QAu was compared for samples gold 
diffused at 1000~ in ni t rogen and in oxygen. The 
sample  that  had been oxygen diffused was subjected 
to an init ial  15 min in ni t rogen to ensure that a suffi- 
cient quant i ty  of gold entered the silicon before an 
oxide layer  began to form on the back side. Capaci- 
tance-vol tage  measurements  revea led  qAu/q values 
o f - - 5  x 1011/cm2 on both samples, suggesting that  the 
negat ive shift due to gold is independent  of the gase- 
ous ambient  ( inert  or oxidizing) in which the gold 
diffusion takes place. 

Physical location of the negative interface charge. -  
In this section we describe exper iments  that  are 
aimed at locating the region of the oxide-si l icon sys- 
tem that  is responsible for the negat ive QAu observed 
after  back-side gold diffusion. 

In the first of these experiments,  gold diffused 
wafers  and controls were  split into three groups. 
Group A received no addit ional  t reatment .  The exist-  
ing 2000A of thermal  oxide was etched off group B 
and 2000A of SiO2 was vapor  deposited by react ing 
Sill4 and O2 at ~400~ The deposition t ime was about 
20 sec. In the case of group C, the the rmal  oxide was 
etched off and, in addition, the silicon surface was 
given a l ight etch to remove  ~1~ of silicon. A 2000A 
film of SiO2 was then vapor  deposited on these sam- 
ples also. The average Qss and QAu values and the 
spreads in each group are shown in Table III. Al though 
the QAu values in this exper iment  are smaller  than 
typical values, they are c lear ly  evident.  Note that  
approximate ly  the same QAu is observed on all three  
groups, indicating that  the gold responsible for the 
shift ei ther is not located within  the oxide or it dif-  

fuses back  into the new oxide during the short heat  
t reatments  at 400 ~ and 565~ that  occur during proc-  
essing. 

Radiotracer  studies have shown that  back-side gold 
diffusion results in a large gold concentrat ion (in 
excess of the solid solubil i ty in silicon) at the Si-SiO2 
interface (12). Since the observed negat ive QAu could 
be related to this interfacial  gold, an exper iment  was 
per formed in which an a t tempt  was made to introduce 
gold only at the interface but not in the bulk silicon 
or in the oxide. Chemical ly  polished n- type  (~10 TM 

cm -3) silicon wafers  were  subjected to the fol lowing 
t reatment:  A thin layer  of gold was evapora ted  onto 
the top surface and the wafers  were  heated for 10 
min at 565~ in nitrogen. They were  then immersed 
in an aqua regia bath to remove  any unal loyed me-  
tallic gold from the surface. After  this t rea tment  the 
surface had lost its ini t ial ly shiny appearance and ap- 
peared dull. A 0.2~ film of SiO2 was then vapor  de- 
posited on the surface. C-V measurements  revea led  
very  large negat ive Qhu values for the gold-al loyed 
samples (from about --1.5 x 1012 cm -2 and upward  in 
magni tude) ,  whereas  the control  sample had a Qss 
value of approximate ly  +8  x 10 n cm -2. F rom the 
capacitance min imum of the gold-al loyed samples, a 
bulk doping value  was calculated which agreed well  
with the known initial resist ivi ty of the n - type  wafer.  
This shows that negligible gold was present  wi thin  
most of the depletion r e g i o n  of the MOS devices 
(X(Imax = 0.3~). 

The above two exper iments  show that  the gold re-  
sponsible for the negat ive  QAu is at or near  the in ter -  
face. Also, they indicate that the negat ive ly  charged 
gold atoms probably reside in the silicon. If the species 
causing the negat ive QAu is in the silicon, then it 
should be possible to obtain gold- induced C-V shifts 
on MOS structures using dielectrics other than SiO2. 
For this reason, a third exper iment  was per formed in 
which gold was diffused for 1 hr  at 1000~ into sili-  
con upon which a layer  of silicon ni tr ide had been pre-  
viously deposited in place of the usual thermal ly  
grown SIO2. T h e  silicon ni tr ide was deposited on 
n- type  (ND = 5 x 1015 cm -3) silicon slices at 900~ 
utilizing an ammonia and silicon tetrachloride proc- 
ess. Capaci tance-vol tage measurements  on control 
samples showed large posit ive Qss/q values of about 
101~ cm -2. However ,  in every  case, negat ive QAu 
shifts of about --6 x 1011 cm -2 were  obtained for the 
gold-diffused samples. This value of QAu is ve ry  typi-  
cal of what  is observed on oxidized samples for the 
same gold diffusion tempera ture  and time. 

GoLd Diffusion th~'ough SiO2 
In this section we describe the results of exper i -  

ments to determine the charge state of gold in SiO2, 
and a novel  method for determining the diffusivity 
and solid solubility of gold in the oxide. These ex-  
per iments  were  per formed as follows: n- type  silicon 
was init ial ly oxidized to form oxide layers 0.1, 0.2, 
and 0.5~ thick. A single dot of gold approximate ly  
0.75 cm ~ in area was then evaporated onto the oxide. 
The back side was covered by a thicker  oxide to en-  
sure that  any gold "breaking through"  the oxide and 
enter ing the silicon dur ing diffusion had entered 
through the top oxide layer. The samples were  dif-  
fused in ni trogen for varying lengths of t ime at t em-  
peratures  between 800 ~ and l l00~ 

QAu shifts.--Positive QAu shifts were  observed af ter  
gold diffusion through the oxide, corresponding to the 
apparent  introduction of positive charges into the 
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oxide. Tempera ture-bias  tests (10) were used to 
demonstrate that  these positive shifts were stable and 
were not due to contaminat ion by mobile alkali  ions. 

The QAu shift at first increases with diffusion time, 
reaching a max imum value of about 10 TM electronic 
charges/cm 2. I t  then  decreases with longer diffusion 
time and approaches zero. An example of the t ime de- 
pendence is shown in Fig. 11 for the case of diffusion 
at 1000~ That  this type of behavior  is due to evap- 
oration of the gold from the wafer is considered u n -  
likely, since a layer  of gold remained atop the oxide 
surface after all high tempera ture  treatments.  

In  an effort to determine the charge dis t r ibut ion in 
the oxide, the excess charge induced in the silicon due 
to gold (Qs') was measured as a funct ion of oxide 
thickness as the oxide was etched away in steps [see 
ref. (9)] .  After  each etching step, C-V curves were 
measured using a mercury  probe as the metal  elec- 
trode. The excess charge per un i t  area induced in the 
silicon Qs' was determined from the relat ion 

Qs' = AV �9 Co [ 19 ]  

where AV is the voltage shift between the C-V char-  
acteri~tics of the gold-diffused and nongold-diffused 
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Fig. 12. Effect of gold diffusion through the oxide on MOS C-V 
characteristics (ND = 2 x 10 ts cm - 3 ,  Xo = 0.2/~, diffusion tem- 
perature = 1000~ Breakthrough occurs between 2 and 4 fir 
as is evident from the change in capacitance minimum. 
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devices and Co is the oxide capacitance per un i t  area. 
Samples of 0.5~ oxide thickness, diffused varying  
lengths of time, were etched to as thin as 0.15~, and 
0.2~ samples were etched to about 0.12~. No decrease 
in Q ;  was observed. This indicates that  most of the 
positive charge QA, is located wi thin  500A of the in te r -  
face and iS not dis tr ibuted throughout  the oxide. 

Difyusion co.eJJicient of go~d in SiO2.--In addition to 
the positive QAu shifts, it was observed that  after  a 
sufficiently long diffusion time the capacitance min i -  
mum decreased over the entire gold-covered area. 
This is in terpreted as being due to gold which had 
diffused through the oxide into the silicon so as to 
compensate the original n - type  doping. C-V charac- 
teristics or oxides gold-diffused at 1000~ in  a n i t ro-  
gen ambient  for 2 and 4 hr, respectively, are shown 
in  Fig. 12 (a) and (b) 

The diffusion of gold through a film of SiOs is ana-  
logous to the permeat ion of a gas through a mem-  
brane. The solution to the lat ter  problem is available 
in the l i terature (13). If the diffusivity of gold in the 
silicon is much larger than in  the oxide (an assump- 
tion which we shall verify) and the gold concentrat ion 
in  the silicon remains  smaller than the solid solubili ty 
limit, it can be shown that  the concent.ration of gold 
in the silicon (NAu) as a funct ion of t ime is given by 

oo 

DoNor 2Noxo ~ (--l)n 

N A .  -- - -  + - -  #-I 

Wxo ~2W 1 n 2 

[ 1 - - e x p  [ - - (  n-~o )~Dot ] ]  [20] 

In this expression Do is the diffusivity of gold in  the 
oxide, No is the gold concentrat ion at the outer sur-  
face of the oxide (presumed equal  to the solid solu- 
bil i ty) ,  Xo is the oxide thickness, and W is the silicon 
wafer thickness. For times sufficiently large, this ex- 
pression reduces to (13) 

DoNor Noxo 
NAu --~ . . . .  [21] 

Wxo 6W 

Equation [21] can be rearranged and put  in the form 

Xo 2 Do 
[22] 

6t* (1 q- 6NAu*W/Noaro) 

where t* represents the t ime required for the gold 
concentrat ion in  the silicon to reach its m i n i m u m  de-  
tectable value (NAu* N 1014 cm-3  in our exper iment) .  
If Noxo > >  6NAu*W, then Xo~/6t * will  be inde-  
pendent  of xo and just  equal  to Do. 

In  Fig. 13, measured values of avo2/6t * for various 
oxide thicknesses are shown (all samples diffused a t  

4 1 T - - T - - T  [ 

# r 

o 

] L _ _ I _ _ L _ _ L - -  
O. I O. 2 0.3 0.4 0.5 0.6 

Xo (/,) 

Fig. 13. Plot of xo2/6t * as a function of Xo at 1000~ Best 
fit appears to be a horizontal line (independent of xo) correspond- 
ing to a diffuslvity Do ~ 2 x 10 - 3  ~2/hr. 
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Fig. 14. Gold diffusivity in Si02 as a function of temperature 

1000~ The best line fit through the data appears to 
be horizontal,  corresponding to a diffusivity Do ~-- 2 x 
10 -3 ~2/hr and placing a lower  bound on the solid 
solubili ty of gold in SiO2 of about No ~ > 10 is cm -3 
at this temperature .  

Data on gold diffusivities at 800 ~ and 1100~ were  
also de termined  for 0.1~ oxide films, using the expres-  
sion Do ~-- xo2/6t *. These data are plotted in Fig. 14 
as a function of reciprocal  temperature .  An act ivat ion 
energy of 0.8 ___ 0.2 ev is indicated. 

F rom Eq. [21] it can be seen that  a plot of NAu vs. 
diffusion t ime should be a straight line with intercept  
on the NAu axis proport ional  to No and slope propor-  
t ional to both No and Do. Thus by plott ing the gold 
concentrat ion as a function of t ime after  the break-  
through t ime t*, it is possible to determine the gold 
solubil i ty No and the diffusivity Do independently.  
Such a plot is shown in Fig. 15 for the case of gold 
diffusion at l l00~ In this case the oxide thickness 
was 0.1~ and the silicon wafer  thickness was 150#. The 
best s traight  line through the data points indicates 
a solubili ty of No _~ 3 x 10 is cm -3 and a diffusivity 
Do _~ 3 x 10-~ ~2/hr. 

Collins, Schroder, and Sah (14) have inferred dif- 
fusivi ty  values for gold in Si and SiO2 from their  mea-  
surements  of the dependence of QA, on gold diffusion 
time. Their  analysis was based on several  assumptions 
including the supposition that  the gold in the oxide 
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Fig. 15. Gold concentration NAu in the silicon as a function of 
total diffusion time through the oxide (xo = 0.1~, T = 1100~  
These data indicate a diffusivity Do ~ 3 x 10 - 3  /~2/hr and a 
gold solubility in the oxide No ~ 3 x 1018 cm - 3 .  

is negat ively  charged. Since this is in conflict wi th  
the present findings, it is not surprising that  their  r e -  
sults (Do = 4.8 x 10 -4 ~2/hr at l l00~ and Ea ~ 2.14 
ev) are in substantial  d isagreement  with ours. 

Conc lus ions  
The theory of the MOS capaci tance-vol tage method 

has been extended to the case of gold-doped silicon 
and has been verified exper imental ly .  Using this 
method, it was shown that  back-side gold diffusion 
into an oxidized silicon wafer  causes an apparent  neg-  
at ive shift in the interface charge density. A series 
of special exper iments  indicated that  this negat ive 
charge is local ized in the silicon very  near  the oxide-  
silicon interface. 

Why such interracial  gold should have a fixed nega-  
tive charge is not understood. I t  is known that  sub- 
st i tut ional  gold in the silicon bulk gives rise only to 
the pair  of deep levels discussed previously (4). How-  
ever, it has also been repor ted  that  gold piles up at 
the oxide-si l icon interface reaching concentrat ions far  
in excess of the solid solubil i ty (12). One can specu- 
late that  this excess interfacial  gold has energy levels 
quite different f rom those of the bulk substi tut ional  
gold. A high concentrat ion of shallow acceptor levels 
localized at the interface could account for the ob- 
served results. 

Gold diffused into an MOS structure f rom the top 
side through the oxide gives a posit ive contribution to 
the interface charge density indicating that  gold in 
the oxide near  the interface may  be posi t ively charged 
as is sodium (10). However ,  it is immobile  at tem-  
peratures  ~250~ at which sodium drifts rapidly un-  
der an applied field. 

Finally,  the MOS method has been used to measure  
the diffusion coefficient and solid solubili ty of gold 
in SiO2. This method should be applicable to many 
other impurities.  It  is as sensitive as the p -n  junct ion 
method which has been used for phosphorus (15), 
boron (16), and gal l ium (17) and it has the additional 
advantage that it can be used with  impuri t ies  such 
as gold which do not form p-n  junctions in silicon, but  
mere ly  compensate the init ial  doping. 
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Chemistry and Electrical Properties of 
the Interface Between ZnSe and an Electrolyte 

Richard Williams 
RCA Labo~'atories, Princeton, New Jersey 

ABSTRACT 

The interface between n-type ZnSe and electrolyte solutions has been 
investigated. A summary discussion of the properties of a Schottky barrier 
under these conditions has been given with reference to the experiments 
which are reported here. For the interface, ZnSe: 1.0M HCI, barrier height is 
from 2.0 to 2.6 ev for different crystals. These results are obtained from 
capacitance measurements and compared with photovoltage measurements. 
Current-voltage curves for forward and reverse bias are shown. For forward 
bias the current-voltage curve for the hydrogen evolution reaction has been 
measured. Results emphasize the difficulty of distinguishing between cases 
where the current is controlled by the properties of the Schottky barrier and 
those where it is controlled by the electrochemical kinetics. With high electric 
fields there is electron multiplication in the ZnSe. An efficient photochemical 
decomposition of the ZnSe is observed in which the net reaction is to deposit 
free selenium on the surface of the crystal and to liberate Zn + + ions into the 
solution. 

The interface between a semiconductor and an 
electrolyte combines the behavior  of electrochemical 
and semiconductor systems. The special features of 
such an interface are emphasized when the semicon- 
ductor has a high band  gap. With high band gap ma-  
terials electrolyte contacts have provided a unique  
tool for s tudying surface properties and obtaining 
high electric fields in the semiconductor (1-7). In  
addition, study of the photochemical decomposition of 
b inary  compounds in  contact with an electrolyte (8) 
shows an impor tant  l ink  between structure, charge 
transport ,  and chemical reaction. In this article a sum- 
mary  discussion is given of the semiconductor-electro- 
lyte interface for high band gap materials.  Emphasis 
is on physical concepts ra ther  than  detailed theory 
and equations are given which are applicable to the 
exper imental  results of this study. Use is made of the 
simple diode rectifier theory which has been applied to 
metal-semiconductor  contacts (9). Exper imenta l  re-  
sults are reported which give a survey of the general  
properties of the interface between ZnSe and an 
electrolyte. 

Semiconductor-Electrolyte Inte~ace 
Reviews of the semiconductor-electrolyte interface 

have been given by Dewald (10), Green (11), and 
Gerischer (12). In  general  there is separation of 
charges at equi l ibr ium and corresponding potential  
differences develop in both semiconductor and elec- 
trolyte. For high band gap materials it is common for 
a Schottky barr ier  to form in  the semiconductor, 
wi thin  which there is a space charge of ionized donor 
or acceptor ions. If the band gap is 2 ev or more, 
minor i ty  carriers are present  in  concentrat ions too 
small  to be significant through most of this barr ier  
region. The thickness of the barr ier  region is typically 
around 1#. By way of contrast  the Helmholtz layer, 
the corresponding region in the electrolyte in  which 
charge separation and space charge are important ,  
has a thickness of several angstroms. Hence the ca- 
pacitance of these two regions in series i s~ffec t ively  
the capacitance of the Schottky barr ier  alone. Mea- 
surement  of the small  signal a - c  caphcitance of the 

barr ier  as a funct ion of d-c bias voltage gives infor-  
mat ion about bending of the bands in the semiconduc- 
tor at the interface. An ideal Schottky barr ier  for 
an n- type  semiconductor is one in  which the donors 
are completely ionized and uni formly  distributed, and 
in which the minor i ty  carrier  concentrat ion is small  
compared to the donor concentration.  For this system 
the relat ion (9) between the carrier  capacitance, C, 
the ionized donor concentration, N, the dielectric con- 
stant, ~, the diffusion voltage, Vd, and the applied 
voltage, V, is 

1 8~(Vd + V) 
= [ 1 ]  

C ~ e e N  

This can be put  into practical units,  using the value 
(13) of 9.1 for the dielectric constant  of ZnSe. Equa-  

tion [1] becomes 

1 
: 1.9 X 10 7 (Vd -5 V)/N [2] 

C 2 

Here C is in pF/cm ~, N in cm -3, V and Vd in  volts. 
The sign convent ion used is that  V has positive values 
for reverse bias and negative values for forward bias. 
Measurements of C as a funct ion of V can be plotted 
to give a straight line. The slope of the l ine gives N 
and the intercept  with the horizontal  axis gives Yd. 

An al ternat ive formulat ion of Eq. [2] has been 
given (14) which takes account of the reserve region 
at the inner  edge of the barr ier  where ionization is in -  
complete. This gives a correction of kT/e  or 0.026 ev 
at room tempera ture  to the voltage sum in  [2]. This 
has not been used in the present  work but  can easily 
be used wherever  the barr ier  is low or the accuracy 
of the measurements  warrants .  It will  be emphasized 
in what  follows that, for the electrolyte-semiconductor 
system, capacitance measurements  can give values for 
Vd which include a contr ibut ion from two electrolyte 
half-cells in series with the barrier.  When this is the 
case, as it is in this work, the capacitance measure-  
ments give a value of Vd which is not a fundamenta l  
property of the semiconductor. In  this it differs funda-  
menta l ly  from the metal-semiconductor  system. 
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The relat ion between current  and applied voltage 
may be determined by the t ransport  of electrons to or 
from the surface or, al ternat ively,  by the electro- 
chemical react ion which is going on. Since charge 
t ransport  in the semiconductor is ent i rely electronic 
and that in the electrolyte is ent i rely ionic there must  
be a change in the mechanism of t ransport  at the in -  
terface. Whether  t ransport  to the interface or the re-  
action at the interface is slower depends on the de-  
tails of the reaction and the supply of carriers. It  is 
conceivable that, for a given system, charge t ransport  
is dominant  at one current  density and electrochemical 
reaction at a different current  density. For  a Schottky 
barrier,  t ranspor t  of carriers to the surface is most 
simply described by the diode rectifier theory. This is 
oversimplified for many  systems but  its simplicity 
commends it for describing the general  properties 
which are the subject of this article. A band picture 
diagram for a Schottky barr ier  at the interface be-  
tween an n- type  semiconductor and a high work func-  
t ion metal  is shown in Fig. 1. At equil ibrium, equal 
and opposite exchange currents,  Jo, flow over the 
barr ier  between metal  and semiconductor. These are 
thermionic emission currents  due to electrons having 
energies equal to or greater than the barr ier  energy, 
~ ,  above the Fermi level. The magni tude of Jo is re-  
lated (9, 15) to the effective mass, m*, electron charge, 
c, absolute temperature,  T, Bol tzmann constant, k, and 
Planck 's  constant,  h. 

( 4~m* ek2T2 ) e-ZX~/kT [3] 
Jo = h 3 

In  practical units,  for room temperature,  this becomes 

Jo = 1.0 X 107 ( m * / m )  • 10 -17a• amp/cm2 [4] 

• is in ev. 
For the current-vol tage  relat ion the diode theory 

gives 
J = Jo ( 1  - -  e - ev /k t )  [5]  

This has been put into a form which is consistent with 
the convention introduced. Reverse bias voltages are 
taken as positive. This governs the t ransport  of elec- 
trons to and from the surface. For reverse bias when  
the barr ier  voltage is more than a few times k T / e  
(26 mv at room temperature)  the current  is equal to 
Jo, independent  of voltage. For forward bias voltages 
greater  than several t imes k T / e ,  j becomes 

J = Jo e -eV/kT : jo >( 1017 v5 amp/cm2 [6] 

Here the last expression is in  practical units  for room 
temperature;  V] is the absolute magni tude  of the for- 
ward bias voltage. The minus  sign has been dropped 
for simplicity. It  is often found in practice that  the 
exponent ial  relat ion of Eq. [6] is obeyed but  the fac- 
tor mul t ip ly ing  the voltage is not 17. The equation in  
this case is commonly wr i t ten  as 

J = ~o X 1017 vf/fl  [7] 

is independent  of voltage and is usual ly  between 1 
and 2. Typical exper imenta l  values are given in ref. 
(15). 

Equations [6] and [7] are valid as long as the cur-  
rent  flow across the interface is l imited by the t rans-  
port of carriers up to the interface. In  the metal -  
semiconductor system the density of unoccupied elec- 
t ron states in the metal  is comparable to that  in the 
semiconductor at the same energy and does not l imit  
t ransport  of electrons across the interface. Replacing 
the metal  by an aqueous solution may provide a 
smaller  density of states. This would l imit  t ransport  
and may be a factor in the current -vol tage  curve for 
forward bias which departs appreciably from Eq. [6]. 

As long as the electrochemical reaction is using up 
electrons as fast as they arr ive at the surface then 
Eq. [6] wil l  give the current -vol tage  relation, subject 
to a possible restriction by the density of states. This 
means that  the potential  across the Helmholtz layer 

SEMICONDUCTOR METAL 
Fig. ]. Energy bond diagram for the interface between a ~etal 

and an n-type semiconductor with high band gap. Solid lines in- 
dicate the energy bond edges in the dark with no applied voltage. 
The dotted lines show the band edges under illumination with a 
high resistance external circuit. 

does not depart significantly from its open circuit  
value for which there is no cur ren t  flow. Under  these 
conditions there is no significant departure  from equi-  
l ibr ium of the concentrat ions of any charged species 
on the surface. If the discharge of such species be- 
comes the rate l imi t ing step then the rate of their 
arr ival  at the surface determines the current  and the 
voltage dependence of this ra te  determines the cur-  
rent-vol tage curve. 

A specific example of such a process is the t ransfer  
of a surface electron, es, to an  adsorbed hydrogen ion, 
H + ( s ) .  

es q- H + (s) ~, H(s)  

This would give a current -vol tage  relat ion determined 
by the rate  of formation of H + (s). The Tafel equat ion 
(16) is appropriate for an electrode reaction under  
these conditions. In  a clearcut case it may be possible 
to infer from the exper imental  current-vol tage  rela-  
tion whether  it  is t ransport  of electrons to the sur-  
face or reaction at the surface which determines the 
current.  The Tafel equat ion has the form 

J : ~oe e~'/kT : Jo X 1017a~ [8] 

Here ~ is the overpotential,  i.e., the departure of the 
potential  drop in the electrolyte from the equi l ibr ium 
potential  drop, and a is the fraction of the overpoten- 
tial which assists the forward reaction. The proper 
exper imental  determinat ion of ~ and ~1 is complicated 
for a semiconductor system and will  not  be taken up 
here. We wish to note here only the s imilar i ty  between 
Eq. [7] and [8] and to emphasize the difficulty in 
assigning unique values to the constants involved from 
the analysis of exper imental  current -vol tage  data. 

A useful  tool for de termining properties of a Schot- 
tky barr ier  is the photovoltaic effect. Consider the 
band picture diagram of Fig. 1. The metal-semicon-  
ductor interface is i l luminated with light which is 
absorbed near the interface, producing hole-electron 
pairs. The barr ier  field separates the pairs drawing 
the holes into the metal  and the electrons through 
the barr ier  in the opposite direction. If the diode is 
short circuited there is a current ,  j ( I )  which is pro- 
portional to the light intensity,  I. The number  of elec- 
trons flowing per uni t  time is equal  to the n u m b e r  of 
photons absorbed per uni t  time, providing the quan-  
tum yield for creat ion of hole-electron pairs is unity.  
If the diode is operat ing under  open circuit conditions 
the electrons which flow to the left and the holes 
which flow to the right do not  recombine through the 
external  circuit. Instead the separated charges create 
a field that opposes the barr ier  field. This is equivalent  
to applying forward bias from an external  voltage 
supply. As a result  there is a current ,  j, of electrons 
from left to right. When equi l ibr ium is reached there 
is no net flow of charge and 

j = j (Z) [9] 

Using Eq. [7] we see that this happens when 

jo ~ • 1017 vf/~ = j (I) [10] 
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Since j ( I )  is direct ly  proport ional  to I Eq. [10] gives 
the logari thmic relat ion be tween photovol tage and 
l ight  intensi ty which is commonly  observed. (The 
observed photovoltage wil l  be vf).  It is not usual ly 
possible to use a l ight intensity high enough to flatten 
the bands in the semiconductor.  It  is possible to esti- 
mate  the total bar r ie r  height  wi thout  f lattening the 
bands f rom the fol lowing argument .  Consider the open 
circuit  photovoltage produced by a l ight of intensity, 
I, which gives the value, j ( I ) ,  for  the short circuit  
current.  At open-circui t  equi l ibr ium the forward  bias 
current  of electrons toward the meta l  must  be equal  
to the current ,  j (I) ,  of electrons away f rom the metal.  
This ig just  the thermionic emission current  over  that  
part  of the barrier ,  AS', which still remains  at the 
given level  of i l lumination. This is the Jo of Eq. [4] 
for a barr ier  equal  to ~r If a photovoltage, Vph, is 
measured for a l ight intensi ty  given a short  circuit  
current,  j ( I ) ,  then AS' is obtained by equat ing the 
r ight  side of Eq. [4] to j ( I ) .  The total  bar r ie r  in the 
diode at equi l ibr ium in the dark is then (Vph + •162 
Similar  considerations hold for the Schottky barr ier  
in a semiconductor  in contact wi th  an electrolyte.  This 
method will  be used here  for est imating the  total bar -  
r ier  height, as a check on the barr ier  height  deter-  
mined f rom capacitance measurements .  This assumes 
that  the photovoltage is a semiconductor proper ty  and 
not an electrochemical  property.  The chemical  prop- 
erties of the electrode are not i r re levant ,  however ,  
They may determine  whether  a given semiconductor 
undergoes dissolution in the dark  or only under  il-  
lumination.  The foregoing is a summary  of basic re-  
lations for the simplest possible model  for the semi-  
conductor electrolyte interface. 

Exper imenta l  
The crystals of ZnSe used were  grown by Fischer  

and DeMeis in this laboratory,  using a vapor  growth 
technique (17). To obtain n - type  conduct ivi ty  they 
were  doped after growth with a luminum under  excess 
zinc pressure at 1030~ followed by quenching. Be- 
fore use, the crystals were  etched in hot concentrated 
KOH solution to remove  about 0.1 mm of the surface. 
Ohmic contacts of indium were applied by heat ing in 
ni t rogen atmosphere  to 300~ The final specimens 
had dimensions of about 5 x 5 x 1 mm. In one speci- 
men the area in contact wi th  the electrolyte  contained 
a twin boundary.  The others were  single crystal. Crys-  
tals were  mounted as shown in Fig. 2. A round hole 
was dri l led in the bottom of a small  lucite box and 
the crystal  cemented over this polystyrene cement.  
The working  electrode in the electrolyte  was a sbeet 
of pla t inum with a geometric area of 2 cm 2 which had 
been sandblasted to increase its effective surface area. 
P re l iminary  exper iments  wi th  two such plat inum 
electrodes in 1.0M HC1 solution showed that  there  is 
no significant cathodic polarization up to currents  of 
10 -4 amp and no significant anodic polarization up to 
currents  of 10 -6 amp. For  all exper iments  shown ex-  
cept that  in Fig. 7 the working plat inum electrode is 
not polarized and the voltages shown are  the ex te r -  
nal ly applied voltages. This gives potentials at the 
ZnSe electrode re la t ive  to the potent ial  in the dark 
with  no ex terna l ly  applied voltage. For  the data  of 

LIGHT 
ELECTROLYTE 1 1 [ PLATINUM SOLUTION--~ ~ D E  

OHMIC - ~ / - ~  
CONTACT ~ - Z n S e  CRYSTAL 

Fig. 2. Crystal holder for experiments with electrolyte solutions. 
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Fig. 7 a saturated calomel  reference  electrode w a s  
used to obtain potent ial  differences. 

The potential  difference be tween  the ohmic contact  
on the ZnSe and the calomel reference electrode was 
measured as a function of cur ren t  using a Kei th ley  
610B electrometer .  The pla t inum still  served as a 
working electrode. Potentials  were  plotted re la t ive  
to that wi th  no ex terna l ly  applied voltage, as was 
done for the other  data. 

Measurements  of the small  signal a-c capacitance 
were  made as a function of d-c bias using a Boonton 
74D bridge in which the measur ing  signal has a f re-  
quency of 100 kHz. Photovol tage  and cur ren t  measure-  
ments were  made with  a Kei th ley  electrometer.  

General Behavior 
The general  behavior  of the system ZnSe-I .0M 

HC1 is that  to be expected for a Schot tky barr ie r  in 
an n - type  semiconductor,  according to the discussion 
given above. The fol lowing observations are consistent 
with the energy diagram of Fig. 1. There is a high 
degree of rectification for current  flow in the dark. 
The polar i ty  for easy current  flow is wi th  the ZnSe 
negative. On i l luminat ion a photocurrent  and photo-  
voltage are generated for which the direction of elec- 
tron flow is f rom the surface of the ZnSe crystal  
toward  the  interior.  

Figure  3 shows cur ren t -vo l tage  curves for fo rward  
and reverse  bias. Reverse bias is wi th  the ZnSe posi- 
tive. Under  i l luminat ion there  is a saturat ion current  
for reverse  bias, independent  of vol tage but  propor-  
t ional  to l ight intensity. This is due to collection of 
all hole-e lect ron pairs by the barr ie r  field. S imi lar  
reverse  saturat ion currents  have been reported by 
Brat ta in  and Garre t t  (18) for the  germanium elec- 
trode in KOPI solution, by Beck and Gerischer  (19) 
for germanium in various electrolytes  and by the 
author  (8) for CdS in KC1 solution. For  the ZnSe the 
reverse  bias dark cur ren t  is ve ry  small. At 2v, for 
example,  the dark current  is 2 x 10 -11 a m p / c m  ~. For  
forward  bias the magni tude  of the current  grows rap-  
idly wi th  increasing voltage. 

The spectral  response data for the back bias satura-  
tion current  support  the idea that the current  is due 
to the collection of free hole-e lec t ron  pairs by the 
barr ier  field. F igure  4 shows the current  per incident 
photon as a function of photon energy for a back bias 
of lv. The current  is exci ted almost exclusively by 
l ight of energies greater  than 2.6 ev. The band g a p  
(20) of ZnSe is 2.6 ev  so the exci t ing l ight is restr icted 
to energies sufficient to create  ho le-e lec t ron  pairs. 

Capacitance Measurements  
Figure  5 shows capacitance as a function of d-c bias 

for four crystals, plotted in the form, 1/C ~ vs. V, sug- 
gested by Eq. [2]. The intercept,  on the vol tage axis, 
of t h e  extrapola ted s t r a i g h t  line g i v e s  an exper i -  
menta l  value  of Vd. These vary  over  a range of more 
than 1v. Values for N, the ionized donor concentra-  
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Fig. 3. Forward and reverse currents for n-type ZnSe crystal 
in 1.0M HCI solution. The relative light intensity is indicated for 
each curve. As an example of the magnitude of the reverse dark 
current, the current at 2v in the dark is 2 x 10 - i x  amp/cm 2. 
Positive values of voltage mean that the positive terminal of the 
external voltage source goes to the ZnSe crystal. 
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Fig. 5. 1/C 2 vs. d-c bias voltage for four different crystals. Note 
that the voltage scale is the same for both parts of the figure. 

tions, obtained from the slopes of the lines, are shown 
for each crystal. Vd decreases monotonical ly as N in- 
creases. For crystals 1 and 3, Vd is larger  than the 
band gap of ZnSe. This never  happens at a meta l -  
semiconductor  interface but can take place at a semi-  
conductor-e lec t ro lyte  interface under  certain condi-  
tions which seem to be fulfilled here. There  must  be 
an electrochemical  react ion at the semiconductor-  
electrolyte  interface and the dark resistance of the 
barr ie r  must  be very  high. The hal f -ce l l  formed at 
the semiconductor-e lect rolyte  interface can act to- 
gether  wi th  the half  cell  at the pla t inum electrode 
as a ba t te ry  in series wi th  the ZnSe crystal. The dark 
current  through the ZnSe barr ier  at low applied vol t -  
ages is of order  10 -11 a m p / c m  2 so that  a ve ry  slow 
electrode reaction is sufficient to build up a charge 
on the surface faster than it can leak through the 
barrier .  Since, under  these conditions the barr ier  re -  
gion is act ing as a capacitor, the charge builds up a 
voltage. This is equivalent  to putt ing a bat tery  in 
series wi th  a meta l -semiconductor  Schot tky barrier.  
Thus we may anticipate that, for a semiconductor-  
electrolyte interface, the band bending under  short-  
circuit  conditions may  exceed the band gap by as 
much as l v  or so. An example  of an appropr ia te  elec- 
t rochemical  react ion would  be the react ion described 
below for the photochemical  dissolution of ZnSe. This 
might  go fast enough, even in the dark, to maintain  a 
significant potential  difference across the Schottky 
barrier .  It  is emphasized that  the amount  of react ion 
requi red  is ve ry  small. To mainta in  a potential  differ- 
ence in this way  across a bar r ie r  in which the leakage 
cur ren t  is 10 - l z  amp/cm~ requires  the dissolution of 
about one monolayer  of the surface per  month. To 
summarize  the capacitance results, apparent ly  the 
barr ier  height  under  short circuit  conditions depends 
significantly on both an electrochemical  cell  of which 
the crystal  forms one hal f -ce l l  and all  the normal  
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Fig. 6, Open circuit photovoltage as a function of relative light 
intensity for two crystals with 1.0M HCI solution. Short circuit 
current is indicated for the highest light intensity in each case. 
Note that the vertical scale does not begin at zero. 

semiconductor interface proper t ies  which ordinar i ly  
determine the barr ier  height  in nonelectrolyte  systems. 

Photovolta~c Ejffect 
Analysis of photovoltage and photocurrent  measure -  

ments confirms that  barr iers  are high but  the barr ie r  
heights obtained in this way are  not as high as those 
obtained with  capacitance measurements .  The differ- 
ence, apparently,  is that  photovoltage measurements  
are made under  open circuit  conditions as opposed to 
the closed circuit  conditions used for capacitance mea-  
surements.  The ba t te ry  effect described in the preced-  
ing section is not operat ing here. A bat tery  in series 
wi th  a Schottky barr ie r  does not establish any poten-  
t ial  difference across the barr ier  if there  is an open 
circuit. For  this reason the barr ie r  heights est imated 
by the photovolt~ge method do not exceed the band 
gap of the ZnSe. Figure  6 shows typical  photovoltage 
data  for  two of the crystals used to obtain Fig. 5. The 
data give straight lines on a logar i thmic  plot  and the 
slope in each case is 78 my/decade.  This gives a value 
of 1.3 for ~ in Eq. [7]. The shor t -c i rcui t  currents  for 
the highest l ight intensi ty were  used to est imate the 
remaining barr ier  height, ~r at this l ight intensity. 
This is added to the photovoltage at this l ight  in ten-  
sity to obtain the total equi l ibr ium barr ier  height  for 
open-circui t  conditions. This is compared wi th  the 
barr ie r  heights for the capacitance measurements  in 
Table I. The consistently h igher  values obtained f rom 
capacitance data are apparent ly  a result  of the ba t te ry  
effect. 

Forward I-V Curve and Hydrogen Evolution 
Due to the l imi ted number  of crystals avai lable  the 

electrochemical  data are necessari ly of a p re l iminary  
nature. The cur ren t -vo l tage  relat ion has been mea-  
sured over  8 orders of magni tude in current  for ZnSe 
in 1.0M HC1. At the higher  current  densities, the elec- 
trode reaction is c lear ly  hydrogen evolution. The s im- 
i lar i ty between the Tafel  equation, [8], describing 
electrochemical  reaction, and the diode rectifier equa-  
tion, [7], describing charge t ransport  in a Schottky 
barr ier  has been pointed out. The difficulty of deter-  
mining which of these equations is appropriate  may 
be seen by examining the data of Fig. 7. Here  9" is 
the potential  of the ohmic contact of the ZnSe re la-  
t ive to its potent ial  when  the cell  is short c ircui ted 

Table I. Crystal measurements and concentration 

Ar fev)  Ar (ev)  N ( c m  ~)  
c a p a c i t a n c e  p h o t o v o l t a i o  i o n i z e d  d o n o r  

C r y s t a l  No.  m e a s u r e m e n t s *  m e a s u r e m e n t s  c o n c e n t r a t i o n  

3 3.1 2.2 8.4 • 10 TM 

1 2.7 2.3 1.0 • 1016 
2 2.2 2.0 5 .4  X 1017 
4 1.9 2.2 9,4 • 1077 

* T h i s  is t h e  e n e r g y  d i f f e r e n c e  b e t w e e n  t h e  c o n d u c t i o n  b a n d  e d g e  
in  t h e  i n t e r i o r  of  t h e  c r y s t a l  a n d  t h a t  a t  t he  s u r f a c e .  T h i s  d i f f e r s  
f r o m  &r de f i ned  in  F ig .  1 by  t h e  d i f f e r e n c e  b e t w e e n  t h e  F e r m i  l e v e l  
a n d  t h e  c o n d u c t i o n  b a n d  e d g e  in  t h e  i n t e r i o r  of  t he  c r y s t a l  w h i c h  
is  of  o r d e r  0.1 ev .  
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Fig. 7. Dark current for forward bias for ZnSe in 1.0M HCI on 
a logarithmic plot. 
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Fig. 8. Band diagram for Schottky barrier and electrolyte con- 
tact with high reverse bias. The variation of the Fermi level from 
the interior of the crystal, which is field free, to the interface is 
shown. The Fermi level in the barrier region is determined by 
thermally generated hole-electron pairs. 

(i.e., zero applied voltage).  The corresponding dark 
cur ren t  densities for cathodic bias fall  on a straight 
line on the logarithmic plot. The data fall  on two 
separate lines. These are separated on the voltage axis 
by 0.6 to 0.7v. This is comparable to the difference in 
barr ier  heights in going from one crystal to another. 
However, the slopes are different from those obtained 
by the photovoltage technique. This fact suggests that  
the slopes in Fig. 7 may be determined by electro- 
chemical considerations and that these are Tafel plots. 
It  is also possible that  the cur ren t  is actual ly l imited 
by t ransport  in the Schottky barrier,  though nei ther  
case is proven at this point. We stress that  in a system 
of this k ind addit ional  evidence other than  cur ren t -  
voltage data is probably necessary to analyze the 
electrochemical reaction. 

H i g h  E l e c t r i c  F ie lds  a n d  E l e c t r o n  M u l t i p l i c a t i o n  

At high reverse bias the region of the semiconduc- 
tor including the Schottky barr ier  becomes a layer  of 
insulat ing material.  To the extent  that  no electrons 
are injected from the electrolyte (perfect blocking 
contact) the only carriers in the barr ier  region are 
those thermal ly  generated. This means that electrons 
and holes are present  in equal numbers  and the Fermi 
level is in  the middle of the forbidden gap. ~ This is 
i l lustrated in the band  diagrams of Fig. 8. Hence, by 
application of modest voltages it is possible to obtain 
very high fields in the bar r ie r  region. Quant i ta t ively  
the field may be obtained from the capacitance as 
follows. The capacitance, C, in p F / c m  2 is related to d, 
the thickness of the barr ier  in centimeters,  by the 
equation 

C = 1.1 (s/4~d) [9] 

Cv = 1.1 ~ ~-- [10] 

V ~--- V -~- V d  = E a r  d [11] 

Ear is the average field in  the barr ier  since it is the 
total voltage drop across the barr ier  divided by the 
total thickness. In a Schottky barr ier  the field is a l in-  
ear funct ion of distance increasing from zero at the 

1 T h i s  i d e a  a b o u t  t h e  l o c a t i o n  o2 t h e  F e r m i  l eve l  w a s  s u g g e s t e d  
d u r i n g  c o n v e r s a t i o n  b y  A.  Rose .  
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Fig. 9. Capacitance-voltage plot for voltages up to that where 
there is dielectric breakdown, crystal No. 1. 
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Fig. 10. Recorder tracing showing a long region of saturated 
photocurrent followed by multiplication of the carriers which are 
injected by the light, Intermittent light is obtained with a 1 cps 
chopper. Voltage is increased smoothly with a motor driven Hell- 
pot potentiometer. Multiplication of about 15 is seen at the high- 
est voltage. The light was strongly absorbed blue light obtained 
from a W lamp and Corning 5-58 filter. Note that the current zero 
is displaced from the horizontal axis so that it may be seen clearly. 

inner  face of the barr ier  to a max imum value, Esur, at 
the surface next  to the electrolyte. Esur = 2Ear. Hence 

Esur = 2.5 Cv [12] 

The value of the dielectric constant  for ZnSe has been 
put  into Eq. [12]. 

A plot of 1 / C  2 vs.  V up to high reverse bias is 
shown in Fig. 9 for crystal  1. It  is seen that the 
Schottky re la t ion is main ta ined  over a wide range of 
voltage. The voltage is indicated where Esur becomes 
equal to 1 x 105 v/cm. At higher fields there is electron 
mult ipl icat ion in the barr ier  due to impact  ionization. 
This is shown by the recorder tracing of Fig. 10. Here 
a back biased ZnSe crystal  is i l luminated with strongly 
absorbed light, made in te rmi t ten t  by interposing a 
1 Hz mechanical  chopper between light source and 
crystal'. The photocurrent  and dark current  are dis- 
played a l ternate ly  on the vertical channel  of a pen 
recorder. At the same time the applied voltage is in -  
creased steadily by a motor dr iven potent iometer  and 
this voltage drives the horizontal  channel  of the re-  
corder. Thus at low voltages the photocurrent  has a 
constant  magnitude,  independent  of voltage. After a 
long range of constant  photocurrent  there is a noisy 
but  steeply increasing photocurrent  beyond about  23v. 
This shows that  the carriers injected by the light are 
being mult ipl ied by impact  ionization in the high field 
of the barrier.  From the capacitance data it is in-  
ferred that impact ionization begins when Esur 
reaches 2.5 x 10 z v/cm.  This exper iment  provides 
direct support  for the mechanism advanced by Fischer 
(21-23) for electroluminescence in  ZnSe. This mech- 
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anism is based on the creat ion of hole-e lec t ron  pairs 
by impact  ionization of free carr iers  in a high electric 
field wi th  subsequent recombinat ion through lumines-  
cent centers. 

It is interest ing to note that  at tempts to observe 
electron mult ipl icat ion in CdS by this technique have 
given negat ive  results and it  has been concluded that 
the ul t imate dielectric breakdown in CdS is due Zener 
tunnel ing of electrons f rom valence band to conduc- 
tion band (24). The band gap and electron mobil i ty  
for CdS (2.5 ev and 300 cm2/v-sec)  are remarkab ly  
similar  to those for ZnSe (2.6 ev and 260 cm2/v-sec) .  
Hence the difference in high field behavior  must  re-  
flect some more subtle aspect of electron transport.  

Photochemical Dissolution of ZnSe. 
The photochemical  dissolution of ZnSe follows an 

interest ing pa t te rn  which has been found ear l ier  for 
CdS. In the cell shown in Fig. 2, short circuited, be- 
havior  in light and dark were  compared. In the dark, 
in contact wi th  an iner t  solution such as 0.1M KC1, 
ZnSe does not undergo any visible react ion even after  
s tanding for days. It  does not appear  to be at tacked 
even by concentrated HC1 at room temperature.  In 
l ight  there  is a rapid photochemical  reaction. Af te r  
several  mi.nutes of i l luminat ion by a tungsten micro-  
scope lamp the surface is not iceably changed. After  
about half  an hour  of i l luminat ion there  is a layer  of 
a deep red solid on the surface of the crystal. This 
solid is readi ly  soluble in CS2. From this (25) it is con- 
cluded that  the red mater ia l  is e lementa l  selenium, 
probably amorphous. At the same t ime that selenium 
is depositing on the surface, zinc ions are going into 
solution. A ZnSe crystal  was mounted in contact wi th  
0.1M KC1 acidified with a drop of HC1 solution to 
avoid possible precipitat ion of Zn + +. The solution was 
al lowed to stand in contact with the crystal  for 1 hr 
in the dark. There  was no visible decomposition of 
the crystal. The solution was removed and replaced 
by another  solution. This was al lowed to stand for 
1 hr  in contact wi th  the crystal  under  i l lumination.  
The light intensity was not high enough to raise the 
t empera tu re  of the crystal  significantly above room 
temperature.  The photovoltaic current  was measured 
as a function of time. The total  charge flowing during 
1 hr  was 1.5 x 10 -2 coulomb. Af ter  this t ime the char-  
acteristic deposit of selenium was on the surface of 
the crystal. The solution was removed  and, both this 
and the above solution analyzed by emission spec- 
troscopy for zinc. In the solution which stood in the 
dark the zinc content  was less than the l imit  of de- 
tectabil i ty which was 0.5 ~g. In the solution which 
stood in the l ight the zinc content  was (4.0 _ 1.2) ~g. 
If one zinc ion requires  two electrons then 1.5 x 10 -2 
coulombs should give 4.9 ~g zinc in the solution. Thus, 
wi thin  the limits of error  of the analysis, the photo- 
voltaic current  is accompanied by the dissolution of 
one zinc ion for every  two electrons which flow in the 
externa l  circuit. Rough estimates of the amount  of 
selenium deposited are consistent with the in te rpre ta -  
tion that  to within an order  of magnitude,  one selen- 
ium is deposited for each two electrons flowing in the 
external  circuit. 

This react ion is similar to the photochemical  de- 
composition of CdS under  similar circumstances. The 
mechanism can be understood f rom Fig. 11. Here  the 
band s t ructure  is shown. For  ionic crystals such as 
alkali  halides the conduction band can be identified 
with the positive ions and the valence band with the 
negat ive ions (26). This is less t rue for materials  such 
as ZnSe which are not strongly ionic but  appears to 
retain some val idi ty  as a qual i ta t ive  guide (8). A pos- 
sible mode of dissolution of such a crystal  is the un-  
symmetr ic  one in which a zinc ion goes into solution 
as Zn ++, leaving a negat ively  charged Se = at tached 
to the crystal. The resul t ing separat ion of charge pre-  
vents any appreciable amount  of dissolution unless the 
excess negat ive charge on the selenium ions can be 
t ransported out of the crystal  and through the ex-  

CONDUCTION " �9 
BAND 

Zn ++ Zn ++ Zn ++ Zn++- ' - . , , , ,~Zn++(aq ) 

S e  = S e  = S e  = S e  = S e  = 

VALE' CE 
,AND 

SEMICONDUCTOR ELECTROLYTE 

Fig. |1. Illustration of the mechanism suggested to explain the 
photochemical decomposition of ZnSe in solutions of inert elec- 
trolytes such as O.1M KCI. The conduction band is associated with 
Zn + + ions and the valence band with Se = ions. A Zn goes into 
solution as Zn + + (aq) leaving a negative charge behind on a 
Se = at the surface. To remove this excess charge from the crystal 
requires light which produces a hole-electron pair. The hole neu- 
tralizes the charge on Se = and the electron goes through the 
external circuit to complete the electrochemical reaction. For 
simplicity the Schottky barrier field at the surface has not been 
indicated in this diagram though it is essential for efficient 
utilization of hole-electron pairs in this way. 

te rnal  circuit. For an n - type  semiconductor  this pro-  
vides difficulties because the charge is at an energy 
near  that  of the valence band and can be t ransported 
out of the crystal  only through the conduction band, 
which lies 2.6 ev higher  in energy. Thermal  excitat ion 
is too slow to support  significant reaction at room 
temperature .  Optical exci tat ion great ly  speeds up re-  
action by providing hole-e lec t ron pairs. The holes 
come to the surface and neutral ize the excess charge 
on the Se = and the electrons leave through the ex te r -  
nal circuit. In this way the excess charge is removed 
and fur ther  react ion can take place. According to this 
mechanism the passage of two electrons through the 
ex te rna l  circuit  should be accompanied by the deposi- 
tion of one selenium atom on the surface and the pas- 
sage of one Zn + + into the solution in agreement  wi th  
the observations. This appears to confirm the  connec- 
tion between semiconduct ivi ty  type and photochem- 
ical reaction which has been suggested ear l ier  (8). 

Summary  
Severa l  propert ies of  the ZnSe-e lec t ro ly te  interface 

have been examined  exper imenta l ly .  Capacitance 
measurements ,  which are, of necessity, done under  
short-circui t  conditions, show that  the barr ie r  height  
for these conditions is de te rmined  by both the semi-  
conductor propert ies and by an electrochemical  half-  
cell  at the interface. It  is possible for the band bend-  
ing at the interface to be larger  than the band gap 
under  short-circui t  conditions. Photovol tage measure-  
ments, wh ich  are ordinar i ly  done under  open-circui t  
conditions, give lower values for the barr ier  height  
which are  not la rger  than the band gap. The general  
features of the current-vQltage data for forward  and 
reverse  bias can be explained by the diode rectifier 
model. For the hydrogen evolut ion reaction there  is 
ambigui ty  and it cannot be stated with  cer ta inty  
whether  the cur ren t -vo l tage  relat ion is de te rmined  by 
electrochemical  kinetics or by electron t ranspor t  to the 
surface. Multiplication of electrons by impact  ioniza- 
tion was observed in high electric fields and provides 
direct confirmation for the mechanism which has been 
proposed by Fischer  for e lectroluminescence in ZnSe. 
There is an efficient photochemical  decomposition of 
ZnSe in contact wi th  an electrolyte.  The over -a l l  r e -  
action is 

h~ 
ZnSe(s)  ~ Zn + + (aq) -b Se(s)  -b 2e 
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Thermodynamic and Transport Properties of 
Stoichiometric and Nonstoichiometric Nickel Oxide 

S. Pizzini and R. Morlotti 
Electrochemistry Group, Euratom C.C.R., Ispra, Italy 

ABSTRACT 

Electrical conductivi ty and emf measurements  on polycrystal l ine NiO, as 
functions of the part ial  pressure of oxygen, at temperatures  ranging between 
800 ~ and ll00~ are used to study some transport  and thermodynamic 
properties of near ly  stoichiometric and nonstoichiometric NiO. Due to the 
localized character of electrons in ionic, hopping- type semiconductors, re-  
sults are discussed with a chemical approach, in terms of the dependence of 
the activation enthalpy for the electrical conductivi ty and of the activity co- 
efficients of Ni 3+ on the partial  pressure of oxygen. A defect model for non-  
stoichiometric NiO is given, which involves the presence of defect clusters 
(microdomains) with an inverse spinel structure. Fur thermore,  electrical 

conductivi ty results in near ly  stoichiometric NiO are presented and discussed, 
which show straightforward evidence of the influence of iron doping in 
the range 100-500 ppm on the "intrinsic" character of the electrical conduc- 
tivity. 

Nickel oxide is a we l l -known metal-deficit  semicon- 
ductor. Since the pioneering work of Baumbach and 
Wagner  (1) a great deal of informat ion has been ob- 
tained on its defect structure,  the type of electrical 
conductivi ty (it is well  established that the charge 
t ransport  in NiO, as in other t ransi t ion metal  oxides, 
is of the thermal ly  activated hopping- type and elec- 
t ron holes are localized at cation lattice sites), and the 
influence of different dopants on electrical and gal- 
vanomagnetic parameters  (2-22). 

The present  investigation deals with results of elec- 
trical conductivi ty and emf measurements  on solid 
galvanic couples of near ly  stoichiometric and non-  
stoichiometric NiO. It  is in tended pr imar i ly  as a con- 
t r ibut ion to the knowledge of the interactions between 
points and electronic defects wi thin  the lattice and 
their influence on the thermodynamic  and transport  
properties of NiO. In  addition we consider the na ture  
of defect clusters and  complexes in  metal-deficit  NiO, 

as well as the role of specific impurities,  which are 
shown to influence remarkab ly  the activation enthalpy 
for the electrical conductivi ty of the nearly-stoichio-  
metric NiO. 

Experimental Procedures 
NiO sample preparation.--The preparat ion of NiO 

samples has been carried out according to s tandard 
ceramic procedures. Manyfold recrystall ized reagent  
grade pure Ni(NOa)2 1 has been used as the start ing 
material.  Nickel oxalate was first precipitated from 
ni t ra te  solutions, decomposed at about 450~ and 
finally fired at 700~176 to yield a ra ther  active, 
green NiO. The oxide was first pressed to pellets 12 
mm diameter, 2-4 mm thick at a pressure of about 10 
metric tons/cm 2 at room tempera ture  and then sin- 
tered in air at 1500~ in a Superkanthal  furnace. 

1 (C1 30 ppm,  SOt 100 ppm,  C u 2 0  p p m ,  Fe 50 p p m ,  Co 100 p p m ,  
Z n  50 ppra ) .  
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Table I. Density, impurity content, preparation characteristics, and relevant electrical properties of NiO samples 

A n n e a l -  A c t i v a t i o n  
% t h .  N i  I m p u r i t y  c o n t e n t ,  p p m  F i r i n g  S i n t e r i n g  i n g  e n e r g y  E, 

Sample density (met.) Cr Fe A1 Co IA Na K temp, ~ temp, ~ temp, ~ ev 

C/A 
C1 
Cz 
C6 
C5 
Cs 

C~ 
Cs 

6 6 . 0  n . d .  - -  1 5 0 "  . . . . .  1 2 0 0  ( a i r )  1 2 0 0  1 0 5 0  3 . 6 2  
1 5 %  - -  150  + 50* . . . . . .  1 1 5 0  ( v a c u u m )  3 , 6 2  

56-.0 n . d .  44  _ 44  5 0 4  .~ 104  1 0 0 "  6 8  • 0 ,5  a 3 3  - -  2 A 26  ~ 2 4  154  1 2 0 0  ( a i r )  1 5 0 0  ( a i r )  10"50 3 . 6 2  
8 6 . 0  n . d .  50* 1 0 0 "  100"  . . . .  1 2 0 0  ( a i r )  1 5 0 0  ( a i r )  1 0 5 0  3 . 3 6  
8 6 . 0  n . d .  50* 1 0 0 "  1 0 0 "  . . . .  1 2 0 0  ( a i r )  1500  ( a i r )  1 0 5 0  3 . 3 6  
8 6 , 0  n . d .  50*  5 0 4  ~ 104  1 0 0 "  - -  33  • 34  - -  - -  1 2 0 0  ( a i r )  1 5 0 0  ( a i r )  1 0 5 0  3 . 3 6  

100"  
9 7 . 6  n . d .  50* 1 0 0 "  500* . . . .  6 0 0 ~  1600  ( a i r )  1 0 5 0  2 . 5 5  
9 1 . 8  n . d .  4 4  -~ 4 < 6 0  ~ 105  ----- 34  < 1 4  18 .6  • 14 < : 3  ~ < 3 8 A  3 0 0 o c  1 6 0 0  ( a i r )  1 0 5 0  1 .62  

n . d .  N e t  d e t e c t e d .  
* X - r a y  f l u o r e s c e n c e .  
A N e u t r o n  a c t i v a t i o n  analysis. 
- -  N o t  a n a l y z e d  f o r .  

In  the powders obtained by decomposing and firing 
in air at temperatures  lower than 700~ nickel meta l  
at concentrat ions between 10-40% was found which, 
however, disappears dur ing the s inter ing process. 
Nickel metal  is also present  in pellets sintered in  
vacuum at temperatures  of 1100~176 

Table I shows the re levant  characteristics of differ- 
en t  samples which have been prepared and tested for 
impur i ty  content  and density. Density has been mea-  
sured by means of a mercury  pycnometer.  

Furnace and cell for electrical conductivity me~- 
surements.--The furnace used is of the resistance type 
and was supplied with rectified current.  Figure 1 
shows the furnace and the measur ing cell. A NiO pel- 
let is pressed between two spectropure Pt-13% Rh 
electrodes. The electrodes are arranged at the ends o.f 
two vertical  silica tubes. The tube at the bottom of 

Fig. 1. Assembly of oven and cell far electrical conductivity 
measurements. A, fused silica holders; B, sample; C,Pt-13% Rh 
electrodes; D, Pt, Pt-lO% Rh thermocouple for temperature 
measurement; E, leads from the electrode; F, outer silica tube; 
G, silica pressing tube; H, Inox cover; I, springs; t ,  furnace; 
M, resistance heaters; N, platinum tube; O, refractory cover; P, 
Pt, Pt-lO% Rh thermocouple for temperature control. 

the cell is external ly  supported by a clamp, the upper  
one is held in position by spring pressure. The mea-  
sur ing Pt, Pt-10% Rh thermocouple is placed very 
near the pellet (0.5 mm) and the tempera ture  is con- 
t inuously recorded by means of a potentiometric re- 
corder. 

Oxygen-free ni t rogen or n i t rogen-oxygen  mixtures  
are allowed to flow through the silica tube at a rate 
of few cubic centimeters per minute.  A slight over-  
pressure is main ta ined  in the cell, and part ial  pres-  
sures of oxygen are var ied by  vary ing  the oxygen and 
ni t rogen flows, measured with conventional  labora-  
tory rotameters. Mass spectrometrically standardized 
O~-N~ mixtures  have been used as well. Thermal  dif- 
fusion effects have been calculated to be negl igibly 
small, and no correction due to these effects has been 
applied to the measured values of gas composition. 

NiO pellets, to be used for electrical conductivi ty 
measurements,  were coated with a thin Au or Pt  
layer to avoid contact resistances and to insure that  
the measurements  give results significant for volume 
conductivity. The Au was evaporated and the Pt  was 
sputtered in a convent ional  high vacuum evaporat ion 
unit.  Direc t -current  resistance measurements  have 
been carried out with the two te rmina l  method. In 
order to tell whether  contr ibut ions by Seebeck volt-  
ages due to small  temperature  gradients across the 
pellet were present, readings were also taken with 
voltage or current  flow reversed. 

A p la t inum tube inside the furnace acts as an elec- 
trostatic shield to avoid spurious s t ray-vol tage ef- 
fects when  measurements  were made on very  high 
resistance samples. No such contributions were found. 
Moreover no significant polarization effects have been 
observed on imposing a total potent ial  drop across the 
pellet as high as 1.35v over the whole exper imental  
temperature  range. 

Furnace and cell for emf measurements.--The same 
type of furnace and shielding has been used for emf 
measurements  as for conductivi ty measurements.  

The cell, which may be represented as 

P t /NiO (P"o2)/ZrO2 -5 CaO/NiO (P"o2)/Pt 

consists essentially of a zirconia tube (Zr 23 Degussit),  
to the bottom of which a pellet of ZRO2-18% CaO is 
sealed with a h igh- tempera ture  ceramic cement,  ob- 
tained from Melpar Inc. Two oxide electrodes are in 
contact with the faces of the zirconia pellet, the elec- 
trical contact being ensured by means of Pt:30% Rh 
electrodes. The a r rangement  is shown in  Fig. 2. The 
oxide electrodes ( in the present  case two NiO pellets) 
are kept under  different oxygen part ial  pressures by 
sweeping gas mixtures  of known  oxygen content  
through each compartment  by means of Vycor tubes. 
Tempera ture  is measured by means of Pt, Pt-10% 
Rh thermocouples, placed very  near  the Pt  electrode. 
Failures due to imperfect  t ightness of the ceramic seal 
are easily monitored by the sudden change in the emf 
of the cell, which drops to zero, when  there is a leak. 
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i ' - ic7 I~) 

Fig. 2. Assembly of oven and cell for EMF measurements. 1. 
Zirconia tube; 2, silica electrode holder; 3, NiO pellet; 4, inter- 
mediate electrolyte; 5, NiO pellet. 

The electrolyte has been previously tested for 100% 
ionic conduct ivi ty by using it  for the emf de termina-  
tion of the solid galvanic cell 

P t /Fe/wi is t i te /ZrO2 + CaO/NiO,Ni/Pt  

the emf of which is well  known from the l i terature  
(23). Results of this test are given in  Fig. 3, which 
indicates the correct working of the electrolyte. 

Results 
Electrical conductivity oS NiO samples in inert gas 

atmosphere.--Electrical conductivi ty measurements  
have been carried out under  inert  gas atmospheres 

i 3OO 

29O 
> 
E 

28O 

270 

260 
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23000 860 ' 960 ' 10'00 1160 i 1200 
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Fig. 3. EMF of the cell Pt Fe/wllstite ZrO,~ -I- CaO/NiO, Ni/Pt. 
�9 Present results; G Kiukkola and Wagner (23). 
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Fig. 4, Results of two typical experiments, showing the effect of 
annealing processes on the electrical conductivity of NiO. 
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Fig. 5. Electrical conductivity X of different NiO samples as a 
function of the temperature (see Table I). 

(oxygen-free argon or nitrogen)~ on samples C1 to 
Cs of Table I (where preparat ion and analyt ical  data 
are summarized) .  The samples were subjected to a 
h igh- tempera ture  anneal  to remove the excess oxy- 
gen dissolved in  the samples dur ing the preparat ion 
processes. 

Figure 4 shows the effect of anneal ing  with stepwise 
increasing temperatures;  the break at about 850~ is 
taken to indicate the evolution of the excess oxygen. 
When the anneal ing  is carried out carefully at tem-  
peratures higher than 850~ the break is no longer 
observed dur ing  successive cooling and heat ing cycles. 

For each homogeneous sample a l inear  relat ionship 
is obtained by plott ing the logari thm of the experi-  
menta l  d-c conductivi ty x vs. 1/T as shown in Fig. 5. 
Breaks in the curves log x vs. 1/T are, however, ob- 
served when Ni metal  is present  as a second phase 
(see sample C1). 

In  Table I the values of the slope of the curves of 
log x vs. 1/T are reported as "activation energy" 
values, as calculated from the relationship x = x ~ 
e x p -  (El2 kT) .  It  can be deduced from the table that  
there is a certain relationship between the activation 
energy, the firing temperature,  and the iron content of 
the samples. 

a T h e  r e s i d u a l  p a r t i a l  p r e s s u r e  of  o x y g e n  is of  t h e  o r d e r  of  10 --e 
a t m ,  as  d e t e r m i n e d  b y  m a s s  s p e c t r o m e t r i c  a n a l y s i s ,  a n d  i t  h a s  b e e n  
d e m o n s t r a t e d  t h a t ,  w i t h i n  t h e  l i m i t s  of  e x p e r i m e n t a l  a c c u r a c y ,  
v a r i a t i o n  of  Po~ i n  t h i s  r a n g e  does  n o t  a f fec t  t h e  e x p e r i m e n t a l  
r e s u l t s .  
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Electr ical  conduc t i v i t y  o] NiO in o x Y g e n  a t m o s -  
phere . - -E lec t r i ca l  conductivi ty measurements  have 
been carried out on samples C6, C~, and Ca (see Table 
I) at part ial  pressures of oxygen ranging  between 10 -3 
and 1 atm. Results are given in  Fig. 6, 7, and 8 in log 
x vs. 1 / T  plots. 

In  agreement  with the results of Mitoff (6), Herbst  
(15), Thorton (16) and Snowden (17), experiments  
carried out at temperatures  lower than  750~ show 
that the equil ibrat ion t ime is very  long (hours or 
days) and that breaks appear in the curves log x vs. 
lIT. 

Moreover the temperature  of the break, which 
should represent  the lowest tempera ture  at which 
thermodynamic  equi l ibr ium is established between the 
gaseous atmosphere and the crystal, depends on the 
cooling and heating rate of the sample. In the present  
exper imental  tempera ture  range (800~176 the 
equil ibrat ion times are orders of magni tude  lower 
than those measured at low temperature,  and the 
electrical conductivi ty is a function of the temperature  
and part ial  pressure of oxygen, according to the re-  
lat ionship (5, 6) 

) X = x ~ Po2 ' /"  exp - -  ( - ~  [1] 

where AH is the over-all  activation enthalpy. 
In  Fig. 9, 10, and 11, log x vs. log Po2 plots are pre-  

sented, from the slopes of which values of n can be 
derived, assuming the activation energy in the expo- 
nent ia l  term of Eq. [1] does not depend on the part ial  
pressure of oxygen. At part ial  pressures of oxygen 
<10 -1 atm a value of n close to 6 is obtained (5.7 ~ n 

6.4). 
In Fig. 12, 13, and 14, where the present  experi-  

menta l  results are plotted in terms of resistivity, p vs. 
poe 1/6, it is apparent  that, wi th in  the limits of the ex- 
per imenta l  accuracy, Eq. [1] is satisfied for an n value 
of 6 up to part ial  pressures of oxygen of about 10 -1 
atm, where a remarkable  deviation from l inear i ty  is 
observed. 

E M F  m e a s u r e m e n t s . - - E m f  measurements  have been 
carried out on low-densi ty  NiO samples for ensur ing 
better  and faster equi l ibrat ion with the external  at-  
mosphere. As reference pressure a part ial  pressure of 
oxygen not lower than 10 -3 atm has been chosen to 
avoid complications due to iron contaminat ion which, 
as will  be shown in  the following discussion, has a 
noteworthy influence on the Ni a+ concentrat ion at 
very low partial  pressures of oxygen. 

Five isotherms are shown in Fig. 15. The electro- 
chemical "n" value, as determined from the slope of 

l 1 �9 Nitrogen (PO~106) 
o PO2 = lG2Atm. 
& P02 =1.8"10 -2 

'T_ E} P02 =3.3"10 -2 
(9 P02 = 10 -1 

~ ~ 2  = 1 

1(j 2 

I 

163 I 

10-% 8 9 10 1'1 
10 4 
T 

Fig. 6. Electrical conductivity isobars as a function of the tem- 
perature for sample Ca. 

l 1 

• O  Nitrogen 
PO2 =lO-2Atm. 
PO2 =1.8.10_2 
PO 2 =3.3 -10 "2 

e PO 2 = 10 -1 
(D PO2= 2x10 -1 
| PO2=5.1 ~10 -1 
~7 P02= 1 

\ 

10104 
T ~ 

Fig. 7. Electrical conductivity isobars as a function of the tem- 
perature for sample C7. 

1 

?C 10-I 

o Nitrogen 
�9 PO2= 10 ~ 
�9 PO2= 4.10 ~ 
0 PO2= 10 -2 
o po 2 = 3.3,qO-2 
e PO2= I0 -I 

~2-- 2"10-I 
| I:~32: 5.1,10-I 
~7 PO2= 1 Aim. 

10-3 

l I l l 
10" 7 8 9 10104 11 

T 

Fig. 8. Electrical conductivity isobars as a function of the tem- 
perature for sample C8. 

~e 

~ ~ 2 ~  "~j  

, , , 1~_ t 
Poz(Atm)~ 

Fig. 9. Electrical conductivity isotherms as a function of the 
partial pressure of oxygen for sample Ce. 
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Fig. 10. Electrical conductivity isotherms as a function of the 
partia! pressure of oxygen for the sample C?. 

u 
~l(y 2 

p ~ ( A t m ) ~  

Fig. 11. Electrical conductivity isotherms as a function of the 
partial pressure of oxygen for the sample Cs. 

the l inear  part  af the E vs. log P'o2/P"o2 plots accord- 
ing to the relat ionship 

RT ( P'o2 ~ 
E = In ~ [2] 

n F  \ P"o2 / 

is shown in Fig. 16. It  can be seen that  n depends 
strongly on temperature,  shifting cont inuously from 2 
to 6 as temperature  increases. 

Since in the case of an oxygen cell we should ob- 
serve slopes which equal RT/4F, the emf of the cell 

P t l  Nil-xO(p'o2) ]ZrO2 + CaO I Nil_~O(p"o2) I Pt  
[3] 

reflects, under  equi l ibr ium conditions, the changes in 
activity of electron-holes localized at cationic sites 
(i.e., the activity of Ni 3+ ) as a funct ion of the oxygen 

pressure. 
In fact, NiO is a metal-deficient p- type semicon- 

ductor for which the electron-hole concentrat ion is 
dependent  on the part ial  pressure of oxygen (see be-  
low) according to the relat ionship .~ 

I/~ 02 ~ Oo ~ -  2h" + V'Ni [4] 

By assuming the activity of oxygen ion in the anionic 
sublattice is constant and independent of the partial 
pressure of oxygen (it is generally recognized that 
ionic defects occur almost exclusively in the cationic 
sublattice), the electrode reaction at the metal (I) 
NiO(II) phase boundary is 

IINi 3+ + ie <-~ IINi 2+ [5] 

s The KrUger and Vink symbols will be used throughout in this 
paper. 
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Fig. 12. Electrical resistivity isotherms for the sample C6 as o 
function of the sixth root of the partial pressure of oxygen. 
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resistivity isotherms for the sample C? as a 
root of the partial pressure of oxygen. 

and that  at the oxide ( I I ) -z i rconia  (III) phase is 

I I  O 2 -  ~ -  I I I O  2 -  [ 6 ]  

where CaO-doped Zr02 works, as is well known, as a 
purely anionic membrane  (to2- ----- 1). 

From the condit ion of electrochemical equi l ibr ium 
between phases of different composition we obtain 

and 

I~e = n ~  [7]  

1 

i i / ~ o 2 _  ~ -  i i i / . r  [9] 

1 
11 ~b - -  m~ = gmul : "~ (m~o2- --  n~o~-) [ i0 ]  

where ~ i  is the electrochemical potential  of the i th 
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Fig. 14. Electrical resistivity isotherms for the sample Cs as a 
function of the sixth root of the partial pressure of oxygen. 
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Fig. 15. EMF isotherms vs. the partial pressure for the cell: 
Pt/NiO(p'o2)/ZrO'~ -1- CaOINiO(p"o2)lPt. 
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Fig. 16. n vs. T plots as evaluated from the slopes of the 
curves of Fig. 15 at very low partial pressures of oxygen. 

species in the a phase and is defined as 

~"i is the chemical potential of the i th species in the 
a phase, ~ is the internal potential of the phases and g 
is the Galvani potential difference. 

Moreover, since the chemical potential of O 2- in the 
NiO phase is independent of the oxygen partial pres- 
sure, we can write 

g I I ,  I n  - -  g I I I ,  I I  = 0 [12] 

and the emt of the cell [3] may be written 

1 1 
E : i ~ '  - -  i r  : ~ -  ( f f z "  e - -  i lZ'e : ~ -  ( i i l Z ' h  - -  i i ~ " h )  [13] 

where  the symbols ( ') and (") re fer  to the le f t -hand  
and r igh t -hand  compar tments  of cell [3]. Equat ion 
[13] reduces to the explici t  equat ion 

RT {~'Ni3 + 
E = In - -  [14] 

F a " N i 3  + 

when the emf of the cell is expressed in f~unction of 
Ni 3 +. 

Discussion 
Electric conductivity o~ NiO in inert gas at~nos- 

phere.--In spite of the fact that  a great  deal of exper i -  
menta l  and theoret ical  informat ion is avai lable on 
charge t ransfer  processes in both stoichiometric and 
nonstoichiometric NiO, it seems questionable if one 
could succeed in measur ing the propert ies of pure and 
s to ichiometr ic  NiO. We shall  indeed restr ict  our dis- 
cussion to the influence of the envi ronmenta l  con- 
ditions and the impur i ty  content  of NiO on the act iva-  
tion energy for the conductivi ty,  which is general ly  
assumed to represent  a bulk proper ty  of a material ,  
even when measured in polycrysta l l ine  samples. In 
the present case it is well  to emphasize that  the ex-  
cellent  agreement  of our results wi th  those obtained 
by different authors on single crystals indicates a 
negligible effect of surface conduct ivi ty  on the mea-  
sured activation energy. 

The accurate de terminat ion  of the impur i ty  con- 
tent  of sample C2 (which is representa t ive  of samples 
f rom C1 to C6) and of sample Ca has been carr ied out 
by means of neut ron  act ivat ion analysis and is re -  
ported in Table I. It  is apparent  that  the alkali  meta l  
content  is ve ry  low and comparable  in both series and 
that  the samples differ mainly  in the iron content. 
The chromium and a luminum contents remain  low 
and constant in all the samples, apar t  f rom the case of 
sample C7. 

Insofar as the nickel  meta l  content  is considered, 
sample C1, the only one which has a ra ther  high nickel 
meta l  content, exhibits  an anomalous behavior.  More-  
over, electron microprobe exper iments  on samples 
where  x - r ay  powder  diffraction measurements  did not 
revea l  the presence of nickel  meta l  seem to indicate no 
apparent  segregation of minute  amounts  of nickel  
meta l  at the grain boundaries.  However ,  these ex-  
per iments  are not conclusive, as the resolution power 
of the electron microprobe used is re la t ive ly  low 
(about 2~). 

The exper imenta l  act ivat ion energies, as calculated 
f rom the slopes of the log x vs. 1/T diagrams (see Fig. 
5 and Table I) indicate that  samples f rom C1 to C6 
exhibi t  ve ry  large values of act ivat ion energy, as com- 
pared with  those of ref. (3-5, 17), whereas  the values 
for samples C7 and Cs are in satisfactory agreement .  

According to Van Houten (8) Mitoff (6), and Morin 
(4b) an act ivation energy of about 2 ev (from a slope 
E/2k)  as we observe in samples C7 and Ca, is to be 
accounted for by an extrinsic conduction process, 
which is associated with  the change of carr ier  concen- 
t rat ion due to the excess oxygen dissolution. 
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According to the results of the investigations of 
Newman  and Chrenko (24) and, more  recent ly,  of 
Ksendzov and Drabkin (25) on epi taxial ly  grown NiO 
single crystals, the optical absorption spectrum and 
the dependence of the photocurrent  on the incident 
radia t ion energy, indicate that  the wide absorption 
band observed at 4 ev (24) is associated with  a photo- 
ionization process and that  the energy gap calculated 
f rom the slope E / 2 k  [for the relat ionship be tween 
the rmal  and optical act ivat ion energies, see ref. (26)] 
of a log x vs. 1 / T  plot agrees wel l  with the red edge 
value of the photocurrent ,  which lies at 3.7 ev. This 
indicates that  we are dealing with  intr insic behavior.  

Results of exper iments  on samples C1A, C~, C4, C5, 
and Cs indicate that  the values of the act ivat ion 
energy obtained f rom electrical  conduct ivi ty  measure-  
ments in iner t  gas wi th  an oxygen part ial  pressure 
less than 10 -~ atm, agree wi th in  a few 0.1 ev with  
those of Ksendzov and Drabkin, as is shown in  Table 
I. We might  assume as did Ksendzov and Drabkin 
that  samples f rom C1 to C6 exhibit  intrinsic behavior.  
Our results indicate, however ,  that  by great ly  im-  
proving the pur i ty  of the samples (Fe ~-- 100 ppm) 
the act ivat ion energy drops to values which  are well  
accounted for by an extrinsic conduction process (see 
Eq. [18] and [19]). 

We would l ike to stress, however ,  that  at constant 
t empera ture  and part ial  pressure of oxygen (i.e., at a 
certain fixed e lect ron-hole  and vacancy concentrat ions) 
the equi l ibr ium involving a redox impur i ty  such as 
iron 

Fe 2+ + Ni 3+ ~ Fe ~+ + Ni 2+ [15J 

is s trongly shifted to the r ight  [from the difference in 
the third ionization potentials of Ni and Fe, which 
equals 5.5 ev (27)]. The resul t ing situation can be 
described according to the fol lowing equations 

aFe3 + 
~~ Fe3 + -~- R T  I n - ~  

aFe2+ 
aNi3 + 

~---p~~ Ni3 + -~ R T I n . - -  [16] 
aNi2 + 

and 
o o 

]L Ni2+ Ni3 + > >  ~ Fe2+ Fe3 + [17] 

(where  ~~ redox are the standard chemical  potentials 
for the redox couples Fe3+/Fe2+ and Ni3+/Ni 2+, which 
are identical  with the electronic energy levels gener-  
ally used in discussing the propert ies  of semiconduc- 
tors).  

If holes at localized iron ext ra  levels are to be con- 
sidered as t rapped holes, then at a par t icular  t empera-  
ture, oxygen part ial  pressure, and iron concentration, 
the concentrat ions of holes and electrons provided by 
intrinsic ionization predominate,  and we have 

n~-~p 

Moreover,  if the difference be tween the value of the 
~'s (g~ Fe 2+, Fe 3+ - - g ~  Ni 2+, Ni 8+) is great ly in excess 
of the difference in the chemical  potentials of oxygen 
obtained by varying the oxygen pressure over  few 
orders of magnitude,  it is apparent  that  the value of 
the ratio (aNi 3 +)  / (aNi 2+) is pract ical ly unaffected by 
the part ial  pressure of oxygen, as long as the concen- 
trat ion of the excess holes introduced by oxygen dis- 
solution is lower  than, or, in the l imit ing case, equal  to 
the iron content. 

It  has been tacit ly assumed that  conditions of com- 
plete equi l ibr ium with  the gas phase exist, but it is 
apparent  that  Eq. [15] and [16] hold even w h e n  only 
in ternal  electronic equi l ibr ium exists between the 
iron impuri t ies  and defects frozen in the lattice. 

In strong support of this suggestion, we quote the 
results of Richards et  al. (27) who demonstra ted that 
the high diffusivity of iron in NiO (which is appre-  
ciably greater  than that  of Ni) could be accounted for, 
by real izing that, while  the total  concentrat ion of va-  
cancies and holes is fixed at constant t empera ture  
and Pof, the specific concentrat ion of Fe  ~+ (bound 
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holes) would always be higher  than that  of Ni 3+ 
(quas i - f ree  holes) because of its lower  ionization 
potential. 

As to the influence of monovalent  impurities,  it is 
apparent  that, at sufficiently high temperatures ,  doping 
in the ppm range is of l i t t le significance. Recent  in-  
vestigations (13-29) demonstra ted the restr ic t ing role 
of steric parameters  on the solubili ty of several  mono-  
valent  oxides in NiO, such as K20 and Na20, which 
seem to be almost  insoluble. 

Elec t r i ca l  c o n d u c t i v i t y  m e a s u r e m e n t s  in  o x y g e n  a t -  
m o s p h e r e . - - T h e  plots of Fig. 9, 10 and 11, which show 
the log x vs.  Po~ relat ionships and those of Fig. 12, 13, 
and 14 which show the p vs. Po21/6 relationships, in-  
dicate that, at least at pressures lower  than 10 -1 atm, 
the value of n equals 6 over  the whole exper imenta l  
tempera ture  range. 

This value  of n reflects, in good agreement  wi th  
the results of Mi tof f  (6), Pet i t t  (7), and Herbst  (15), 
the presence of doubly ionized cation vacancies at a 
concentrat ion largely in excess over  that  of singly 
ionized ones. Each atom of oxygen in stoichiometric 
excess introduces a cation vacancy and two electron 
holes, according to the fol lowing equations 

1/2 02 ~ Oo q- 2h' + V"Ni [16] 
o r  

lfi~ 02  -~- 2NiNi ~ Oo ~- 2Ni*Ni -4- V"Ni [19] 

where  electron holes in their  state of lower energy are 
localized at latt ice sites (i.e., corresponding to Ni 8+ 
at octahedral  si tes);  the cation vacancies bear a --2e 
charge. 

a e a 
Ni~ V"Ni 

E l  z 
P021/2 

is the equi l ibr ium constant of Eq. [19] and 

a = a ~- Kl l /~po~ 1/6 [20] 
Ni'Ni h o 

The electron hole concentrat ion is of course ful ly de- 
termined by the e lec t roneutra l i ty  requi rements  wi th in  
the crystal. 

Tr ivalent  nickel  ions may be localized at interst i t ial  
positions as well,  just  as in the case of t r iva lent  iron 
in ferrous oxide, according to Roth's paper  (30) on 
neutron diffraction of Fe0.s70. When this is the case, 
we should express the equi l ibr ium between Ni 3+ at 
octahedral ly  and te t rahedra l ly  coordinated sites by 
the fol lowing equations 

Y"Ni -~ Ni'Ni -~- Vi* ~ (VNi Nii VNi)' [21] 
and 
1~O2 -{- 2NiNi -]- V i * ~  Ni*Ni -~- (VNi l~Tii VNi) '  -~-Oo [21'] 

and we remark,  according to Anderson (31) that the 
defect complex (Vsi Nii Vs i ) '  and its immedia te  en- 
v i ronment  (which includes one Ni 3+ in octahedral  
position) behaves like a microdomain of inverse-spinel  
structure,  wi th  0.5 of the total  Ni 3+ at octahedral  po- 
sitions and 0.5 at t e t rahedra l  sites. We assume on 
steric grounds that  posit ive holes are t rapped at t e t ra -  
hedral ly  coordinated sites (31). It  appears that  the 
microdomain behaves as a neutra l  species and that  
its activity a* depends on the par t ia l  pressure of 
oxygen as 

a* : K2 Po21/2 ~ a - a [22] 
Ni'Ni h ~ 

where  Ke is the equi l ibr ium constant of react ion [21'] 
By considering that  only holes at octahedral  posi-  

tions behave as free current  carriers,  we obtain 

X ---~ K2 ;P02 I/2 [22'] 

It is well  to emphasize that  we assume here  that  
the defect complex (VNi Nii VNi) '  of Eq. [21] can 
never  t rap a second hole according to the equation 

(VNi Nil VNi)' -{- h* ~ (VNI Nil VNi) * [23] 
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inasmuch as this process of t rapping requires the sta- 
bil i ty of singly ionized vacancies, whereas, in the tem- 
perature  range here considered, doubly ionized va-  
cancies are shown to be largely in  excess of the singly 
ionized ones. 

Deviations of conductivi ty isotherms from the theo- 
retical plot should indeed indicate that the reaction 
[21] participates or is p redominant  in de termining the 
concentrat ion of the free=current carriers. The iso- 
therms of Fig. 12, 13, and 14 suggest a significant con- 
t r ibut ion of reaction [21] only at high part ial  pres- 
sures of oxygen and at temperatures  lower than about 
1200~ At higher temperatures,  deviations from the 
theoretical plot (indicated by a dotted line) are 
negligibly small  at the higher part ial  oxygen pres- 
sures too. 

The plots of Fig. 6, 7, and 8 have been used for the 
evaluat ion of the activation enthalpy for the conduc- 
t ivity and its dependence on the part ial  pressure of 
oxygen. In  order to discuss the exper imental  results, 
we will  use the equation 

x = ( C / T ) x  e x p - -  ( A G / R T )  [24] 

where ( C / T )  is near ly  a constant, x is the concentra-  
tion of current  carriers, AG is the free energy of acti- 
vation, and the other symbols have their usual  signif- 
icance. This is the same equation Heikes and Johnson 
(5) used for discussing the electrical conductivi ty in 
t ransi t ion metal  oxides. If, now the concentrat ion x 
which enters Eq. [24] is expressed as a function of 
the partial  pressure of oxygen, according to Mitoff 
(6), we obtain, by assuming [19] to be the predom- 
inan t  contr ibut ion 

_ ( A H  ~ ~ H , ~  
x : ( C / T )  po21/6 e x p - -  - ~  + 3 - - ~ "  [25] 

In  this equa~tion the AG terms are split in their en-  
thalpy and ent ropy contr ibut ion and AS terms are 
included in the preexponent ia l  ( C / T ) .  AHf is the en-  
thalpy of formation for the reaction of Eq. [19] and 
AH~ is the activation enthalpy for the mobility. 

The calculation of the enthalpy of formation has 
been accomplished according to Mitoff by assuming 
that the activation entha lpy  AH ~ is constant  and inde-  
pendent  of the part ial  pressure of oxygen, i.e., in-  
dependent  of the composition. The results are given in 
Table II. It  is apparent  that  the over-al l  act ivation 
enthalpy and therefore the enthalpy of formation is a 
function of the partial  pressure of oxygen, as also 
results from the data of Takeuchy and Igaky (22) and 
as has been recent ly demonstrated for CoO as well  
(32). 

By assuming for AH ~ a value of 5500 cal /mole as 
used by Mitoff (6) or of 6900 cal /mole as used by 
Herbst  (15) the values of the enthalpy of formation 
of defects have been calculated and are reported also 

in Table II. It results that the AH~ values for sample 
C6 are very near  to the Mitoff values (measured at 
1 atm O2) whereas those for sample C3 are in very  
good agreement with the Herbst  results. (Results for 
sample C7 are not reported, as it is apparent  that spu-  
rious contr ibutions due to the high a luminum content  
lead to anomalously high AHf values. Results for 
sample C6 should be treated carefully, as the iron con- 
tent  of the sample could be of significant importance) .  
Mitoff reports that  the sample used was of reagent  
grade purity,  i.e., about 1000 ppm total impurities,  and 
quotes the l i thium content  as below the limits of de- 
tection. Herbst 's  data for impur i ty  content  closely ap- 
proach those of our sample Cs. 

It appears however, that  the above ment ioned ar-  
guments give only a fictitious solution of the prob- 
lem. If we assume that AH~ remains  constant  (and in-  
dependent  of the concentrat ion of current  carriers) 
and if we used a value of n = 6 ,  the AH s values are 
unambiguously  determined. Nevertheless, we cannot 
suppose that the activation enthalpy for the mobil i ty 
AH ~ remains constant  unless the carrier  concentrat ion 
changes negligibly with the part ial  pressure of oxy- 
gen. As the dependence of the activation enthalpy for 
the mobil i ty on the carrier concentrat ion is known 
from the l i terature for Li-doped NiO, the results from 
such experiments  may be compared with the results 
on samples C6 and Cs, and those of Takeuchy and 
Igaky (22), if the Li20 concentrat ion scale is ar-  
b i t rar i ly  related to the Po2 scale. We observe that  at 
pressures between 10 -2 and 10 -1 atm. the slope 
changes, namely,  if bl is the slope at high pressures 
and b2 is the slope at low pressures: 

b2 = 1/3 bl 

In order to account for this change of slope, we 
recall the dependence of carrier  concentrat ion on the 
part ial  pressure of oxygen for Ni 3 + in lattice positions 
alone and for holes distr ibuted over both lattice and 
interst i t ial  positions (see Eq. [19] and [21']) 

X = K 1 1 / 3  P 0 2 1 / 6  [20] 
h �9 

0AH OAH 
= 6 ~ [26 ]  

0 In x 0 In Po2 

x = / ( 2  Po21/2 [22] 
h �9 

0AH OAH 
: 2 ~ [27 ]  

0 In x 0 In Po2 

when electron holes are distr ibuted across lattice and 
interst i t ial  nickel  sites and, as before, holes at te t ra-  
hedral  nickel positions behave as bound-holes.  

It appears that the change of slope observed in  Fig. 
17 only reflects the t ransi t ion from Eq. [19] to Eq. 

Table II. Experimental AH values and calculated AH/values for the 
reaction of Eq. [19]; n is taken to be equal to 6 

A H t  ~ k e a l / m o l e  
AHo, '*"  AH = AH~e + n / 2  / "  

S a m p l e  k e a l / m o l e  10 4 4 • 10 -~ liy-2 3.3 • 10-s 10-~ 2.0 • 10-x 5.1 • 10 1 a t m  

C~ 38.91 -- -- 25.98 25.53 24.92 24.42 -- 

C7 29.41 -- -- 43.76 43.33 41.54 37.36 37.45 
Cs 18.7 23.22 22.59 22.24 20.21 17.63 18.48 16.62 

AH~ =, 
Sample keal/mole AHt, keal/mole 

Ce 6.9" -- -- 57.27 55.26 54.09 51.11 -- 
C7 5.5"" - -  - -  61.47 59.46 58.29 55.31 - -  

Cs 6 . 9  4 ~ 6  4 ~ 7  46.%5 39.%4 33.--19 3 ~ 3  29.17 
5.5 53.16 51.28 50.23 44.14 36.39 38.94 33.37 

23.08 
38.96 
14.80 

48.48 
52,68 

23.70 
27.90 

* Herbst's value AHt (1 atm 03) = 31.2, 
** Mitoff's value AHf (I atm O2} = 53.40. 

*** A s  o b t a i n e d  ~ rom t h e  e x p r e s s i o n  X = Xo e x p  -- ( A H / R T )  f r o m  m e a s u r e m e n t s  i n  i n e r t  g a s  (see  T a b l e  I ) .  
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i 3O 

010"3 1D-Z 10-1 

Po~ (arm) - 
10 "z 10 "1 1 101 

Li at  % =" 

Fig. 17. Activation energy (over-all) vs. the partial pressure of 
oxygen or the Li concentrution for metal-deficient and Li-doped 
NiO: A authors' results exp. C6; (~ authors' results exp. Cs; O 
Tekeuchi end Igoki (22); <~ Thistlethwaite, et el. (34); ~ Van 
Houten end Busmen (33); [ ]  Heikes end Johnson (5); (D Koide 
(21). 

[21'] due to the different dependence of the f ree  car-  
r ier  concentrat ion on the part ial  pressure of oxygen. 
Unfor tunately ,  as is shown in the same figure, it seems 
to be ra ther  difficult to correlate  the Li20 concentra-  
tion dependence of the AH of l i th ium doped NiO with 
our results, as the slopes obtained f rom the l i tera ture  
values are not very  cortsistent. Moreover,  as Van 
Houten and Busman (33) observed, i t  is not certain 
that  the act ivat ion energy  for the jumping  of a hole 
around a l i th ium ion is the same as for the hopping 
of a free hole through the NiO lattice, a l though the 
difference is not expected to be ve ry  large. Never the -  
less, Koyde 's  data (21) express a slope b which is 
approximate ly  twice the slopes observed by us (or 
deduced f rom the Takeuchy data) at high par t ia l  pres-  
sures of oxygen. 

It  results that  the exper imenta l  dependence of the 
over -a l l  act ivat ion enthalpy on the part ial  pressure 
of oxygen roughly corresponds to the dependence of 
the act ivat ion enthatpy for the mobi l i ty  of the cur-  
rent  carr iers  on the concentrat ion of the free carr iers  
over  the whole concentrat ion range considered. 

EMF nteasurements.--Due to the composite character  
of the electrical  conduct ivi ty  as a function both of the 
concentrat ion and of the mobil i ty  of the current  car-  
riers, only indirect  evidence has been drawn from the 
dependence of the electr ical  conduct ivi ty  or of its ac- 
t ivat ion energy on the part ial  pressure of oxygen 
about  the occurrence of defect association reactions 
in nonstoichiometric NiO. 

In the absence of direct s t ructural  information,  emf 
measurements ,  which allow the measurement  of the 
act ivi ty of Ni 3+ introduced by excess oxygen dissolu- 
tion in the NiO lattice, should be used to test the 
val idi ty  of the defect model  proposed with  Eq. [21] 
and [21'], involving interst i t ial  nickel at the higher  
oxygen par t ia l  pressures. 

We wil l  choose as an ideal solution model that  solu- 
tion where  Ni s+ behaves  as a free, independent  ion 
[i.e., the part ial  molar  enthalpy of mixing or, accord- 
ing to Guggenheim (35) the in terchange energy w, 
equals zero] and in which the concentrat ion ( =  ac- 
t ivi ty)  of Ni 3+ depends on the part ial  pressure of 
oxygen according to the formal  equi l ibr ium constant 

aNi3 + av,,Ni 
po2 I/s 

I 0 

70 

50 

" 

10 

0 , , . . i . . . .  i , , . , 
1100 1200 1300 14GO 

Fig. 18. EMF isobars es a function of the tempereture for the 
cell: Pt/NiO(p'o2)/ZrO2 -I- CaO/NiO(p"oe)/Pt at low oxygen 
pressures. 

and 
aNi a+ : K1 I/3 P021/6 [20] 

Since it would be unnecessarily restrictive, we will 
not consider here the condition of undistinguishability 
of Ni 3+ and Ni 2+ (35) that could be supposed to hold, 
due to the continuous exchange of electrons between 
altervalent metal ions (36). We have first to remark 
that the isotherm at 1323~ of Fig. 15 fits this model 
quite well at least at pressures lower than about 10 -2 
atm. Furthermore, from the isobars of Fig. 18, we 
observe that a kink is present at 1273~ in the E vs. 
T plots, in a range of pressures where the isotherms 
of Fig. 15 indicate the presence of a purely mona- 
phasic system. Finally, it is worthwhile to remark that, 
the E vs. Po2 plots indicate, at temperatures lower 
than 1273~ and at pressures higher than about 5 x 
10 -2 atm, the existence of a two-phase system (from 
the constancy of the chemical potential of Ni 8+). 

The segregation of a second phase could be easily 
accounted for by considering that the occurrence of 
reaction [21'] involves the presence of microdomains 
of the inverse spinel Ni804, which apparently is solu- 
ble in the NiO phase only to a very limited extent at 
temperatures lower than 1273~ which can be con- 
sidered as the temperature of critical mixing (35). 
Above this temperature, the ernf isotherms indicate 
the presence of a purely monophasic system up to the 
higher pressures; therefore the discontinuity at 1273~ 
in the emf vs. T plot indicates also an order-disorder 
transition which reflects the randomization of the 
point and electronic defects within the crystal. 

From the difference between the experimental (E) 
and the theoret ical  (E ~ emf of the cell 

P t / N i O  (P'o2)/ZrO2 -{- CaO/NiO(p"o2)/Pt [3] 

we calculated the act ivi ty  coefficients of Ni 3+ 

RT ( TCN,3+ ) RT 
E , - - E  ~ = - - l n  . = - - l n  (7)v'o2 [28] 

1 ~ CNi3 + P'O2 1 ~ 

where  the E ~ values have been calculated according 
to the fol lowing equat ion 

RT P'o2 RT in C'Ni3 + 
- -  I n  = ~ [ 2 9 ]  

6F P"o2 F C"Ni8 + 

assuming that  at the reference pressure (p" : 10 -8 
atm) the solution is near ly  ideal. The lat ter  is a ve ry  
crude approximation,  which never theless  is helpful  in 
the evaluat ion of the act ivi ty  coefficients as well  as of 
the enthalpies of mixing.  

Exper imenta l  values are repor ted  in Table  IIL I t  
may  be stated that  at t empera tu res  lower  than 1273~ 
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Table III. Activity coefficient values as obtained from emf 
measurements on cell of Eq. (3) 

Po~, a t m  E. m v  E ~ m v  T. ~  Io~ '7 ? 

0.20 

;>- 
o~ 
3 

2 • 10 -s 43.5 11,20 1123 0,145 1,397 
4 x 10 -s 68.0 22,30 1123 0,205 1,604 
10-a 79.5 37.12 1123 0.190 1.549 
3 .3  X 10 -'~ 77.6 56.36 1123 0.095 1.245 
10-1 72.0 74,24 1123 0.009 1.023 

2 • l 0  -a 30.0 11.97 1203 0.075 1.191 
4 • lO -a 45.0 23.94 1203 0.088 1.225 
1O-~ 56.0 89.76 1203 0.068 1.170 
3.3 x 10-s 60.6 60,35 1203 0.006 1.014 
1O-Z 62.0 79,52 1203 0.073 1,185 

2 X 10 -s 24.0  12.32 1238 0.047 1.117 
4 • 10 -~ 35.5 24.64 1238 0.044 1,108 
10-~ 43.0 40.92 1238 O.OOS 1.019 
3.3 X 10 -2 50.5 62.12 1238 0.047 1.116 
50-I 55.0 81.84 1238 0.109 1.286 

1 • 10 -~ 16.5 12.67 1273 0,015 1.030 
4 • 10 -s 27.0 25,34 1273 0.006 1.016 
10 -2 38.5 42,09 1273 0.014 1,034 
3.3 X 10-2 45.0 63.89 1273 0.075 1.189 
lO-~ 48.0 84.18 1273 0.143 1.390 

2 • 10 -3 14.5 13.16 1323 0.005 1.013 
4 • 10 -a 26.0 26.33 1322 0.006 1.015 
10-a 40.0 43.73 1323 0.014 1.033 
3.3 x 10-~ 53.5 66.38 1323 0.048 1.119 
10-I 58.5 87.46 1323 O.110 1.290 

0.15 

0.10 

0.05 

= 4 x 10 -3 

= 2 x l O  -3 

the act ivi ty coefficients are well  accounted for only 
in the range of compositions corresponding to the 
solid solution. At  higher  concentrat ions their  value  is 
only fictitious. It  is never theless  quite  evident  that  at 
tempera tures  ( 1273~ "r diverges rapidly  f rom 1 
at pressures slightly increasing f rom the reference 
one, whereas  at higher  tempera tures  the deviat ions 
f rom ideali ty are also re la t ive ly  low at the higher  
pressures. 

As this behavior  (at t empera tures  lower  than that  
of critical mixing)  reflects the propert ies of a regular  
solution (35) we may  calculate the part ial  molar  en- 
thalpy of mixing of Ni304 in NiO, • f rom the tem-  
pera ture  dependence of the act ivi ty  coefficients of Ni 3 + 
at 2 x 10 -3 atm and at 4 x 10 -3 atm according to the 
relat ionship 

AH 
In 7 = - -  - -  [30] 

RT 

which describes the In 7 vs. 1/T plots of Fig. 19. 
We thereby obtain a value for the par t ia l  molar  

enthalpy of mixing equal  to 5.46 kca l /g  ion at Po2 
= 2 x 10 -3 and 7.46 kca l /g  ion at 4 x 10 -3 atm; thus, 
indeed, the solution cannot be considered as a s tr ict ly 
regular  one (35). 

Conclus ions 
1. Intrinsic semiconduct ivi ty  has been observed in 

ful ly  compensated polycrystal l ine NiO. The act iva-  
tion energy for the intrinsic process corresponds to 
half  of the energy gap value  as obtained f rom optical 
measurements .  I t  seems moreover  that surface con- 
duct ivi ty  does not affect our results in the tempera-  
ture range of our experiments.  

2. Nickel  vacancies are ful ly  ionized over  the entire 
exper imenta l  t empera tu re  range. Li tera ture  data 
which indicate the existence of par t ia l ly  ionized va-  
cancies suffer f rom errors  at t r ibuted to the effect of 
unknown impurities.  

3. In nonstoichiometric  (metal  deficit) NiO a second 
phase segregates at tempera tures  lower  than 1300~ 
which has an inverse spinel structure. The existence 
of inverse spinel microstructures  has been tenta t ive ly  
inferred,  at part ial  pressures of oxygen 1Gwer than 
that  corresponding to the segregation of a second 
phase, f rom the dependence of the act ivation energy 
for the conduct ivi ty  on the part ial  pressure of oxygen. 

4. F rom emf measurements  the act ivi ty coefficients 
of Ni 3 + and the part ial  molar  heat  of mixing of Ni304 
in NiO have been calculated and an order-d isorder  
transi t ion t empera tu re  of 1273~ has been inferred.  

a 
104/T 

Fig. 19. Log "~ vs. l I T  plot for the activity coefficients 7 as ob- 
tained from Eq. [17] at 2 x 10 3 and 4 x 10 - 3  atm of oxygen. 
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Technical Note 

The Si-WSi:-Si Epitaxial Structure 
Norikazu Hashimoto and Yasushi Koga 

Central Research Laboratory, Hitachi Ltd., Kokubunji, Tokyo, Japan 

Chemical vapor deposition of metals on single crys- 
tal silicon has received increasing at tent ion in the 
fabrication of devices with a metal-semiconductor  
contact, such as the Schottky barr ier  diode. There are 
the following problems: (a) morphology and crys- 
ta l l ini ty  of the deposited metal  layer, and (b) silicide 
formation at the interface between the deposited metal  
and the silicon substrate. 

Deposition of molybdenum on silicon has been re- 
ported by Casey et al. (1) and Lindmayer  (2). The 
lat ter  author reported that 100A thick molybdenum 
layers on silicon were not  single crystals. Kano et al. 
(3) have studied the molybdenum-si l icon Schottky 
barr ier  formed by chemical vapor deposition in which 
a special technique (preactivation of reaction) was 
employed to prevent  the formation of the silicide. 
Crowell et al. (4) have reported deposition of poly- 
crystal l ine tungsten layers on silicon, germanium, and 
gall ium arsenide substrates. Deposition of vanad ium 
on silicon has been reported by Miller et al. (5) where 
no evidence of the silicide formation was observed. 

Very recently, the silicide formation on deposition of 
molybdenum has been reported by Casey et al. (6). 
The orientations of molybdenum silicides with respect 
to the silicon substrates have been determined to (001) 
MoSi2 / /  (100) Si with (110) MoSi2 / /  (010) Si and 
(110) M o 3 S i / /  (111) Si with [335] M o 3 S i / /  [101] Si. 

This paper reports on deposition of tungsten  and the 
formation of its silicide layer by hydrogen reduct ion 
of the hexachloride on single crystal silicon substrates. 
The orientat ion relat ions between the si l icide layer  
and the substrate are analyzed by electron diffraction 
and x - ray  diffraction. Fur thermore,  we are concerned 
with epitaxial  growth of the silicon layer on the grown 
silicide layer. 

Experimental 
Materials.--Commercial tungstenhe;~achloride,  WCle 

(99% min)  was purified by sublimation.  The resul tant  

impur i ty  contents in  the chloride (in weight per cent) 
were as follows: Ca, Mg, and Cu 1 - -  5 X 10-4; A1 1 
- -  5 X 10-3; Fe and Si 5 -  10 • 10 -8 . Tungsten  oxy- 
chlorides (WOC14, WO2Cle) were el iminated by pre-  
l iminary  sublimation.  

Hydrogen (99.9%) used as a carrier gas was passed 
t h r o u g h  a "Deoxo" and then through a two-stage 
liquid n i t rogen trap. 

The silicon substrates used were circular slices, 
25 mm diameter, 0.2 mm thickness, with (111), (110), 
and (10O) faces. 

Apparatus.--The apparatus used for deposition is 
shown schematically in Fig. 1. It consisted of a hydro-  
gen purifier, quartz evaporator, and a quartz reaction 
chamber. A high-f requency induct ion heater was used. 

Operation.---The substrate was etched with HF 
(46%) for 1 min  and then set on the silicon pedestal. 
After  pre l iminary  purge of the reaction chamber with 
hydrogen gas, the substrate surface was treated with 
hydrogen stream at ca. 1200~ A gaseous mix ture  of 
WC16 and hydrogen was produced by passing dry hy-  

H E~_T_E_O__SL_E_Ey~ 

14 ........ 

PURIFIED H2 

I 

SiH4 + 
PURIFIED 

H2 

~ S i  SUBSTRATE 

Si PEDESTAL 

~VENT 

Fig. 1. Schematic diagram of the vapor deposition apparatus 
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Table I. Analyses of deposited layers on Si substrates by 
hydrogen reduction of tungsten hexachleride 

Subs t ra te  Electron dif f ract ion X - r a y  diffract ion 
t empera tu re ,  *C analys is  analys is  

1065 W WSi~ 
1087 W WSi2 
llO0 W or WSJ~ WSi~ 
1120 WSis WSi~ 
1180 WSis WS~ 

Fig. 2. Replica electron micrographs of the tungsten surfaces 
deposited (a) at 650~ (b) at 750~ and (c) at 840~ 

drogen at a flow rate of 5 1/min over the solid chloride 
heated at 200~ in the evaporator and was introduced 
into the chamber. The chloride was reduced and tung-  
sten was deposited onto the substrates which had been 
heated to a tempera ture  in the range from 650 ~ to 
1250~ 

Presence of oxygen in the deposition system resulted 
in  formation of oxides on the silicon substrate. Since 
this affects deposition processes markedly,  care should 
be taken to remove trace amount  of oxygen. 

In the case of silicon deposition on the silicide layer, 
the reaction chamber was first purged with hydrogen. 
The monosilane gas was then introduced directly into 
the hydrogen stream, and silicon was deposited on 
the silicide by thermal  decomposition of the gas. 

Results and  Discussion 
Deposition of W on Si, and formation of WSi2--Fig-  

ures 2a, b, and c i l lustrate typical  deposits of the poly- 
crystal l ine tungs ten  on the single crystal silicon at 
650 ~ 750 ~ and 840~ respectively. The surfaces be- 
come smoother on increasing the deposition temper-  
ature. 

According to the measurements  of the photoelectric 
response, the barr ier  height between the deposited 
tungs ten  and n - type  silicon was higher than that  of 
tungsten  and n- type  silicon which was formed by vac- 
uum deposition by about 0.20 ev. This result  has been 
at t r ibuted to the existence of tungsten silicides between 
the deposited tungs ten  and the silicon substrate;  never -  
theless the deposition temperatures  are 400~ or more 
lower than the W-Si  eutectic temperature  (4, 7). 

Compositions of the deposited tungsten  layers at 
higher temperatures were determined by electron 
diffraction and x - r ay  diffraction analyses. Results are 
given in Table I. The deposition t ime was 5 min. With 
electron diffraction, we can observe th in  surface films, 
because penetra t ion of the electron beam is slight. 
On the other hand, the ma in  composition of the de- 
posited layer  can be determined with x - r ay  diffrac- 
tion. At 1065 ~ and 1087~ the thin surface films of the 
deposited layer  were polycrystal l ine tungsten,  al though 
the main  composition was tungs ten  disilicide (WSie). 
The deposited layers at 1120 ~ and 1180~ were WSi2 
throughout.  The thickness of the WSi~-layer was es- 
t imated by the angle lapping method as about 5000A. 

The growth of WSi2-1ayer with respect to t ime 
followed to the we l l -known parabolic relationship, 
and the activation energy for the growth was 22 kcal /  
mole (8). This indicates that WSi2-1ayer growth is 
controlled by a solid-state diffusion mechanism. 

Epitaxial growth of WSi~ on Si substrates.--At 
higher deposition temperatures,  or ientat ion of the 
grown silicide layers were found by reflection electron 
diffraction analysis. Figure 3 shows the electron mi-  
crograph of the grown layer on the (110) Si surface 
at 1200~ One of electron diffraction pat terns show- 
ing the WSi~ (110) plane paral lel  to the Si (110) sub- 
strate plane are shown and analyzed in Fig. 4. Pa t -  
terns for WSie crystal grown on Si (111) and Si (100) 
planes are shown in Fig. 5 and 6. The extra spots in 
the pat terns which are not explained as due to the ori- 
entated WSi~ crystals probably come from mult iple  
twins in the WSi2 crystals or other tungsten silicides 
on the surface. 

Epitaxial Si growth on the grown WSi~-layer on Si. 
- -S i l icon  was deposited on the epitaxially grown 
WSi2-1ayer by the thermal  decomposition of mono-  
silane (Sill4). The epitaxial  growth of silicon was 
achieved at 1100~176 with a mole ratio of SiH4/H2 
of 0.0001-0.001. 

Figure 7 shows the reflection electron diffraction 
pat tern  and the replica electron micrograph of the epi- 
taxial ly grown Si- layer  on the WSi2-1ayer which has 

Fig. 3. Replica electron micrograph of the WSi2-surface de- 
posited on the (110) Si substrate at 1200~ 

Fig. 4. Reflection electron diffraction pattern of the grown WSi2- 
layer on the Si (110) substrate at 1200~ 
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Fig. 5. Reflection electron diffraction pattern of the grown 
WS~-Iayer on the Si (111) substrate at 1200~ WSi2(101) is 
parallel to Si (111). 

Fig. 6. Reflection electron diffraction pattern of the grown WSi2- 
layer on the Si (100) substrate at 1200~ WSi2 orientation can 
not be determined. 

Fig. 7. Replica electron micrograph and reflection electron dif- 
fraction pattern of epitaxially grown Si-layer on the WSi~-Iayer 
which has been grown on the Si (I 10) substrate. 

been epitaxially grown on the (110) Si substrate. The 
Kikuchi  lines appear clearly in the diffraction pattern.  

On measurement  of tungsten  silicide and n - type  Si 
barriers,  a luminum films of approximately 1000A were 
evaporated in a vacuum on the WSi2-1ayers. When 
the WSi2-1ayers are f ragmentary,  A1 films become 
ohmic contacts to the substrate. The WSie-layer be- 
tween  the thin deposited Si - layer  and the substrate 
was confirmed by x - r ay  diffraction analysis and the 
existence of a Schot tky- type metal-semiconductor  
barr ier  (9). The epi taxy of the second Si- layer  may 

Fig. 8. Replica electron micrograph of epitaxially grown Si-layer 
on the WSi2-1ayer which has been grown on the Si (111) sub- 
strate. 

not raise direct nucleat ion on exposed Si substrate 
at holes in  the WSi~-layer. 

The epitaxial  relationships for the " three- layer"  
structures such as the above were found to be (110) Si 
/ /  (110) VCSi2 / /  (110) Si substrate and ( 1 1 1 ) S i  / /  
(101) WSie / /  (111) Si substrate from electron dif-  
fraction pat terns and photomicrographs of the de- 
posited Si-layer.  

At higher temperature  and the thicker deposited 
Si- layer  the deposited silicon atoms diffuse into the 
orientated WSi2 substrate dur ing the deposition and 
so the WSi2-1ayer deteriorates. On the other hand, 
lower temperatures  general ly increase the nucleat ion 
rate of the deposit and hence cause the growth of 
polycrystal l ine silicon. 

The crystallographic texture  of silicon was more 
evident  in deposits on thicker ( >  ca. l id  WSi2-1ayers. 
Tr ipyramids on an epitaxial (111) Si - layer  are shown 
in  Fig. 8. 

When the WSie-layer was very th in  ( ~  ca. 0.1tD, 
however, single crystal silicon grew epitaxial ly on the 
WSi2-1ayer as well as on the Si substrate, al though 
the epitaxial  Si- layer  had m a n y  faults. The fact indi -  
cates that a continuous WSi2-1ayer free of microholes 
cannot be formed w h e n  the WSi~-layer is thin. These 
holes may become preferred or nonpreferred sites for 
the nucleat ion of deposited silicon close to the sub- 
strate silicon and act as the origin of many  faults. 
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Brief 

Infrared Spectra of Silicon Nitride Deposited 
on Gallium Arsenide 

R. S. L e v i W  and W .  K. Z w i c k e r  

Phffip~ Laboratories, Briarcl i~ Manor, N e w  Y o r k  

Considerable interest  exists (1) in using silicon 
ni tr ide (SiaN4) films as a passivating or protect ive 
insulating coating for semiconductor  surfaces and de-  
vices, w e  have been invest igat ing methods of prep-  
arat ion of such films, using various techniques to 
character ize their  properties.  In this note we repor t  
on the infrared transmission spectra of a mechan-  
ical ly good Si3N4 film deposited on a gal l ium arsenide 
substrate  which exhibits  several  characterist ics of 
"pure"  (nonoxygen contaminated)  nitride.  

The characteris t ic  inf rared  absorption of SizN4 oc- 
curs in the 8-14~ wave leng th  region (2, 3). In order  
to be able to record definitive spectra in this region 
it is best to use as a substrate a mater ia l  which is both 
optically nonabsorbing and chemical ly stable. The 
most useful  semiconductor,  silicon, unfor tunate ly  
fails the first criterion, having a complex spectrum of 
lat t ice absorptions throughout  this region. Only with  
careful  optical compensat ion can good spectra be re-  
corded. (Germanium,  while  bet ter  satisfying the first 
criterion, its lat t ice absorption spectrum starts at 11.5~, 
appears to be severe ly  at tacked during the deposition 
process.) Gal l ium arsenide (GaAs) more par t icular ly  
high resistance GaAs, however ,  appears to be an ex-  
cellent  substrate material .  The normalized infrared 
"transmission" spectrum through a 25 mm path length 
of high resis t ivi ty GaAs is shown in Fig. 1. Absorpt ion 
due to free carr iers  is almost  completely  absent, and 
the t ransmit tance is constant out to at least 12~. The 
latt ice band absorptions which occur toward longer 
wavelengths  can be nicely balanced out by simply in- 
sert ing a similar plate of equal  path length in the 
reference beam of our double-beam, ra t io -mode  spec- 
trometer,  the details of which have been described 
elsewhere (4). The normal ized t ransmit tance  (I/Io) 
through the ~1 mm thick plate of high resist ivi ty GaAs 
which was subsequent ly used as the substrate is also 
shown in Fig. 1. 

The substrate was mechanical ly  polished on all sur-  
faces and careful ly  cleaned prior  to deposition. The 
silicon ni tr ide film was deposited pyrolyt ical ly  by the 
reaction of silicon te t rachlor ide  with ammonia.  The 
apparatus for this deposition was very  similar to that  
general ly  used for silicon epitaxial  growth.  The depo- 
sition was per formed in a quartz react ion chamber.  
The sample was heated to 700~ by being placed on a 
quartz  pedestal  which enclosed an RF heated high-  
pur i ty  graphi te  core. The reaction was completed in 
only a few minutes  resul t ing in a film ~1250A thick, 
pale b lu ish-green in color. 2 The film appeared to be 
adherent,  uniform, continuous, and nonporous over  
the entire exposed surface of the sample. It  was sub- 
sequently found that  the film was much more slowly 
at tacked by concentrated hydrofluoric acid than the 
GaAs substrate. It  was therefore  necessary to remove  
by mechanical  means the imperfect  and nonuniform 

1 P r e s e n t  add re s s :  A m p e r e x  Electronics  Corp., EOD D i v i s i o n ,  
P r o v i d e n c e  P ike ,  S l a t e r sv i l l e ,  R h o d e  I s l and .  

The  op t i ca l  t h i c k n e s s  of  t he  f i lm d e t e r m i n e d  f r o m  i ts  color  is  
2500A ( •  Op t i ca l  t h i c k n e s s  is t he  p r o d u c t  of ac tua l  t h i c k n e s s  
a n d  r e f r a c t i v e  i n d e x  of the  m e d i u m ,  

HIGH RESISTIVY GaAs vs MIRROR 
t = 0.95 mrn 

-- = i i J = ~ •  

~ : E R O  (REE) L E V E L ,  , ~ ~ J 

WAVE LENGTH IN MICRONS 

Fig. 1. Infrared optical absorption characteristics of high re- 
sistivity GaAs used as substrate material. Curve ] refers to trans- 
mission transversely through a 0.95 mm plate. Curve 2 refers to 
transmission via internal reflections through the same plate but 
with a path length of 25 ram. #n both cases reflection off of a 
highly polished mirror constituted the reference beam. 

film from the surface which was in contact wi th  the 
quartz pedestal. The re f rac t ive  index of the film was 
determined by the l iquid immers ion method (5) and 
found to be 1.98 __ 0.02. The ref rac t ive  index deter -  
mined by the ratio of optical thickness to actual thick-  
ness ( in ter ferometr ica l ly  de termined)  is in excelIent  
agreement  wi th  this value. 

The transmission spectrum of this film is shown in 
Fig. 2. 3 (With the double-beam, ra t io -mode  technique 
reflection and insert ion losses are automat ical ly  com- 
pensated so that what  is recorded is I/Io vs. k. This 
is shown schematical ly in the insert.)  A second t race 
is also shown which was obtained by increasing the 
gain by a factor of 3 and suppressing the zero by a 
l ike amount.  The characteristic heavy,  broad absorp-  
tion centered about 11~ is easily observed. At 11.35~ 
we determine the absorption coefficient to be 1.7 X 
104 cm -1. The asymmet ry  of the l ine and the sug- 
gestion of s t ructure  on both the short and long wave -  
length shoulders are to be noted. 

Severa l  observations lead us to conclude that  this 
film is re la t ive ly  uncontaminated  by oxygen. The high 
value of refract ive  index we measure  is characterist ic 
of the "pure"  silicon nitride. I t  is our experience that  
the ref rac t ive  index is great ly  influenced by the pres-  
ence of oxygen, and that  films with  a re f rac t ive  index 
as high as this are  not easily prepared  consistent wi th  
the difficulty of excluding oxygen from the system. 
Even the nat ive  oxide film on the substrate  surface is a 
source of oxygen contamination.  The use of GaAs 

3 I n t e r n a l  ref lec t ion spec t r a  (6) cou ld  no t  be sa t i s fac tor i l y  re-  
c o r d e d  due  to t he  u n e x p l a i n e d  a p p e a r a n c e  af ter  d e p o s i t i o n  of  a 
]arge n u m b e r  of  " s c r a t c h e s "  and  o t h e r  i m p e r f e c t i o n s  on  t he  G a A s  
su r face  u n d e r  the  Si3N4 f i lm.  These  g a v e  a l a rge  s c a t t e r i n g  loss  a t  
sho r t  w a v e l e n g t h s  a n d  s e v e r e l y  d i s t o r t e d  the  in terna l  ref lect ion 
s p e c t r u m  at  l o n g e r  w a v e l e n g t h s  so as to m a k e  a q u a n t i t a t i v e  i n t e r -  
p r e t a t i o n  imposs ib l e .  
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Fig. 2. Infrared transmission spectrum of vapor deposited sili- 
con nitride film on GaAs substrate. The upper curve which repre- 
sents 100% transmission, neglecting reflectance losses, was ob- 
tained prior to the deposition by placing the uncoated plate in 
tee sample beam (I). For the lower curve tEe gain is increased 3- 
fold and the zero suppressed on equal amount. In all cases the 
reference beam (Io) was transmitted through a GaAs plate of the 
same thickness. A schematic of the double-beam, ratio-mode, 
constant energy infrared prism spectrometer is shown in the insert. 

should have el iminated this source. Fur ther  evidence 
is the lack of any  observable SiO~ structure in  the 
t ransmission or in te rna l  reflection spectra. The high 

1193 

resistance to etching by HF is also typical of films wi th  
low oxygen contamination.  Based on these optical and 
chemical properties of this film, we feel that Fig. 2 
represents the characteristic spectrum of relat ively 
uncontaminated,  deposited silicon nitride. 
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Silver Oxide Electrode Processes 
T h e d f o r d  P. Dirkse,  David  D e W i t ,  and  Richard S h o e m a k e r  

Calvin College, Grand Rapids, Michigan 

A B S T R A C T  

The  ca thodic  and anodic  o v e r v o l t a g e s  at  a s i lve r  e l ec t rode  w e r e  m e a s u r e d  
in a r a n g e  of K O H  concen t r a t i ons  of  20-45%. The  va lues  of t he se  o v e r v o l t a g e s  
u n d e r g o  a change  in 30-35% KOH.  S i m i l a r  changes  or  m a x i m a  or m i n i m a  
h a v e  been  obse rved  for  o the r  p h e n o m e n a  in K O H  solut ions,  e.g., double  l a y e r  
capac i tance .  An  a t t e m p t  to accoun t  for  these  changes  is m a d e  in  t e r m s  of 
i o n - p a i r  associa t ion in concen t r a t i ons  g r ea t e r  t h a n  35% KOH.  This  associa t ion 
is due  to insuff icient  so lven t  for  the  n o r m a l  h y d r a t i o n  of  the  ions. 

Occas ional ly ,  in s t udy ing  va r ious  p h e n o m e n a  t a k -  
ing  p lace  in a lka l ine  solutions,  i t  has  been  o b s e r v e d  
tha t  these  p h e n o m e n a  h a v e  a m a x i m u m  or a m i n i m u m  
v a l u e  at abou t  30-35% KOH.  For  example ,  the  h y d r o -  
gen  o v e r v o l t a g e  at  a zinc e lec t rode  shows  a m i n i m u m  
at about  10M in bo th  K O H  and  N a O H  (1) ; t he  p a r a m -  
e ters  assoc ia ted  w i t h  the  anodic  pass iva t ion  of  zinc 
have  a m a x i m u m  at abou t  9M K O H  (2) ;  and the  r a t e  
of decompos i t i on  of s i lve r  ox ide  d i s so lved  in K O H  
solut ions  has  a m i n i m u m  at  7-9M K O H  (3).  S o m e -  
t imes  these  m a x i m a  or  m i n i m a  can  be  e x p l a i n e d  in 
t e r m s  of t he  ne t  effect  of i nc r ea s ing  O H -  ion  concen -  
t r a t i on  and  inc reas ing  v iscos i ty  (or  d e c r e a s i n g  m o b i l -  
i ty)  as t he  K O H  or N a O H  c o n c e n t r a t i o n  increases .  
H o w e v e r ,  this does no t  offer  a sa t i s fac to ry  e x p l a n a -  
t ion for  al l  these  p h e n o m e n a .  Consequen t ly ,  the  w o r k  
r e p o r t e d  h e r e  was  u n d e r t a k e n  w i t h  a twofo ld  ob jec -  
t ive :  (a)  to see w h e t h e r  any  s i lve r  e l ec t rode  processes  
e x h i b i t e d  m a x i m a  or m i n i m a ;  and  (b) to seek an  e x -  
p l ana t ion  for  any  such phenomena .  S i m i l a r  w o r k  on 
the  zinc e l ec t rode  is also in p rogress  at  our  Labo ra to ry .  

Exper imenta l  
The  m e t h o d  se lec ted  to look  for  m a x i m a  and  m i n -  

ima  i n v o l v e d  the  use  of the  s ine w a v e  t e s t e r  desc r ibed  
by  K o r d e s c h  and M a r k o  (4).  The  I R - f r e e  o v e r v o l t a g e  
of the  s i lve r  e l ec t rode  was  m e a s u r e d  as the  c u r r e n t  
was  i n c r e a s e d  anod ica l l y  and  t h e n  as it  was  i n c r e a s e d  
ca thod ica l ly .  T h e  s i lve r  e l ec t rode  was  a p iece  of  s i lve r  
foi l  of w h i c h  on ly  a c i r cu la r  a r e a  of 0.32 cm 2 was  
exposed  to the  e lec t ro ly te .  The  coun t e r  e l ec t rode  was  
a s in te red  A g - A g 2 0  plate ,  4 x 5 cm;  t he  r e f e r e n c e  
e l ec t rode  in mos t  runs  was  H g / H g O / O H - .  The  O H -  
concen t r a t i on  was  the  same  in the  ce l l  as in the  r e f -  
e r ence  e lec t rode .  

Read ings  w e r e  t a k e n  at 1 -min  i n t e r v a l s  d u r i n g  each  
run.  A typ ica l  set of resu l t s  is g iven  on Fig.  1. The  
anodic  r u n  was  ca r r i ed  out  first. T h e n  the  e l ec t rode  
was  a l l owed  to r e m a i n  on open c i r cu i t  for  abou t  an  
h o u r  be fo re  the  ca thod ic  r u n  was  made.  D u r i n g  the  
o p e n - c i r c u i t  pe r iod  some  of the  AgO m a y  h a v e  de -  
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Fig. 1. Current-voltage curve for a silver electrode in 20% KOH 
at room temperature. The reference electrode is AgO/Ag20; C) 
anodic; �9 cathodic. 

composed  to Ag20,  and  some  A g 2 0  m a y  h a v e  d is -  
so lved  off the  e lec t rode .  F i g u r e  2 shows  the  p a t t e r n  of 
the  open -c i r cu i t  vo l t age  a f t e r  t h e  anodic  r u n  was  t e r -  
mina ted .  The  vo l t age  holds  at  the  A g O / A g 2 0  l eve l  for  
some t ime  and then,  because  of decompos i t i on  of at 
leas t  t he  su r face  l aye r  of AgO,  fa l l s  to t he  A g 2 0 / A g  
level .  T h e  ca thodic  r u n  was  b e g u n  on ly  a f t e r  t he  open -  
c i rcu i t  vo l t age  had  fa l l en  to tha t  of the  A g 2 0 / A g  level .  

Results and Discussion 
In  ana lyz ing  t h e  resul ts ,  emphas i s  was  p laced  on 

changes  r a t h e r  t h a n  abso lu te  va lues  because  the  
va lues  ob ta ined  are,  to  s o m e  ex ten t ,  t i m e  dependen t .  
CQnsequent ly ,  on ly  compar i sons  a re  significant .  In  t h e  
anodic  process  t h r ee  va lues  w e r e  c o m p a r e d :  (a) t h e  
o v e r v o l t a g e  at t he  A g 2 0 / A g  l eve l  at  1.3 ma / cm~;  (b) 
t he  o v e r v o l t a g e  at the  A g O / A g 2 0  l eve l  at  9.5 m a / c m 2 ;  
(c.) the  c u r r e n t  dens i ty  at  w h i c h  the  vo l t age  changes  
f r o m  the  l o w e r  to the  h i g h e r  va lue .  A s u m m a r y  of 
these  t h r e e  va lues  is g i v e n  on Fig.  3. E a c h  po in t  is t he  
a v e r a g e  of  at  l eas t  two  runs.  Of  in t e re s t  is t h e  fac t  
tha t  the  o v e r v o l t a g e  at t he  A g 2 0 / A g  l eve l  increases  
m u c h  m o r e  s lowly  b e y o n d  30% K O H  t h a n  in m o r e  
d i lu te  solut ions;  t he  o v e r v o l t a g e  at  t h e  A g O / A g ~ O  
l eve l  has  a m a x i m u m  at abou t  35% K O H ,  and  the  
c u r r e n t  dens i ty  at w h i c h  the  vo l t age  t r ans i t i on  occurs  
decreases  r ap id ly  b e y o n d  30% KOH.  Qua l i t a t i ve ly ,  
this  las t  p h e n o m e n o n  can  be  accoun ted  for  by  t h e  i n -  
c reased  v i scos i ty  of  t he  K O H  solu t ions  as t h e  con-  
cen t r a t i on  inc reases  b e y o n d  30%. This  r educes  t he  
m o b i l i t y  of the  O H -  ions m a r k e d l y  and  the  anodic  
processes  do r e q u i r e  these  ions, e.g. 

2Ag + 2 O H -  ~ A g 2 0  + H20  + 2e 

Cathodica l ly ,  the  points  of  i n t e re s t  are :  (a)  t he  
o v e r v o l t a g e  at the  A g 2 0 / A g  l eve l  at 1.3 m a / c m  2, and  
(b) t h e  c u r r e n t  dens i ty  at  w h i c h  the  o v e r v o l t a g e  de -  
c reases  rap id ly .  A s u m m a r y  of t he  ca thod ic  resu l t s  
is g iven  on Fig.  4. Aga in  the  c u r r e n t  dens i ty  fa l ls  
r ap id ly  beyond  30% K O H  w h i l e  t he  o v e r v o l t a g e  has  
a m i n i m u m  at  about  35% K O H .  The  c u r r e n t  dens i ty  
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Fig. 2. Open-circuit voltage of a silver electrode after anodic 
treatment in 30% KOH at room temperature. Reference electrode 
is HgO/Hg. 
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Fig. 3. Values for anodic silver electrode processes at room 
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Fig. 4. Values for cathodic silver electrode processes at room 
temperature. (~ current density at which voltage drops rapidly; 
�9 overvoltage at the Ag~O/Ag level. 

variat ion can perhaps be accounted for in terms of the 
increasing viscosity of the more concentrated KOH 
solutions, bu t  this does not account for the overvoltage 
behavior. While the l ine drawn for overvoltages on 
Fig. 4 connects all the data points, this l ine does not  
necessarily give a complete description of the over- 
voltage behavior between 35 and 45% KOH. More data 
would be needed for this. But  the data do show a 
min imum in the vicini ty of 35% KOH. 

Double Layer CapaciCance.~The foregoing results 
suggested that  with some of the silver electrode proc- 
esses in  a lkal ine  solution, a change takes place as the 
concentrat ion of the KOH solutions becomes about 
35% or 8.5M. Consequently,  still fur ther  work was 
attempted. Because these processes are associated 
with an  electrode, it is possible that  changes in  the 
processes could be due to changes in the adsorption 
at the electrode-electrolyte interphase or in the com- 
position of the double layer. One way to determine 
this is to measure the  differential double layer  ca- 
pacity (dlc) of the electrode and note any  changes 
in it. This measurement  is made from the slope of 
the vol tage- t ime curve dur ing the charging of the 
double layer. This requires a constant  current  den-  
sity, and here one encounters  difficulty with the silver 
electrode. The current  can be kept  constant, bu t  be-  

cause the electrode is active, it undergoes a chemical 
change which changes the surface area and, conse- 
quently,  the cur ren t  density. Fur thermore,  the cur-  
rent  may be used to br ing  about chemical change as 
well  as to charge the double layer. 

With these difficulties in mind,  at tempts were still 
made to get some sort of value for this double layer 
capacity. Because of this difficulty, only changes, and  
not absolute values, were considered significant. In  
the first attempt, the method of McMullen and Hack- 
e rman (5) was used. The counter  electrode was a 3 
x 6 cm platinized p la t inum screen. The reference elec- 
trode, kept  in a separate compartment ,  was a part ial ly 
charged cadmium electrode, and the silver eIectrode 
was either a 0.3 cm ~ circular area of a silver foil, or 
a half  of a small  bead of silver with about 0.1 cm 2 
area exposed. The silver electrode was placed against  
the capil lary from the reference electrode. The fre-  
quency of the square wave was 20 or 50 kHz. 

In  each r u n  the silver electrode was cleaned by dip-  
ping it in dilute HNO~, then in dilute NH4OH, and 
then r ins ing  in deionized water. This electrode was 
allowed to s tand in the cell for about an hour  before 
any runs  were made. Dur ing  this time, the potential  
of the silver electrode became constant. The potential  
of the electrode was always allowed to reach a con-  
stant  value before any measurements  were made. 
The results were surpr is ingly  reproducible. A repre-  
sentative set of results is given on Fig. 5. Similar  re- 
sults were obtained in  30, 35, and 45% KOH. The sud- 
den drop in  the "capacitance" is a t t r ibuted to the 
formation of an oxide layer. (The terms capacitance 
or dlc refer to the calculated values. They are not 
in tended to mean  actual double layer capacitance 
values.) 

For  purposes of comparison, the dlc at 1.0-1.1v was 
considered to be that  of the silver surface before any  
appreciable oxide formation took place. This value, 
it was found, does vary  with KOH concentration,  Fig. 
6. The value is high at 35% KOH and decreases on 
either side of this concentration. No at tempt  will  be 
made here to give a mechanistic in terpre ta t ion of Fig. 
6, but  the results do show that  some type of change 
occurs at the electrode surface at about  35% KOH. 
This same behavior  was noted a year  earl ier  by an-  
other s tudent  in  connection with another  research 
project. 

In  order to verify the relat ionships described above, 
the differential double layer capacity and the over-  
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trode in 40% KOH at room temperature. The different symbols 
refer to two different runs and electrodes. The dashed llne is the 
voltage-current (right hand scale) plot obtained with the voltage 
sweep technique at a rate of 20 mv/sec. The arrow points to the 
open-circuit voltage of the Ag20 /Ag  electrode. 
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Fig. 6. Variations of dlc of a silver electrode with KOH con- 
centration. 

voltage for the anodic process were  measured using 
the single pulse technique described by Hoare  (6). 
The s i lver  electrode was a circular  area, 0.32 cm 2, of 
a si lver foil, the counter  electrode was a commercia l  
s intered AgO electrode, and the reference  electrode 
was H g / H g O  having  the same KOH concentrat ion as 
that  being used in the cell. Al l  runs were  made  at 
room tempera tu re  and, unless otherwise  noted, only 
anodic pulses were  used. In one series of runs the 
electrode was t rea ted  anodically unt i l  its potential,  
compared to the reference  electrode, was 0.55v, in-  
cluding IR drop. At  this point the vol tage was rising 
f rom that  of the Ag20 /Ag  level  to the AgO/Ag20  
level. By t rea t ing all the electrodes this way  it was 
assumed that  the surface condition and area would  be 
fa i r ly  s imilar  in all  runs. The electrode was then 
given a single pulse and the vo l tage- t ime  curve  was 
photographed f rom an oscilloscope. 

In another  series of runs, the si lver electrode was 
t reated anodically for va ry ing  lengths of t ime before 
it was subjected to the single pulse. All  overvol tages  
repor ted  are corrected for IR drop. 

Figure  7 shows a typical  set of results for an elec-  
t rode that  was charged to 0.55v with  respect  to H g /  
HgO before measurements  were  made. The calculated 
dlc does vary  with  the current  densi ty  of the anodic 
pulse used, but  appears to approach a constant value  
as the cur ren t  densi ty increases. A comparison of 
the values at two current  densities is shown on Fig. 
8. Again there  is evidence of a m a x i m u m  in these 
values for the Ag20 electrode. Because of uncer -  
tainties with respect  to the surface, however ,  this 
comparison is, at best, qual i ta t ive  in nature.  

That  the nature  of the surface has a definite bear ing 
on the dlc is well  known and is i l lustrated on Fig. 
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centration. O current density of 2 ma/cm2; �9 current density of 
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9. Here  the s i lver  e lect rode was t reated anodical ly  
for different lengths of time, or  to different voltages 
with respect  to the reference  electrode. The higher  
the voltage reached, the more current  has been passed, 
and the thicker  the Ag20 coating produced. The elec- 
trode was then subjected to an anodic pulse of 2 m a /  
cm 2 and the dlc was calculated f rom the vo l tage- t ime  
trace. The dlc decreases rapidly  as the thickness of 
the Ag20 layer  increases and again appears to ap- 
proach a l imit ing value. The overvol tage  increases 
as the Ag20 layer  increases. 

Exchange Current . - -In the  course of this work  with  
the single pulse technique, the act ivat ion overvol tages  
were  measured. These, however ,  could not be mea-  
sured with  a great  degree of accuracy because of the 
uncer ta in ty  in est imating the IR drop. No Tafel  slopes 
were  drawn because the overvol tages  used ( <  40 my)  
are not beyond the limits where  the cathodic process 
can be neglected in the general  cu r ren t -ove rvo l t age  
equation. Instead, since the overvol tages  are small, the 
approximate  form of the equat ion can be used 

RT 
- -  = - -  

i ioF 

A plot of overvol tage  vs. current  is given on Fig. 10. 
The slope of this l ine gives a value  of 2 m a / c m  ~ for 

I I I I I 

1200 

I000 �9 

800 

400 -- 2 o -- 

200 

0,4 0.5 
s VS. Hg/Hg, in vo l ts  

Fig. 9. Values for an Ag~O electrode in 35% KOH as a func- 
tion of the thickness of  the AggO layer. 0 ove~o l tage ;  �9 dlc.  
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Fig. 10. Overvoltage-current curves for the anodic treatment of 
an Ag20 electrode at room temperature in 35% KOH. 

io. Others (7) have  de termined  io for the cathodic 
process and obtained a value  of 50 m a / c m  2. Consider-  
ing the difficulties involved  in e i ther  case, the agree-  
ment  is reasonably good. In our work  we made only 
a few cathodic pulse measurements ,  but  they are un-  
suitable for calculat ing io. 

All  these results show that  several  values associated 
with the si lver electrode processes have  a maximum,  
a minimum, or undergo some al terat ion at about 35% 
KOH. Probably  the most significant of these is the dif-  
ferent ia l  double layer  capacity. It  too shows a m a x -  
imum at this KOH concentrat ion both for a si lver elec- 
t rode and an electrode having a layer  of Ag20. Re-  
gardless of the precise physical significance of these 
results, they suggest some change in electrode be-  
havior  and /o r  double layer  composition. It  is possible 
that this factor may  account for the max ima  and min-  
ima that  cannot be explained in terms of the trade-off  
be tween  increasing O H -  ion concentrat ion and de- 
creased mobil i ty  as the KOH concentrat ion increases. 

Effect of EZectrolyte.--A possible in terpre ta t ion of 
the variat ions noted in Fig. 6 and 8 follows. In a water  
solution, wa te r  molecules  cover the surface of the 
electrode. As the KOH concentrat ion increases, these 
are replaced by O H -  ions which are at t racted to the 
electrode (posit ive charge)  and increase the dlc. [At 
the potentials used here  the si lver electrode is almost 
l v  anodic to its potent ia l  of zero charge (8).] The 
O H -  and the K + ions are hydrated.  It has been es- 
t imated that  the K + ions have 4 wate r  molecules as- 
sociated wi th  them (9). The O H -  ions may  have  1 
or 2 wate r  molecules of hydration.  Thus, hydra t ion  
of the ions requires  about 5 or 6 moles of wa te r  per 
mole of KOH. This is the ratio that  prevails  in about 
a 35% KOH solution, Fig. 11. Therefore,  in KOH so- 
lutions more  concentrated than 35% there  is insuffi- 
cient wa te r  for  normal  hydra t ion  of ions. This leads 
to a competi t ion for water  molecules and perhaps the 
O H -  ions at the electrode surface are, in effect, neu-  
t ral ized by ion-pai r  formation with  K + ions. This 
could occur by means of br idging wa te r  molecules.  
As a result,  the dlc decreases again. The possibility of 
ion pair  format ion in these solutions has also been 
suggested recent ly  by Lander  (10). 

Electrode processes.--If this explanat ion is correct, 
then it should also be applicable to the overvol tage  
behavior  observed in this work. Anodical ly  the over -  
vol tage increases rapidly  at about 30-35% KOH, Fig. 
3. A possible explanat ion is that  the O H -  ions needed 
for the anodic process are then more closely bound to 
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Fig. i 1. Mole ratio of H20 /KOH in aqueous KOH solutions 

the K + ions and hence more energy is needed to pry  
these O H -  ions away. 

An al ternate  explanat ion assumes that  these s i lver  
electrode reactions proceed by way of a species in 
solution (11, 12), e.g., 

Ag(s )  --* Ag+sorn + e [1] 

Ag+sorn + O H -  -~ %Ag20(s)  + %H20 [2] 

In the anodic process the O H -  ions are needed to re-  
act wi th  the Ag + ions in solution. However ,  the over -  
vol tage then is that  of reaction [1] and would l ikely 
be due to concentrat ion polarization of the Ag + ions 
in solution. An increase of 20 my  in the overvol tage  
would correspond to a Ag + ion concentrat ion of about  
2M. This seems inordinately  high in v iew of the re la-  
t ive insolubil i ty of Ag20 even though this would be 
but a local interracial  concentration. The O H -  con- 
centrat ion in this area would then be of the order of 
10-4M. 

Cathodically, there  is a lower ing of the overvol tage  
in 35% KOH, Fig. 4, i.e., the process takes place more 
easily in this concentrat ion of KOH. This is consistent 
with a proposed mechanism suggested ear l ier  (13). 
Hydra ted  K + ions are involved in this process. As 
the  concentrat ion of these ions increases, the proc- 
ess proceeds more easily (overvol tage  decreases).  But  
beyond 35% KOH, the incipient  ion-pai r  format ion 
changes this relat ionship and the O H -  ions in solu- 
tion now also compete for the wate r  of hydra t ion  of 
the K + ions. As a result, the overvol tage  for the re-  
duction of si lver oxide increases. 

A somewhat  s imilar  explanat ion has been offered 
for the min imum in the hydrogen overvol tage  curve  
at a zinc electrode (1). It  was suggested that  beyond 
about 35% KOH there  is a decrease in cation hydra -  
tion in the double layer.  These less -hydra ted  cations 
then have a greater  screening effect on the electr ical  
force lines, making it more  difficult for the water  
molecules to discharge. 

It  is also possible to assume that  the  cathodic proc-  
ess proceeds by way  of a species in solution, e.g., 

Ag20(s)  + 2 O H -  + H20--~ 2Ag(OH)2(sovn)- [3] 

2Ag(OH)2(sol'n~- + 2 e ~  2Ag + 4 O H -  [4] 

Again the overvol tage  and its changes would  l ikely be 
due to the concentrat ion of A g ( O H ) 2 -  and this would 
be governed by the avai labi l i ty  of both H20 and O H -  
ions to dissolve the Ag20. However ,  other  evidence 
suggests that  it is more  l ikely that  the cathodic proc- 
ess takes place on the electrode (13). 

The dlc data on Fig. 5 have  a close resemblance to 
s imilar  data obtained for the cadmium electrode (14). 
Superimposed on Fig. 5 is a par t  of the vo l tage-cur -  
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ren t  trace obtained by using a sweeping voItage tech-  
nique at a rate of 20 mv/sec.  The cur ren t  becomes 
anodic at potentials cathodic to the A g 2 0 / A g / O H -  
electrode in that  solution. The beginning  of this an-  
odic current  coincides with the slight rise in the dlc. 
It  may be associated with the formation of a s trongly 
adsorbed layer of O H -  ions or of OH radicals (14), 
but  not with the formation of Ag20 (15). As the po- 
tent ial  increases anodically, the anodic current  also 
increases, corresponding to the formation and growth 
of the Ag20 layer. The dlc then also decreases be- 
cause this film or layer of Ag20 introduces a paral lel  
capacitance at the electrode-electrolyte interphase 
(14). 

If this model has any  validity, then  it should also 
be applicable to other electrode processes occurring 
in KOH solutions. Fur the r  work is now in progress to 
make this test of the model. 
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ABSTRACT 

Expressions are developed to compare the efficiency of buffers with strong 
acids or bases in minimizing concentrat ion polarization. The effect of electrode 
s tructure on electrolyte efficiency is also considered. The expressions are 
tested experimental ly.  In certain cases, practical cur rent  densities can be ob- 
tained with buffer electrolytes at sufficiently low concentrat ion polarizations. 
It is possible therefore to supplant,  e.g., strong acids in some fuel cell systems. 
Unlike acid electrolytes, the performance of buffers is markedly  dependent  
on electrode structure. 

Sulfuric and phosphoric acid electrolytes are fre-  
quent ly  used in fuel cells because these systems re-  
ject  carbon dioxide, have high ionic conductivity,  m in -  
imize concentrat ion polarization, and allow a t ta in-  
ment  of high activity levels. The corrosiveness of these 
acids, however, restricts choice of electrode catalysts 
to noble metals. Auxi l iary  cell components must  also 
be composed of noble metals or expensive nonnoble  
corrosion resistant  metals such as tanta lum.  The use 
of noble metal  catalysts and  costly cell components  
constitutes the major  obstacle to the development  of 
a practical economical fuel cell. 

One approach to this problem would be to invest i -  
gate inexpensive alloys which would be acid resistant  
and possibly catalytic. An al ternat ive  approach, which 
will  be the theme of this article, is the use of less cor- 
rosive electrolytes to replace sulfuric acid in low- 
tempera ture  fuel cells. 

Acids can be convenient ly  grouped into three types 
according to how they partake in the corrosion reaction 
(1). There are strong acids such as sulfuric and hydro-  
chloric acids, weak acids such as acetic acid, and oxi- 
dizing acids such as nitr ic acid. Excluding oxidizing 
acids, hydrogen ion is the principal  and most universa l  
factor in corrosion phenomenon.  Alkal ine  electrolytes 

are, therefore, not near ly  as corrosive as acids. When 
corrosion does occur in alkal ine electrolytes, it is usu-  
al ly the result  of part icular  reactions such as  formation 
of anionic metal  complexes. Al though it is difficult to 
generalize about the corrosiveness as a funct ion of 
electrolyte pH, neut ra l  and alkaline pH electrolytes 
are normal ly  not as corrosive as acids (1,2). The re- 
qui rement  that the electrolyte reject  carbon dioxide 
sets an upper  l imit  to the alkal ini ty.  Accordingly, a 
study was under taken  to determine if electrolytes in  
the neut ra l  to weakly alkal ine pH range would be 
suitable as fuel cell electrolytes. The potentials of the 
electrodes are pH dependent  which means that  any 
electrolyte used in a fuel cell must  have buffering 
action. 

Invariance Requirement Sets 
Upper pH Limit o] Buyer System 

The necessity for electrolyte invar iance sets the 
upper l imit to the pH range and, therefore, the buffer 
systems that  can be used. Whether  a buffer system or 
electrolyte in general  is carbon dioxide reject ing or not 
depends on the extent  of the reaction 

CO2 ~- H20 -~- 2HN-1A -(M+I) "-> 2HNA -M -t- CO3 -2 [1] 
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where HN-IA -(M+I) is an anionic basic buffer com- 
ponent and HNA TM the anionic acidic buffer com- 
ponent. Anionic buffer components were chosen for 
illustration simply because the components of the 
so-called practical buffer systems are anions, e.g., as 
in  phosphate and carbonate buffers. All  charge types 
of course are possible. 

The equi l ib r ium constant  for the reaction with 
carbon dioxide is 

(II I) 

[HNA-M~]2[CO3  - 2 ]  K1K2 
K = [2] 

[HN-1A-(M+ 1)]2[CO2] KA 2 

where K1 and K2 are the first and second ionization 
constants of carbonic acid, and /CA the ionization con- 
s tant  of the buffer acid (HNA-M). It  can readi ly be 
shown that carbonate formation becomes appreciable 
when KA is of the order of 10 -1~ for finite carbon di- 
oxide part ial  pressures. Extensive formation of car-  
bonate means that the buffer has been quant i ta t ively  
converted to its acid form and therefore no longer 
can funct ion as a buffer. 

The resul tant  electrolyte reacts fur ther  with carbon 
dioxide as shown below 

H20 -5 CO2 -5 CO3-2-> 2 HCO~-* [3] 

The equilibrium constant for the above reaction is 
Kt/K2. This is also the equilibrium constant when the 
buffer system is a carbonate-bicarbonate buffer, i.e., 
HNA-M _--- HCO3-I, HN_,A-(M+I) _-- CO3-2 and KA 
= K2. It has been shown that at the contemplated 
fuel cell conditions, in particular the operating tem- 
peratures and carbon dioxide partial pressures, the 
equilibrated carbonate-bicarbonate mixture will be 
constituted so that it is capable of functioning as a 
buffer (3, 4). Complete conversion of carbonate to bi- 
carbonate would result in a solution of low buffering 
capacity. If this occurred, then the upper pH limit 
of suitable fuel cell electrolyte would be less than 
pK2; i.e., only a buffer whose pKA was one to two units 
lower than pK2 would be suitable. The carbonate-bi- 
carbonate carbon dioxide equilibrated electrolyte is a 
buffer system because conversion is not complete. Con- 
sequently, no buffer system whose acid component is a 
weaker acid than bicarbonate ion can be an invariant 
electrolyte. Thus, the upper pH limit for electrolyte 
invariance is approximately equal to pK2. 

Theoretical 
Buffers are the on ly  possible subst i tute electrolytes 

for fuel cells if it is desirable not to use either strong 
acids or bases. It  is therefore of interest  to compare the 
efficiency of buffers with that  of acids and bases in 
minimizing electrolyte concentrat ion polarization. I t  
is also of interest  to determine the effect of electrode 
s t ructure  on the abi l i ty  of the buffers to support  prac-  
tical cur rent  densities. To this end it was necessary 
to develop the expressions for concentrat ion polariza- 
tions incurred with buffers as a funct ion of their mass 
t ransfer  characteristics. 

Consider a fuel cell operating in a neut ra l  Na2SO4 
electrolyte. When  cur ren t  is drawn,  anodically pro- 
duced hydrogen ions cause a precipitous pH decrease 
at the anode. At the cathode a large pH increase occurs 
s imultaneously due to hydroxide ion production. To 
prevent  the occurrence of large pH changes at the 
electrodes, agents are needed to remove anodically 
produced hydrogen ion and cathodically produced hy-  
droxide ion. These agents are the basic and acidic 
components of what  constitutes a buffer system. 

The sequence of reactions occurring at an anode of 
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fuel cell employing a buffer electrolyte is given below. 

Anodic 
(I) 1/2 H2 -5 H 2 0  > H30 + -5 E -  

Discharge  

(II) H N - 1 A -  (M + 1)(electrode) -~ H 3 0  + (electrode) 

Fast  
> HNA -M (electrode) 

Recombinat ion 

" Slow 
H~;-1A-(M+I) { bulk }-Diffusion,__ Migration, ) HN_IA-(M+I) (electrode) -5 H20 

solution Convection 

Slow H A M f b u l k  
HNA-M(electrode) �9 Diffusion,Migration > N -- ~ s o l u t i o n f  

Hydrogen ions produced by the anodic current  are 
removed by reaction with the basic buffer component.  
It is well  known  that  the recombinat ion steps are very 
rapid and many  have recent ly been measured (5). 
The ra te - l imi t ing  steps are rep lenishment  of the basic 
component  in  the uns t i r red  layer  from the bu lk  elec- 
trolyte by diffusion and migration, and mass t ransfer  
of the acidic buffer component  out of this region. 

If a l inear  concentrat ion gradient  for each species is 
assumed to exist across the boundary  layer, and if 
Fick's law is applicable to each diffusing species, the 
steady-state concentrat ion of the buffer components  at 
the electrode electrolyte boundary  can be calculated. 
In  turn,  the change in pH at the boundary  and, there-  
fore, the concentrat ion polarization as a function of 
the cur ren t  density, can be calculated. 

At steady state, consumption of the basic compo- 
nent  is equal to the rate at which it is replaced by 
mass transfer.  

I (C~ - -  CB) I 
------ DB + t B -  [4] 
F 5 F 

Here C~ is the bulk  concentrat ion of the basic com- 
ponent  in eq/cm*, CB the concentrat ion at the elec- 
trode due to a current  densi ty I (amp/cm2),  tB and DB 
the transference number  and diffusion coefficient, re-  
spectively, of the basic component,  and 5 the boundary  
layer thickness. Rear rangement  of the above expres- 
sion gives the l imit ing anodic current  density IrA 

CB I ( i  -- tB) 8 I 
- - - - i  - - i  - - ;  
COB COB D B F ILA 

DB F C~ 
/LA ~--- [5] 

( i  -- tB)  5 

By similar reasoning, the concentrat ion at steady 
state of the acidic component  at the electrode can be 
calculated where  the 

I(1 -5 tA) DA(CA --  C~ 
- [6] 

F 

subscripts refer to the acid component  and its param-  
eters. The concentrat ion of the acidic buffer compo- 
nent  may also be cast in terms of a l imit ing cur ren t  by 
appropriate rearrangement .  

CA I(I -5 tA)~ I 
1 -5 ----- I - 5 -  [7] 

C~ C~ DA F ILC 

That ILC ~- DAC~ is the limiting ca- 
thodic current density will be shown when considering 
concentration polarization at the cathode. 

When the relative concentrations of the basic and 
acid components are such that the electrolyte acts as a 
buffer, the pH of the solution may be expressed by 
the Henderson-Hasselbach approximation 

C~ 
pH ---- pKA -5 log 

CoA 
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The pH change at the electrode-electrolyte boundary  
may be calculated by appropmate subst i tut ion into this 
equation. Thus, the p i t  change due to current  at the 
anode is 

[1 - -  I/ILA] 
ApHAnode = log [8] 

[1 "t- I/ILc] 

The anodic concentrat ion polarization is simply 

RT 
IIAnode : --2.3 (apH) [9] 

F 

At the cathode, the hydroxide ions produced are 
removed by reaction with the acidic buffer component.  
Here too, mass t ransfer  of the buffer components into 
and out of the boundary  layer  is rate determining.  

The concentrat ion of the aciaic buffer component  at 
the electrode-electrolyte boundary  can be calculated 
in  a similar manne r  as shown at the anoae, where ILC 
is the l imit ing cathodic current  density. 

I (1 -I- tA) D A ( C ~  CA) 
= [10] 

F 6 

CA I 
- - = I - - - -  [ i i ]  

C~ ILC 

The basic buffer component  concentrat ion at the 
electrode is s imilar ly calculated. 

I DR (CB - -  C~ I 
-t- t B -  [12] 

F 6 F 

CB I(1 - -  tB)~ I 
- - =  1 + = 1 + - -  [13 ]  

COB DB F COB /LA 

The pH change at the cathode due to current  flow is 

ApHcathode : log  [14] [ 1 - ~  
ILC 

and the polarization, 
RT 

~lcathode = 2.3 - 
F 

[ApI-I cathode] [15] 

Comparison of bugers with strong acids and bases . -  
Williams and Gregory (6) have shown that, in strong 
acids, l imi t ing current  densities are encountered at the 
cathode. Cathodic cur ren t  decreases the hydrogen ion 
concentrat ion at this electrode and since the concen- 
t ra t ion cannot  drop below zero, a l imit ing current  will  
be attained. The l imit ing current  expressed in  a m p /  
cm 2 is given by the expression 

DH+ C~ F 
ILC(acid) = [16] 

(1 - -  ~ H + ) 5  

where tH+, C~ and D~ are the t ransport  number ,  
bu lk  concentration, and diffusion coefficient of hydro-  
gen ion. 

In  strong base, hydroxide ion is decreased at the 
electrode-electrolyte boundary  of the anode so that it 
is at this electrode that  l imit ing currents  are attained. 
The l imit ing cur ren t  in base is given by the expression 

DOH- C~ - F 
ILA(base) : [ 17] 

(1 - -  t O H - - )  6 

where to l l - ,  C~ - ,  and Dol l -  are the equivalent  pa- 
rameters  for a strong base. 

As shown previously, buffers exhibit  l imit ing cur-  
rents  at both electrodes due to decrease of the basic 
component  at the anode and of the acidic component  
at the cathode. In  addition to exhibi t ing l imit ing cur-  
rents  at both electrodes, the l imit ing currents  in  
buffer are considerably less than those at ta ined in 

acid and base. The l imit ing current  ratios are given 
below 

/LC(buffer) \'--D-~A / \ C~ / (1 - -  t i t+)  

ILA(base) ( D o n - (  C~ ~ ( 1 - - ~ B )  ] [19] 

A sample calculat ion using reasor~ably accurate 
values for diffusion coefficients and transference n u m -  
bers would show that  the l imit ing current  densities at-  
ta inable in acids or bases are much larger than what  
can be at tained in  buffer. Using the l i terature values 
given below, plus some reasonable estimates where 
data are not available, shows that  the l imit ing ca- 
thodic current  density in  acid is more than  40 times 
greater than  that in buffer 

DHCl ~-~ 4 X 10 -5 cm 2 see -1 7 

tH+ ~" 0.8 8 

DNaH2PO4 ~--- 0.5 X 10 -5  cm2/sec  8 

tIt2PO4 ~ 0,1 (estimated) 

ILC(acid) 
44, for C~ + = C% 

ILC(buffer) 

The abnormal ly  high ionic diffusivities and mobil i -  
ties of hydrogen and hydroxide ion allow much 
greater l imit ing currents  to be reached. This does not 
mean  that buffers are unsuitable.  The l imit ing cur-  
rent  in 3M strong acid for example assuming a bound-  
ary layer thickness of 10 -2 cm is about 6000 ma /cm 2. 
This means that in the practical cur rent  density range, 
i.e., 100-400 ma / c m 2, concentra t ion polarization in  acid 
would not be discernible. In  buffer, the l imit ing cur-  
rent  density would be about 120 ma /cm 2 which is in  
the range of practical fuel cell loads. 

It can be shown that  the concentrat ion polarization 
with a buffer electrolyte at less than the l imit ing cur-  
rent  densities is much greater than  what  would be in -  
curred using an acidic or basic electrolyte, at identical 
cur rent  densities. A comparison can be readily made 
by using the expanded form of logari thm in  Eq. [8] 
or [14] and neglecting the higher order terms. 

ApHanode ~.~ __0.43i [ 1 _p/ 1 ] 
(buffer) ILA(buffer) LC(buffer) 

- -  ApHcathode [20] 
(buffer) 

Assuming that  ILA(buffer) ~ ILC(buffer) 
I 

ApHanode ~'~ --2 (0.43) [21] 
ILA(buffer) 

The following expression is obtained 

I --0.43 (I) (1 - -  t o n - ) 5  
ApHanode ~'~ --0.43 - -  

(base) /LA(base) DOH-- C~ - f 
[22] 

by expanding the logari thm of the expression for con- 
centrat ion polarization in strong base (6). 

Comparing concentrat ion polarization at the anode 
for example in buffer and in base at the same current  
density 

ApHanode 
(buffer) ILA(base) (C~ - ) DOH-- (1 - -  tB) 

- - - - 2 - -  ----2 
ApHanode ILA(buffer) (C~ DB (1 - -  tOH-- ) 

(base) 
[23] 

As the pH changes vary  inversely with the l imit ing 
current  density, it is obvious that  concentrat ion po- 
larization in buffers will  be considerably greater than 
that  incurred in acids or bases. 

If we consider the case of a buffer system equimolar  
in  each component  having a stoichiometric concen- 
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tra t ion equal to the hydroxide ion concentrat ion,  the 
ratio of the pH changes becomes 

Do~-  (1 - -  tB) ~lanode(buffer) 
(4) = [24] 

DB (1 - -  toH-)  ~anode(base)  

The factor 4 reflects the fact that  the max i mum 
buffering capacity of a buffer solution, one containing 
equimolar  amounts  of each component,  is only Va that  
of a solution of strong base or acid having a hydroxide 
or hydrogen ion concentrat ion equal to the stoi- 
chiometric buffer concentration. 1 Thus, completely ex- 
clusive of mass t ransfer  considerations, the lower in-  
herent  buffering capacity of buffers means that  greater 
pH changes would occur with this electrolyte than 
with strong acids or bases. It  is the cooperative coup- 
l ing of the greater inheren t  buffer capacities of strong 
acids and bases with the abnormal ly  high mobilities of 
hydrogen and hydroxide ion that  make these markedly  
superior electrolytes in minimizing concentrat ion po- 
larization. 

A sample calculation shows that if an electrode ex- 
hibited a concentrat ion polarization of, e.g., 50 my  in 
buffer, the same electrode in base would be polarized 
about 1 my. 

Using tol l -  ~ 0.74 and DKOH ~--- 2.2 X 10 -5 cm 2 sec -1 
and the appropriate values for the buffer system 

APHanode 
(buffer) 

----4 
ApI:'Ianode 

(bass) 

(2.2) • 10 -~ ( 1 -  0.3) 

(0.5) X 10 -5 ( 1 -  0.74) 

~lanode(buffer) 
50 ---- 

~anode (base) 

Tests were conducted on p la t inum electrodes using 
hydrogen as the test reactant  because of its negli-  
gible activation polarization. Galvanostatic perform- 
ance curves were obtained using a Kordesch-Marko 
bridge (9). Consequently,  the measured polarization 
under  load is strictly concentrat ion polarization. Be- 
cause of the necessity for main ta in ing  an interface to 
insure an unimpai red  supply of hydrogen, it is not 
possible to use the idealized electrode model of the 
calculation. This s tructure can be approached by using 
an extremely thin porous electrode such as that m a n u -  
factured by the American Cyanamid Company (10). It  
has been shown that  practically all of the electrode 
catalyst surface area is available for reaction. As these 
electrodes are too porous to main ta in  a stable in ter -  
face, it was necessary to clad the electrodes. The clad- 
ding mater ia l  was a Gelman Acropor Battery Sepa- 
rator (11) which has microscopic porosity (~0.5~). 

A mater ia l  of microscopic porosity ra ther  than  sub-  
microscopic porosity was chosen to simulate more 
closely, the si tuation where the electrode is wetted by 
a s tagnant  film that is in  contact with a bu lk  electro- 
lyte, i.e., the Nernst  boundary  layer  conditions. 

Comparison of the hydrogen performances in phos- 
phate and carbonate buffers, with that in sulfuric acid 
and potassium hydroxide, Fig. 1 shows that  the results 
are in good agreement  with what  Eq. [18], [19], and 
[25] predicted. 

It is readily seen that there is no sensible polariza- 
tion in 3M KOH or 30% H2SO4 at 100 ma /cm 2, for 
example, as opposed to 40 mv in buffer. The fact that  
no polarization occurs in base or acid is taken to mean  
that these electrode structures are not hydrogen 
l imited and that  the polarization in the buffer systems 
is due to ionic mass t ransfer  l imitations.  Although 
finite polarizations occur with buffers, practical cur-  
rent  densities can be attained. 

Effect of electrode structure.--It is of interest  to de- 
t e rmine  if buffers are suitable electrolytes for the 
electrode structures commonly employed in fuel cells. 

Buffer capaci ty  is d e f i n e d  as  the n u m b e r  equivalents  of s trong 
b a s e  o r  a c i d  p e r  l i t e r  r e q u i r e d  t o  p r o d u c e  ~ u n i t  c h a n g e  o2 PH in 
the s o l u t i o n .  
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Fig. I. Unlike strong acids and bases, buffers exhibit finite 
concentration polarizations at practical current densities. Tem- 
perature 80~ Electrode type AA-1 Cyanamid clad with Gelman 
Acropor membrane. 0 |M each KH2P04, K2HPO4; (~ 2JV~ each 
RbH2P04, Rb2HP04; �9 30% H2S04 or 3M KOH. 

For example, fuel cell electrodes using gaseous reac- 
tants cannot  have the active catalytic surface in di-  
rect contact with the bulk electrolyte and at tain ade- 
quate performance levels. If the dissolved gas mole- 
cules are forced to diffuse through a thick l iquid in te r -  
face to reach the catalyst surface, the supply of re-  
actant to the electrode will be insufficient to main ta in  
the electrochemical reaction, and thereby become rate 
controlling. Only if very thin electrolyte films wet the 
catalyst surface can this rate l imitat ion be removed, 
i.e., the electrode must  be interface mainta ining.  I t  
will  be shown, however, that  with buffer electrolytes, 
practical cur rent  densities cannot  be at tained at the 
usual  interface main ta in ing  electrode structures wi th-  
out incurr ing  large ionic concentrat ion polarizations. 

An  example of an interface main ta in ing  a s tructure 
is the membrane  electrode (12). This general ly con- 
sists of thin electrode bonded to a membrane.  The 
membrane  is a th in  sheet or film having submicro- 
scopic pores and is usual ly  organic in nature.  The elec- 
trode cladding the membrane  may be powdered metal  
directly bonded, or may consist of catalyst and binder  
spread uniformly on to a metal  gauze which in tu rn  is 
bonded to the membrane.  

As used in most applications, the uncatalyzed side of 
the membrane  contacts the bu lk  electrolyte. Electro- 
lyte is imbibed by the membrane  al though bulk  flow 
through the membrane  does not occur because it is a 
s t ructure of submicroscopic porosity. The electrolyte 
layer on the catalyzed side of the membrane  is regu-  
lated by the properties of the membrane  as well as be-  
ing stabilized at the junct ion between a fine pore layer  
and a coarse pore layer of the catalyst. Teflon may also 
be mixed with the catalyst to regulate the gas-electro- 
lyte interface further.  

In the following discussion, it will be assumed that 
the membrane  electrode is planar,  that  all  fluxes are 
normal  to the electrode, and that  the steady state can 
be attained. A membrane  electrode as now constituted 
can be considered to consist of three barr iers  to ion 
t ransport  either toward or away from the electrode 
surface. The sequence of these barr iers  considering 
ionic mass t ransfer  from the bu lk  of solution through 
the membrane  to the electrode surface are as follows; 
the s tagnant  electrolyte film on the side of the mem-  
brane  contacting the electrolyte, the membrane ,  and 
the electrolyte film wet t ing the catalyst. 

When a steady-state current  is attained, the value of 
each ionic flux across all  planes paral lel  to the in ter -  
faces is constant. It  is assumed that  a l inear  concen- 
t rat ion gradient  exists across each barrier.  In  addition, 
the membrane  is assumed to be uncharged so that the 
distr ibution coefficient of both electrolytes and non-  
electrolytes is unity.  This coefficient is defined as the 
ratio of the concentrat ion of a species in  the mem-  
brane  to that  in  the external  solution at equil ibrium. 



1204 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  S C I E N C E  D e c e m b e r  1967 

The concentrat ion of the buffer components at the 
electrode electrolyte interface is calculated from the 
flux equations. Thus for a membrane  electrode func-  
t ioning as an anode, the interfacial  concentrat ion of 
the basic component  C'"B is 

I [ ( 1 - -  tB1)81 
C'"B = C ~  [ DB1 

(1 -- tBS) 8~ 
+ 

DB2 

(i--tB3)83 ] 
+ DB3 [25] 

Where DB1, DB2, and DB3, are the diffusion coeffi- 
cients of the basic buffer component  in  the s tagnant  
electrolyte film, the membrane  and the electrolyte 
film wett ing the electrode, respectively. The corre- 
sponding t ranspor t  numbers  in each phase are tB1, tB2, 
and tB3; 51, etc., the corresponding diffusion barr ier  
thicknesses and C~ has its previous meaning.  

This may be generalized for both components in  an 
n -ba r r i e r  system so that  

I 4 (I - -  tBi)Si 
CBn" ~ C O B - - K  i=1 ~' /  DBi and 

I ~ (1 + tAi)Si 
CA n' = C~ Ju -F- i = 1  ~ DAi [26] 

The concentrat ion polarization at the anode is given 
by the equation 

i I ~ .  ( i - -  SBi) 8i 
2.3 R T  C~ F i=1 DBi 

nanode log 
F 

I + (i + tAi)Si 

+ C~ i=I DAi 
27] 

and the limiting current density by 

FC~ 
ILAM = [28] 

(I -- tBi)Si 

i=1 DBi 

Similar  equations are obtained for the case of a 
membrane  electrode cathode. 

It has been general ly assumed that  mater ia l  t rans-  
port across a membrane  resembles diffusion in bulk  
solutions with the following differences. Only the void 
volume, i.e, that volume not occupied by the mem-  
brane  matrix,  is available for solute transport.  The 
tortuosity of the pores makes the average distance 
traveled by the ions in t ravers ing the membrane  
greater than  the average distance t raveled in cross- 
ing the same thickness of pure water  by random 
Brownian  displacements. In  addition, the actual  mo-  
bi l i ty of the diffusing species may be reduced by inter-  
actions with the pore walls. The re tarding effect of 
the membrane  matr ix  can be taken into account by 
using an effective membrane  diffusion coefficient D 
which must  obviously be lower than the diffusion co- 
efficient D of the species in  free solution. Thus, 
refers to both DA2 and DB2. 

There are various models which at tempt to relate 
the diffusion coefficient in the absence of a mat r ix  
with that of the effective in t ra-par t ic le  diffusion coeffi- 
cient of the species in an ion exchange particle (12, 
13). These t rea tments  can be applied to diffusion 
through porous membranes.  Helfferich (14) has es- 
t imated D/D as approximately 5. Most membranes  are 
thicker than  the adherent  film wet t ing their external  
surfaces. The quotient  D52/D~l, where 82 is the mem-  
brane  thickness, 81 that  of the adherent  film, ranges 
from 10 for very  thick membranes  to 200 for a rela-  
t ively thick one, e.g., 0.1 cm. Consequently,  it would 

be expected that even with very th in  membranes,  the 
membrane  will determine the over-al l  rate of t rans-  
port. 

Therefore, the anodic concentrat ion polarization is 
given by the expression 

2182 (i -- t_B2) 

2 .3RT  [ i - - "  C--~B2F ] 
nanode = ~ log [29] +2z82(1- tA~) ] 

F [ 1 C~ 

and the l imit ing anodic current  densi ty by 

C~ 
ILAM -- [30] 

62 (I -- ~B2) 

The limiting current density (/LAM) at a membrane 
electrode is therefore only about i/i0 to 1/200 that 
which can be obtained in the absence of a membrane 
since, e.g., 

ILAM DAI 

ILA DA2 1 

Since the range of the buffer region is inversely 
proportional to the limiting current density, Eq. [21], 
it follows that the buffer range with a membrane elec- 
trode is so compressed as to make this structure en- 
tirely unsuitable for use in a practical fuel cell. 

Using the same experimental set up previously de- 
scribed, membrane electrode systems were tested with 
hydrogen in phosphate buffer, carbonate buffer, sul- 
furic acid, and potassium hydroxide. The membrane 
used was a Nalfilm D-30 membrane made by the Na- 
tional Aluminate Company. A description of its prop- 
erties is available (15). This membrane has a frac- 
tional void volume as measured by water content of 
65% and pores ranging from 30 to 60A in diameter; too 
small to allow convection. Figure 2 shows that the 
retarding effect of the membrane matrix is to reduce 
severely the limiting current density attainable with 
phosphate buffers to impractically low levels. Similar 
results were obtained with carbonate buffers and with 
both buffers on various types of porous diffusion elec- 
trodes. 

No structure effect is evident with sulfuric acid or 
potassium hydroxide. This is because the high effi- 
ciency of hydrogen ion and hydroxide ion in min- 
imizing concentration polarization obliterate the effect 
of structure at practical current densities. Thus for 
example, if the effect of a membrane is to reduce the 
limiting current density in acid by a factor of 10, it 
would still be as high as 600 ma/cm 2 based on pre- 
vious calculations. Consequently, in the practical cur- 
rent density range of 100-400 ma/cm 2 concentration 
polarization would still be small. 

I I I I 

0.2  

o= 0.1s 

0.1C 
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Fig. 2. Dependence of buffer efficiency on electrode structure. 
Temperature 60~ Electrode type AA-1 Cyanamid; O Electrode 
clad with Nalfilm D-30 in 1M each KH2PO4, K2HPO4 buffer; �9 
electrode clad with Gelman Acropor battery separator in phosphate 
buffer; �9 electrode clad with either backing material in 30% 
H2SO4 or 3M KOH. 
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Electrode s t ructure  is, therefore, critical only when  
the electrolyte is a buffer. Strong acids and bases can 
be used with a var ie ty  of s tructures because of their  
high buffering capacity and abnormal ly  high ionic 
mobilities. Concentrat ion polarization with buffer sys- 
tems is markedly  sensitive to electrode s t ructure  be-  
cause they do not have these ra ther  unique  properties 
of acids and bases. 

Buyers and electrolyte soluble fue~ system,s.--With 
an electrode that does not have to main ta in  an  in te r -  
face, a more favorable si tuation for buffer ion mass 
t ransport  exists. For example, when  a soluble fuel 
such as methanol  is oxidized, a relat ively nonporous 
electrode s tructure can be used. The working area of 
the electrode is immersed in and completely wetted 
by the fuel containing electrolyte. The active electrode 
areas are subject to na tu ra l  convection which would 
be augmented by carbon dioxide evolution, when  the 
electrode is under  load. 

Methanol runs  were carried out using p la t inum 
black anodes. The catalyst was made by reduction of 
chloroplatinic acid with potassium borohydride. Elec- 
trodes were fabricated by pressing the freshly pre-  
cipitated p la t inum into 80-mesh p la t inum or gold 
support screens. Anodic activity runs  were obtained in 
neut ra l  phosphate and in weakly alkal ine carbonate  
buffers, each 1M in each buffer component  and con- 
ta in ing  1M in each buffer component  and containing 
1M methanol .  Steady-sta te  current -vol tage  curves 
were obtained with quiescent solutions, and with the 
electrolytes stirred magnet ical ly  at 200 rpm. 

Suppression of ionic concentrat ion polarization by 
st i rr ing allows a more accurate measurement  of the 
true catalytic activity, as well  as a way  to measure 
the major  port ion of the concentrat ion polarization it- 
self. At 60~ for example, s t i r r ing either buffer 
solution produces a polarization decrease of 50 mv  
when the anode is operat ing at 100 ma /cm ~. That  the 
reductions in  anode polarization obtained by s t i r r ing 
are solely that  due to lowering of ionic concentrat ion 
polarization, and not to fuel t ranspor t  l imitat ions can 
readi ly be shown. 

I t  is known  that  s t i r r ing sulfuric acid solutions con- 
ta in ing 1M methanol  has no effect on anode perform- 
ance (16). Studies have also shown that  with methanol  
concentrat ions as low as 0.1M, identical  s teady-state  
current-vol tage  curves are obtained in  quiescent as 
well as st irred solutions in strong acid (16) and strong 
base electrolytes (17). The difference be tween the 
results obtained in strong acids or bases and buffers 
can, therefore, be only due to the concentrat ion po- 
larization in buffers. The use of buffer solutions of 
increased capacity would, as expected, lower concen- 
t ra t ion polarization still further.  This can be accom- 
plished by  simply increasing the buffer concentration,  
or without  changing concentration,  employ buffers 
that  are salts of polybasic acids having successive 
ionization constants that  overlap sufficiently so that  
they do not differ appreciably in magnitude.  

Methar~ol performances were obtained in  st irred and 
unst i r red  solutions of 2M each RbH~PO4, Rb2HPO4, 
and 1M each K3HPsOT, K4P207 solution as an example 
of the lat ter  system. The performance improvements  
obtained in the uns t i r red  higher capacity buffer solu- 
tions were similar to those obtained by s t i r r ing the 
more dilute buffer systems. Consequently,  agi tat ing 
the higher buffer capacity solutions had little influ- 
ence on activity. The comparat ive results showing the 
decreased effect of s t i rr ing wi th  increased buffering 
capacity is given in  Table I, demonst ra t ing  the v i r -  
tual  e l iminat ion of concentrat ion polarization. 

Figures 3 and 4 show that  methanol  activity on plat-  
inum in the in termediate  pH range is comparable to 
or considerably bet ter  than  that  exhibited in strong 
acid medium. That  there is a pH effect on activation 
polarization can be readi ly  seen by the markedly  su-  
perior activity in  carbonate  bicarbonate  buffer. The 
influence of pH on activation polarization wil l  not be 

INTERMEDIATE pH FUEL CELL ELECTROLYTES 

Table I. Effect of stirring and buffer capacity on 
anode performance 
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R e d u c t i o n  of p o l a r i z a t i o n  
(vol ts )  a t  60~ b y  s t i r r i n g  

C u r r e n t  
d e n s i t y ,  1M KHo..PO~ 2M RbH,~.PO4 1M I~I-IP2Oz~* 
m a / c m  s 1M K.,_I-IPO4 2M Rb~HPO~ 1M K ~ O ~  

25 0.020 0.010 0,010 
50 0,040 0.010 0,015 

100 0.050 0,015 0.015 
150 0.050 0,015 0.015 

* P y r o p h o s p h a t e  h y d r o l y z e s  to  p h o s p h a t e ,  b u t  a t  60~ a n d  n e u t r a l  
pH,  h y d r o l y s i s  is  s l o w  e n o u g h  t h a t  s t e a d y - s t a t e  c u r r e n t - v o l t a g e  d a t a  
c a n  be  o b t a i n e d  w i t h  n e g l i g i b l y  low c o n v e r s i o n s  to  o r t h o p h o s p h a t e .  

considered in  this communication,  however. In all 
cases, carbon dioxide evolut ion was observed in  the 
buffer electrolytes at cur rent  densities as low as 5 
ma / c m ~. This is also about the lowest cur ren t  density 
at which evolution can be visual ly  ascertained in acid 
electrolytes. No electrolyte pH changes were observed 
despite high loads sustained for t ime intervals  of suffi- 
cient length to al ter  the electrolyte composition if it 
was not invar iant .  

Conclusions 
Compared to strong acids and bases buffers are in -  

ferior fuel cell electrolytes. They exhibit  considerably 
greater concentrat ion polarizations than,  e.g., acids 
and cannot be used with typical interface main ta in ing  
fuel cell electrodes. Limit ing cur ren t  densities are ex- 
hibited at both anode and cathode, unl ike  acids or 
bases. As buffer ions do not  have the high conduc- 

5F y 
o~ 0"4 ~ 

o.3 I I I I I 
I0 25 50 I00 150 

Current Density, ma/sq cm 

Fig. 3. Methanol performance on p{atinum catalyst in phosphate 
buffer (1M each KH2PO4, K2HPO4, pH = 6.6 at 25~ Methanol 
concentration, 1M. Electrolyte stirred at 200 rpm, O = 60~ 
run, �9 = 80~ run, • = 1M methanol in 30% H.2SO4 at 60~ 
no stirring. 

0.4 ~ ' : i '  I"' . . ~  i_ 

o.2 I I I I I 
I0 25 50 i00 150 

Current D~sity, ma/sq cm 

Fig. 4. Methanol performance on platinum catalyst in carbon- 
ate buffer (1M each KHCO3, K2CO3, pH = 10.2 at 25~ Meth- 
anol concentration, 1M. Electrolyte stirred at 200 rpm, [ ]  
60~ run, �9 = 80~ run, V = 1M methanol in 30% H2SO4 
at 60~ no stirring. 
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tivities of hydrogen or hydroxide ion, ohmic losses 
would be higher in a buffer fuel cell. Where electrode 
s tructure is unimpor tant ,  as in the case of electrolyte 
soluble fuels, buffers are comparable to strong acids 
or bases. 

Practical cur rent  densities have been at tained how- 
ever at novel interface main ta in ing  electrode s t ruc-  
tures with finite but  tolerable concentrat ion polariza- 
tions. The justification for buffer systems is that  
cheaper nonnoble  catalysts uns table  in  acid can be 
assessed for activity in less corrosive media. Buffers 
therefore present  the opportuni ty  to construct prac- 
tical economical fuel cells. 
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The Kinetics of the Fluorination of Beryllium 
Patricia M. O'Donnell 

National Aeronautics and Space Administration, Lewis Research Center, C~eveland, Ohio 

ABSTRACT 

The kinetics of the reaction of sheet bery l l ium and gaseous fluorine to 
form bery l l ium fluoride were studied by means of the pressure drop method 
over the temperature  range of 125~176 and at pressures from 20 to 700 
Torr. The reaction followed the parabolic rate law. Parabolic rate constants 
were calculated, and activation energies are given. The pressure dependence 
is approximately first order with respect to the fluorine pressure. A change 
of slope in the plot of the rate constant  against  reciprocal tempera ture  sug- 
gests a change in the na ture  of the reaction near  525~ Above 525~ the 
crystal  s tructure of the film changes from a-quar tz  hexagonal  to  rhombic 
tridymite.  Beryl l ium is identified as the diffusing species. 

Beryll ium, because of its light weight, h igh- tem-  
perature  strength, thermal  conductivity,  and neu t ron-  
moderat ing characteristics, is of interest  for applica- 
t ion in  reactors, satellites, and future  supersonic 
aircraft. The bery l l ium-oxygen  reaction has been ex- 
tensively studied, and it involves the outward diffu- 
sion of bery l l ium ions (1). At high temperatures  the 
ini t ia l ly  protective oxide film is no longer protective 
(2) because of the onset of breakaway oxidation. Sev- 
eral other beryl l ium-gas  reactions have been invest i-  
gated (3) including the reactions of bery l l ium with 
carbon monoxide and with carbon dioxide (4). Al-  
though data appear in the l i terature (5, 6) concerning 
the thermodynamic  properties of bery l l ium fluoride, 
little is reported on the kinetics of the bery l l ium 
fluorine reaction. This work presents the kinetics of 
the reaction of fluorine with bery l l ium and the effect 
of temperature  and pressure on the reaction rate. 

Experimental 
The exper imental  apparatus and the procedure used 

to measure the rate of f luorination are described in 
(7). The h igh-pur i ty  bery l l ium test pieces were strips 
measur ing 1.27 x 15.24 x 0.012 cm with a 0.5 cm diam- 
eter hole dril led in one end f o r  handling.  The strips 

were treated with a solution of HF-HNO3 during 
manufacture  by the supplier. Immediate ly  before be-  
ing inserted into the fluorine system the strips were 
washed with detergent  (8), distilled water, and fin- 
ally an acetone rinse. This procedure was followed as 
a safety measure in order to avoid any possibility of 
contamination.  The strips were preheated for 0.5 hr  
at 525~ After reaction the products were character-  
ized by x - ray  diffraction and cross-section metal logra-  
phy. 

Results and Discussion 
In  Fig. 1 and 2 the reaction is shown to follow the 

parabolic rate law y2 ~ kt, where y is the amount  of 
fluorine consumed (at STP) per uni t  area of bery l -  
l ium surface (ml/cm2),  k is the parabolic rate con- 
stant, and t is the t ime (min) .  All  the data over the 
tempera ture  and pressure ranges studied can be de- 
scribed by this parabolic rate law. Solid symbols rep-  
resent  duplicate runs  and show the reproducibi l i ty  of 
the data. A reaction similar to breakaway oxidation 
was not found with fluorine; the film cont inued to be 
protective. 

The values of the parabolic rate constants are listed 
in Table I. The parabolic rate constant is plotted as a 
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Fig. 2. Effect of pressure on fluorlnaton of beryllium 

function of t empera tu re  at a pressure of 200 Torr  in 
Fig. 3. In this figure the rate  of react ion shows a 
negat ive  t empera tu re  dependence in the l ow- t empera -  
ture  range. This behavior  is not un ique  because in 
heterogeneous systems where  the ra te  of react ion is 
de termined by diffusion in a solid layer  a simple 
t empera tu re  dependence of the net process is not al-  
ways found. Reactions of this type  are complex proc- 
esses involving the diffusion of at least one ion and 
electrons across the film through accessible diffusion 
sites. The number  and accessibility of these sites can 
change at different tempera tures ;  thus, the rate  of re-  
action can decline wi th  rising temperature .  The  effect 
shown in this region is. not due to the exper imenta l  e r -  
ror. A var ia t ion  of this amount  in k would  represent  
grea ter  than  a 60% er ror  in de termining  the amount  of 
fluorine consumed. This is far  outside the precision of 

Table I. Summary of temperature and pressure conditions 
and calculated parabolic rate constants 

Parabolic rate 
Temper -  Pressure,  constant ,  k, 
a ture,  ~ Torr  (ml /cm ~)=/min 

125  2 0 0  1 .05  • 10  -~ 
2 2 5  2 0 0  0 , 9 4  x 10  -5 
525 60 0 . 2 0  • 10 -5 

200 0.69 X 10-~ 
630 3.77 • l p  ~'5 
700 5.70 X 1~-~ 

575 200 3.30 • 10 -~ 
0 2 5  200 17.0 • 10 ~ 

030 41.0 x i0  ~ 
675 20 4,03 x I0 ~ 

40 9.70 x I0 -5 
60 16.30 x 10 ~ 

200 69.20 • 10 -~ 
775 60 130 x I0-5 

200 280 X 10-5 

the determinat ion.  F rom duplicate runs in the low-  
tempera ture  region the average deviat ion in k is (0.03 
x 10 -5 ml /cm2)2/min .  There  are many examples  in 
the l i t e ra ture  where  oxidation rates have been found 
to decrease wi th  increasing t empera tu re  so that  the 
equat ion k ---- a e x p - - ( A H / R T )  yields an apparent  
negat ive  act ivat ion energy. A good explanat ion for 
this is not available.  It could be suggested that  the 
effect is due to changes brought  about possibly by 
ageing or sintering of the react ion film. A break  in 
the curve  appears at 525~ At  this point the act iva-  
t ion energy (~Ha) changes f rom - - 0 . 8  kca l /mole  at 
the low tempera tu res  to 8 kca l /mole  at the high t em-  
peratures.  Al though this va lue  for the act ivat ion en-  
ergy appears low when compared to oxidation reac-  
tions it is not low when  compared to the AHa values 
of other  fluorination reactions reported in the l i te ra-  
ture. An example  is the fluorination of nickel  wi th  a 
repor ted  act ivat ion energy of 5 kca l /mole  (9). The 
fol lowing equations define the var ia t ion of the rate  
constant in the two t empera tu re  ranges 

k =.0.4x10 -5 exp (800/RT) 
(ml /cm2)2 /min  for 125~176 [1] 

k ---- 1.5x10-2 exp ( - -8000 /gT)  
(ml /cm2)2 /min  for 525~176 [2] 

where  k is the ra te  constant, R is the gas constant, 
and T is the absolute tempera ture .  

A log-log plot of the rate  constant as a function of 
the fluorine pressure  is shown in Fig. 4. The react ion 
is approximate ly  first order  wi th  respect to the fluo- 
r ine  pressure. The values  are k = 7.404x10 -9 p1.3 at 
525~ and k ---- 1.019x10 -6 pz.2 at 675~ 

The low- t empera tu re  film is identified as ~-quartz  
hexagonal  BeF2, and the h igh- t empera tu re  film is 

400xlO -5 

eL. 

' !8 1.2 1.6 2.0 2.4 2.8X10 "3 
Reciprocal temperature, ~ 

Figure 3. - Effect of temperature on parabolic rate constant. 
Pressure, 200 tort .  

Fig.  3 .  E f f e c t  o f  t e m p e r a t u r e  on p a r a b o l i c  r a t e  c o n s t a n t .  Pres -  
sure,  2 0 0  T o r r .  
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identified as rhombic t r idymi te  BeF2 (10). A study 
was made of the reaction of a -quar tz  BeF2 wi th  fluo- 
r ine gas at a t empera ture  of 675~ and a fluorine 
pressure of 200 Torr. No apparent  change was ob-  
served in that  no rhombic t r idymi te  form was found. 
This observat ion would lead to the assumption that  
for the h igh- t empera tu re  reactions the o-quar tz  hex-  
agonal BeF2 is not formed first and then conver ted to 
the t r idymite  form but that  the t r idymite  BeF2 is 
formed directly. Fi lms formed at low tempera tures  
were  dull, nonreflecting surfaces, whi le  those pro-  
duced at high tempera tures  resembled shiny mirrors.  
Reacted metal  strips are shown in Fig. 5 and 6. F igure  
5 shows a reacted metal  strip af ter  fluorine exposure 
at a t empera tu re  of 625~ and a pressure of 630 Torr. 

Fig. 6. Cross section showing beryllium fluoride coating. X500. 
(Reduced 50% in printing.) 

Etched cross sections of the strip show that  the reac-  
tion is not a grain boundary at tack but is a t rans-  
granular  attack. The photomicrograph in Fig. 6 is a 
cross section showing the BeF2 coating. The boundary 
between the bery l l ium and the BeF2 is not wel l  de- 
fined, but beryl l ium is seen as light areas extending 
into the film. If the gas was the p r imary  diffusing 
species, one would expect  a sharp, wel l -def ined in ter -  
face as was observed previously in the fluorination of 
iron (11). The appearance of Be in the film could 
suggest that  outward diffusion of bery l l ium is taking 
place. Another  exper imenta l  technique used to deter -  
mine which species, meta l  or nonmetal ,  was the pr in-  
cipal diffusing species was to de termine  whe the r  two 
films of the same material ,  beryl l ium fluoride in this 
case, growing toward each other  would fuse into one 
continuous film or whe the r  there  would be an in ter -  
face formed between the films (12). If the meta l  were  
the principal  diffusing species and the react ion site 
was at the gas/f i lm interface, the two surfaces would 
fuse together  as the metal  species from one film mi-  
grated into the other  film. If however  the nonmetal  
were  the principal  migra t ing  species, the two films 
would come together  but would  not fuse resul t ing in 
an interface between the two films. Two beryl l ium 
strips were  clamped together  along the 1.27 cm side 
with a 0.012 cm thick Monel r ibbon inserted be tween 
the plates to form a small  wedge angle. The sample 
was fluorinated at 675~ at 400 Torr. F igure  7 shows 
a cross section of the polished sample which reveals  
that  the surfaces have fused together,  suggesting that  
the meta l  ra ther  than the nonmeta l  is diffusing dur ing 
fluorination at high tempera ture .  The approximate  
first order pressure relat ionship associated wi th  a 
parabolic ra te  law is unusual  and could be explained 
by suggesting that  the diffusing species is an inter-  
stitial fluorine molecule;  however ,  present  exper i -  
menta l  evidence does not indicate this. 

Manuscript  received Apri l  5, 1967; revised manu-  
script received J u l y  28, 1967. This paper was presented 
at the Phi ladelphia  Meeting, Oct. 9-14, 1966. 

Fig. 5. Reacted metal strip after fluorine exposure. Temperature, Fig. 7. Cross Section showing that surfaces have fused together. 
7 o 625~ pressure, 630 Tort. (Reduced 40% in printing.) X 5. (Reduced~55~ in printing.) 
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Any  discussion of this paper wilI appear  in a Discus- 
sion Section to be published in the June  1968 JOURNAL. 
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Infrared Studies of Protective Films Formed 
by Acetylenic Corrosion Inhibitors 

G. W .  Poling 

Research and Technical Department, Texaco Inc., Beacon, New York 

ABSTRACT 

Infrared  spectra of surface films formed on iron and steel mirrors  by 
propargyl  alcohol, acetylene, and e thynyl-cyclohexanol  acid corrosion in-  
hibitors were recorded using a mult iple  reflectance technique. These spectra 
showed that the acetylenic molecules reacted at the metal  surfaces in  HC1 
solutions to produce protective polymer film coatings. Corrosion protection 
increased markedly  as the polymer coatings grew from near ly  two-d imen-  
sional, adsorbed layers to films 20~ ~ thick. Saturated hydrocarbon ma-  
terial composed the major i ty  of these films. Hydrogen evolved by the acid 
corrosion reaction probably part icipated in hydrogenat ing adsorbed acetylenic 
species. The polymer also contained several polar species including hydroxyl  
and carbonyl  groups. Increased carbonyl  content  appeared to decrease the 
protectiveness of these films. 

Acetylenic alcohols effectively inhibi t  the acid cor- 
rosion of metals such as iron, a luminum,  and zinc. The 
carbon-carbon tr iple bond has been shown (1) to act 
as the focal point  in the inhibi t ing action of acetylenic 
derivatives. Several  investigators (1-3) have pro- 
posed that  the acetylenic molecules chemisorb on 
the metal  surface to form a protective film one mono-  
layer thick. This chemisorption is believed to involve 
sharing of ~ electrons in the tr iple bond with metal  
atoms at the surface. Recent studies have indicated 
that the protective films may instead consist of prod- 
ucts of the reaction of these inhibitors at the metal -  
acid interface. Duwell,  Todd and Butzke (4) found 
hydrogenat ion and dehydrat ion reaction products in  
heptane extracts of acid-iron powder-e thynylcyclo-  
hexanol  (C6H10OHC--CH) reaction mixtures.  Puti lova,  
Rudenko, and Terentev (5) used a similar solvent ex- 
traction technique to show that acetylene reacted at 
iron-HC1 interfaces to form thick polymolecular  films 
on the iron. Electrochemical studies by Duwell  (3) 
and Froment  and Desestret (6) indicate that  acet- 
ylenic compounds act pr imar i ly  as cathodic inhibi tors  
in acid solutions. Opposing results have been pub-  
lished by Okamoto et al. (7) who found that propar-  
gyl alcohol inhibi ted pr imar i ly  the anodic react ion of 
steel in HC1 solutions. 

This paper describes an infrared s tudy of the surface 
films formed by propargyl  alcohol (HC-CCH2OH),  
acetylene (HC--CH) and 1 -e thyny lcyc lohexan- l -o l  
(C6H10OHC-CH) inhibitors on i ron and steel mirrors  
in HC1 solutions. A mul t ip le  reflectance technique has 
been used so that  spectra of films left intact  on acid- 
exposed metal  mirrors  could be recorded. These spec- 
t ra  have provided direct evidence on the composition, 
structure, and thickness of the protective films. De- 
terminat ions  of mir ror  corrosion rates have enabled 
correlat ion of the inf rared  data wi th  corrosion inhib i -  
tion efficiencies. Our results indicate that acetylenic 

inhibitors react at iron or steel-HC1 interfaces to form 
polymer film coatings that  can grow to several  hun -  
dred angstroms thickness. The protectiveness of these 
films increased markedly  as they grew in thickness. 

Experimental 
Recording infrared spectra.--Figure 1 shows a sche- 

matic drawing of the mul t ip le  reflectance accessory 
that  was used with a Beckman IR-12 spectrophotom- 
eter to record the spectra of th in  films formed on two 
meta l -mi r ror  corrosion test specimens, M4 and Ms. 

M MI, M~, M6 = 38xLI5 mm 

M3 ~ -'~, , , . , '~ , ~ ,  ~, = 51~38 

M o n o c h r o m o t o r  S o u r c e  

Housing H o u s i n g  

" ' ~ i  2" I S 

MT 

Fig. 1. Multiple reflectance optical arrangement 
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This accessory produced seven reflections at 73 ~ in- 
cidence f rom the two meta l  sample mirrors.  All  other  
mirrors  in the sample beam path were  f ront -sur faced  
aluminum. Mir ro r - imaged  but otherwise  identical  op- 
tics were  provided in the reference beam path to 
maintain  optical balance in the double-beam spectro-  
photometer .  Spectra  of surface films formed on the two 
sample mirrors  M4 and M5 were, therefore,  recorded 
differential ly to two similar  reference  mirrors  M4' and 
Ms'. These reference  mirrors  were  mainta ined in their  
f reshly polished condition throughout  the experiments .  
The reflectance accessory was enclosed in a plexiglas 
cover  so that  the ent i re  optical path could be purged 
free of in ter fer ing water  vapor  using dry air or n i t ro-  
gen. The accessory was designed to enable the IR-12 to 
record spectra of surface films as thin as one monolayer  
on sample mirrors  that  had sometimes become slightly 
roughened due to their  exposures to the test solu- 
tions. Achieving  monolayer -de tec t ing  sensi t ivi ty also 
required the instal lat ion of an efficient inf rared  po- 
lar izer  in the monochromator  section of the IR-12. 
Use of ordinate scale expansion facilities up to 20X 
expansion was also necessary. Details of the theory  
and practice of the mult iple  reflectance infrared tech- 
nique have been clearly presented in papers by F ran -  
cis and Ellison (8) and by Greenler  (9). 

Mult iple reflectance spectra could not be recorded 
whi le  the sample mirrors  M4 and M5 were  immersed  
in the acidic test solutions due to intense absorption 
of the infrared l ight by such solutions. Instead spectra 
f rom these mirrors  were  recorded before and after  
their  exposure to the inhibited acid test solutions. 
Differences be tween  these spectra were  due main ly  to 
absorption of the infrared light by thin surface films 
that  the acetylenic inhibitors had formed on the 
sample mirrors.  The abil i ty to record spectra of films 
as thin as one monolayer  was demonstra ted by re-  
cording a recognizable spectrum of a single monolayer  
of bar ium stearate. This monolayer  film had been de- 
posited on two a luminum sample mirrors  using the 
Langmui r -Blodge t t  technique. 

Materials and procedures.--Two Armco iron or mild 
steel (1020) sample mirrors  (3 x lY2 in. and 2 x lY2 by 
1/8 in. t h i c k ) w e r e  used in each inhibi tor  test. Mirrors 
were  prepared  f rom metal  plates ei ther  by mechanical  
lap polishing, using ~Fe203 polishing grit  or by elec- 
tropolishing (10), in a 20/1 glacial acetic acid to 70% 
perchloric  acid solution. 

Propargyl  alcohol and acetylene were  obtained f rom 
Matheson, Coleman and Bell. The acetylene was pur i -  
fied before use by passing it through H2804 and then 
through a column of act ivated alumina. 1-e thynylcy-  
c l o h e x a n - l - o l  was obtained f rom Air  Reduction Com- 
pany. No significant impuri t ies  were  detected in the 
infrared spectra of these pure inhibitors. 

Mult iple reflectance spectra of f reshly polished 
sample mirrors  were  first recorded to serve as back-  
ground spectra. These were  flat and featureless since 
spectra of the two sample mirrors  were  recorded dif-  
ferent ia l ly  to two s imilar ly  prepared reference mi r -  
rors. The two sample mirrors  were  then immersed  in 
the inhibited acid test solution in a l - l i t e r  P y r e x  
react ion flask. All  joints to this flask used Vi ton-A 
O-r ing  seals. A bubbler - tube  extended to the bot tom 
of the flask for purging the solution. The solution was 
magnet ica l ly  stirred. Normal  use of 500 ml  of acid 
solution provided 4.6 ml  ac id /cm 2 of exposed meta l  
specimen. 

Most inhibi tor  tests were  conducted in 10% HC1 
(3.3N) at 65 ~ •176  with  the solutions deaerated by 
continuously purging wi th  h e l i u m  or argon. Exposure  
t imes var ied f rom a few minutes to several  days. In-  
hibitor concentrat ions of ca. 9 x 10-2M were  general ly  
used. In tew acetylene as an inhibitor,  the acid was 
mainta ined saturated wi th  this gas. Af te r  the desired 
exposure, the sample mirrors  were  removed  from the 
flask, immedia te ly  rinsed in distil led water ,  and dried 
at room temperature .  Their  mult iple  reflectance spec- 

t rum was then recorded and compared with  the origi-  
nal  background spectrum to detect any organic film 
formation.  

In most tests, corrosion by the inhibited HC1 was so 
uni form that  the sample mir ror  reflectivities were  
pract ical ly  unaffected by exposures last ing several  
hours. When the mi r ro r  surfaces were  roughened,  in-  
creased l ight  scat ter ing caused loss of inf rared energy 
over  the entire spectral  region (4000-400 Cm-1).  This 
energy loss was more pronounced at the higher  f re-  
quencies (cm -1) which was characterist ic of a light 
scat ter ing phenomenon.  These energy losses were  
therefore  readi ly  distinguished f rom the sharp ab- 
sorption bands due to an organic film on the mirrors.  
The spectra presented in this paper were  replot ted to 
subtract  spectral  changes due to increased l ight  scat- 
tering. 

Corrosion rates of the meta l  mirrors  were  deter-  
mined by periodical  r emova l  of 3-5 ml aliquots of the 
acid solution for atomic absorption spectroscopic anal-  
ysis for iron. 

Inhibi tor  tests were  also made at other  than the 
"s tandard"  conditions cited above. These included HC1 
concentrat ions f rom 1.7 to 12N, tempera tures  f rom 22 ~ 
to 93~ and exposure of the acid solution to air. 

F i lm thickness calculations have been based on 
application of the Bee r -L am ber t  law to the measured 
intensi ty of the C-H stretching bands in the organic 
films. Est imation of appropr ia te  absorption coeffi- 
cients were  der ived f rom Greenler ' s  (8) data. Ran-  
dom orientat ion of the C-H groups, wi th  respect  to the 
incident  and reflected infrared beam, was assumed. 
Even if the C-H groups were  preferent ia l ly  oriented 
with  respect to the metal  surfaces, microroughness  of 
these surfaces would probably  produce random ori-  
entat ion with respect  to the infrared beam. 

Resul ts  
Propargyl alcohol inhibitor.--Spectra of f i lms . - -Fig-  

ure 2A shows an infrared spectrum of pure l iquid 
propargyl  alcohol inhibitor  together  with assignments 
(11) of its major  absorption bands. F igure  2B shows 
a spectrum of the film formed on Armco iron mirrors  
dur ing their  23-hr exposure to hel ium purged 3.3N 
HC1 solution at 65~ containing 8.7 x 10-2M propargyl  
alcohol. The zero absorbance level  in this figure repre-  
sents the init ial  "background"  spectrum of the mi r -  
rors prior  to their  test exposure. Spect rum B is typical  
of many spectra that  resulted f rom similar  tests of 
propargyl  alcohol for exposure  t imes ranging from 
15 min to several  days. Absorpt ion band intensities, 
which were  direct ly  proport ional  to film thicknesses, 
increased with  the length of the exposure. Based on 
the intensi ty of the 2930 cm -1 CH2 band in spectrum 
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B, this organic film was calculated to be about 60A 
thick. This would  be equiva len t  to near ly  15 mono-  
layers thickness of the added inhibi tor  molecules. 

Direct  comparison of spectra A and B of Fig. 2 in-  
dicates that  the organic film consisted of react ion 
products of propargyl  alcohol ra ther  than chemi-  
sorbed inhibi tor  molecules. Acetylenic  ( H - - C - - C - - )  
groups were  not present  in the film as evidenced by 
absence of characteris t ic  bands at 3290, 2120, and 645 
cm -1. In addition, the film exhibi ted bands that  were  
not present  in the  spectrum of the inhibi tor  (A) .  
These new bands and thei r  assignments are as follows 

2960 cm -1 - -  CH8 stretch (11) 
1710 cm -1 - - ~ C = O  stretch 

r ~C=C~- stretch 
--1620 cm - I  - -  over lapping ~ t t - - O - - H  bend 

t C O O F e  stretch 
520-620 cm -1 - -  F e - - O  stretch 

The above assignments are based on reference to 
characterist ic group frequencies  (11) and on the fol-  
lowing tests of the films. React ing amines with the 
films decreased the intensi ty of the 1710 cm -1 band 
and confirmed its assignment to carbonyl  groups; i.e., 
~ C = O + H f N R ~ C = N R + H f O .  Contr ibut ion of a 
small  amount  of residual  olefin ( ~ C = C < )  to the 
~1620 cm -~ band was indicated by the observat ion 
that  exposure to ozone decreased the 1620 cm -1 band 
intensi ty whi le  the --1710 cm -~ carbonyl  band was 
marked ly  enhanced, i.e., 3 [ ~ C = C ~ ]  + 2 O3 --> 
6(~C----O). Evidence for contr ibut ion of iron carbox-  
ylate ( - -COOFe)  groups to the ~1620 cm -1 band is 
presented later. Assignment  of the 520-620 cm -1 bands 
to Fe -O stretching modes is based on reference  to 
spectra (12) of  iron oxide compounds. 

Physical properties of films.--Protective fi]ms formed 
by propargyl  alcohol on iron proved to be highly in- 
soluble, nonvolati le,  and strongly adher ing.  Solvents  
tested included n-heptane,  benzene, acetone, chloro-  
form, pyridine, and 3.3N HC1 solution. Of these, only 
acetone and chloroform dissolved appreciable film 
material .  These solvents were  able to ext rac t  only 
about one- th i rd  of the film. A 1-hr exposure of film- 
covered mir rors  to uninhibi ted 3.3N HC1 at 22~ did 
not remove  appreciable film material .  No significant 
evaporat ion of film mater ia l  to vacuum was detected 
below a t empera tu re  of approximate ly  250~ At 
350~ most of the film was removed  wi th in  1 to 2 hr. 
The small  amount  of residual  film exhibi ted broad 
bands at 1, 1590 cm -1, 2, 1430 cm -1, 3, 1070 cm -1, and 
4, 400-60{) c m - t  Bands 1 and 2 are  characterist ic of 
iron carboxyla te  ( - -COOFe)  species. Band 3 is be- 
l ieved due to C-O stretch in iron alkoxide groups 
( - -COFe)  (13). Bands in the 400-600 cm -1 region are 
ascribed to Fe-O stretching modes in iron alkoxide 
and iron oxide groups. These stable species thus ap-  
pear to have  been concentrated at the organic film- 
iron (iron oxide) interface. 

The film coated iron mirrors  were  observed to be 
hydrophobic on thei r  r emova l  f rom the he l ium purged 
HC1 test solutions. Af te r  a short rinse in disti l led 
water ,  the mirrors  became hydrophi l ic  even though 
the organic film persisted on the mi r ro r  surfaces. This 
indicated that  air oxidation could have  caused this 
conversion by the product ion of polar  groups at the 
surface of the organic films. To test this theory,  an ex-  
per iment  was conducted in which  air contact  of the 
mirrors  was eliminated. The acid-exposed mirrors  
were  t ransfer red  f rom the reactor  flask to an inf rared  
gas cell wi thin  a hel ium-f i l led dry box. The spectrum 
of this film was similar  to that  shown in Fig. 2B 
(which was recorded in air) except  that  the 1710 cm -1 
carbonyl  band was about 50% tess intense. Subsequent  
addit ion of oxygen to the gas cell, containing the i ron 
mirrors,  resulted in an immedia te  50% increase in the 
intensi ty of the carbonyt  band. The spectrum did not 
change fur ther  on expos ing  the mirrors  to air for sev-  
era l  days. This expe r imen t  indicated that  approxi-  
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Fig. 3. Time dependence of protective film growth and corrosion 
rotes, for iron in 10% HCI at 65~ with 8.7 X I 0 -2M propargyl 
alcohol. 

mate ly  one- th i rd  of the carbonyl  content  of films that  
were  exposed to air  was probably  due to air  oxidation 
reactions. 

Corrosion rate vs. film thickness.--Figure 3 shows how 
the corrosion ra te  decreased as the thickness of an 
organic film formed b y  propargyl  alcohol increased. A 
replot  of these curves has shown that  the logar i thm of 
the corrosion ra te  exhibi ted a l inear  dependence on 
film thickness up to 50A which was n e a r  the l imit ing 
film thickness. Under  similar  conditions (hel ium 
purged 3.3N HC1 at 65~ but wi th  no inhibi tor  pres-  
ent, the corrosion rate  steadily increased wi th  ex-  
posure time. A rate  of 10,000-12,000 mils per year  
(mpy) was at tained within  a few hours exposure of 
the "blank"  iron specimens. 

F igure  4 shows how the corrosion protection in-  
creased as the organic film grew in thickness. 

Per  cent protect ion 
= ( uninhibi ted ra te- inhib i ted  ra te  ) 

100 uninhibi ted rate  

Results are shown for tests of propargyl  alcohol in 
both hel ium purged and a i r -exposed 3.3N HC1 solu- 
tions. These curves show that  the organic films became 
highly protect ive (i.e., >99%)  only af ter  they had 
grown to thicknesses equiva len t  to many  molecular  
layers.  Near  one monolayer  thickness, the films ap-  
peared to confer 80-90% protection. F igure  4 i l lus- 
trates that, at equal  thicknesses, films formed in air-  
exposed HC1 solutions w e r e l e s s  protect ive than those 
formed in solutions free of oxygen. Differences in the 
composit ions of these films are described in the fol-  
lowing section. 

Egects of varying exposure conditions.--Acid expo-  
sure conditions such as concentration, tempera ture ,  
and oxygen avai labi l i ty  have  been var ied  to study 
their  effect on the composition, growth rat~, and pro-  
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Fig. 4. Corrosion protection vs.  protective film thickness 
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Table I. Results of varying exposure conditions on corrosion inhibition 
by propargyl alcohol (8.7 x 10-2M) in HCI solutions 

E x p o s u r e  c o n d i t i o n s  

A c i d  Temp,  S o l u t i o n  E x p o s u r e  
T e s t  M e t a l  m i r r o r  c o m p o s i t i o n  conc, % ~ p u r g e  t ime ,  h r  

I.R. spec t ra  of f i lms 

F i l m  I n h i b i t o r  
t h i c k -  Cor ros ion  % 

hess,  A R e m a r k s  on I.R. spec t ra  ra te ,  m p y  p r o t e c t i o n  

A r m c o  i ron  m e c h a n i c a l l y  p o l i s h e d  10 65 H e l i u m  
A r m c o  i ron  m e c h a n i c a l l y  p o l i s h e d  10 22 H e l i u m  

A r m e o  i ron  m e c h a n i c a l l y  p o l i s h e d  15 93 H e l i u m  
A r m e o  i ron  m e c h a n i c a l l y  p o l i s h e d  10 65 A i r  

5 A r m c o  i ron  e l e c t ropo l i s he d  10 65 H e l i u m  
6 1020 steel  m e c h a n i c a l l y  p o l i s h e d  10 65 H e l i u m  

a U n i n h i b i t e d  co r ros ion  r a t e s  we re  no t  d e t e r m i n e d  for  these  cond i t ions .  

19 57 As  s h o w n  in  Fig .  2B 11 99.9 
16 8 Ve ry  s i m i l a r  to Fig .  2B 3 94.0 
38 24 2 96.0 

11/4 35 Very  s im i l a r  to  F ig .  2B 180 __ a 
17 ]00 S i m i l a r  to Fig .  2B e x c e p t  83 99.1 

1710 cm-1 C = O  b a n d  
ca-3X as i n t ense  

13 56 Very  s i m i l a r  to  Fig .  2B 16 99.9 
19 48 Very  s i m i l a r  to Fig .  2B 9 99.9 

tectiveness of the organic films. Results have also been 
obtained using both mechanical ly  and electrolyt ical ly  
polished Armco iron and mild steel sample mirrors.  
Table I summarizes these results. Typical  data for the 
standardized exposure conditions (test 1 of Table I) 
are included for compara t ive  purposes. The growth 
rates of the films were  h ighly  dependent  on the ex-  
posure conditions. F i lm compositions were  found to be 
re la t ive ly  independent  of changing conditions. Test 4, 
with the HC1 test solution exposed to the air, was the 
exception. The films f rom this test exhibi ted consid- 
erably  higher  carbonyl  content  than those formed in 
oxygen- f ree  solutions. In spite of the fact that  the test 
No. 4 film grew to be thicker  than the others, it was 
less protect ive as shown in Fig. 4. 

Acetylene inhibitor.--Infrared analyses of films 
formed on iron by acetylene in HC1 solutions were  
made to help elucidate the film format ion  mechanisms. 
Figure  5 (A and B) shows spectra of the acetylene gas 
that  was used as an inhibitor.  The three  major  bands 
in these spectra are due to - -C-H stretching and 
bending modes in the C2H2 molecule. Exposure  of 
Armco iron mir rors  to an acetylene saturated, 5% HC1 
solution ( ~ l . 7 N )  for 41/4 hr  at 47~ fol lowed by an 
additional 1% hr at 57~ produced a film which ex-  
hibited spectrum C of Fig. 5. This film was calculated 
to be about 40A thick. 

The differences be tween  the spectra of the acetylene 
inhibitor  and the film that  it formed on iron are ve ry  
striking. There is, however ,  a close s imilar i ty  be tween 
the spectrum of the acety lene-formed:  film (Fig. 5C) 
and the spectrum of the film formed f rom propargyl  
alcohol (Fig. 2B). Comparison of these spectra shows 
differences only in re la t ive  band intensities. This indi-  
cates that  the compositions of the films formed by 
these two inhibitors were  very  similar, i.e., both films 
contained the fol lowing groups: - - O H  (3410 c m - 1 ) ;  
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Fig. S. Spectra of A & B acetylene~gas; C, film formed on iron 
in HCI by acetylene. 

CH.~ (2960 c m - 1 ) ;  CH2 (2930 and 2870 c m - 1 ) ;  > C = O  
(1705 cm -1) ;  - -COOFe  (~-,1600 cm -1 shoulder) ;  
- - C - - O - - F e  (1010-1100 cm -1) and Fe -O (400-600 
c m  - 1 )  . 

Benzene extract ion of the organic film succeeded in 
removing  about one half  of the original film material .  
No appreciable decrease in bands a t t r ibuted to iron 
carboxyla te  (~1600 and 1430 c m - 1 ) ,  iron alkoxide 
(1000-1100 cm -1) or iron oxide (400-600 cm -1) re-  

sulted from this extraction.  
In the 47~ exposure described above, the i ron mir -  

rors corroded at a rate  of 12 mpy. The subsequent  
10~ tempera tu re  rise to the 57~ exposure did not 
alter this corrosion rate. 

Ethynylcyclohexanol inhibitor.--Films formed on 
iron by this cyclic acetylenic alcohol were  much more 
readi ly  extracted by solvents than those previously 
mentioned. By observing the inf rared  spectra of the 
residual  films after  successive extractions,  we  have 
obtained informat ion on variat ions of composition 
through the f i lm .  Figure  6 presents typical  spectral  
results. Spect rum A is that  of the pure e thynylcyclo-  
h e x a n o l  inhibitor. The films, formed by exposing two 
mechanical ly  polished Armco iron mirrors  for 16 hr  
to an oxygen- f ree  3.3N HC1 solution at 65~ with  
7.2 x 10-2M e thynylcyc lohexanol ,  exhibi ted spectrum 
B. This film was calculated to be about 470A thick. 

Comparison of spectra A and B Of Fig. 6 indicates 
that  the re la t ive ly  thick organic films consisted of 
products of the react ion of e thynylcyclohexanol  at the 
surface. Similar i ty  of the C-H stretching bands (2940 
and 2860 cm -1) a n d  C-H bending bands (1450-900 
cm -1) in these two spectra suggested that  the eyclo- 
hexyl  r ing s tructure was re ta ined in the organic film. 
Apar t  f rom this feature  and the absence of CH.~ groups 
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Fig. 6. Spectra of A, ethynylcyclohexanol--liquid; 8, film formed 
on iron in HCI by ethynylcyclohexanol; after extraction by C, hep- 
tane, D, acetone; E, 10% HCI. 
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Table II. Spectral data on solvent extractions of protective film 
formed by ethynylcyclohexanol on iron in HCI solution 

B a n d  pos i t ion ,  cm-t  3400 2940 2860 1710 1673 1640 1580 1450 1075 510 

Spec- B a n d  a s s i g n m e n t  - - O H  CH~ CH:  > C = O  C - C  C - C  - - C O O F e  CH~ COFe F e - - O  
t r u m  - - C O O F e  

B In i t i a l  f i lm band  ab-  
so rbances  0.045 0.32 0.16 0.11 0.09 0.07 ~0 .04  0.14 0.07 0.10 

C Af t e r  h e p t a n e  extr .  
% o r i g i n a l  i n t e n s i t y  i00  34 32 36 33 30 i00  39 50 90 

D Af t e r  acetone  ex t r .  

% o r i g i n a l  i n t e n s i t y  56 9 9 --9 ~ 9  l0  100 10 4:3 90 
E A f t e r  HCI ext r .  

% o r ig ina l  i n t ens i t y  - -  5 5 . . . . .  29 40 

(no bands at 2960 and 1370 cm-1 ) ,  the composition of 
these films appears similar  to those formed by pro-  
pargyl  alcohol (Fig. 2B) and by acetylene (Fig. 5C). 

Spectra C, D, and E of Fig. 6 were  exhibi ted by 
residual films after successive extract ions in n -hep-  
tane, acetone and 10% HC1 solutions, respectively.  
Spectra C and D were  recorded after the mirrors  had 
been immersed in each organic solvent  unti l  no fur -  
ther dissolution occurred at 22~ Exposure  to 10% 
HC1 (at 22~ lasted 10 rain. Table II summarizes 
the results of these extractions.  The tabulat ion of 
spectrum C shows that  n -hep tane  removed about two 
thirds of the C--H, C = C ,  and C~-O content  of the 
original film. The bands a t t r ibuted to --OH, --COOFe,  
--COFe, and Fe-O were  re la t ively  unaffected. Af te r  
the acetone extraction,  the film was only about one 
tenth of its original thickness of 470A. Again the four 
bands just  ment ioned were  left re la t ive ly  unaffected. 
The HC1 t rea tment  left a film only about 25A thick 
based on the residual 2940 cm -1 CH2 band in spectrum 
E. The C-It ,  C-O, and Fe-O bands retained in spec- 
t rum E are bel ieved due to several  monolayers  of 
iron alkoxide (RCOFe) on a thin layer  of iron oxide 
that was retained on the iron surface. The above re-  
sults indicated that  the composition of the organic film 
was uniform throughout  its thickness apart  from con- 
centrat ion of iron carboxylate  and iron alkoxide 
species at the organic f i lm/i ron oxide interface. 

Discuss ion  
Structure and properties of protective f i lms.--These 

infrared studies have shown that  the acetylenic corro- 
sion inhibitors propargyl  alcohol, acetylene, and e thy-  
nylcyclohexanol  reacted at HCl-exposed  iron and 
steel surfaces to form organic film coatings. These 
surface reactions were  not l imited to the formation of 
"adsorbed layers" since the organic films grew to 
thicknesses equivalent  to many molecular  layers. 

The films were  composed pr imar i ly  of ful ly  satu-  
rated hydrocarbon material .  Hydroxyl ,  carbonyl,  car-  
boxylate,  and alkoxide groups were  also present in all 
films studied. The - -OH content, which var ied  con- 
siderably, is bel ieved due mainly  to retent ion of ab- 
sorbed wate r  and to presence of hydrated or hydroxy-  
lated iron oxide species. Even in the films formed by 
acetylenic alcohols (Fig. 2B and 6B) the OH bands 
did not appear  to be due to retained --C--O----H groups. 
This was indicated by the fact that  the re la t ive  in-  
tensities of the - - C - - O  (~1070 cm -1) and - - O - - H  
(~3400 cm -1) bands varied widely  (see for example  
Table II) .  Therefore  these bands could not have been 
due to one species. These results indicate that  the 
acetylenic alcohol inhibitors must  have been dehy-  
drated at the surface. Most of the carbonyl  content  of 
films formed in absence of oxygen is believed to have  
resulted from hydrat ion of the acetylenic bond fol-  
lowed by isomerization. This is discussed in the fol-  
lowing section. Some carbonyl  also or iginated f rom 
air oxidation after  the films were  formed, as de- 
scribed above. Evidence has been presented (i.e., in 
Table II) that the carboxyla te  and alkoxide groups 
were concentrated at the organic f i lm-iron oxide in te r -  

face. These stable species probably contr ibuted to 
strong adhesion of the organic film to the iron. 

The infrared spectra, low solubility, low volatil i ty,  
and high thermal  stability of these organic films in- 
dicate that  they were  composed of polymeric  mate-  
rial. Spectra of the films formed by propargyl  alco- 
hol (Fig. 2B) and by acetylene (Fig. 5C) are similar 
to spectra (14) of oxidized polyethylenes,  for example.  
The films exhibi t ing these part icular  spectra were  
about 60 and 40A thick, respectively.  Much weaker  
but otherwise s imilar  spectra were  recorded when 
these films were  of the order of one monolayer  thick. 
Therefore,  even in the ear ly  stages of growth, the films 
are  best described as being near ly  two dimensional or 
adsorbed polymer layers. A simplified model  of the 
s tructure of the protect ive films formed by acetylenic 
inhibitors is presented in Fig. 7. In films formed by 
ethynylcyclohexanol ,  the hydrocarbon would consist 
pr imar i ly  of cyclohexyl  rings instead of as shown in 
Fig. 7. 

Film forming reactions.--Polymerizations of acety- 
lenic hydrocarbons are common reactions, par t icular ly 
when they are surface catalyzed. For example,  infra-  
red studies (15) (16) of surface species result ing from 
hydrogenat ion of acetylene adsorbed on nickel, pal la-  
dium, and copper metals have  shown that  polymer iza-  
tion produced n-a lkyl  hydrocarbons.  A react ion in-  
volving hydrogenat ion and dehydra t ion  of acetylenic 
alcohols has been used in the commercial  production 
of 1,3-butadiene and buna rubber  (17). The iron-HC1- 
acetylenic inhibi tor  system offers the possibility for 
similar  surface catalyzed reactions for the formation of 
protective polymer  films. Hydrogen evolut ion from the 
acid-exposed metal  surface was found to be necessary 
for the formation of polymer films by these inhibitors. 
Po lymer  films did not form on copper, silver, and plat-  
inum in 3.3N HC1 at 65~ where  no hydrogen was 
evolved. When the HCI concentrat ion was increased 
to greater  than 6.7N (~20%)  so that hydrogen was 
evolved from copper, the acetylenie inhibitors then 
formed re la t ively  thick polymer  films on this metal. 
Apparent ly,  hydrogenat ion of adsorbed acetylenic in-  
hibitor species by cathodical ly l iberated hydrogen 
part icipated in the polymer  film formation. 

Some of the oxygenated groups found in films formed 
in oxygen- f ree  acid solutions probably resulted from 
the fol lowing types of reactions: 

- -  Ct-I - C - -  CH= - CH - -  
I II I 
C 0 C POLYMER FILM 

o o,/o 
I 
Fe - 0 - -  F e -  O -  I r e - -  IRON O X I D E  

/ / / / / / / / / / / / / / / / / / / /  
IRON 

Fig. 7. Proposed structure of protective film formed by ace- 
tylenic inhibitors. 
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1. Hydration of the C=-C 
OH H 

Fe I t 
i.e., HC~-CH + HOH > H- -C~C- - -H  

HC1 

R--O--H + Fe--O--Fe--O 

(iron oxide) 

H O 
I J 

--> H--C--C 
[ \ 

II H 

In a similar process, used for the commercial produc- 
tion of acetaldehyde, formation of tarry condensation 
products are troublesome. Similar condensation pro- 
ducts probably contribute to polymer film formation 
in use of acetylenics as corrosion inhibitors. The 
strongest evidence for this type of reaction comes from 
the composition of the films formed by acetylene (Fig. 
5C). Although this inhibitor contained no oxygen and 
the acid was well purged with helium, the polymer 
films exhibited a strong carbonyl band at 1705 cm -I. 
Most of this carbonyl content probably derived from 
hydration of the C~-C. 

2. Formation of Alkoxides and Carboxylates 
R 
I 

) 0 + H 
l 

Fe---O---Fe--O (iron alkoxide) 

R" 
I 
C 

Fe ~ ~" / -- --Fe--O 

Adsorption of alcohols on AI20~ was shown to result 
in the formation of similar aluminum alkoxide and 
carboxylate species (18). The alcohol for the above 
reaction could be an aeetylenic alcohol inhibitor or it 
could be the intermediate product in hydration of 
C--C groups as shown above. Hydrogen released by 
the above reactions could have participated in the 
hydrogenat ion of acetylenic species or it could have 
been evolved as a gas. According to the above reac- 
tions, alkoxide and carboxylate species would be 
formed only at the surface of an i ron oxide film on the 
iron or steel specimens. Our inf rared results agree 
with this mechanism since these species were found 
concentrated at the organic f i lm-iron oxide interface. 

Corrosion inhibition mechanisms.--Acetylenic corro- 
sion inhibitors effectively prevent  the acid corrosion 
of iron and steel by the formation of polymer film 
coatings on the exposed metal  surface. The protection 
afforded by  these films increased markedly  as they 
grew from near  two-dimensional ,  adsorbed polymer 
networks ( ~ 4 A  ~ thick) to films of up to several h u n -  
dred angstroms thickness. This is i l lustrated in Fig. 4 
for films formed by propargyl  alcohol inhibitors.  Sim- 
ilar results have been obtained from our study of other 
acetylenic inhibitors including acetylene, 1-e thynylcy-  
c lohexan- l -o l ,  1-hexyn-3-ol ,  and 2-butyn- l ,4-dioI .  
Product ion of polymer film coatings, therefore, ap- 
pears to be the general  mode-of-act ion of acetylenic 
corrosion inhibitors. Rapid chemisorption of these in-  
hibitors to form metal -acetylene surface complexes is 
probably a crucial step in ini t ia t ing the formation of 
protective polymer films. The abi l i ty  of acetylene to 
act as an efficient inhibi tor  provides indirect evidence 
of this mechanism. Films in  the chemisorbed or mono-  
layer  thickness range appeared capable of decreasing 
the uninhib i ted  acid corrosion rate by about 10 times 

-b 2H 

(iron carboxylate) 

(i.e.,~90% protection).  This rapid reduct ion in corro- 
sion rate probably enabled subsequent  growth of re la-  
t ively thick polymer films that  remained s trongly ad- 
her ing to the surface. These thicker films often re-  
sulted in 1000 times reduct ion of the uninhib i ted  cor- 
rosion rate (i.e., ~99.9% protection).  

The protectiveness of the polymer films depended 
on both the thickness and composition of the polymer 
films as indicated in  Fig. 4. In  general, the corrosion 
rate was found to vary  l inear ly  with the exponent ial  
of the film thickness (i.e., m p y = e x p .  K >< A thickness 
wC).  This relat ionship was often obeyed from the 
monolayer  stage to bulk  films approaching l imit ing 
thicknesses. Therefore, the protective mechanism did 
not appear to change markedly  throughout  this film 
growth interval.  Avai labi l i ty  of oxygen resulted in 
growth of a thicker film (i.e., 100A in Fig. 4) t han  in 
its absence (i.e., 60A in Fig. 4), but  the thicker film 
was less protective. The thicker film contained about 
three times as much carbonyl  content  as the th inner  
film. This increase in  content  of polar carbonyl  species 
could have facilitated charge t ransfer  through the 
film and thus decreased its protectiveness. Studies are 
p lanned to correlate inf rared s t ructural  studies of 
films with electrochemical polarization data to help 
elucidate the effects of composition and thickness on 
the rate controll ing corrosion reactions. 
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Oxidation of Nickel by Carbon Dioxide 
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ABSTRACT 

Two studies have been carr ied out, one to de termine  the conditions for 
the equi l ibr ium between nickel, nickel  oxide, carbon dioxide, and carbon 
monoxide,  and the second to determine the kinetics of the oxidation of 
nickel  in carbon dioxide and in CO2/CO mixtures.  The equi l ibr ium condi- 
tions de te rmined  over  the tempera ture  range 580~176 are given by the 
equat ion 

( Pco ~ _ 2381 0.025 
log10 \ ~  T 

The kinetic study covered the behavior  of pure nickel, commercial  impure  
nickel, and nickel  dispersion s t rengthened wi th  alumina or thoria wi th in  the 
tempera ture  range 700~176 The react ion rates were  significantly reduced 
by the normal  impuri t ies  in commercia l  nickel  and by wate r  vapor  in the 
carbon dioxide. It was deduced that  the oxidation rate  was at l ea s t  par t ia l ly  
governed by a react ion at the oxide/gas  interface and that  considerable plas- 
tic flow occurred in the oxide scales. 

The present  paper  covers the oxidation of nickel  
and oxide dispersion s t rengthened nickel  by carbon 
dioxide and C O J C O  mixtures  at e leva ted  t empera -  
tures. Examinat ion  of the re levan t  thermodynamic  
data reveals  that  the  concentrat ion of carbon mon-  
oxide necessary to prohibit  the format ion of nickel  
oxide in CO2/CO mixtures  is small, but  considerable 
scatter exists in the values which can be calculated or 
have  been de termined  direct ly  for this concentration. 
The first studies in the present  work  involved  the re -  
fore an accurate determinat ion of the conditions for 
equi l ibr ium between nickel, nickel  oxide, carbon di- 
oxide, and carbon monoxide  

N i +  C O 2 ~ N i O §  CO 

These studies were  fol lowed by kinetic studies of the 
oxidation of four  grades of nickel, including oxide 
dispersion s t rengthened nickel, in pr imar i ly  carbon di-  
oxide over  the t empera tu re  r a n g e  700~176 al- 
though some work was also carr ied out wi th  CO2/CO 
mixtures  and oxygen. By comparison with  previous 
work  the exposure t imes were  long (e.g., 1000 hr) .  The 
data obtained in the equi l ibr ium studies were  in the 
midst of most of those published previously,  while  the 
kinetic studies extended previous work. 

Thermodynamic Study 
The conditions for the equi l ibr ium h a v e  been studied 

previously by four major  groups of workers  (1-4) and 
may be calculated f rom a summary  of the the rmo-  
dynamic data (5) for the four components.  The various 
sets of work  are not in good agreement  as the values 
for the rat io of t h e  part ial  pressures of the two gases 
at equi l ibr ium at a given tempera ture  can va ry  by up 
to a factor of 10. In the present  work  the equi l ibr ium 
was studied direct ly  over  the t empera tu re  range 580 ~ 
1016~ 

Experimental 
A standard technique was used in which a CO2/CO 

gas mix ture  was circulated round a closed loop con- 
ta ining a heated mix tu re  of nickel and nickel  oxide. 
When equi l ibr ium was established samples of the gas 
mix ture  were  taken and analyzed by two methods, one 
in which the total pressure and the carbon monoxide 
part ial  pressure were  measured manometr ica l ly  and 
with a McLeod gauge, respect ively,  and the other  using 
the t racer  14C in the gas and a Geiger -Muel le r  end 
window counter  at tached to the gas circuit. In both 
methods the carbon monoxide  part ial  pressure was 
measured after  the carbon dioxide had been removed  
by a small  l iquid ni t rogen trap, but the t rap and the 

size of the sample were  different in the two cases. The 
second method had the advantage  that  erroneous re -  
sults could not a r i se  f rom the inadver ten t  presence of 
an iner t  gas such as nitrogen. The Pco/Pco2 ratios 
obtained by the two methods agreed to wi thin  4%. The 
total pressure var ied  dur ing the series of exper iments  
wi th in  the range 0.34-0.66 arm. The tempera ture  of the 
solid mix ture  was measured with  a P t / P t R h  thermo-  
couple in a pocket in the react ion tube adjacent  to 
the mixture.  The values  were  accurate to +__3~ The 
solid mix ture  weighed approximate ly  5.5g and con- 
sisted of equal  amounts of an in t imate  mix ture  of 
nickel and nickel  oxide powders. 

The nickel and nickel oxide were  spectrographical ly  
s tandardized and obtained f rom Johnson Mat they 
Company. The major  impuri t ies  were  75 ppm carbon, 
2 ppm silicon, and 1 ppm iron in the nickel, and 60 
ppm carbon, 5 ppm silicon, 3 ppm iron, and I ppm 
magnesium in the nickel  oxide. The init ial  charge of 
gas was spectrographical ly  standardized carbon di- 
oxide supplied by BOC to which was added some 
14CO2 made f rom bar ium carbonate.  It was dried 
over  phosphorous pentoxide before use. 

Results 
The results are summarized in Fig. 1 and by the 

equat ion 
( Pco ~ 2381 

- -  0.025 . . .  [1] log10 \ p--p-~o2 ~ T 

The exper imenta l  values for the Pco/pco2 ratio agree 
wi th  Eq. [1] to wi th in  +--3%. The gas flow rate  for the 
major i ty  of the exper iments  was 220,240 'cm3/min. I t  
was shown that  there  was no thermal  segregation of 
the  gases or cooling of the solid mix ture  as the Pco/ 
Pco2 ratio at equi l ibr ium was unaffected by flow rate  
over the range 100-500 cm3/min. Als0 the results were  
unaffected by the direct ion f rom which the equi l ib-  
r ium was approached. However  it is no tewor thy  that  
reproducible  results  could not be obtained unt i l  the 
solid mix ture  had been outgassed at 900~176 the 
reason for this behavior  is not known. Fr icke and 
Weitbrecht  (4) have repor ted  complications arising 
f rom the deposition of carbon by the Boudouard re-  
action 

2C0 "-> C + C02 

but this reaction did not  occur in the present  work  as 
the carbon content  of the nickel-nickel  oxide mix ture  
at the end of the exper iments  was only 30-100 ppm, 
and hence comparable  wi th  the ini t ial  content.  

1215 
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Fig. 1. Summary of thermodynamic data 
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Discussion 
The data obtained in the present  work are compared 

with  the results of three of the direct  studies (1,3,4) 
carried out previously and the compiled data of Kuba-  
schewski, Evans, and Alcock (5) in Fig. 1. The com- 
piled data used the standard free energy equations for 
the reactions 

Ni 4- �89 NiO (a) 
C + �89 CO (b) 
C 4- 02 ~ CO., (c) 

Other thermodynamic data obtained for these reac- 
tions have not been included because direct studies 
of the equilibrium are of most interest and the com- 
pilation of data for several reactions leads to com- 
paratively large limits of error. The data from the 
direct study by Kapustinsky and Silberman (2) have 
not been included in Fig. 1 because the equilibrium 
pco/pco2 ratios differ markedly from the other values, 
being greater than those obtained in the present work 
by at least a factor of five. 

The agreement with the data of Watanabe (I) and 
of Fricke and Weitbrecht (4) is good especially as the 
small discrepancies with the German work could be 
due to the better precautions taken in the present 
work against separation of the gases by thermal dif- 
fusion. No firm explanation can be offered for the 
significant disagreement with Bogatski's data at low 
temperatures although it is noteworthy that the purity 
of the nickel and nickel oxide used in the present 
work was superior to that used by Bogatski (3) or any 
of the other workers. 

The free energy equation obtained from Eq. [i] for 
the formation of nickel oxide from carbon dioxide 

Ni 4- CO2 -* NiO + CO 
is 

_xG" = 10890 + 0.11T cal/mole (853~176 . . . .  [2] 

The free energy values obtained from Eq. [2] are 
within 2 kcal/mole of the compiled data of Kuba- 
schewski, Evans, and Alcock (5) which is within the 
limits of error given for this data, the limits being 
~2 kcal/mole for reaction (a) and ___I kcal/mole for 
reactions (b) and (c). 

When Eq. [2] is combined with the data of Kuba- 
schewski, Evans, and Alcock (5) for reactions (b) 
and (c) the following equation is obtained for the free 
energy of formation of nickel oxide from oxygen 
[reaction (a) ] 

-~G ~ = --56600 4- 20.9T ca l /mole  (853~176 

Kinetic Study 
The oxidation behavior  of nickel and thoria disper-  

sion s t rengthened nickel has been covered by several  
previous publications. Most of the studies have been 
concerned with oxidation by oxygen (6-16) al though 
two pieces of work have covered carbon dioxide and 
CO.,/CO mixtures  (16, 17). While the subject has re-  
ceived considerable a t tent ion several  complicat ing 
features have not been ful ly explained, and the rate-  
de termining processes have not been clearly identified. 
In oxygen at tempera tures  of 500~176 the over-a l l  
attack may be approximated  to a parabolic law al- 
though deviations are in general  obtained with the 
nickel oxide being ei ther  more or less protect ive than 
required by the law. Cation diffusion via cation vacan-  
cies in the nickel oxide is normal ly  accepted as the 
ra te -de te rmin ing  process. Consistent with this view, 
the parabolic rate constant is increased by impuri t ies  
in the metal  such as iron, manganese,  and chromium 
and is proport ional  to Po21/4 up to an oxygen pressure 
of 1 atm. Complicating features are that  the parabolic 
rate constant is independent  of the pressure of oxygen 
above 1 atm, that  in one study on thoria dispersion 
s t rengthened nickel it was deduced that  some control 
of the oxidation rate  was exercised at 950~176 
by a surface reaction at the oxide/gas  interface (14), 
and that  the oxide film may consist of two layers with 
markers  positioned within the scale between the two 
layers. The inner oxide layer is porous and is usually 
assumed to grow with the t ransfer  of oxygen gas 
across the pores. The format ion of the two oxide layers 
is facili tated by the presence of impurit ies in the metal. 

The two previous studies (16, 17) with carbon di- 
oxide and C O J C O  mixtures  were  carr ied out at t em-  
peratures  of 900~176 A l inear rate  law was obeyed 
initially, and this was followed by a period in which 
the rate continuously decreased according approxi-  
mately to a parabolic law. It  was deduced that  during 
the linear period the rate of oxidation was controlled 
by the dissociation of carbon dioxide on the surface of 
the nickel oxide while  la t ter ly  ionic diffusion was 
rate  controlling. However  the dependence of the l inear 
rate constant on the carbon monoxide  concentrat ion 
did not agree with theoret ical  predictions which held 
in the case of the analogous oxidation of iron (18). In 
contrast  to the behavior  for oxygen only one layer  was 
observed in the oxide film with markers  being situated 
at the ox ide /meta l  interface. 

Experimental 
Four types of nickel 'were investigated, spectro-  

graphical ly standardized p u r e  metal  from Johnson 
Matthey Company, an impure  commerc ia l  grade con- 
taining appreciable amounts of manganese and iron, 
and metal  dispersion s t rengthened with approximate ly  
2 vol % of ei ther  a lumina or thoria f r o m H e n r y  Wig- 
gins Company and E. I. du Pont  de Nemours  & Co., 
respectively.  Detai led analyses are given in Table I. 
The particle sizes of the oxide in the a lumina and 
thoria s t rengthened mater ia ls  were  500-5000 and 100- 
400A, respectively.  The first three  types were  tested 
in the form of 500u thick sheet while  the last was as 
sections of tube 1.5 cm diameter  with a wall  thickness 
of 750~. Before testing all the specimens were  annealed 
for 15 min at 900~ and then pickled in a mix ture  of 
nitric, sulfuric, orthophosphoric,  and acetic acids to 
obtain a bright  smooth surface. The carbon dioxide 
and oxygen were  the spectrographical ly  standardized 
grades supplied by BOC. They were  dried over  phos- 
phorus pentoxide before use. 

Oxidations were  carr ied out on  vacuum microbal-  
ances by a procedure described previously (19). 
Specimens were  outgassed at room tempera ture  and 
then at the reaction t empera tu re  before the admis-  
sion of the reactant  gas. There  was no carr ier  gas or 
continuous gas flow through the apparatus. Carbon 
monoxide formed by the oxidation with carbon di- 
oxide was continuously reconver ted  to carbon di- 
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Table I. Analyses of materials used in the kinetic study 
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AhOs ,  rhO~,  F e ,  Si ,  Mg ,  A1, Cu,  Mn,  IA, T i ,  Co, Cr ,  C, O~, N~, 
% % p p m  p p m  p p m  p p m  p p m  p p m  p p m  p p m  p p m  P P m  p p m  p p m  pPm 

P u r e  m e t a l  - -  - -  2 3 2 < 1  < 1  . . . . . . .  
l m p u r e  m e t a l  - -  - -  600  < 7 0 0  400 300 100 ~ 0 0  < 5  < 3 0 0  600 100 65 250  < 5 0  
AI2C~ s t r e n g t h -  0.9 - -  < 1 0 0  < 5 0 0  < 1 0 0  - -  < 1 0 0  < 1 0 0  < 1 0  < 2 0 0  < 2 0 0  < 1 0 0  - -  4100 200  

e n e d  
ThC~ s t r e n g t h -  - -  2.6 300 <500 < 1 0 0  200 < 1 0 0  < 1 0 0  < 1 0  < 2 0 0  < 2 0 0  < 1 0 0  58 2400  100 

e n e d  

oxide by two beds of cupric oxide, one in the react ion 
vessel beneath  1he specimen and one in a the rmal  
convection loop at tached to the balance. The t empera -  
ture  of the beds was 350~176 for  all the exper i -  
ments. Analysis of the gas at the end of the exper i -  
ments established that  the beds worked  efficiently and 
the final carbon monoxide  pressure in the apparatus 
was <10 -5 atm. The exper iments  wi th  the CO2/CO 
mixtures  were  carr ied out in a gas circuit  s imilar  to 
that  used for the thermodynamic  study but containing 
a microbalance and a bed of nickel  and nickel oxide 
powders, the t empera tu re  of which fixed the Pco/Pco2 
ratio. 

Informat ion  on the mechanisms of oxide film growth 
was obtained f rom marker  studies employing p la t inum 
deposits on preoxidized surfaces, and s a lumina par -  
ticles in the a lumina dispersion s t rengthened material .  
The deposits were  prepared from a product  supplied 
by Engelhard  Industr ies containing a p la t inum com- 
pound in a hydrocarbon solvent. The specimen was 
painted wi th  the product  and then  given the normal  
h igh- tempera tu re  outgassing t rea tment  on a micro-  
balance to decompose the p la t inum compound and 
thereby produce a fine dispersion of metal l ic  plat inum. 

ResuZts 
The pr imary  exper iments  were  carr ied out in car-  

bon dioxide at 0.1 arm :pressure at 700 ~ 800 ~ 900 ~ 
1000% and 1100~ All  four  batches of meta l  were  
tested at the four  la t ter  t empera tures ,  but  only the 
pure nickel  was invest igated at 700~ As the  results  
f rom these exper iments  were  in some respects un-  
expected, fur ther  exper iments  were  carr ied out wi th  
pure nickel  in oxygen at 0.1 atm and in carbon dioxide 
at 1 a tm to provide reference  data which over lapped 
published work. Exper iments  were  also carr ied out 
wi th  the pure  nickel in COf/CO mixtures  at 0.1 a tm 
at 900 ~ and 1000~ 

With carbon dioxide a n d  C O J C O  mixtures  the 
kinetics were  complex and var ied  to a significant ex-  
tent  in duplicate runs but al lowed firm conclusions to 
be reached. The weight  ga in- t ime curves for carbon 
dioxide are given for the four  h igher  tempera tures  
and a gas pressure of 0.1 a tm in Fig. 2-5, respectively.  
The degree of i r reproducibi l i ty  is demonstra ted in the 
figures by duplicate  runs for pure  nickel. The init ial  
rate of oxidation decreased and then became l inear  
or continued to decrease. After  ve ry  long exposures 

i ; r ' i i / 
0.8 o PURE NICKEL j r _  

�9 IMPURE NICKEL j ~  
a A 1203 STRENGHTHENED , , ~  

=':" 0-6 

Z 

(90.4  
I- -r 
2 uJ 
~r 

i ~-I I I I 
o 2 0 0  4 0 0  6 0 0  s o o  I o o o  I 2 o o  

TIME IN HOURS 

Fig. 2. Weight  gain-t ime curves for carbon dioxide at 0.1 arm 
at 800~ 

a l inear  ra te  would change to a steadily decreasing 
rate. A t  700~ the oxidation of the pure meta l  was 
very  slight wi th  the weight  gain amount ing to only 
0.1 m g / c m  ~ af ter  1000 hr  exposure. With oxygen the 
rate  steadily decreased dur ing the course of the ex-  
periment.  Decreasing rates obeyed in general  a para-  
bolic law as demonstra ted by the data for carbon di- 
oxide at 1000~ in Fig. 6. The parabolic ra te  constants 
obtained ini t ia l ly  for the pure meta l  in carbon dioxide 
and oxygen are summarized together  wi th  those for 
the re levant  published data in Fig. 7. The fol lowing 
conclusions were  drawn f rom an analysis of the re -  
sults: 

(A) The data for carbon dioxide at 1 a tm and for 
oxygen are in good agreement  wi th  the comparable  
published data. 

(B) With a pressure of 0.1 a tm the extent  of the 
oxidation by carbon dioxide is almost independent  of 
t empera tu re  over  the range 900~176 and is de-  
creased by the impuri t ies  in commercia l  nickel. This 
la t ter  conclusion is in general  supported by the re-  
sults of the dispersion s t rengthened materials .  

(C) An increase in the gas pressure f rom 0.1 to 1 
a tm increases significantly the oxidation by carbon 
dioxide par t icular ly  at the higher  t empera tu res  of 
I000 ~ and l l00~ 
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The addit ion of carbon monoxide to the carbon di- 
oxide at 0.1 a tm pressure decreased the extent  of the 
oxidation. At  900~ a l inear  law was obeyed after  the 
ini t ial  oxidation, and a series of exper iments  was car -  
r ied out on one specimen in which the carbon monox-  
ide level  was var ied  over  the range 0.16-0.7% such 
that  a rate  constant  was de te rmined  for each of 5 car-  
bon monoxide concentrations.  The results are sum- 

marized in Fig. 8 which shows the rate  constant var ied 
l inearly wi th  the percentage of carbon monoxide  in 
the gas. At 1000~ two exper iments  were  carr ied out 
with 0.91 and 0.94% carbon monoxide.  In both cases 
a parabolic law was obeyed over  the 300-1200 hr  
exposure period, the respect ive rate constants being 
2.1 x 10 -23 and 4.9 x 10 -23 g2/cm4 sec. 

Metal lographic examinat ion  of the specimens estab- 
lished that  for the pure  and impure  grades of metal  
the extent  of the at tack differed on different metal  
grains at 700 ~ and 800~ and for some but  not  all 
specimens at 900~ This phenomenon was obtained 
also for pure nickel  in oxygen at 700 ~ and 900~ but 
was absent for oxygen at 800~ and for both carbon 
dioxide and oxygen at tempera tures  ~ 1000~ During 
the oxidat ion of the pure metal  in carbon dioxide 
pores were  formed on grain boundaries  wi th in  the 
meta l  at 700 ~ and 800 ~ and in some specimens at 
900~ but not at higher  tempera tures  or in oxygen 
at any temperature .  With the impure  nickel, pores 
were  not formed wi th in  the metal,  but  in ternal  oxida- 
tion was obtained at all test tempera tures ;  this ox-  
idation was more pronounced the higher  the t emper -  
a ture  and resul ted in the format ion of oxide part icles 
p r imar i ly  on the grain boundaries  but  also wi th in  
the grains at the higher  temperatures .  Elect ron micro-  
probe analysis showed that  the  internal  oxide was en-  
r iched in manganese.  In terna l  oxidation was not ob- 
tained for any other  me ta l - env i ronmen t  combinat ion 
other  than for one anomalous pure  meta l  specimen 
oxidized in carbon dioxide at 1 a tm at 1000~ With 
the two oxide dispersion s t rengthened mater ia ls  there  
was no pore format ion wi th in  the meta l  or in ternal  
oxidation al though the ox ide /me ta l  interface was very  
uneven  at the higher  exper imenta l  temperatures ,  in-  
dicating preferent ia l  at tack of certain grains. The 
oxide scales fo rmed  on all, but  possibly one specimen, 
were  single layered and contained pores of various 
sizes (Fig. 9); these pores appeared closed and hence 
did not provide access for the gas to the ox ide /me ta l  
interface. The possible except ion was the a lumina 
s t rengthened mater ia l  oxidized in carbon dioxide at 
1000~ which had an outer  dense layer  and an ex-  
t remely  porous inner  oxide wi th  a pronounced tend-  
ency to separate f rom the meta l  substrate on cooling 
of the specimen. 

All  the exper iments  wi th  a p la t inum marke r  were  
carr ied out at 1000~ and wi th  the surface of the 
meta l  sl ightly preoxidized in carbon dioxide at 1000~ 
before application of the marker .  The preoxidat ion 
amounted  to a weight  gain of 18-30 ~g/cm 2 and 
stopped interact ion of the marke r  wi th  the metal.  A 
separate exper iment  in which the marke r  was ap-  
plied to a heavi ly  oxidized specimen which was sub- 
sequent ly  hea t - t rea ted  in vacuo at 1000~ for 478 hr  
confirmed that  the marke r  did not interact  wi th  the 
oxide. Three exper iments  were  carr ied out wi th  pure 
nickel  for vary ing  oxidat ion times. The major i ty  of 
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Fig, 9. Section of the scale f~rmed on pure nickel after 6000 hr 
oxidation in carbon dioxide at 1 atm at 1000~ 

the p la t inum was found in approximate ly  the middle  
of the scale al though appreciable amounts  were  dis- 
t r ibuted randomly  throughout  the oxide be tween the 
two interfaces (Fig. 10). One expe r imen t  was carr ied 
out on the a lumina s t r e n g t h e n e d  mater ia l  and the 
major i ty  of the p la t inum was found at the boundary  
be tween the dense and porous regions of the scale, 
a l though in contrast  e lectron probe analysis of this 
and other  a lumina s t rengthened specimens indicated 
that  l i t t le or no a lumina was incorporated into ei ther  
region of the oxide, instead there  was an accumulat ion 
of a lumina  at the ox ide /me ta l  interface. 

Discussion 
For the exper iments  with carbon dioxide, the oxy-  

gen potent ial  of the gas should have been de te rmined  
by the exper imenta l  t empera tu re  according to the 
equi l ibr ium 

CO2~CO+ �89 ... [d] 

but as the partial pressures of carbon monoxide and 
oxygen will have been low consideration should be 
given to the effects of carbon monoxide produced by 
the oxidation of the metal. First, it may be deduced 
that changes in the carbon monoxide content of the 
main gas stream could not have invalidated the essen- 
tial kinetic results for tempera tures  of 900~176 as 
(a) react ion rates differed considerably be tween  the 
different batches of metal ;  (b) there  was only a 
slight effect of t empera tu re  on the kinetics wi th  a total  
pressure of 0.1 a~m; (c) there  was only a slight effect 
of total  pressure on the kinetics at 900~ the t emper -  
ature wi thin  the 900~ range at which the m a x :  
imum effect of carbon monoxide  should be obtained 

Fig. 10. Platinum marker in oxide formeff on pure nickel after 
1500 hr oxidation in carbon dioxide at 0.1 atm at 1000~ 

at 0.1 a tm from considerations of the react ion rates 
and carbon monoxide  contents produced by reaction 
[d]. 

Regarding points (b) and (c),  if the COs/CO ratios 
had been a l tered significantly by the oxidation, high 
react ion rates would  have been expected  at l l00~ 
0.1 atm and 900~ 1 a tm by comparison wi th  900~ 
0.1 atm because the proport ionate  contr ibutions to the 
carbon monoxide  content  of the gas f rom the oxida-  
tion would have been great ly  reduced in the former  in-  
stances. Also with  par t icular  re levance to the data for 
1000~176 the carbon monoxide  pressures produced 
by the oxidat ion were  shown at the end of the exper i -  
ments  to be < 10 -~  arm, a pressure comparable  wi th  
or less than that  obtained from react ion [d] at t emper -  
atures ----- 1000~ It  may  be deduced that  the oxida-  
tion had no significant influence on the CO2/CO ratios 
below 900~ because at these tempera tures  the de- 
crease in t h e  react ion ra te  wi th  t empera tu re  was 
greater  than that  for the carbon monoxide  produced 
by react ion [d]. Fur the r  to the above points interdiffu-  
sion rates be tween carbon dioxide and carbon mon-  
oxide are  fast by compar i son  wi th  the react ion rates 
f rom which it may  be shown that  changes in carbon 
monoxide  concentra t ion across a diffusion bar r ie r  layer  
next  to the meta l  would have been small. Considera-  
tions of the kinetic data  and the thermodynamics  of 
reaction [d] show that  the m a x i m u m  effect of the bar -  
r ier  layer  would  have been obtained at 900~ with a 
total  pressure of 0.1 atm. With the m a x i m u m  reaction 
rate  obtained ini t ial ly at 900~ an interdiffusion co- 
efficient of 1 cm2/sec and a bar r ie r  layer  thickness of 
< 1 mm it may  be calculated that  the change in car-  
bon monoxide  concentrat ion across the bar r ie r  layer  
w o u l d  have  been < 1.5 x 10 -6 atm. By comparison 
the carbon monoxide  concentra t ion in the main gas 
s t ream at 900~ and 0.1 atm to ta l  pressure according 
to react ion [d] was 1.2 x 10 -6 atm. Under  the worst  
possible conditions, therefore,  the oxidat ion of the 
metal  could have only doubled the carbon monoxide  
content  of the gas next  to the  metal.  This increase 
would have  only decreased the cation defect concen-  
t ra t ion in the oxide at the ox ide /gas  interface by 30 % 
assuming the defect concentrat ion is proport ional  to 
po21/4. Also it would have been unl ikely to have af-  
fected surface react ion rates appreciably, and there-  
fore it is concluded that  the carbon monoxide  produced 
by the oxidation had no significant influence. 

Nickel  oxide is a p - type  semiconductor  f rom which 
it is assumed throughout  the remainder  of this dis- 
cussion that  nickel is the predominant  diffusing ion 
in the oxide and that  the position of markers  wi th in  
the oxide scale in both this and other  work  must  be 
explained by mechanisms other  than the diffusion of 
oxygen ions. The t empera tu re  dependence of the ki-  
netic data for pure  nickel  in carbon dioxide clear ly  
indicates that  the oxidation ra te  was at least par -  
t ial ly governed by a process other  than the diffu- 
sion of nickel across the oxide scale. At  O.1 atm pres-  
sure the parabolic rate  constant was a lmos t  inde-  
pendent  of t empera ture  over  the range 900~176 
and at 1 a tm pressure the act ivat ion energy was only 
29 kcal /mole .  In  contrast  the act ivat ion energy for 
react ion by oxygen was 42 kca l /mole  and the values 
repor ted  for the diffusion of nickel  in nickel  oxide are 
wi th in  the range 44-62 kca l /mole  (13). For  pure  dif-  
fusion control  the act ivat ion energy for oxidation by 
carbon dioxide should be s l ight ly greater,  not  less than 
these values because the oxygen  potent ial  of the en-  
v i ronment  rises wi th  t empera tu re  according to reac-  
tion [d]. A s  already discussed the kinetics cannot be 
explained in terms of the carbon monoxide  produced 
by the oxidat ion but  instead it is considered that  the 
oxidation rates are at least  par t ia l ly  governed by a 
surface react ion at the oxide /gas  interface. This v iew 
is supported by a l inear ra te  law being obeyed in 
several  instances. In par t icular  the data obtained for  
the CO2/CO mixtures  at 900~ obey an equat ion  shown 
by Pet t i t  et al. (18) to hold when  a l inear  ra te  law 
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is obeyed and react ion is control led by the dissociation 
of adsorbed carbon dioxide, namely  

O 
n : k ' P ' ( 1  + K ) [ N ' c o 2 -  N'co2(equ i l ) ]  . . .  [3] 

O 
where  n ---- number  of equivalents  of oxide f o r m e d /  
sec/cm~ area; k '  = ra te  constant of the  phase boundary  
reaction;  P '  = total pressure;  K ----- equi l ibr ium con- 
stant be tween  metal,  meta l  Oxide, and gas mix ture ;  
N'co2 = mole fract ion of carbon dioxide in gas; and 
N'CO2(equiD = mole fract ion of carbon dioxide in C O J  
CO gas mix ture  in equi l ibr ium with  meta l  and oxide. 
In contrast  this relat ionship did not apply to the data 
of Fueki  and Wagner  (17) for tempera tures  wi th in  the 
range 1100~176 

In addit ion to the l inear regions, in terface  control  is 
bel ieved to apply to at least a l imited ex ten t  dur ing 
periods in which the react ion ra te  continuously de-  
creases wi th  time, thereby  expla ining the low act iva-  
tion energies for the parabolic rate  constant for carbon 
dioxide at both 0.1 and 1 atm pressure. Also it could 
explain the pronounced pressure dependence of the 
parabolic rate  constant at 1000~176 For example  
at l l00~  oxidat ion control led by cation diffusion 
should result  in  t h e  rate  constant being increased by 
a factor of 1.5 f6r a total  pressure increase f rom 0.1 
to 1.0 a tm assuming the ra te  constant is proport ional  
to po21/4, while  in fact the constant increased by a 
factor of 6.4. In ter face  control  could apply dur ing an 
extended period in which the ove r -a l l  react ion rate  
was decreasing if it was assumed that  the interface 
react ion was l inked to the diffusion of nickel  i n  the 
oxide and decreased with  time, wi th  for example  the 
rate  of the interface react ion being coupled to the de- 
fect concentrat ion of the nickel  oxide at the oxide/gas  
interface. A mechanism consistent wi th  the data would  
be that  the rate  of adsorption or dissociation of car-  
bon dioxide decreased as the concentrat ion Of cat ion 
vacancies increased. By such a mechanism both the 
interface and diffusion processes would  be l inked to 
give a continuously decreasing over -a l l  rate  of oxida-  
tion, and the concentrat ion of cation vacancies at the 
oxide /gas  interface would  gradual ly  increase. Thick-  
ening of a thin oxide film ini t ial ly in equi l ibr ium with  
the metal  would increase the diffusion path for nickel  
ions and thereby tend to increase the concentrat ion of 
nickel ion vacancies at the oxide/gas  interface, but  
this would be par t ia l ly  counteracted by a s lowing of 
the interface reaction. For  pure diffusion control  the 
oxide at the ox ide /gas  interface would  be in equi-  
l ibr ium with  the gas whi le  for complete  interface 
control  this oxide would  be in equi l ibr ium with the 
metal ;  it follows that  in the present  case an in te r -  
mediate  si tuation is envisaged in which the oxide at 
the interface is in equi l ibr ium wi th  nei ther  the under -  
lying meta l  nor the gas. 

The proposed mechanism would be consistent wi th  
the low rates of oxidation obtained for  the impure  
nickel, the impuri t ies  in which should increase the 
concentrat ion of nickel ion vacancies as shown by the 
high rates of ~ttack obtained in oxygen with  meta l  
contaminated with  iron and manganese  (15), the main  
impuri t ies  in the commercia l  grade of metal.  Also it 
is consistent with the work  of Jones and Westerman 
(14) on the reaction of TD nickel  wi th  oxygen in that  
these workers  deduced that  the par t ia l  interface con- 
t rol  for this reaction resul ted f rom the adsorpt ion of 
oxygen (reaction [el)  being decreased by the 

O2 + site + 4 e -  -> 2 O - -  (ads) . . . [el 

presence in the oxide of foreign cations wi th  a va lency 
> 2 (i .e . ,  thor ium) .  

Fur the r  support  for interface control  was obtained 
from exper iments  aimed at expla ining the significant 
i r reproducibi l i ty  in the kinetics by de termining the 
influence of wa te r  vapor  in the carbon dioxide. The 
exper iments  were  carr ied out at 800 ~ 900 ~ and 1000~ 
with  a total pressure of 0.1 aim. Oxidat ion started in 
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Fig. 11. Influence of water vapor on oxidation of pure nickel 
by carbon dioxide at 0.1 otto at 900 ~ and 1000~ 

dry carbon dioxide, water  vapor  at a pressure of 3.5 
x l0 -2 a tm was subsequent ly  added, and then finally 
the wate r  vapor  was removed  and the oxidat ion con- 
cluded in dry carbon dioxide. The results demon-  
strated that  at the th ree  tempera tures  wa te r  vapor  
inhibi ted the reaction. Results for 900 ~ and 1000~ are 
summarized in Fig. 11. The free energies of format ion 
of carbon dioxide and wa te r  vapor  at these t empe r -  
atures are such that  the wate r  vapor  could not have 
significantly a l tered the oxygen potent ial  of the gas, 
and hence diffusion rates in the nickel  oxide, and 
therefore  the results can only be explained by the 
water  vapor  modifying the surface react ion and being 
adsorbed in preference to carbon dioxide. It  is re levant  
to note that  the wate r  vapor  exer ted  its effect at 800~ 
al though the preferent ia l  at tack of cer ta in  meta l  
grains obtained at this t empera tu re  would indicate that  
processes at the me ta l /ox ide  interface were  of pr ime 
importance.  

Consideration of the parabolic rate  constants ob- 
tained for oxygen and CO2/CO mixtures  at 1000~ 
showed that  the ra te  constant was proport ional  to 
Po2 TM, but in v iew of the influence of interface con- 
trol  for pure carbon dioxide no conclusions can be 
drawn from this relat ionship as to the defect s t ructure  
or diffusion processes in the nickel  oxide. The ob- 
servance of a parabolic law is therefore  considered 
incidental  and of no par t icular  significance. 

As in other  work  it was observed that  the color of 
the oxide could va ry  considerably f rom br ight  green 
to black. Films which were  black in reflected l ight 
were  shown to be green in t ransmit ted light, and 
therefore  in contrast  to previous work  (8) it was con- 
cluded that  the color was not dependent  on the com- 
position of the oxide, but  ra ther  was a measure  of the 
surface roughness and the proport ion of t ransmi t ted  
light reaching the eye. Also support ing exper iments  
could obtain no correlat ion be tween  color and stoi- 
chiometry.  

The metal lographic  examinat ion  clear ly  established 
that  the internal  oxidation was associated with  im-  
purit ies in the metal. The one anomalous result,  wi th  
internal  oxidation of a pure  nickel  specimen at 1000~ 
is not  understood, but  may  have  resul ted f rom surface 
contaminat ion during specimen preparat ion.  The pores 
formed in pure nickel are bel ieved to have  resul ted 
f rom the condensation of vacancies produced by the 
outward  diffusion of nickel  ions through the oxide 
film. The penetra t ion of the vacancies was reduced by 
high tempera tures  and by the presence of the  a lumina  
and thoria  particles, or the fine grain size resul t ing 
f rom the particles in the oxide dispersion s t rengthened 
materials.  These factors would  have faci l i tated the 
nucleat ion and growth of the pores at the ox ide /me ta l  
interface. The absence of pores in the impure  nickel  
specimens is probably due to the internal  oxide faci l-  
i tat ing condensation of vacancies as in the dispersion 
s t rengthened mater ia ls  and to the reverse  process of 
embryo pores acting as nuclei  for in ternal  oxidation 
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Fig. 12. Platinum marker neighboring a pore in a scale formed 
on pure nickel after 1500 hr oxidation in carbon dioxide at 0.1 
atm at 1000~ 

such that  oxide fills the vacancies as they condense. 
The pores within the oxide scale could have been 
formed by a var ie ty  of mechanisms which cannot be 
discussed profitably on the basis of the avai lable data. 
However ,  it should be noted that  the distr ibution of 
the pores was random. 

With one possible exception the double layered 
scales obtained in previous studies with oxygen were  
not obtained. In par t icular  the scales formed on im-  
pure nickel in carbon dioxide were  single layered. To 
ensure consistency on this subject wi th  previous work  
additional exper iments  were  carr ied out wi th  the im-  
pure nickel  in oxygen at l l00~ In agreement  wi th  
the previous work the impuri t ies  led to the format ion 
of a double layered oxide at a weight  gain s imilar  to 
that for the single layered scale formed in carbon di- 
oxide (6 mg/cm'-'). Double layered scales appear  
therefore  to be associated with  a high oxygen poten-  
tial in the envi ronment  or the associated fast g rowth  
rates as wel l  as impurit ies.  Also in agreement  wi th  
other  work these exper iments  demonst ra ted  that  the 
impurit ies enhanced the at tack in oxygen as distinct 
f rom carbon dioxide. 

Considerable plastic flow of the oxide caused by 
pore format ion and /o r  other  factors was deduced f rom 
the photomicrographs.  In par t icular  the p la t inum 
markers  were  broken up and dis tr ibuted across the 
oxide scale and the oxide usual ly kept  in close con- 
tact with uneven metal  surfaces (Fig. 9 and 10) re-  
sult ing from preferent ia l  at tack of certain regions 
(e.g., grain boundaries) .  The behavior  of the plat-  
inum adjacent  to pores was consistent with consider-  
able flow (Fig. 12) in these regions which would be 
expected as flow should be accentuated by the pores 
acting as barr iers  to ionic diffusion in the oxide, there-  
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by tending to produce a scale of uneven  thickness. 
The behavior  of the pla t inum will  have  been faci l-  
i ta ted by placing it on a preoxidized surface. In con- 
trast, with the alumina s t rengthened material ,  the 
a lumina did not pass into the oxide confirming that  
l i t t le or no diffusion of oxygen ions occurred in the 
nickel  oxide and indicating that  flow of the oxide did 
not extend to the ox ide /meta l  interface. 

The notable disagreements  with previous work arise 
from the work of Fueki  and Wagner  (17) in that  
Eq. [31] was obeyed at 900~ al though it should be 
noted that  the other  work  refer red  to 1100~176 
and in that  part ial  in terface  control  was bel ieved to 
apply in carbon dioxide at 1 a tm as wel l  as at lower  
pressures. Also par t ia l  interface control  is bel ieved to 
apply in many instances over  protracted periods when  
the reaction rate continuously decreases. In other  re-  
spects the data are in good agreement  wi th  the pre-  
vious work  and extend previous knowledge in the 
areas cover ing in par t icular  the influence of impur -  
ities in the metal,  of water  vapor  in the gas, and the 
physical s t ructure  of the oxide scale. 

Manuscript  received Apri l  14, 1967; revised manu-  
script received Sept. 5, 1967. 

Any discussion of this paper wil l  appear  in a Discus- 
sion Section to be published in the June  1968 JOURNAL. 
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ABSTRACT 

The h igh- tempera ture  oxidation characteristics of t an ta lum specimens 
anodized in phosphoric acid solutions were studied. The anodic oxide films 
containing phosphorus were found to be considerably more effective in  l imit-  
ing oxygen access to the metal  and  in postponing breakaway oxidation than  
phosphorus-free anodic films of the same thickness. Thickness-voltage cali- 
brations were obtained for anodizat ion in 0.gNI and 14M H3PO4 electrolytes 
allowing quant i ta t ive  measurements  and comparisons of oxidation behavior  
to be made with that  previously found for plain t an ta lum and for t an t a lum 
specimens anodized in dilute aqueous solutions. 

In  a previous paper (1) it was indicated that  th in  
anodic films can exert  a significant influence upon the 
subsequent  gaseous oxidation characteristics of t an -  
talum. Briefly, at temperatures  up to about  600~ the 
anodic films were observed to decrease the oxygen 
consumption rate and to postpone the occurrence of 
the "breakaway" increase in the oxidation rate com- 
mon to this metal. While dur ing  the protective stage 
of oxidation the amorphous anodic films passed oxy- 
gen to the metal  at a rate inversely  proport ional  to 
their thickness, they appeared not to change in thick-  
ness or to crystallize. Loss of the protective proper-  
ties of the films was associated with the formation of 
crystal l ine oxides, proposed to originate at the anodic 
oxide-metal  interface, which physically rup tured  the 
overlying film at isolated points. The purpose of the 
present  paper is to present  and discuss some of the 
differences in  these effects when  the anodic films are 
formed in  phosphoric acid solutions ra ther  than  in  
dilute aqueous solutions of Na2SO4 and KF. 

Many effects on the formation characteristics and 
film properties associated wi th  anodizing in  concen- 
trated and nonaqueous electrolytes have been reported 
in  the l i terature  (2). In  part icular ,  anodization in  
phosphoric acid solutions has produced some interest-  
ing results. Vermilyea (3) concluded from his experi-  
ments  that  films formed in phosphoric (or sulfuric)  
acid electrolytes consist of two layers: a layer  of nor-  
mal  Ta2Os next  to the metal  and a layer of unspecified 
composition having different properties next  to the 
electrolyte. Randal l  et al. (4) investigated quan t i t a -  
t ively the composition of the films formed over a wide 
range of conditions. By a radiotracer  technique, they 
confirmed the " two-layer"  model, showing that  the 
inner  layer  (approximately half the total  thickness 
except for those formed in concentrated acid) was 
essentially stoichiometric Ta205, with the outer layer  
containing up to about  18 mole % phosphorus de- 
pending on the phosphoric acid concentrat ion of the 
electrolyte. The relat ive thickness of the phosphorus-  
rich layer increased with increasing current  density 
and electrolyte concentration.  Smyth  and his cowork-  
ers (5, 6) have made extensive measurements  of the 
dielectric behavior  of such films, par t icular ly  after  
mild heat- t reatments ,  and found significant differences 
from those properties exhibited by phosphorus-free 
anodic films. The i r regular  dis t r ibut ion of phosphorus 
in the anodic film was found to become Still more 
i r regular  upon annealing.  For 1-hr anneals  in air at 
500~ the "interface" separating the two layers of 
film moved away from the tanta lum,  resul t ing in a 
large phosphorus concentrat ion increase in a na r row 
zone wi th in  the phosphorus-containing layer. In  addi-  

tion, Smyth  reported several observations which in-  
dicated that  mass transport ,  par t icular ly  of oxygen, 
is more difficult in  phosphorus-containing anodic 
Ta205 films, a behavior  consistent  with that  observed 
for several  other meta l -oxide  systems where  phos- 
phorus is involved. It  is also interest ing to note that  
th in  phosphide layers, formed by holding specimens 
in phosphorus vapor, have been reported to decrease 
the rate of h igh- tempera ture  (800~ oxidation of 
several refractory metals (7, 8). 

Since the early stages of gaseous oxidation of t an -  
ta lum involve the dissolution of comparat ively  large 
quanti t ies  of oxygen with the a t tendant  development  
of both stress and mechanica l -proper ty  gradients  in  
addition to oxide formation, it is anticipated that  de- 
vices which decrease oxygen access to the metal  
through decreasing oxygen mobil i ty  in  oxide films 
might be especially effective in combating otherwise 
poor oxidation resistance. Therefore, the extent  of 
protection dur ing subsequent  oxidation afforded by 
anodic films formed in phosphoric acid was studied and 
compared with the previous results on t an ta lum ano- 
dized in dilute aqueous solutions. The m a n n e r  in which 
the films eventual ly  break down dur ing  oxidation was 
also investigated. 

Experimental Procedure 
The tan ta lum z specimens were prepared from 0.020- 

and 0.050-in. sheet in  the form of 1- X 2-cm coupons. 
The coupons were annealed in  vacuum at 1600~ for 
2 hr, mechanical ly polished through 0.3-;~ alumina,  
and electropolished in a 90% H2SO4-10% HF solution. 
A short length of 0.010-in. electropolished tungsten  
wire was spot welded to the specimen to serve as 
electrical contact and support  dur ing  anodization. The 
electropolished tungs ten  did not  interfere with the 
anodization of the t an ta lum and, dur ing  oxidation, 
proved to be more "inert"  than  fine t an ta lum wire 
which sometimes exhibited premature  breakdown of 
the anodic film. 

Since the HsPO4-anodized specimens oxidized very  
slowly compared to unanodized tanta lum,  it was im-  
por tant  to reduce spurious oxygen consumption sources 
to a m i n i m u m  in order for the kinetic studies to be 
meaningful .  The specimens were carefully electro- 
polished to avoid as much as possible physical surface 
flaws such as pits or fine scratches which serve as 
sources for breakdown. The 0.050-in.-thick specimens 
appeared to exhibit  less severe edge and corner effects, 
perhaps due to the rounding  that  occurred at these 

1 N o m i n a l  ana ly s i s  is 99.7-99.8% Ta  w i t h  Nb, Fe, W, and  S i  b e i n g  
m a j o r  m e t a l l i c  i m p u r i t i e s ;  i n t e r s t i t i a l  c o n t e n t  a f t e r  v a c u u m  a n n e a l  
i s  200-300 p p m .  
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points dur ing extended electropolishing, and most of 
the data presented in  this paper were obtained on 
such specimens. 

The specimens were anodized at room tempera ture  
to a given voltage in a simple cell in  which the in i -  
t ial ly high rates of film formation were l imited by a 
variable series resistor. The series resistance was re-  
duced to zero and the specimen held at full  voltage 
for a "standard" time, in this case 2 min, such that  the 
final thickness was re la t ively insensi t ive to small  dif- 
ferences in  the anodization sequence or time. 

The specimens were heated quickly in  dry oxygen 
to the desired reaction temperature  in a high sensi- 
t ivi ty manometr ic  oxidation rate apparatus,  and the 
rate of oxygen consumption was followed as a func-  
tion of time. Specimens for metal lographic examina-  
t ion were s imilar ly  oxidized for various t imes in  a 
quartz apparatus.  

Results and Discussion 
Film $ormation.--General ly ,  the anodic films formed 

on electropolished t an t a lum surfaces in  dilute electro- 
lytes are of very un i form thickness and consist of 
amorphous layers or very small  crystalli tes of mater ial  
having pentoxide stoichiometry. The anodization effi- 
ciency is v i r tua l ly  100%, and suitable th ickness-vol t -  
age calibrat ions can be obtained with a simple con- 
s tant-vol tage power supply using the procedures out- 
l ined above. The measurement  of the weight  changes 
of a 450 cm 2 t an ta lum sheet specimen dur ing stepwise 
anodization in  0.2% K F  to 200v resul ted in  a l inear  
relationship between weight gain and voltage of 0.2399 
~g/cmLv.  Recent measurements  (9, 10) indicate that  
the density of the amorphous oxide formed under  
these conditions is approximately 8.03 g /cm 3, which 
leads to an oxide thickness cal ibrat ion value of 16.5 
A/v. 

Anodizing t an ta lum in phosphoric acid solutions also 
produces uni form amorphous layers of oxide; how- 
ever, the effect of included phosphorus on the physical 
properties of these layers is not well  established. The 
problem is magnified because of the apparent  duplex 
na tu re  of the films, and an accurate thickness-voltage 
cal ibrat ion in this case is difficult to obtain. In  Fig. 1, 
the weight gain as a funct ion of applied voltage is 
presented for anodization in  0.9M and 14M H3POA. 
These data were obtained with a s tandard  laboratory 
microbalance using polished tan ta lum sheet specimens 
having surface areas of approximately 500 and 600 
cm 2, respectively. In  0.9M H3POA, the t an ta lum anod-  
ized very much in the same manne r  as in  dilute solu- 
tions: that  is, a critical examinat ion  of interference 
colors, weight gain data, and electrical breakdown 
voltages is necessary to dist inguish this film from one 
formed, for example, in 0.2% KF. On the other hand, 
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in the case of concentrated (85.3%, 14M) H3PO4, it 
is much more obvious that the process results in films 
of different properties. 

The weight gain data of Fig. 1 are well  described by  
a l inear  function of the voltage up to the breakdown 
voltage for each of the electrolytes. In  0.9M H3POA, the 
specimen gained weight at a rate of 0.2370 ~g/cm2-v 
which was very close to that  measured for t an ta lum 
in dilute KF, 0.2399 ~g/cm2-v. However, for our anod-  
ization procedures, about 10-12% addit ional  voltage 
was required for 0.9M H3PO4 electrolytes to match 
interference colors with films formed in  the dilute 
electrolytes. The breakdown voltage in this electrolyte 
was in excess of 220v. 

In  14M H3POA, the rate of weight gain of the speci- 
men with voltage was appreciably less, 0.2043 ~g/ 
cm2-v. The film suffered a self-heal ing dielectric 
b reakdown and part ial  crystall ization at about  95v 
resulting, among other things, in  an increase in the 
rate of weight gain. In  the concentrated acid, about 
50% higher voltage was required to produce the same 
interference color as that  formed in the dilute solu- 
tion: for example, 49.5v films in 0.2% KF matched 
those formed to 75v in  14M HsPO4. 

In order to establish a suitable thickness-voltage 
cal ibrat ion for the phosphorus-containing films, it 
would be desirable to have an estimate of the density 
or at least informat ion regarding the composition, 
structure, and refractive index of the films. While 
only l imited direct data are available, some indirect  
measurements  permit ted a reasonable value to be 
estimated from the weight gain measurements .  As in -  
dicated in detail in  the Appendix,  the most probable 
values were de termined to be 13.2 A/v  for 14M H3POA, 
and 15.7 A / v  for 0.gM HsPOA. 

Kinetics.--Electropolished t an t a lum specimens an -  
odized to a given film thickness in concentrated phos- 
phoric acid (14M) were found more resis tant  to sub-  
sequent gaseous oxidation at elevated temperatures  
than  specimens anodized in dilute aqueous solutions. 
While there were differences in  the degree of protec- 
t ion depending on the phosphoric acid concentrat ion 
of the electrolyte, the ma x i mum effect seemed to oc- 
cur for specimens anodized in the concentrated acid, 
and these results only wil l  be considered in  this paper. 

The oxidation kinetics of pla in  t an t a lum and several 
anodized specimens 2 dur ing  the early stages of oxida- 
t ion at 500~ are shown in  Fig. 2. At this temperature,  

e The  t h i c k n e s s  o f  the  a n o d i e  f i lms  r e p o r t e d  in  F ig .  2-5 w e r e  cal-  
cu l a t ed  o n  t h e  bas is  of  a 14.0 A / v  c a l i b r a t i o n  a n d  a r e  t h u s  con-  
s ide red  t o  be an  u p p e r  l i m i t  o f  t h e  a c t u a l  t h i c k n e s s  (see A p p e n d i x L  
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compared to the plain tan ta lum specimen, the anod-  
ized specimens consumed oxygen at a much  slower 
rate:  films as thin as 50A exer ted  a considerable ef -  
fect; films thicker  than 250A reduced the o x i d a t i o n  
rate to very  small values. By comparison with our pre-  
vious work  (1) it was apparent  that  these films were  
considerably more efficient in reducing  the oxidat ion 
rate than those formed in di lute electrolytes.  Smyth  
et al. (5, 6) previously repor ted  that  the over -a l l  
oxygen uptake of anodized tan ta lum whi le  being an-  
nealed in air was less for the phosphorus-containing 
films. Smyth  also concluded that  the mobili t ies of the 
diffusing species, both h igh- t empera tu re  and field- 
driven, were  decreased by the presence of phosphorus.  

As fur ther  discussed below, the rate  of oxygen per -  
meation through the films was found to be inverse ly  
propor t ional  to their  thickness. This indicated that, as 
in the case of films formed in  di lute  electrolytes,  
oxygen diffused through the film and dissolved in the 
meta l  wi thout  an appreciable change in the film 
thickness. Af te r  a period of t ime in which oxygen 
solution in the meta l  was the p r imary  event,  the oxi-  
dation rate suddenly increased in a manner  similar  
to the "breakaway"  observed in the case of pure  metal .  
The effect of t empera tu re  on the oxidation kinetics 
o f  tan ta lum specimens anodized in 14M HzPOa to 
film thicknesses of 250 and 1000A is shown in Fig. 3 
and 4. The behavior  was qua l i t a t ive ly  the same as 
that  shown previously (1) for convent ional  anodic 
films. However ,  for a given film thickness and tem-  
perature,  the oxidation ra te  and t ime- to -b reakaway  
were  great ly different. I t  should be pointed out that  
the occurrence of b reakaway of the oxidat ion ra te  
curves for anodized specimens usual ly represents  the 
start  of film breakdown on an ex t remely  local scale 
and not a general  degradat ion of the protect ive prop-  
erties of the film. 

It was also possible to compare quant i ta t ive ly  the 
oxygen flux through these films with  the corresponding 
flux observed during oxidation of tan ta lum specimens 
anodized in dilute solutions. The oxygen flux or per-  
meation rate was taken as the slope of the almost-  
s t ra ight- l ine  portion of the oxidation ra te  curve  which 
existed immedia te ly  pr ior  to the b reakaway  inflection. 
In order  to check our results and to make  use of 
some improvements  in technique, our measurements  
for specimens anodized in 0.5% Na2SO4 solution were  
repeated and extended to higher  temperatures .  F igure  
5 is a plot of the permeat ion  ra te  as a funct ion of re -  
ciprocal t empera tu re  for the four  sets of specimens 
having two different film thicknesses. The data for 
250 and 1000A films formed in the dilute Na2SO4 solu- 
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tion are sl ightly higher  than those presented in our 
earl ier  work (1); however ,  wi thin  exper imenta l  error  
the slopes of the lines describing the present data are 
the same as those found previously.  

The data of Fig. 5 show that  at a given tempera tu re  
the oxygen permeat ion rates through films formed in 
dilute Na2SO4 were  roughly  five times greater  than 
those for films of equivalent  thickness formed in con- 
centrated H3PO4. For  films formed in ei ther electro-  
lyte, the permeat ion rates were  inversely  proport ional  
to the film thickness, indicating that  t ransport  wi thin  
the film was rate  controlling. The act ivat ion energies 
for oxygen t ransport  in both types of films, determined 
f rom the slopes in Fig. 5, were  only sl ightly different: 
about 43 kca l /mole  for plain Ta205 and about 46 kca l /  
mole for the phosphorus-containing films. Obviously, 
the er ror  limits of these values overlap so it is im-  
possible to tel l  unequivocal ly  if the differences in rate  
were  simply due to differences in act ivat ion energy 
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ra ther  than  concentrat ion differences or preexponent ia l  
factor effects. However, a difference of this magni tude  
in activation energy could indeed account for the 
observed difference in  rate in this tempera ture  range. 

Breakdown of the fi~ms.--Visual and microscopic 
observations of the topography of anodized specimens 
dur ing oxidation emphasized, perhaps even more than  
the oxidation rate curves, the differences in protection 
afforded by the anodic oxide films. For all t an ta lum 
specimens anodized in concentra ted H3PO4 (with the 
possible exception of specimens having film thick- 
nesses of 150A or less) v i r tua l ly  no changes in surface 
topography of the oxide were observed unt i l  localized 
regions of accelerated attack appeared. The onset of 
this localized attack correlated well  with the begin-  
n ing  of the "breakaway" stage of oxidation as indi -  
cated by the oxidation rate curve. As in  the case of 
the type of film breakdown reported for plain anodic 
films (1), it appears that  the oxygen content  in the 
metal  at the anodic oxide-metal  interface increased 
unt i l  crystal l ine oxide formed which in tu rn  physically 
disrupted the overlying a n o d i c  film or promoted its 
crystallization. The presence of flaws in the anodic 
oxide films such as those described by Vermilyea (11) 
would probably  determine to a large extent  the l imit  
of protection afforded by an anodic film of a given 
thickness and also account for the local na ture  of the 
accelerated attack, par t icular ly  at the higher tem- 
peratures.  It  may be that  the role of phosphorus in 
increasing the over-a l l  oxidation resistance is to 
change the na ture  of the flaws as well  as to decrease 
the rate of oxygen permeation. It is also tempt ing  to 
speculate that an unusua l  rea r rangement  of the avail-  
able phosphorus, such as that  described by Smyth  
(6), may be responsible for the large effects. Ob- 
viously, considering the film to be of uni form composi- 
t ion is a dangerous oversimplification. 

A comparison of the topography of plain and anod- 
ized t an ta lum after oxidation is presented in Fig. 
6-11. Figure 6 shows the oxide texture  on plain elec- 
tropolished tan ta lum after 4 hr  in oxygen at 500~ 
Oxidation has proceeded into the breakaway stage, 
and the surface has become at least par t ia l ly  covered 
with the crystal l ine pentoxide. In  contrast,  Fig. 7 
shows that  a similar specimen, anodized to a film 
thickness of only 250A in dilute KF, was v i r tua l ly  un -  
changed by 8-hr exposure. However, 48 hr at 500~ 
produced serious breakdown over most of the speci- 
men. Figure 8 shows the type of b reakdown which 
occurred: the dark regions in  the micrograph are 
areas exhibi t ing high oxidation rates where volu-  
minous crystal l ine pentoxide existed; the l ight regions 
are areas still protected by the anodic oxide film. That  
there was an orientat ion effect on the morphology of 
film breakdown at least for the th inner  films is ob- 
vious from the figure. It is possible that  this is caused 
by the fact that  formation of one or more of the sub-  
oxides of t an ta lum which may develop prior to the 

Fig. 7. Surface appearance of anodized tantalum specimen after 
oxidation for 8 hr at 500~ 0.5% Na2SO4 electrolyte; 250.~. 
film thickness. 

Fig. 8. Surface appearance of anodized tantalum specimen 
after oxidation for 48 hr at 500~ 0.5% Na2SO4 electrolyte; 
2505. film thickness. 

Fig. 9. Surface appearance of anodized tantalum specimen after 
oxidation for 48 hr at 500~ 14M H~PO4 electrolyte; 250.~ film 
thickness. 

Fig. 6. Surface appearance of plain tantalum specimen after 
oxidation for 4 hr at 500~ 

breakdown of the overlying amorphous film is or ienta-  
t ion dependent.  As these high-ra te  regions grew in 
size, the measured oxidation rate cont inued to in-  
crease, and "breakaway" was thus ra ther  sluggish 
compared to that  for pla in  tanta lum.  

On the other hand, films of a given thickness formed 
by anodizing in  H3PO4 were considerably more re-  
sistant to this sort of breakdown than those formed in 
dilute solutions. For example, Fig. 9 shows the surface 
of a specimen anodized to a film thickness of 250A 
after 48 hr at 500~ in  oxygen. The film was still pro-  
tective to the extent  that  the observation of a small  
"breakdown" area such as that  seen in  the figure was 
a rare event. Specimens anodized to this film thick- 
ness were held in oxygen for over 100 hr at 5O0~ 
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Fig. 10. Surface appearance of anodized tantalum specimen 
after oxidation for 6 hr at 600~ 14M H3PO4 electrolyte; 1000A 
film thickness. 

with only few such areas observed. Even after 500 hr, 
large areas of film were still protective on an other-  
wise heavily attacked specimen. Thicker anodic films 
furnished an increased degree of efficiency in post- 
poning breakaway. Figure  10 shows a typical surface 
area showing no breakdown of a 1000A phosphorus- 
containing film after 6 hr in oxygen at 600~ a rather  
severe oxidation t rea tment  for tanta lum.  Of course, 
when  a flaw in the film breaks down when the oxi- 
dation tempera ture  is 600~ the result  is catastrophic. 
Figure  11 shows such a surface region from the same 
specimen as that  of Fig. 10. The large, thick oxide 
patch has resulted from the consumption of practically 
the entire thickness of the metal  at that  point. While 
perhaps 1 or 2% of the surface area is oxidizing at 
a rate comparable to that  of the pla in  metal,  the rest  
is still being well  protected by the film. The high de- 
gree of physical distort ion of the film and metal  
around the oxide patch suggests that  stresses asso- 
ciated with the volume change when t an ta lum is con- 
verted to oxide may play an impor tant  role in the 
lateral  propagation of the fast-rate  regions. 

Conclusions 
Anodic oxide films formed on electropolished tan-  

t a lum specimens serve as protective oxide films dur -  
ing subsequent  gaseous oxidation in the sense that  
they decrease the early-stage oxygen consumption 
rate and postpone the breakaway increase in oxidation 
rate associated with voluminous pentoxide formation. 
In  agreement  with the observations of Smyth  et al. 
(5, 6), the presence of phosphorus in  the anodic films, 
brought  about  by  anodizing the specimens in  phos- 
phoric acid electrolytes, was shown to be especially 
effective in increasing the protective properties of the 
films. Compared to the behavior  exhibited by films 

Fig. 11. Local breakdown of anodic layer on anodized tantalum 
specimen oxidized for 6 hr at 600~ 14M H3PO4 electrolyte; 
1000~ film thickness. 
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formed in dilute electrolytes, the oxygen permeat ion 
rates through films formed in  concentrated phosphoric 
acid were shown to be decreased by a factor of five; 
however, the data were not  sufficiently accurate to 
ascertain if the indicated increase in the activation 
energy for oxygen t ranspor t  were solely responsible. 

The characteristics of the eventual  breakdown of the 
phosphorus-containing anodic films were shown to be 
similar  to that observed for films formed in  di lute so- 
lutions (1). Breakdown appeared to be ini t ia ted at 
isolated points in  the film. At these points, which may 
be associated with any  of several  types of flaws in  the 
anodic films, it appeared that  crystal l ine oxide is nu -  
cleated either via oxidation of the metal  or crystall iza- 
t ion of the amorphous layer, or both. The resul t ing 
physical disruption of the film leads to a locally high 
oxidation rate. The density of activated flaws seemed 
to depend par t icular ly  on film thickness. For speci- 
mens with thick anodic films oxidizing at high tem- 
perature,  oxidation general ly proceeded from a small  
number  of fast-oxidizing regions which consumed the 
specimen mainly  by la teral  growth. 
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APPENDIX 

Establishment of the Thickness-Voltage Relath~r~ship 
]or Tantalum Films Formed in Phosphoric Acid 
Solutions yrom the Weight Gain Measurements 

On the assumption that  the film is amorphous, 
stoichiometric Ta205 only, having a density of 8.03 
g/cm 3 (9, 10), the thickness-voltage relat ionship is 
given by  

1. for anodization in 14M H3PO4 

~gO2 441.76 gTa20~ 
0.2043 • - -  - -  

cm 2 - -  v 80 gO2 

1 cm3Ta205 A .% 
• - -  X l0 s = 14 .05- -  

8.03 gTa205 cm v 

~gO2 
2. for anodization in 0.9M H3P04, 0.2370 

cm 2 -- v '  
the above expression yields 16.30 A/v. 

We can make the assumption that the film is a uni- 
form layer of PTagO25. According to Roth and his co- 
workers (12,13), this compound is tetragonal. A 
theoretical density of 7.424 g/cm 3 can be calculated on 
the basis of the x-ray data. Thus, if this assumption 
is correct, the thickness-voltage relat ionship is 

1. for anodization in 14M HsP04: 

~g(O2 + P) 2058,9 gPTa9025 
0.2043 X - -  

cm 2 -  v 431 g (O2+ P) 

1 cmSPTa~O25 A A 
X - -  X l0 s =13.16-- 

7.424 gPTa9025 cm V 

p g ( 0 2  q- P )  
2. for anodization in 0.gM H3PO4, 0.2370 

cm 2 ~ v 
the above expression yields 15.25 A/v. 

We could also make the assumption that phosphorus 
is included in the film so that the general formula 
PxTa2-zO5 is applicable. The criterion that phosphorus 
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substi tute for t an ta lum in  the amorphous pentoxide 
without  a volume change leads to a density for 
PTa902~ of 7.485 g/cm 3. This figure is in reasonable 
agreement  with that  calculated for the crystal l ine 
material ,  and gives an addit ional  degree of credence to 
this method of est imating the density. It  is significant 
also to note that  the density of oxide formed in 50% 
H2SO4 has been determined as 7.87 g/cm 8 (9). The 
mole ratio of phosphorus to t an ta lum in the outer par t  
of the anodic layer has been found (4) to be about 
0.18 and 0.09 for 14M and 0.9M H3PO4 solutions, re-  
spectively. The effective density of the films can then 
be calculated as 7.59 and 7.79 g/cm 3 corresponding 
to the compositions P0.16Tal.s405 and P0.09Tal.91Os. 
These compositions approximate the average composi- 
tion expected in the films. Therefore, on the above 
basis, the thickness-voltage relationship becomes 

1. for anodization in 14M H3PO4: 

~ g ( O 2  -~- P) 417.8 gP0.16TaLs405 
0.2043 • - -  

c m ~ - - v  85 g(O2 + P) 

1 cm3P0.16Tal.s405 A A 
• - -  X 108 ---- 1 3 . 2 3  

7.59 gP0.18Tal.8405 cm v 

2. for anodization in  0.9M HsPO~ 

~g(O2 -~- P) 428.3 gP0.09Tal.9105 
0.2370 X - -  

cm 2 - -  v 82.8 g(02 -]- P) 

1 cm3P0.09Tal.9105 fl- A 
>< - -  X l0 s ---- 15.74 

7.79 gP0.09TaL91Os cm v 

Randal l  et al. (4) report  a decrease of about 24% 
in the dielectric constant  for the phosphorus-r ich por- 
tion of the anodic film formed in  14M H3PO4 solutions. 
This change implies a decrease in the index of re-  
fraction and, all other things being equal, an increase 
in  the thickness at which a given interference color 
appears. 

The thickness, t, at which destructive interference 
of a wavelength,  ~, occurs due to mult iple  reflection 
from a film-covered meta l  surface at nea r -no rma l  in -  
cidence is 

t---- ( 2 ~ - - 1 )  -4n nuC 

where m ---- 1,2,3, - - - ,  n = refractive index of the film, 
a n d  C a constant  reflecting the difference in the phase 
re tardat ion at the metal-f i lm interface from m Young 
(14) reported that C varies f rom--100  to --200A; our 
data favor the la t ter  value for C for ~ near  6500A. 

For two films, A and B, which exhibit  the same 

interference color (in the same order) the following 
expression is applicable 

ZA ~ CA 
t~ + C B  

~,B/nA 

By noting that a film anodized by the procedure out-  
l ined in the text to 75v in  concentrated HsPO4 ex- 
hibited a color identical  to that of a specimen anodized 
to 49.5v in dilute KF  (817A), an addit ional  means to 
estimate the film thickness is obtained. Since CA ~-- CB 
for the films under  consideration, a lower l imit  (when 
nA ~ riB) for the thickness-voltage ratio is found to 
be 10.9 A / v .  How much higher the actual  value wil l  
be depends on how much the refractive index has 
been changed. If it is assumed that  the ratio of the 
refractive indices of films A and B is equal to the 
square root of the ratio of their  dielectric constants, 
about 0.88, (an assumption requ i r ing  that  the fre-  
quency dependence of the dielectric constant  of each 
be s imilar) ,  a value of 12.8 A / v  is obtained for films 
formed in the concentrated acid. 

Despite the various assumptions made in the above 
calculations, the range of values obtained for the 
thickness-voltage relationship is re la t ively narrow. 
For  anodization in concentrated H3PO4 and 0.9M 
H3PO4, 13.2 and 15.7 A / v ,  respectively, have been 
chosen as the "best" values based on present  infor-  
mation. 
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Crystal Morphology and Mechanisms of Growth of 
Alpha-Fe O  Whiskers on Iron 

Richard L. Tallman and Earl A. Guibransen 
Westinghouse Electric Corporation, Research and Development  Center, Pittsburgh, Pennsylvania 

ABSTRACT 

The morphology of ~-Fe203 whiskers formed on iron at 400~176 in 
dry oxygen was studied. Diffraction pat terns of individual  whiskers and tex- 
ture  pat terns of oxidized surfaces showed the whisker  axis to be [1120]. The 
axial rotat ion indicated by the pat tern  is that  resul t ing from an axial twist. 
This is good evidence that the most simple oxide whiskers have a single axial 
screw dislocation. Arguments  are presented for the view that growth of the 
whisker occurs by diffusion of i ron atoms or ions through the dislocation 
and reaction with oxygen at the tip. 

When iron is heated in oxidizing atmospheres, lo- 
calized oxide growths form on the oxidized i ron sur-  
face (1-3). The crystal habi t  of these oxide growths 
a n d  the extent  of oxide growth depend on m a n y  fac- 

tors, including temperature,  t ime of reaction, in te rna l  
or external  stress, impuri t ies  in  the metal,  pre t rea t -  
ment  of the metal, and the composition of the oxi- 
dizing atmosphere (3). 
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O x i d e  w h i s k e r s  f o r m e d  o n  p u r e  a n n e a l e d  i r o n  a t  
400~176 in  d r y  o x y g e n  h a v e  d i a m e t e r s  of a b o u t  
150A or  more ,  l e n g t h s  u p  to  4 x 105A, a n d  w h i s k e r  
d e n s i t i e s  o n  t h e  s u r f a c e  u p  to  10S/cm 2 (3) .  E l e c t r o n  
d i f f r ac t i on  s t ud i e s  s h o w  t h a t  t h e  m o s t  s i m p l e  w h i s k e r s  
a r e  s ing le  c r y s t a l s  of ~-Fe203.  

Th i s  p a p e r  p r e s e n t s :  ( i )  n e w  se l ec t ed  a r e a  e l e c t r o n  
d i f f r a c t i o n  s t ud i e s  on  s ing le  i r o n  o x i d e  w h i s k e r s  
f o r m e d  d u r i n g  t h e  o x i d a t i o n  of i r o n  in  d r y  o x y g e n ,  
(ii) m o r p h o l o g i c a l  e v i d e n c e  fo r  s c r e w  d i s l oca t i o n s  in  

o x i d e  w h i s k e r s ,  a n d  (iii) a g r o w t h  m e c h a n i s m  fo r  
ox ide  w h i s k e r s  o n  i ron .  

Exper imental  
A l a r g e  file of c a r e f u l l y  o x i d i z e d  p u r e  i r o n  w i r e s  

w e r e  a v a i l a b l e  f r o m  e a r l i e r  s tud ie s  (3) .  B e f o r e  ox i -  
da t ion ,  t h e  i r o n  w i r e s  h a d  b e e n  c a r e f u l l y  a n n e a l e d  a n d  
c l eaned .  T h e  i r o n  w i r e s  w e r e  t h e n  o x i d i z e d  in  d r y  a n d  
pu r i f i ed  o x y g e n  u n d e r  c o n t r o l l e d  t e m p e r a t u r e  a n d  
t i m e  cond i t ions .  

A n  R C A  E M U - 3 D  e l e c t r o n  m i c r o s c o p e  w i t h  se-  
l ec t ed  a r e a  d i f f r ac t i on  w a s  u sed  a t  100 k v  e l e c t r o n  
ene rgy .  T h e  r e l a t i v e  r o t a t i o n  of t h e  s e l e c t e d  a r e a  
e l e c t r o n  d i f f r a c t i o n  p a t t e r n  w a s  d e t e r m i n e d  b y  u s e  of 
t h e  s e l ec t ed  a r e a  i m a g e s  a n d  t h e  s e l ec t ed  a r e a  d i f f r ac -  
t i on  p a t t e r n s  of a sbes to s  f ibers .  

Structural Information 

a -Fe203  crystal structure.--Pauling a n d  H e n d r i c k s  
(4) d e t e r m i n e d  t h e  c r y s t a l  s t r u c t u r e  to b e  t r i g o n a l  or  

r h o m b o h e d r a l ,  space  g r o u p  R-3  c. Th i s  s t r u c t u r e  w a s  
c o n f i r m e d  b y  B l a k e  et al. (5) in  1966. T h e  l a t t e r  
a u t h o r s  g ive  t h e  f o l l o w i n g  s t r u c t u r a l  h e x a g o n a l  d i -  
m e n s i o n s :  a = 5.038 • 0.002A, c = 13.772 • 0.012A, 
a n d  c/a = 2.733 • 0.015A. W e  h a v e  c a l c u l a t e d  t h e  c o r -  
r e s p o n d i n g  s t r u c t u r a l  r h o m b o h e d r a l  d i m e n s i o n s  to b e  
a = 5.469A a n d  a = 55~ ". T h e  n a t u r a l  h e m a t i t e  
u s e d  c o n t a i n e d ,  w i t h  l e s se r  i m p u r i t i e s ,  suff ic ient  a l u m i -  
n u m  to fill 2.8 ___ 0.6% of t h e  i r o n  pos i t ions .  T h e  d i -  
m e n s i o n s  w e  h a v e  c h o s e n  (6) a r e  suf f ic ien t ly  a c c u r a t e  
for  t h i s  w o r k .  

Unit cells and indices.--Figure 1 s h o w s  t o p  a n d  
f r o n t  v i e w s  a n d  d i m e n s i o n s  (6) f o r  t h e  u n i t  ce l l s  fo r  
a-FeeO~ a n d  i ts  i s o m o r p h s .  F o u r  u n i t  ce l ls  a r e  in  c o m -  
m o n  use. T h e  c o n v e n t i o n a l  s t r u c t u r a l  h e x a g o n a l  a n d  
r h o m b o h e d r a l  u n i t  ce l ls  a r e  s h o w n  a t  t h e  left .  F o u r  
i nd i ce s  a r e  u s e d  to d e s c r i b e  a set  of l a t t i c e  p l a n e s  in  
t e r m s  of t h e  h e x a g o n a l  cell. T h e  c o n v e n t i o n a l  
m o r p h o l o g i c a l  r h o m b o h e d r a l  u n i t  ce l l  is s h o w n  a t  t h e  
r i gh t .  T h e  f a c e - c e n t e r e d  r h o m b o h e d r a l  F u n i t  ce l l  h a s  
a n  a v a l u e  of tw ice  t h a t  fo r  t h e  c o n v e n t i o n a l  m o r -  
p h o l o g i c a l  r h o m b o h e d r a l  u n i t  cel l .  T h i s  ce l l  is s h o w n  
a t  t h e  c en t e r .  T h e  r h o m b o h e d r a l  F ce l l  a n g l e  a is 
n e a r l y  90 ~ . I t  is t h i s  r e l a t i o n s h i p  to t h e  f a c e - c e n t e r e d  
cub ic  ce l l  w h i c h  m a k e s  t h e  r h o m b o h e d r a l  F ce l l  c o n -  
v e n i e n t  fo r  i n d e x i n g .  D i r e c t i o n s  a r e  n e a r l y  n o r m a l  to  
l a t t i c e  p l a n e s  w i t h  t h e  s a m e  ind ices .  Th i s  ce l l  is u s e d  
in  i n d e x i n g  a l l  of  o u r  s e l ec t ed  a r e a  d i f f r ac t i o n  p a t -  
t e r n s  a n d  is r e f e r r e d  to w h e r e v e r  t h e  u n i t  ce l l  is n o t  

iden t i f i ed .  C o n v e n t i o n a l  s t r u c t u r a l  h e x a g o n a l  a n d  
r h o m b o h e d r a l  i nd i ces  a r e  a lso g iven .  

Results and Discussion 
F i g u r e  2 s h o w s  a s e l e c t e d  a r e a  e l e c t r o n  d i f f r a c t i o n  

p a t t e r n  f r o m  a n  i r o n  o x i d e  w h i s k e r  m e a s u r i n g  1.5~ i n  
t h e  s e l ec t ed  a r e a  image .  I n d e x i n g  w as  m a d e  u s i n g  
t h e  r h o m b o h e d r a l  F u n i t  cell.  T h e  o r i e n t a t i o n  of t h e  
p r o j e c t i o n  of t h e  ax i s  of t h e  w h i s k e r  l ies  n o r m a l  to  t h e  
l a y e r  l ines  of t h e  p a t t e r n  s h o w n  i n  Fig. 2, i.e., i n  t h e  

[220] d i r ec t ion .  T h i s  w h i s k e r  ax i s  is [1120] a n d  [101] 
in  t h e  c o n v e n t i o n a l  s t r u c t u r a l  h e x a g o n a l  a n d  s t r u c -  
t u r a l  r h o m b o h e d r a l  ind ices ,  r e s p e c t i v e l y .  

A n  a n a l y s i s  of  t h e  d i f f r ac t i o n  spo ts  in  Fig.  2 s h o w s  
t w o  ne t s ,  t h e  f i rs t  is a n e t  n o r m a l  to  t h e  [111] d i r e c t i o n  
a n d  t h e  s e c o n d  is a n e t  n o r m a l  to t h e  [110] d i r ec t ion .  
T h e  a n g l e s  b e t w e e n  r o w s  of spo ts  a r e  w i t h i n  1 ~ of  t h e  
a n g l e s  b e t w e e n  r o w s  of i n d e x  p o i n t s  in  t h e  r e c i p r o c a l  
l a t t i c e  of ~-Fe20~. T h e  sec t ions  of w h i s k e r  g i v i n g  t h e  
t w o  r e c i p r o c a l  l a t t i c e  n e t s  l ie  a t  32.4 ~ to o n e  a n o t h e r .  

B o t h  n e t s  of F i g u r e  2 i n c l u d e  t h e  o r ig in ,  220, a n d  

220. W e  conc lude ,  t h e r e f o r e ,  t h a t  t h e  r o t a t i o n  ax i s  of  

t h e  p a t t e r n  is [220]. T h e  s a m e  c o n c l u s i o n  r e s u l t s  f r o m  
t h e  f ac t  t h a t  t h e  spo ts  of e a c h  l a y e r  l i ne  a r e  i n d e x e d  
b y  p o i n t s  in  a c o r r e s p o n d i n g  r e c i p r o c a l  l a t t i c e  n e t  n o r -  
m a l  to  [220]. 

T w o  a d d i t i o n a l  o x i d e  w h i s k e r s  w h i c h  h a v e  b e e n  
s t u d i e d  s a t i s f a c t o r i l y  b y  s e l ec t ed  a r e a  e l e c t r o n  d i f f r ac -  
t i on  a r e  of i n t e r e s t .  I n  one,  t w o  n e w  n e t s  of spots ,  

n o r m a l  to t h e  [001] a n d  [112] d i r ec t i ons ,  r e s p e c t i v e l y ,  
w e r e  f o u n d .  T h e  r o t a t i o n  ax i s  of t h e  o x i d e  w h i s k e r  
w as  [220]. T h e  w h i s k e r  ax i s  w a s  p r o v e d  to b e  t h e  r o -  
t a t i o n  ax i s  as fo l lows :  T h e  w h i s k e r  ax is  l i es  in  a 
p l a n e  n o r m a l  to  t h e  p a t t e r n  of t h e  s e c o n d  o x i d e  
w h i s k e r  d i f f e r e n t  f r o m  t h e  p l a n e  of  t h e  w h i s k e r  ax is  
f o r  t h e  w h i s k e r  g i v i n g  t h e  p a t t e r n  s h o w n  i n  Fig.  2. 

T h e s e  t w o  p l a n e s  i n t e r s e c t  in  t h e  [220] r o t a t i o n  axis .  

S 

Conventional Rhoml~hed ral F Conventional 
Structura l  Structura l  Morphological 
a = 5. d228 A, a = 55. 273 ~ a = 7. 3976 A a = 3. 6988 A 
a = 5.0317,~, c = 13.737~ c = 85.715 ~ a - 85.715 o 

Fig. 1. ~-Fe203 unit cells 
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Fig. 2. Selected area electron diffraction, a-Fe203 whisker (top); 
1.5~ long, 10-15g; indexed with a face-centered rhombohedron, 
a ~ 85.7 ~ Nets normal to [111] and [110] included (bottom). 
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If the whisker  axis is the same in the two cases, it is 
[220]. 

For the third indexed pattern,  the same rotat ion 
axis was found, but  not close to 90 ~ to the beam direc-  
tion. Again  the projections of the whisker  and rota-  
tion axes coincide in the pattern.  This is a more com- 
mon type of diffraction pa t te rn  than that  shown in 
Fig. 2. Bent, kinked, and apparent ly  mult iple  whiskers  
introduce fur ther  complications. 

The three  different selected area pat terns  which 
were  indexed include very  weak ext ra  anomalous 
diffraction spots on the layer  lines. Some of the spots 
correspond in position in the pat tern to the systemat i -  
cally absent diffraction f rom planes of the form {111}, 
but most of the spots could not be indexed. The 
anomalous spots were  also found by Takagi (2). 

Since the whisker  axis and the rotat ion axis coincide 
we are led to hypothesize that  the whisker  is twisted. 
This is consistent wi th  the diffraction pat terns of in-  
dividual  whiskers,  in that  they show a l imited ro-  
tation by including diffraction represented by appro-  
pr iately l imited sectors of the reciprocal  lattice. All  
of the selected area diffraction pat terns of individual  
whiskers obtained for this work, about forty, are 
composed of rows of spots ( layer  lines) normal  to the 
projection of the whisker  axis. It  appears certain 
that  axial  twist  was at least common to whiskers 
sufficiently long to be selected separate f rom other 
whiskers.  

Since no grain boundaries are commonly revealed by 
diffraction contrast  in the micrographs,  any grain 
boundaries  which may exist  must be such that  the 
contrast  is difficult to observe. The probabi l i ty  that  
a small number  of untwis ted crystals might  lie in the 
special orientat ions in the beam indicated by the dif- 
fract ion pat terns of individual  whiskers  is negligible. 

In addit ion to evidence in the selected area diffrac- 
tion pat terns of individual  whiskers,  we find evidence 
of axial  twist  in the electron diffraction pat terns of 
whiskers growing f rom a surface. These pat terns  con- 
tain long, straight streaks which include elongated 
spots on arcs of several  rings of the pat tern be tween 
400 and 42"0, (022~4 and 123-2 in s t ructura l  hexagonal  
indices).  

The angles of the streaks on the pa t te rn  and the 
positions of the spots on the streaks show that  each 
streak is the second layer  l ine for l imited rotat ion 
about the whisker  axis. That  is, the streaks cor-  
respond to diffraction represented by the plane of the 
reciprocal  latt ice normal  to the whisker  axis, [220], 
and passing through 220 (or 22-0). The rotat ion of the 
crystal  about [220] is evidenced fur ther  by the con- 
t inui ty  of the streaks, as follows: the intensi ty be-  
tween the spots results f rom integrat ion over  the 
sector of the reciprocal  lattice plane by rotat ion 
through the reflecting sphere. 

Axia l  Twis t  Calculations 

The axial  twist  a can be calculated f rom an equa-  
tion given by Eshelby (7), ~ = K b /A .  Here b is the 
length of the Burgers  vector,  A is the cross section 
area, and K is a constant which depends on the shape 
of the cross section. K = 1 for an ell iptical  cross sec- 
tion with  central  dislocation. If we approximate  the 
cross-sectional area A with  the area of a circle of the 
whisker  image diameter,  we can calculate the axial  
twist and compare this with the observed twist. The 
full  length of whisker  in the selected area image for 
the pa t te rn  of Fig. 2 was 1.5~. The diameter,  includ- 
ing contamination,  was about 300A. Assuming the 
smallest  Burgers  vector,  i.e., the min imum repeat  dis- 
tance along the whisker  axis, 5.03A, the axial  twist  
is calculated to be 41~ The sections of whisker  giv-  
ing the two reciprocal  latt ice nets of Fig. 2 are at 
32.4 ~ to one another  by rotat ion about  the whisker  
axis. If  at  most these two sections lie at the ends of 

the 1.5~ whisker  section, the axial  twist  is not less 
than 22~ thus the 5.03A Burgers  vector is likely. 

There are many  reasons for a discrepancy between 
the calculated and observed axial  twist:  (i) both the 
cross section and the axial  twist  were  difficult to de- 
termine;  (ii) the elastic anisotropy of a-Fe203 may be 
impor tant  and should be included in the theory;  (iii) 
the dislocation strain may have a planar  character  
which would a l t e r  the strain distr ibution near  the 
core; ( iv)  the discrete atomic s t ructure  and the de- 
creased stress at high strain near  the dislocation may  
result  in a smaller  twist than  that  calculated by the 
simple formula  of Eshelby (7); and (v) surface 
stresses may decrease the axial  twist. 

Comparison w i th  Previous  Morphological Studies 
Miyake (8) repor ted  in 1937 a prefer red  orientat ion 

in the electron diffraction pat tern  of a-Fe20~ formed 
on an oxidized iron specimen. He stated tha t  the (101) 
s t ructural  rhombohedra l  plane was paral le l  to the 
surface. Apparent ly,  lack of knowledge of the ex-  
istence of oxide whiskers  precluded a complete  inter-  
pretation. The (10i-) s t ructural  rhombohedra l  plane 
given by Miyake is normal  to the whisker  axis we 
have  determined.  

Takagi (2) determined the growth axis of localized 
a-Fe203 growths using diffraction pat terns  of indi-  
vidual  growths. That  Takagi 's  work  preceded the gen- 
eral  recognit ion of axial  twist  apparent ly  explains his 
fai lure to recognize the rotat ion pattern. Takagi  oxi-  
dized pure iron in flowing dry oxygen, but  not so dry 
as to prevent  the format ion of oxide platelets. He ob- 
served that  whiskers  and sometimes smal ler  blades 
grew from broken bases of blades, This and other  
observations suggested that  growth is f rom the top. 
Takagi postulated a screw dislocation mechanism for 
the localized growths. He considered surface diffu- 
sion to provide the t ransfer  of metal.  

Bigot (9) and Talbot and Bigot (10) failed to an- 
alyze correct ly  their  selected area electron diffraction 
pat terns of a-Fe203 whiskers  and platelets. They give 
no indexing for their  whisker  rotat ion patterns. In-  
stead they de termine  the whisker  axis on the basis 
that  the most intense spots are al igned paral le l  to the 
smallest  dimension of the crystal.  They give incor-  
rect ly  the s t ructural  hexagonal  direction [1010] as 
the whisker  axis wi thout  support ing data. The most 
intense arc in the fiber tex ture  pa t te rn  for whiskers  
on an oxidized iron surface i s  at 90 ~ to the surface in 
the 112-0 ring. This results f rom the prefer red  or ienta-  
t ion of the (1120) planes, which are normal  to the 
[1120] whisker  axis. Thus, the most intense arc is on 
a normal  to the [1020] direction, but this is not the 
whisker  axis. 

Transport  Mechanisms of WhiskeT Growth  
Three mechanisms have been put forward  for the 

growth of oxide whiskers:  (i) surface diffusion to 
the tip of the whisker,  (ii) extrusion f rom the oxide, 
and (iii) growth by in ternal  diffusion in a hole or 
screw dislocation. 

The possibility that  ~-Fe203 whiskers  resul t  f rom 
some extrusion process seems unl ikely because the 
growths are so uniform and are apparent ly  of high 
crystal l ine perfection. 

It is also unl ikely  that  a-Fe203 whiskers could grow 
by a surface t ransport  mechanism as suggested by 
Takagi  (2) from a surface with  competing a-Fe20~ 
surface growth mechanisms. The hypothesis of a sur-  
face growth mechanism would requi re  that  other  
growth mechanisms or the existence of a-Fe20~ crys-  
tals growing by only mechanisms other than the mech-  
anism of whisker  tip growth be very  limited. The ex-  
istence of species and mechanisms for surface t rans-  
port  of iron sufficient to produce the rapid growth rates 
and the ex t reme lengths of the a-Fe203 whiskers is 
not known and is unl ikely  because of the stability of 
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the Fe304 from which the iron would be transported.  
Fur thermore ,  the nucleat ion of a-Fe203 on Fe304 is 
a common phenomenon and involves only a change 
f rom cubic close-packing to a distorted hexagonal  
close-packing of oxygen in the a-Fe203 latt ice to- 
gether wi th  a change in the iron positions. One cannot 
readi ly  propose that  the dr iv ing  force for rapid dif- 
fusion to the a-Fe203 whisker  tips can be provided by 
high concentrat ions of iron species mobile on the 
Fe304 surfaces. 

Gulbransen (11) has proposed a model  for the 
growth of oxide whisker  assuming the whiskers are 
hollow or contain a screw dislocation at the center. 
The essential  fea ture  of this model  is that  this in-  
te rnal  defect  allows rapid diffusion of iron to occur 
compared to normal  lat t ice diffusion. The morpholog-  
ical studies presented demonstrate  that  oxide whiskers  
are single crystals of high crystal l ine perfect ion and 
show axial  twist. The lat ter  proper ty  is s trong ev-  
idence for  a screw dislocation at the center  of the 
whisker.  

F igure  3 shows a model  for the whisker  growth on 
iron. The whisker  contains an in ternal  hole or screw 
dislocation where  dislocation core or internal  surface 
diffusion of iron occurs along a gradient  in chemical  
potential.  

Most of the growth occurs by react ion wi th  oxygen 
atoms or ions at the t ip of the whisker.  Since the di-  
ameter  is near ly  uni form during growth it follows 
that  cationic mobi l i ty  is much smaller  in the lattice 
than along the dislocation. 

Good measurements  of the growth rates of oxide 
whiskers are not yet  available.  Pease and Ploc (12) 
have observed initial g rowth  rates at 500~ of over  
0.2 ; Jmin ,  an average rate  over  5 min. Takagi (2) 
observed growth rates up to 2 # /min  at 700~ in the 
first minute. Whether  the growth observed in these 
cases should be classified as whiskers  or platelets can-  
not be determined f rom the informat ion given. 

The structures of the sections where  the cation dif-  
fusion rate is high cannot be given at this time. It 
m a y  be that  informat ion on these structures is con- 
tained in the anomalous diffraction. The s tructure in 
the immedia te  vicini ty  of the screw dislocation must  
show ions e i ther  displaced by the strain into some 
distortion of the a-Fe203 structure,  or otherwise po- 
sitioned, possibly in some disordered structure.  In 
ei ther  type of structure,  diffusion coefficients would be 
expected to be different f rom those in the much less 
distorted s tructure of more  than half  of the cross sec- 
tion of the whisker.  This outer  region probably ex-  
hibits the bulk or lattice ionic diffusion coefficients. 
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The Chemical Vapor Deposition of Titanium Carbide Coatings 
on Iron 

Takehiko Takahashi, Kohzoh Sugiyama, and Kensuke Tomita 

Department of Applied Chemistry, Faculty of Engineering, Nagoya University, Nagoya, Japan 

ABSTRACT 

When t i tanium tetrachloride carr ied by argon is reduced by t i tanium 
sponge and the product  flows over  a carbon steel at 850~176 a t i tanium 
carbide film is formed on the steel surface, and the thickness can be re la ted 
l inear ly  wi th  the square root of time. If a mix ture  of hydrogen and propane 
is used as carrier,  the carbide film groves l inear ly  wi th  time. P re -e lec t rodep-  
osition of cobalt  on low carbon steel is effective to obtain good t i tanium 
carbide coatings. 

Ti tan ium carbide is known as a refractory,  ve ry  
hard, and corrosion resis tant  material .  If  t i tanium 
carbide coating could be deposited on various mate -  

rials, the coated mater ia ls  would  be widely  used. 
Ti tanium carbide has been plated on graphi te  at 
1200~176 (1) and also on carbon or tungsten 
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Fig. I. Apparatus for the vapor plating with titanium sponge as 
reductant. 

DEPOSITION OF TiC COATINGS ON IRON 1231 

fi lament f rom a gas mix tu re  of hydrogen, hydro-  
carbon, and t i tanium te t rachlor ide  at tempera tures  
between 1300~176 (2-4).  Rupper t  and co-workers  
repor ted  on t i tanium carbide coated on carbon and /o r  
chromium containing iron at above 800~ (5-8). 
Semenova  and Minkevich  have invest igated t i tanium 
carbide coatings on 12% chromium steel at l l00~ 
(9). When the base mater ia l  is iron, especially, thick 
coatings of t i tanium carbide may  spall off for the 
the rmal  expansion coefficient of t i tanium carbide is 
much smal ler  than that  of iron. Fur the r  it would 
be advantageous to cover iron with  a thick t i tanium 
carbide layer  wi thout  res t r ic t ion of the composition of 
the base material .  

A p p a r a t u s  and  Exper imenta l  

In the present  work, two kinds of exper iments  have  
been carr ied out. In the first, carbon was supplied 
f rom high carbon steel substrate, and t i tanium sponge 
was used as reductant  of t i tanium tetrachloride.  In the 
second exper iment ,  carbon was supplied by gaseous 
hydrocarbons,  and hydrogen was chosen as reductant  
and carr ier  gas. 

The apparatus used for the first kind of exper iment  
is shown in Fig. 1. Argon,  the carr ier  gas, was flowed 
through a deoxygenera tor  filled wi th  t i t an ium sponge 
heated up to 800~ before bubbling into the t i tanium 
tetrachlor ide saturator,  then passing into the quar tz  
tube reactor,  27 mm ID, for  which t h r e e  zones, each of 
which were  80 mm long, were  provided for preheat ing 
and for heat ing the t i tanium sponge and specimen. 
The tempera tures  of these three zones were  control led 
independently.  The specimens were  connected to the 
top of the quar tz  tube by means of a p la t inum or high 
carbon steel wire. Af te r  a certain time, the gas s tream 
was changed to pure  argon, then the specimen was 
raised to the upper  cool part  of the tube where  it was 
cooled, thereaf te r  taken out, and washed wi th  ether. 
The spec imen was of cyl indrical  shape, 3 mm OD and 
20 m m  long. The carbon content  of the specimen was 
0.80 w / o  (weight  per cent) ,  and a- i ron s t ructure  was 
confirmed by the x - r a y  diffraction pattern.  

In the exper iment ,  the growth rate of t i tanium car-  
bide was too low to coat iron with a thick film. For 
this reason, in the second exper iment ,  carbon was sup- 
plied by gaseous hydrocarbons,  and the reductant  was 
changed to hydrogen.  The apparatus is shown in Fig. 
2. The coating chamber  was quartz  tube, 220 mm long 
and 27 mm ID. Three iron specimens, 20 x 10 x 1 mm 3, 
were  connected to a balance. The carbon content  in 
the specimen was 0.035%. In this case, the direct 
coating of t i tan ium carbide on low carbon steel was 
found to be hopeless due to severe weight  loss of iron 
and its cementa t ion both of which cause weakening  of 
the adherence of t i t an ium carbide on iron. Prepla t ing  
of the low carbon steel wi th  a cobalt layer  was found 
to be of use to suppress the weigh t  loss of iron. 

Results and  Discussion 
Type I experiment (carbon supplied by the base).-- 

Changes in weight of the specimen.--In the pre l imi-  
nary  experiments ,  the weight  changes of various ma-  
terials were  measured wi th  no t i tanium sponge layer  
in the reactor. Titanium, wrought  iron, plat inum, 
copper, and quartz  underwent  considerable weight  
loss, but  wi th  the high carbon steel the decrease was 
re la t ive ly  slight. F rom these facts, it is concluded 
that  the t i tanium te t rachlor ide  s t ream causes a loss of 
base materials  probably due to the format ion of chlo- 
rides of the respect ive metals. The small  change 
in weight  of high carbon steel suggests the format ion 
of corrosion resistant  surface film. When  t i tanium 
sponge was used as shown in Fig. 1, the weight  of the 
specimen increases wi th  time. Based on x - r a y  anal-  
ysis, this weight  increase was a t t r ibuted to the fo rma-  
t ion of t i tanium carbide film on the specimen. 

Dependence of the growth rate.--The t empera ture  of 
t i tanium sponge and of the t i tanium te t rachlor ide  
saturator  and the flow rate of argon showed minute  
effects, but the tempera ture  of the specimen was the 
dominant  factor for the deposition of t i tanium car-  
bide layers. Weight  increase was observed at above 
800~ 

Figure  3 shows the relat ion between the t i tanium 
carbide thickness and the square root of t ime at va r i -  
ous temperatures .  In this experiment ,  the tempera-  
tures of t i tanium sponge and of the t i tanium te t ra -  
chloride saturator  were  held at 900 ~ and 40~ respec-  
t ively,  and the flow rate  of argon was 5 cc/sec. The 
t i tanium carbide thickness was calculated f rom the 
weight  increase considering the specific gravi ty  of 

Ar ~ ]7herrnaL 
-~" ] L~lance 

Fig. 2. Apparatus for the vapor plating with hydrocarbon feeder 
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Fig. 3. Relation between the thickness of the coatings and the 
square root of time. 1, 1000~ 2, 950~ 3, 900~ 4, 850~ 

t i tanium carbide layer to be 4.94. The l inear re la t ion 
be tween the thickness of the t i tanium carbide layers 
and the square root of t ime suggests the r a t e -de te r -  
mining process is not the surface react ion but a dif- 
fusion process in the t i tanium carbide layer  or in the 
base. F rom a plot of the logar i thm of the gradient  at 
various tempera tures  against the reciprocal  absolute 
temperature ,  the act ivat ion energy was calculated to 
be 48 kcal /mole ,  which is supposed to be that  for 
carbon diffusion in t i tanium carbide (10). 

Microstructure of the titanium carbide coati~g~.-- 
Figure  4 shows the cross section of t i tan ium carbide 
coated on iron. The middle layer  consists of t i tanium 
carbide  which was applied at 900~ in 170 min. The 
upper layer  is copper plated for protect ion of the edge 
break while  being polished. A t ight  and nonporous 
t i tanium carbide layer  is seen in this figure. 

F igure  5 shows a cross section through a t i tanium 
carbide coating which was deposited at 1000~ in 225 
min. The higher  the tempera ture  the  looser the con- 
tact be tween the t i tanium carbide layer  and the high 
carbon steel. Ti tanium carbide formed at 1000~ was 
gray colored and had a metal l ic  luster, but  below 
90O~ a b lue-black-colored  dull surface was obtained. 

Interdiflusion between titanium carbide layers and 
i ron . - -F igure  6 shows the profiles obtained by means 
of an e lec t ron-probe  microanalyzer  at the interface 
of iron and t i tan ium carbide formed at 900 ~ and 
1000~ The intensities of t i tanium correspond roughly 
with  those of pure  t i tanium carbide. In the profile, the 
carbon intensities are recorded by two magnifications, 
and the proport ional i ty  of the carbon concentrat ion to 
that  of t i tanium can be seen; however ,  the absolute 
carbon concentrat ion cannot be est imated because the 
neighboring atoms show the high ext inct ion coeff i -  

Fig. 4. Cross section of titanium carbide layer (middle layer) 
formed at 900~ in 170 min. 

Fig. 5. Cross section of titanium carbide layer formed at 1000~ 
in 225 min. 

TiC ~ ,Fe 

loo 

~ 60 
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6 4 2 0 2 
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Fig. 6. Concentration profiles at the interface obtained by 
electron probe microanalyzer. 1, 900~ 170 min.; 2, 1000~ 60 
min. 
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Fig. 7. X-ray diffraction pattern of a specimen coated with 
titanium carbide at 1000~ in 225 min. 

cient of carbon Ka x-ray .  The concentrat ion of iron 
in the t i tanium carbide layer  amounts to 2-7%, the 
value  of which depends on the thickness of t i tanium 
carbide layer  and the coating temperature.  

F igure  7 shows the x - r a y  diffraction profiles of 
t i tanium carbide deposited onto iron at 1000~ in 225 
min. The peaks obtained are in accord with  the super-  
position of those of t i tanium carbide (11) and a-iron. 
The intensi ty of {200} plane is re la t ive ly  high. The 
lat t ice constant was calculated as a = 4.33A f rom the 
2e value. 

Type 2 experiment (carbo~ supplied by hydrocar- 
bons).--Dependence of weight increase o~ t i m e . -  
Cobalt was plated f rom a sulfate bath at 25~176 
and at a current  density of 4 a m p / d m  2, wi th in  40 min. 
The bath contained in 1 l i ter  solution; 450g COSO4" 
7H20, 32g H3BOa and 13g NaC1. Figure  8 shows the 
sum of the weight  increases of three  specimens. The 
tempera ture  of the t i tanium te t rachlor ide  was 60~ 
The flow rate of propane and hydrogen were  0.08 and 
2.80 cc/sec, respectively.  These curves show a l inear  



Vol. 114, No. 12 D E P O S I T I O N  O F  TiC  C O A T I N G S  O N  I R O N  1233 

250 

IOOCPC 
~200 10bO~C~'/ 

/ / / / 4  ~_o_gjc / 

~mo 

50 

~ 5o loo 26o 
-- Time (min) 

Fig. 8. Relation between the weight increase and the plating time 

E20O 

~150 

Z- loo 
._m 

0 

1 

~oo 9oo looo 11oo 
~Tempera tu re (~  ) 

Fig. 9. Effect of the specimen position an the weight increase. 
1, sum of the weight increase of three specimens; 2, 3, and 4, 
weight increase of the specimen at the lower, the middle, and 
the upper positions, respectively. 

~kl.0 

ro.  8 1000"c 

0 . 6  

~0.4 

,- Hydrogen Feed(cc/sec) 

Effect of hydrogen feed rate on growth rate Fig. 10. 

relat ion between the weight increase and time; the 
highest increase was found at lO00~ 

Dependence of weight increase on the position of 
specimen.--Figure 9 shows the influence of the speci- 
mens position (as i l lustrated in Fig. 2) on weight in-  
crease. The coating t ime is 150 min. The total weight 
increase has a m a x i m u m  at 1000~ while the weight 
increase of the specimens at the upper, middle, and 
lower position have the maxima at 850 ~ 950 ~ and 
1000~ respectively. The temperature  at the upper  
position was near ly  equal to that of the middle posi- 
tion, while the tempera ture  of the lower position was 
somewhat  less than that  of the middle position. The 
influence of position may be at t r ibuted to variat ions of 
t i tan ium subchlorides, or to the state of unstable  
hydrocarbons or of soot formed by thermal  decom- 
position of propane. 

Dependence of growth rate on hydrogen supply and 
on temperature.--In Fig. 10 a relat ion between the 
growth rate and the rate of hydrogen supply is shown. 
The max imum growth rate was obtained at 1000~ 
while at the higher flow rate of hydrogen, it was ob- 
tained at 9500C. The propane flow rate was held at 
0.08 cc/sec. The m a x i m u m  of growth rate was 0.8 
~,/min. Figure 11 shows the relat ion between the  
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Fig. 11. Relations between growth rate and temperature as a 
parameter of hydrocarbon feed rate. 
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growth rate and the coating temperature  with the 
flow rate of propane as a parameter.  The hydrogen 
feed was held at 7 cc/sec. The higher the propane feed 
rate, the higher the growth rate. A saturat ing tendency 
was found at 0.32 cc/sec where the atomic ratio of 
t i tan ium in t i t an ium tetrachloride carried by hydrogen 
to carbon in propane was roughly unity.  

Surface appearance.--The surface appearance of the 
specimen formed by high feed rate of propane was 
black and coarse which suggests that  the saturat ing 
tendency arises from the covering by soot. 

Effect of hydrocarbon species.--Figure 12 shows the 
effect of hydrocarbon species. The coating tempera-  
ture is 950~ In  the figure, x in Cx and Cx' is the car-  
bon number  of paraffins and olefins, respectively. 
From the results obtained, it may be derived that 
paraffins such as i -pentane,  propane, and ethane show 
high coating growth rate up to 1 # /min  on the average 
of three specimens, but  methane  and carbon monoxide 
show very low rates, and olefins such as propylene 
and ethylene are placed on intermediate  positions be-  
tween the former two groups. These relations are in 
accord with the thermal  stabilities of the respective 
hydrocarbons.  In  other experiments,  in te r rupt ion  of 
t i t an ium carbide growth was observed when the sur-  
face was covered with soot. Therefore it is considered 
that solid carbon may react with t i tanium chloride to 
form t i tan ium carbide only at relat ively high t em-  
peratures, such as 1300~176 which were chosen 
by other investigators. Hydrocarbons are considered 
to decompose to hydrogen and soot at the surface of 
specimen or at the wall  of the reactor. Only the atomic 
carbon formed at the t i t an ium carbide surface may 
react to form t i tanium carbide crystals at re lat ively 
low temperature.  The soot which has been deposited 
cannot react in accessible rate, bu t  it  interferes with 
the adsorption and desorption of t i t an ium subchlo- 
rides. 
Microstructure and microhardness of the titanium car- 
bide coatings.--The microscopic cross section of a co- 
ba i t - t i t an ium carb ide  double layer is seen in Fig. 13. 
The star t ing thickness of the cobalt layer  was 8.5-10g 
and that of t i tan ium carbide was about 17~. This coat- 
ing was deposited at 950~ in 35 rain. The upper  layer 
is t i tan ium carbide under  which the cobalt in ter layer  
is unified with the base material.  Figure 14 shows the 
surface appearance of t i t an ium carbide formed at 
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Fig. 13. Micrograph of the cross section of the specimen ob- 
tained at 950~ in 35 min. The thickness of the precoated cobalt 
layer, 8.5 - -  1OF. 

Fig. 16. Microcrystalline coating obtained 
pressure of TiCI4 of 0.24 atm at 950~ 

under a partial 

Fig. 14. Surface appearance of the specimen shown in Fig. 13 

Fig. 15. Profile of the cross section of the specimen deposited 
at 1100~ in 160 rain. 

950~ Micropores can be seen. Figure  15 shows the 
cross section of a t i tanium carbide coating applied at 
l l00~ in 160 min. The  thickness is about 80~. 

The microcrysta l l ine  coating in Fig. 16 was de- 
posited at 950~ while  holding the t empera tu re  of 
t i tanium te t rachlor ide  at 90~ The crystal  size was 
roughly est imated to be 4-6~. Figure  17 shows the 
cross section. 

Microhardness measurements  were  carr ied out using 
a load of 50g. The values are  gathered in Table I. The 
high hardness values are  near ly  equal  to that  of pure 
t i tanium carbide (12). The hardness of the thin t i ta-  
n ium carbide layers seems to be lower  than that  of the 
thick coatings. This is probably not due to an influence 
of the cobalt  layer. 

F igure  18 shows the effect of the thickness of cobalt  
on the x - r a y  diffraction patterns. Ti tanium carbide 
was deposited at 950~ in 72-92 min  under  the flow 

Fig. 17. Micrograph of the cross section of the specimen in Fig. 
16. 

rates of 2.8 cc/sec for hydrogen and of 0.08 cc/sec for 
propane, the part ial  pressure of t i tanium tetrachlor ide 
being 0.079 atm. Peaks of t i t an ium carbide and s- i ron  
diffractions can be seen, if the thickness of cobalt 
in ter layer  was only 4-5~. In case of the th icker  co- 
balt  layers, the peaks of s - i ron  were  weakened,  and 
those of t i tan ium carbide were  sharpened. If the 
thickness of cobalt was 33-40~, 7-Co-Fe  phase ap-  
peared, and that of  t i tanium carbide was weakened.  

The crystal l izat ion of t i tanium carbide which was 
deposited above 950~ can be est imated f rom Fig. 19. 
The crystal  grain size did not change much at 950~ 
The two profiles at the bot tom of the figure are  those 
of t i tanium carbide for keeping the t empera tu re  of 
t i tanium te t rachlor ide  at 90 ~ and 75~ The abnormal  
growth of {220} and {111} planes can be seen. 

Table I. Microhardness 

S p e c i m e n  

TiC p l a t i n g  c o n d i t i o n s  

P a r t i a l  P l a t i n g  T h i c k n e s s  Micro-  
T e m p e r -  p r e s su re  of t ime ,  of T iC  ha rdness ,  
a ture ,  ~ TiCh,  a t m  m i n  layer ,  ]~ k g / m m  -~ 

Coba l t  p l a t e d  
on i ron  

TiC p l a t e d  on 000 
cobal t  l ayer  050 
( th i ckness  of 950 
coba l t  l ayer ;  950 
20;}) 1050 

1100 

TiC 
p l a t i n g  

S p e c i m e n  t ime ,  ra in  

-- -- -- 220 

0.079 205 11 145 
0.079 170 35 2400 
0.14 200 24 2300 
0.24 220 33 3200 
0.079 142 67 3300 
0.079 160 64 3700 

T h i c k n e s s  T h i c k n e s s  Micro-  
of  coba l t  of  TiC ha rdnes s ,  
layer ,  ~ layer ,  ~ k g / m m  2 

TiC p l a t e d  a t  950~ 72 
a n d  u n d e r  the  pa r -  80 
t i a l  p r e s s u r e  o f  92 
TIC14 of 0.079 a rm  78 

4-5 17-20 147 
8.5-10 17-20 1470 
13-15 22-25 1040 
33-40 17-20 1380 

(50g load) 
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Co 4-5 p, 

33-40p ~ e 

4}3 50 6b 7b 8'0 9'0 1dO 

"2 0 (Co K~) 
Fig. 18. X-ray diffraction patterns for the specimens precoated 

with cobalt in various thickness. 

85o'c ~ ~ i 
o 

900"C 

~50"C, 
079atm 

9>0"C 

......... L _ A  
O5o'c J~.14atm ~ 

40 50 60 7"0 80 9'0 100' 
~ *  . 2  e (Co~) 

Fig. 19. X-ray diffraction patterns for the specimens obtained 
at various temperatures and under various partial pressures of 
TiCI4. 

Solid phase reaction at the in ter faces . - -Figure 20 
shows the microanalyzer  profiles of t i tan ium carbide 
coated on the cobalt in ter layer  of 4-5 and 33-40#. The 
cobalt contents at the interface are 58% for thin 
cobalt inter layers  and 82-90% for thick cobalt in ter -  
layers. The diffusion layer th icknesses  at th in  and 
thick cobalt inter layers  were 2.0 and 10-12#, respec- 
tively. The iron and cobalt contents in the t i t an ium 
carbide layer at a distance of 17-20# from the TiC-Co 
alloy interface are 0.65 and 0.23 w/o  for th in  cobalt 
in ter layer  and 0.29 and 0.34 w/o  for thick cobalt. 

Conclusions 
From these results, it is concluded that  thick co- 

bal t  layer, t ransformed to -v-Co-Fe phase by the in ter -  
diffusion of cobalt and iron, and the thin cobalt in ter -  
layer favor the formation of a-Fe  solid solution in 
spite of taking an a r rangement  of ,y-phase at coating 
temperature .  

Up to present, the effects of cobalt layer  are con- 
sidered to improve the adherence of the t i t an ium car-  
bide layer to iron and to suppress the interdiffusion 

10- 

~ 6  

r e - c o - -  I - -Tin 

bu 4u Ju Lu Ju u ,u ,u 

Distance()~ ) 

Fig. 20. Profiles of the concentration of iron, cobalt, and titan- 
ium obtained by electron probe microanalyzer. The thickness of 
precoated cobalt: 1, 8.5 - -  10#; 2, 33 - -  40#. 

of iron and carbon. The former effect appears to arise 
from the affinity of cobalt to t i tan ium carbide as is 
known  from the sintered carbide alloys which consist 
of t i t an ium carbide powder and cobalt binder.  The 
reason for the good adherence of t i t an ium carbide 
layers to the base, in spite of the large difference be-  
tween their coefficients of expansion, cannot  be ex- 
plained here. However the t i t an ium carbide layers 
sometimes spalled off at the part  of edge, especially 
from those specimens which were coated at high 
growth rates. Annea l ing  of the contact layer  might 
improve the adherence of the coatings, and it is now 
under  investigation. Materials other than  cobalt have 
also been sought, but  no fur ther  favorable mater ial  
has yet been found. 
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Torsion-Effusion and Torsion-Langmuir Studies of Zinc Telluride 
William T. Lee and Zuhair A. Munir 
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ABSTRACT 

The vapor pressure of polycrystal l ine zinc tel lur ide was measured by the 
torsion-effusion and tors ion-Langmuir  methods. The pressure, in atmospheres,  
measured by the torsion-effusion method between 888 ~ and l150~ is given 
by the equation: log P = 6 . 1 8 -  1.065 X 104/T. Th i rd - l aw calculations of the 
heat of sublimation for the react ion 2 ZnTe (s) = 2 Zn (g) + Te2 (g) gave 
a value  of AH~ ~ 156.3 ___ 3.0 kcal. The f ree-surface  vapor  pressure, in 
atmospheres,  measured by the to rs ion-Langmuir  method between 800 ~ and 
1015~ is given by the expression: log P = 7.89 .-- 1.283 X 104/T. The energy 
of act ivat ion for this sublimation process, AH#298, was calculated to be 178.6 
_ 4.2 kcal, and the evaporat ion coefficient, a, was found to vary  from 0.155 at 
807~ to 0.294 at 953~ 

Thermodynamic  propert ies of zinc te l lur ide were  
first invest igated by McAteer  and Seltz (1) by the 
application of revers ib le  galvanic cells. Korneeva  
et al. (2) made vapor  pressure measurements  on zinc 
te l lur ide at re la t ive ly  high temperatures .  More re-  
cently, Goldfinger and J eunehomme  (3) made ra ther  
extensive vaporizat ion studies of Group I IB-VIA com- 
pounds by mass spectrometric  and Knudsen-ce l l  
methods. Their  work  showed that  the vaporizat ion 
process of ZnTe is 

2ZnTe (s) = 2Zn (g) + Te2 (g) [1] 

The existence of such gaseous diatomic molecules 
in the sublimation products has been shown to give 
rise to a slow step in the sublimation mechanism and, 
hence, low apparent  vapor  pressure (4, 5). 

The use of the to rs ion-Langmuir  method (4) has 
provided an effective way for apparent  pressure m e a -  
surements,  and, when combined with  Knudsen-ce l l  
techniques, values of accommodation coefficients can 
be determined.  

None of the vapor  pressure studies of zinc tel lur ide 
has incorporated both torsion-effusion and tors ion-  
Langmui r  experiments.  Free-sur face  evaporat ion 
studies to establish activation energies and subl ima-  
tion coefficient as a function of t empera ture  are there-  
fore highly desirable. 

Apparatus 
The torsion-effusion method has been described in 

several publications (4-7). 
Figure 1 shows a schematic diagram of the torsion 

apparatus. The lower portion of the apparatus consists 
of a stainless steel vacuum chamber 35.6 cm in diam- 
eter and 45.7 cm high. Situated in the center of this 
chamber is an 11.4 cm diameter and 17.8 cm high 
cylindrical tungsten mesh heating element. Several 
layers of curved tantalum radiation shields are 
wrapped around the oustide of the heating element to 
insure black body conditions. Mounted within the 
heating element and close to its center is a graphite 
"dummy" cell identical to the cell used for measure- 
ments. A 10v secondary of a 50 kva transformer 
supplies power to the heating element. Water cooled, 
heavy-walled 0.64 cm copper tubing carries power 
to the heating element. 

The upper portion of the torsion apparatus consists 
of a Pyrex glass housing 10.2 cm in diameter and 91.5 
cm long. This detachable glass tubing is joined to the 
vacuum chamber by two rubber O-rings. At the top of 
this tube, a goniometer acts as the anchor point for the 
entire suspension system by means of a 0.64 cm di- 
ameter copper rod which enters the top of the Pyrex 
tubing through an O-ring joint to insure a good vac- 
uum. Attached to the end of the copper rod is a 2 rail 
diameter annealed tungsten wire, approximately 35.6 

cm long. From the other  end of the tungsten wire, a 
0.64 cm diameter  a luminum rod is suspended. To this 
rod is glued a 1.27 cm diameter  circular  mi r ro r  which 
dur ing operation hangs direct ly  behind an optically 
flat window in the vert ical  glass tube. A circular  
a luminum disk 4.75 cm in d iameter  and 0.64 cm thick 
attached to the rod about 7.62 cm below the mir ror  
serves as a damper  when  a permanent  magnet  is 
placed near  it outside the glass housing. The lower  
part  of the suspension system is a 0.25 cm diameter,  
33.0 cm long tan ta lum wire  which is at tached to the 
a luminum rod below the mirror.  The torsion cell, 
made of National  Carbon ZT101 grade graphite,  is 
fastened to the lower end of this t an ta lum rod. During 
a run, the torsion cell hangs free in the center  of the 
heat ing element  about 1.9 cm above the dummy cell. 

Torsion cells are made f rom cylindrical  pieces of 
graphi te  approximate ly  4.5 cm long and 2.5 cm in 
diameter.  Sample  cavities were  dri l led into both ends 
of the cell and t ight ly fitting lids were  used to seal off 
the sample cavities. One of the cells used in this in-  
vest igat ion was tested for leakage before its effusion 
holes were  drilled. No deflections were  observed while  
heat ing tin samples over  the entire exper imenta l  tem-  
pera ture  range. Effusion holes dri l led at diagonally 
opposite locations into the sample cavities had diam- 
eters ranging f rom 1 to 3 mm for various cells. 

The tors ion-Langmuir  cells used in this work  were  
made of graphite blocks. Two wells 1.27 cm in d iam- 
e ter  and 0.32 cm deep were  dri l led into opposite sides 
of these blocks. Sample  wafers,  0.16 cm thick, were  

Suspension system suppor t  

[ 

O-r ing  j o i n t - -  ~ ~ " coupl ing 

Aluminum rod~ / f  -Scale 

Alum{nu m d a m p e r - -  

M a g n e t - -  

Tant . . . . . . .  ~ ~ r ~ (  Wc%tp~P~c Ot~/~id g 

Radiation $ =e N 

gage ~ '~ ~ T o  vacuum pumps 
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heat ing Dummy cell 

Radiation shields ~Ther nlo couple 

Fig. 1. Schematic diagram of torsion apparatus 

1236 



Vol. 114, No. 12 T O R S I O N  S T U D I E S  

placed inside these recessions and were  secured there  
by specially designed graphi te  washers.  Each washer  
had one flat surface that  fit snugly against the sample 
wafer,  with a concave surface on the other side. When 
the washer  was in place, the effect ive subl imation 
area of the sample was defined by the 0.64 cm di- 
ameter  opening through each washer. To preven t  
vapor that  sublimed from the rear  faces of the wafers  
f rom escaping in a manner  that  might  contr ibute  to 
the torque, a pair  of holes were  dri l led on top of the 
cell into cavities behind the two samples. Due to 
re la t ive ly  large sizes of the holes (3 mm in d iameter) ,  
any vapors subl iming f rom the rea r  face of a sample 
would escape through the holes in the top of the cell  
and give rise to no angular  deflection. 

Vacuum was mainta ined by a duo-seal  Welch fore-  
pump and an NRC H56-1500 oil diffusion pump wi th  
300 l i ter  per second capacity placed beneath  a l iquid 
ni t rogen cold trap. A CVC Phill ips ionization gauge 
was used to measure pressure below one micron. 
During any run  a background pressure of less than  
2 x 10 -5 Torr  was mainta ined in the chamber.  

Tempera tures  were  measured by means of a cali-  
brated 20 mil  P t /P t -10% Rh {hermocouple. Cal ibra-  
tion of the couple was accomplished by measur ing the 
apparent  mel t ing points of copper, gold, silver, a lumi-  
num, and zinc inside the dummy cell. The thermo-  
couple leads were  inserted in a small  hole in the 
bot tom of the dummy cell. Tempera tu re  was measured 
using an L&N potentiometer,  Model 8662. 

Methods  of  Operat ion  

Torsion-ef]usion.--After loading about 1.5g of ZnTe 
99.99% pure)  powder  in each sample compartment ,  
the torsion cell  was at tached to the suspension system. 
With the torsion ceil hanging free in the middle of the 
heat ing element,  the system was closed and pumped. 
Power  was introduced when  the ambient  pressure had 
reached 2 x 10 -5 Torr  or lower. Vapor pressure mea~ 
surements  were  made  only after  the system had come 
to an equi l ibr ium condition, as indicated by the con- 
stancy of t empera tu re  as a function of time. The t em-  
pera ture  in the torsion cell  was assumed to be equal  
to that  in the dummy cell, which was read f rom the 
potent iometer  dur ing each torsion run. This assump- 
tion is based on findings which will  be discussed later. 

The to rque  resul t ing f rom the effusion of vapor  
through the cell orifices was determined f rom the 
angle through which the wire  had twisted. Angles of 
deflection were  determined by re turn ing  the suspen- 
sion system to its original  (null)  position. Proper  
a l ignment  was ascertained by v iewing through the 
telescope on the mirror ,  which reflects a scale placed 
outside the vacuum system. Vapor pressure values 
were  then calculated f rom deflection angles. 

Torsion-Langmuir.--Deflection measurements  were  
made in a similar fashion to those described above. 
Readings were  taken at progressively higher  t empera -  
tures  unti l  deflections began to decrease ei ther  wi th  
fur ther  increase in tempera ture  or wi th  increased t ime 
at constant temperature .  Examina t ion  of the wafers  
after apparent  pressures had departed f rom the 
straight  l ine port ion of a plot of log P vs. 1/T always 
revealed that  holes had developed complete ly  through 
one or both wafers  in at least one region. Only those 
points measured  before  the  apparent  pressures began 
to decrease systematical ly  wi th  t ime were  used in the 
calculations of apparent  pressures, since the rest rep-  
resented deflection due to sublimation f rom a sur-  
face with an unknown area. 

X-ray analysis.--To determine  the congruency of 
the evaporat ion of zinc te l lur ide  crystals, two samples, 
one before and one after  heat ing in vacuum at 1160~ 
for 30 min in a graphi te  torsion cell wi th  an orifice 
of 3 ram, were  analyzed by the Debye-Scher re r  pow-  
der method, using Cu Ka radiat ion with an Ni-filter.  
The power setting (in G.E. XRD-6)  used was 30 kv  
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and 18 ma, and the exposure  t ime was 5 hr  for  each 
film. 

Results 

Congruency of sublimation.--X-ray patterns of the 
heated samples were  compared to those of the un-  
heated sample. All  lines of the heated sample cor-  
responded to those of the unheated zinc telluride.  
Fur thermore ,  the lines of the heated sample were  
compared to those of zinc, te l lur ium,  zinc oxide, and 
te l lur ium dioxide wi th  negat ive  results of correspond- 
ence. 

Torsion-effusion:( studies.--Vapor pressures were  
calculated f rom the torsion-effusion and tors ion-  
Langmuir  data by means of the equation 

P = 2Dr ql al + f~ q2 af) [2] 

where  P is the pressure in atmospheres,  D is the tor-  
sion constant of the wire  in dyne-cen t imete r  per ra-  
dian, r is the angle of deflection of the cell  in radians, 
ql and q2 are perpendicular  distances in cent imeters  
f rom the center  of the effusion holes to the axis of 
rotation, al and a2 are the areas of the  effusion orifices 
in square centimeters,  and fl and f2 are Searcy's  force 
correct ion factors (8, 9). 

The vapor  pressure of tin (99.99% pure)  was mea-  
sured as a check on the val idi ty  of the exper imenta l  
results obtained with  this apparatus. Tin was chosen 
as the cal ibrat ion mater ia l  because previous invest iga-  
tions (7, 10, 11) indicated it to be a we l l -behaved  and 
uncomplicated material .  Vapor pressure values f rom 
1.1 x 10 -8 to 6.3 x 10 -5 atm were  obtained f rom the 
tempera ture  range 1378~176 From these mea-  
surements  the th i rd - l aw heat  of sublimation at 298~ 
was found to be 72.8 kca l /mole  compared to 72.2 
kca l /mole  calculated by Hul tgren  et al. (12) f rom 
results of ear l ier  studies. 

The results of the torsion-effusion studies on zinc 
tel lur ide are plotted in Fig. 2. F igure  2 also shows pre-  
vious results obtained by Goldfinger and J eunehomme  
(3). All  calculated thermodynamic  functions were  
based on the react ion 2ZnTe (s) = 2Zn (g) + Tef (g ) .  
Calculations of the heat  of subl imat ion are tabulated in 

"~ 10-4 \ \ \ \  
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Fig. 2. Vapor pressure of zinc telluride (s), torsion-effusion 
method: /% this work, orifice d ~ 2  mm; o, this work, orifice 
d ~-~ I mm; - - ,  this work, least-square fit; . . . .  Goldfinger and 
Jeunehomme (3). 
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Table I. Third-law heats of sublimation of 
2ZnTe (s) = 2Zn (g) ~ Te2 (g) 

-- [ f e f ]  AH~ -- [ f e l l  AH~ 
T, ~  - - l o g  P Z n T e  (s) k c a l  T ,  ~  - - l o g  P Z n T e  (s) k c a l  

888 6.8325 94.18 155.80 1019 5.6781 94.99 156.32 
915 6.0828 94.20 157.90 1028 5 .7860 95.07 156.39 
921 6.6335 94.24 155.80 1030 5.9165 95.08 156.20 
925 6.3222 94.28 155.50 1033 5 .9859 95.10 156.30 
931 5.1189 94.33 155.94 1033 5.8312 95.10 156.30 
935 6.5557 94.38 155.80 1033 5.7753 95.10 156.30 
952 6.9258 94,50 156.10 1033 5.7899 95.10 156.40 
958 6.9340 94.53 156.20 1043 5.9528 95.17 156.60 
958 6.8179 94,53 156.20 1044 5.9614 95.19 156.20 
962 5 .3160 94.57 156.28 1050 4.1206 95.22 156.32 
963 6.9430 94.59 156.40 1053 4.0663 95.24 156.21 
965 6.9065 94.61 156.40 1058 4.2201 95.27 156.20 
965 5 .0043 94.61 156.40 1063 4 .2019 95.33 156.30 
970 5.5700 94.64 156.10 1063 4.2851 95.33 156.70 
973 5.0722 94.65 156.30 1064 4 .2355 95.33 156.68 
978 5 .2279 94.68 156.10 1067 4.2095 95.34 156.30 
986 5.5911 94.76 156.40 1073 4.2878 95.40 156.58 
988 5.2577 94.77 156.30 1077 4.2988 95.41 156.58 
988 5.2900 94.77 156.40 1078 4.2967 95.44 156.57 
988 5.2455 94.77 156.40 1083 4.4487 95.47 156.20 
990 5.3424 94.79 156.40 1090 4.4281 95.50 156.59 
999 5.4579 94.86 156.38 1092 4.5051 95.52 156.58 

1005 5.4997 94.89 156.38 1103 4 .5988 95.62 156.45 
lOlO 5.7520 94.92 156.27 1103 4.5843 95.62 156.60 
1011 5.5809 94.92 156.28 1105 4.5888 95.62 156.60 
1013 5 .6469 94.96 156.39 1142 4 .9138 95.88 156.60 
1018 5.6590 95.00 156.39 

Table I. F rom this table an average  of A H ~  of 156.3 
• 3.0 was obtained. 

A leas t -square  fit of the data gives an equat ion for 
log P at any tempera tu re  be tween  800 ~ and l150~ 
for the subl imation of zinc te l lur ide  

log P = 6.18--  1.065 • 104/T [3] 

From the second- law method, the heat  of sublimation 
of zinc te l lur ide  at 298~ AH~ was found to be 
150.4 • 1.0 kcal. 

Torsion-Langmuir  studies.--Figure 3 shows a plot 
of the logar i thm of the f ree-surface  vapor  pressure 
of polycrystal l ine zinc tel lur ide vs. 1/T. When ex-  
per imenta l  total pressures were  expressed in the form 
log P = a + (b /T)  with  the aid of the leas t -square  
method, the fol lowing expression for the f ree-surface  
subl imation resul ted 

log P = 7.89 --  1.283 • 104/T [4] ~ 
o_~ \ \ \  

1 0 . 0  11.0 1 2 . 0  

! x 1 0  4 (~ 
T 

Fig. 3. Vapor pressure of zinc telluride (s), torsion-Langmulr 
method: A ,  this work; - - ,  this work, least-square fit; . . . .  
this work, torsion-effusion method. 

where  P is the f ree-surface  vapor  pressure of zinc 
tel lur ide in atmospheres be tween 810 ~ and 1013~ 

By defining K = (PZn)2(Pwe2), where  K is the ap- 
parent  equi l ibr ium constant of the dissociation, Eq. 
[4] can be expressed 

log K = 22.78 - -  3.849 • 104/T [5] 

F rom Eq. [4] the  second- law heat  of act iyation at 
298~ was calculated to be 178..6 _ 4.2 kcal. 

Discussion 
X - r a y  analysis of zinc te l lur ide  samples heated in 

vacuum at l160~ for 30 min  showed no change in 
composition. Therefore,  it was concluded that  the 
subl imation of zinc te l lur ide is congruent .  No diffrac- 
tion lines belonging to zinc, te l lur ium,  zinc oxide, or 
te l lur ium dioxide were  observed. Hence, the subl ima-  
tion of zinc tel lur ide could have  occurred by means of 
one of the fol lowing evaporat ion processes 

ZnTe (s) = ZnTe (g) [6] 

2ZnTe (s) = 2Zn (g) + Tea(g) [1] 

Mass spectrometr ic  studies have confirmed tha t  the 
react ion defined by Eq. [1] is predominant  for the  
sublimation of zinc te l lur ide  (3). 

Near ly  all of the torsion-effusion data for zinc tel-  
luride were  obtained using a 2 -mm diameter  orifice. 
A torsion-effusion cell wi th  1-mm orifice gave vapor  
pressure data in line with those obtained previously 
wi th  the 2-mm orifice cell, thus indicating that  the 
assumption of the existence of equi l ibr ium conditions 
inside the cell wi th  a 2 -mm orifice is valid. 

The value for the heat  of subl imation of zinc tel-  
lur ide polycrystal  calculated by the second- law 
method from torsion-effusion studies is A/-/~ 
150.4 ___ 1.0 kcal. This value  is in good agreement  wi th  
151.8 kcal reported by Goldfinger and J eunehomme  
(3). However ,  it is somewhat  lower  than the value 
of 154.2 kcal calculated by Goldfinger and Jeune -  
homme when their  data were  combined with  those of 
McAteer  and Seltz (1). Based on Cp data est imated by 
Goldfinger and J eunehom m e  using Kubaschewski ' s  
procedure (13), t h i rd - l aw  calculations of AH~ gave 
a value  of 156.3 _ 3.0 kcal. This va lue  is in reasonable 
agreement  wi th  the second- law value given above. 

Thermodynamic  calculations were  made to deter-  
mine the entropy of subl imat ion for zinc telluride.  The 
second- law entropy was found to be 83.9 ___ 1.4 eu at 
298~ which is in reasonable agreement  wi th  the 
value  hS~ = 86.2 eu repor ted  by Goldfinger and 
Jeunehomme (3). 

Tempera tu re  measurements  have been a source of 
conflict be tween invest igators  working  in this area. 
The present research uses a thermocouple  cal ibrated 
in situ using the fusion points of several  metals  as 
standard points. Fur thermore ,  wi th  a similar  torsion- 
effusion apparatus, Munir  and Searcy (4, 6) have 
shown that  the t empera tu re  of the dummy cell is the  
same as that  of the effusion cell  for a given power 
input  to the heat ing element.  

From apparent  pressure measurements  obtained by 
the to rs ion-Langmuir  method,  the f ree-surface  ac- 
t ivat ion energy for the subl imation of polycrystal l ine 
zinc te l lur ide  was calculated to be 178.6 • 4.2 kcal  at 
298~ The apparent  equi l ibr ium constant for the dis- 
sociation react ion of Eq. [1] was calculated to be K 
= 4.62 x 10 -16 at 1000~ as compared to 3.5 x 10 -15 
at 1000~ obtained by the torsion-effusion method. 
This difference be tween  the  apparent  equi l ibr ium 
constants for sublimation measured under  Langmui r  
conditions and those measured in Knudsen cells dem-  
onstrates the existence of free energy bar r ie r  to the 
sublimation process. The evaporat ion coefficient of 
zinc tel lur ide appears to va ry  f rom a = 0.298 at 953~ 
to a = 0.155 at 807~ if the Langmuir  data are com- 
pared to the pressures measured  wi th  the torsion- 
effusion cell. 



Vol. 114, No. 12 T O R S I O N  S T U D I E S  

Since the composition of solid zinc tel luride is not  
changed by heating, therefore it would seem that  
solid-state diffusion is not  a necessary step in  the 
process. Accordingly, the f ree-energy  barr ier  must  be 
imposed either by a step involved in the t ransfer  of 
Zn and Te atoms from lattice positions in  the surface 
layers to adsorption sites on the surface, by the de- 
sorption of Zn atoms, or by the step of formation and 
desorption of Te2 molecules from two adsorbed tel-  
lu r ium atoms. 
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Performance of Silver-Palladium 
Alloys in a Concentrated Caustic Electrolyte 

Paul Malachesky and Raymond Jasinski 
Tyco Laboratories, Inc., Waltham, Massachusetts 

ABSTRACT 

The anodic oxidation of silver and a series of pa l ladium-s i lver  alloys, all  
in the form of smooth rotat ing disk electrodes, has been studied in  36% KOH. 
The total charge accepted by silver and the alloys is a pronounced funct ion of 
cur ren t  density. Charge acceptance at the Ag(I )  level is enhanced with the 
pa l ladium-s i lver  alloys in  agreement  with existing data on porous electrodes. 
Maximum charge acceptance on the first cycle was accomplished with the 
1% Pd-Ag alloy. Cycling increased both charge acceptance capacity and 
surface roughness (as measured by double layer  capacitance),  being more 
pronounced for the alloys than for pure silver. However, the increase in sur-  
face roughness (area) did not lead to a totally commensurate  increase in  the 
total charge accepted with all materials  studied. 

One approach to al ter ing the charge acceptance 
properties of silver is to modify the electronic con- 
ductivi ty of Ag20. This can be done by al loying silver 
with minor  impurities.  Addit ion of metals of the same 
group as Ag (e.g., Cu) or of anions (e.g., S =) can 
promote vacancy formation, presumably  due to the 
lowering of the energy necessary for the creation of 
vacancies. Impuri t ies  which change the concentrat ion 
of holes in the oxide crystal  are metals to the left of 
silver in  the periodic table (e.g., Pd) or metals of 
high ionization potentials (e.g., Au).  

Indeed, the use of pal ladium as an additive to the 
silver plate has been reported to increase charge ac- 
ceptance, par t icular ly  at the Ag(I )  level (1). Some 
problems are also reported for electrodes of this type. 
For example, these same plates did not accept charge 
efficiently at the Ag(I I )  level (2). Studies of separa- 
tor deteriorat ion in  cells containing Pd additions 
showed significant amounts  of this additive in the 
separators (3). The concentrat ion of Pd in  positive 
plates of this type appeared to stabilize at 0.1-0.2%. 
Generally,  cells designed to operate at the A g ( I )  
level conta ining such additives had good recharge 
properties, but  discharge characteristics were poor, 
especially with respect to ini t ia l  capacity and capacity 
main tenance  (4). 

The experiments  described in this paper are con- 
cerned with changes in the charge acceptance of 
silver resul t ing from alloying with varying  amounts  
of palladium. Smooth electrodes were used in  order to 
avoid the complications of mass t ransport  processes 
wi thin  porous plate structures. 

Experimental 
The pal ladium-s i lver  alloys (10, 1, and 0.1 a/o)  were 

prepared by direct fusion of the elements. All  alloys, 
in the form of cylinders,  were mounted  by threading 
onto a 1/4 in. metal  shaft. The cylinder sides were 
coated with K e l - F  wax so that  only the cyl inder  face 
was exposed; the metal  shaft was encased in heat-  
shr inkable  Teflon tubing. A Sargent  synchronous motor 
was used to rotate the electrode at 30 rps. All poten-  
tials are reported with respect to the dynamic hydro-  
gen electrode (DHE) (5). All  runs  were made in N2- 
saturated 36% KOH at 35 ~ __ 2~ 

A freshly coated and polished (with successively 
finer a lumina  powders) electrode was used for the 
determinat ion of the charge-discharge curves on the 
first charging cycle. The electrodes were cathodized 
to He evolut ion before taking measurements  in  order 
to reduce any  surface oxide formed dur ing  handling.  
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On successive cycling some etching occurred at the 
edges of the disk electrodes causing minor  leakage 
between the cyl inder  sides and the wax. This con- 
t r ibut ion to an increase in effective electrode area 
general ly  proved to be negligible in comparison with  
that  resul t ing f rom oxide format ion and dissolution 
on the surface disk. However  at low current  den-  
sities (i.e., longer charge-discharge  periods) on the 
single cycle experiments ,  this errat ic leakage effect 
did cause some scatter in the charge acceptance ca- 
pacities. The data repor ted  are the averages of 3-6 
determinat ions  made at each current  density. 

A possible exper imenta l  complicat ion in studies 
using rotat ing disk electrodes is that  of unequal  cur-  
rent  distr ibution across the surface of the disk (6). 
This effect could, in principle, give rise to p remature  
oxygen evolut ion before the disk electrode was com- 
pletely charged at the Ag( I I )  level. Exper imenta l ly ,  
it was observed that  rotat ing the electrode had no 
effect on the observed charge acceptance values and, 
when charging was continued into the O2 evolut ion 
plateau, no addit ional  oxide was formed. Thus at the 
beginning of the O2 evolut ion potential  step the s i lver  
electrode had accepted its max imum charge. 

Poten t ia l - t ime curves were  recorded on a Houston 
Inst ruments  X-Y recorder  (x-axis  on t ime base) or 
a Tekt ronix  type 561A oscilloscope with  a type 2A63 
differential  amplifier and a type 2B67 t ime base. An 
operat ional  amplif ier-based voltage fo l lower  was used 
as an impedance matching device in the potential  mea-  
suring circuit. A Wenking potentiostat  operated in the 
galvanostatic mode or an Electronic Measurements  and 
Control constant current  power supply was used as 
the cur ren t  source. 

The double layer  capacity measurements  were  
made using the method of Will and Knor r  (7), em-  
ploying a t r iangular  wave  of 100 Hz and an ampli tude 
of ca. 25 m v  (i.e., a sweep ra te  of 5 v / sec ) ,  biased by 
a d-c voltage. 

Results 
The data for the ini t ial  charge-discharge  cycle wil l  

be considered first, fol lowed by the effects of cycling. 
The total  charge accepted (QT) as a function of 

ct irrent  density for si lver and the pal ladium alloys is 
plotted in Fig. 1. The scatter  in data can be due in part  
to the leakage effect described above. Some "na tura l"  
scatter  is also to be expected due to the inherent  i r -  
reproducibi l i ty  of the oxidation of metals. This has 
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Fig. 1. Total charge accepted on the first cycle as a function 
of current density for silver and silver pal{adium alloys. 
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Fig. 2. Ratio of the charge passed at the Ag20/AgO potential 
level (Q2) to that passed at the Ag/Ag20 level (Q1) on the first 
charge cycle as a function of current density. 

been at t r ibuted to the errat ic or i r reproducible  creation 
of grain and strain points in the metal  lat t ice during 
the working of these metals  (8, 9). Because of the 
pronounced sensit ivi ty of QT to current  density, slight 
uncontrol led var ia t ions  in charging current  could also 
result  in scatter of the data. 

At all current  densities, the charge accepted on the 
first cycle by si lver and the 0.1% alloy are only mar -  
ginally different. The sensi t ivi ty of QT to charging 
rate at the lower current  densities obscures the effect 
of alloy composition. At  high cur ren t  densities (>  4 
m a / c m  2) m ax im um  charge acceptance was accom- 
plished with the 1% alloy. This is in agreement  wi th  
data on porous ba t te ry  s tructures (1). No difficulty 
was exper ienced in charging to the Ag( I I )  level, in 
contrast  to data in the l i te ra ture  (2). 

The ratio of the charge accepted at the AgO po- 
tential  level  (Q2) to that  passed at the Ag20 poten-  
tial level  (Q1) on the first cycle is plotted in Fig. 2 
as a function of cur ren t  density. As can be seen, this 
ratio (Q2/Q1) decreases wi th  increasing current  den-  
sity and also with increasing pal ladium content. This 
dependence on composition is consistent wi th  results 
reported on porous electrodes (1). The charge passed 
to the Ag20 /AgO potent ia l  is given in Table I for 
si lver and the alloys. 

Discharges of the electrodes were  carr ied out at the 
same current  density as used in the charging cycle. 
The discharge efficiencies were  in the range of 90-95%. 
The ratio Q1/Q2 for the first discharge cycle is plotted 
as a function of current  densi ty in Fig. 3. 

On cycling, the charge accepted and del ivered by all 
materials  increases. The total  charge acceptance, at a 
constant current  density of 3.87 m a / c m  2, is plotted vs. 
the number  of cycles in Fig. 4. The ratio of charge 
accepted at the AgO potential  level  to that  accepted 
at the Ag20 level  decreases as the electrodes are cy-  
cled (Fig. 5); the ratio Q2/QI on discharge is essen- 
t ially independent  of cycling. The re la t ive  change in 
double layer capacitance is shown in Table II. There  
is a significant increase in all cases; eventua l ly  a 
level ing off is approached. 

The ratios of total  charge accepted (QT) to the 
double layer  capacitance (Cdt), as measured  at -I-300 

Table I. Charge passed to the Ag20/AgO potential (mcou{/cm 2) 

I/A, m a / c m  = A g  0 . 1 %  P d - A g  1 %  P d - A g  1 0 %  P d - A g  

2.08 57  ~-  3 88  • 8 103  + 9 105  -4- 6 
3 . 8 7  4 5 _ _ - 8  4 1 - + - 6  6 3 - + - 4  4 0 " 4 - 3  
4 . 1 7  3 1 ~ - 6  5 0 _ _ _ 4  60-----7 3 5 " 4 - 2  
7 .75  21  • 2 2 8 - -  4 4 7  ~ 2 2 5 - -  2 
8 . 3 5  15  "+" 1 2"/ -+" 5 37  "+- 6 2 3  -~- 10  

12.50 15 ~- 1 20 + 2 32 ~- 5 21 ----- 1 
15.50 -- 17 ----. 1 33 ---+ 1 24 +--- 2 
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my, before each charging cycle are plotted in Fig. 5 
for Ag and the 1% Pd alloy at 2.08 ma /cm 2. 

Discussion 
As shown in  Fig. 1, the total charge accepted on 

the first cycle is a pronounced funct ion of current  
density for all  materials,  par t icular ly  at the lower 
charging rates. These results are similar  in  form to 
those obtained by Wales (10) on porous bat tery  elec- 

Table II. Relative double layer capacitances* 

A g  0.1% P d  1% P d  10% P d  
Cycle  No. 91 ~ f / c m  ~ 100 ~ f / c m  ~ 98 ~f /cm2 110 ,~f/cm ~ 

0 1 1 1 1 
1 3.8 2.5 4.1 1.45 
2 3.6 7.0 7.9 9.1 
3 3.8 5.8 11.5 8.5 
4 3.8 6.8 II,5 8.5 
5 4.3 6.6 12,2 

* C y c l i n g  ca r r i ed  ou t  a t  2.08 m a / c m  2. 

trades. This improved charge acceptance at low rates 
was a t t r ibuted (10) to greater  t ime for diffusion of 
electrolyte into the pores of the electrode and reac- 
t ion of the divalent  silver with metall ic Ag accord- 
ing to 

AgO + Ag ~ Ag20 

Since the electrode is oxidized more completely before 
barr ier  layers are formed, the lower charging rates 
are more effective. 

This bulk diffusion explanat ion is inconsistent  with 
the present measurements  on smooth rotat ing disk 
electrodes since no macropore s t ructure  exists. F u r -  
thermore, the results were relat ively independent  of 
s t i rr ing rate. However, it is not possible on the basis 
of those results to discount diffusion phenomenon 
wi th in  the micropores, i.e., the volume of electrolyte 
between the crystall i tes of oxide wi th in  the diffusion 
layer. 

The discharges were all  90-95% efficient. Essentially 
all charge delivered to the electrode was recoverable;  
the slight deviat ion from 100% can be explained in  
terms of solubili ty of the oxides in the large volume 
of bulk electrolyte. 

Consider next  the dis t r ibut ion of charge between 
divalent  and monovalent  silver. The ratio of the cou- 
lombs passed into the two silver plateaus (Q2/Q1) on 
charge is dependent  on current  density, alloy compo- 
sition and the n u m b e r  of cycles, while the rat io (Q1/ 
Q2) for the discharge process is independent  of these 
variables. 

As shown by Langer  and Pat ton in a coulogravi-  
metric s tudy of a sintered silver electrode (11), both 
Ag20 and AgO are formed at the Ag(I I )  plateau on 
charge. The x - r ay  diffraction study of Wales and Bur-  
bank  (12) indicated that a similar si tuation prevailed 
on discharge, i.e., the lower potential  discharge pla-  
teau arises from AgO as wel l  as Ag20. The constancy 
of QI/Q2 on discharge, in the present work, implies 
either that  the high potential  discharge plateau arises 
solely from the total discharge of AgO or, to be con- 
sistent with ref. (12), that the discharge of AgO at 
the higher potent ial  level comprises a constant  frac- 
t ion of the total discharge capacity. It  is not  possible, 
at this time, to suggest a simple mechanism other 
than coincidence for the constant  fraction in terpre ta-  
t ion of the constancy of Q1/Q2 with cur ren t  density 
and with alloy composition. 

The alloys are all more effective than silver i n  
charge acceptance and del ivery of the Ag( I )  level, 
1% Pd /Ag  showing the largest value (103 mcoul/cm2),  
(Table I).  With this alloy, at 2.08 ma/cm,  an addit ional  
107 mcoul /cm 2 of Ag20 is formed at the Ag(I I )  level. 
Thus a possible procedure to obtain the max imum 
charge of Ag20 in  a working plate is to charge ful ly 
and then bleed off the AgO charge (13). 

The anomalous behavior  of the 10% Pd alloy in 
total charge accepted may be explained in  terms of a 
passivating oxide film. With the 10% Pd-Ag alloy, the 
contr ibut ion of a lower pal ladium oxide on discharge 
at +700 mv was par t icular ly  evident. In  addition, the 
formation of a higher oxide of pal ladium at E --~ + 
1600 mv  vs. DHE must  also be considered (14). The 
pal ladium oxides formed on charge are apparent ly  
3-I0 monolayers thick. Silver, on the other hand, forms 
oxide layers of approximately 300 monolayers  at 2.08 
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Fig. 6. Ratio of the total charge accepted (QT) to the double 
layer capacitance (Cdl) as measured before each charging cycle. 

ma/cm 2. This lower depth of oxidation of pal ladium 
thus can result  in the formation of thin, isolated pal la-  
dium oxide deposits on the alloy surface, obscuring 
some silver from the charging reaction. A very similar  
explanat ion has been advanced (15) in the h igh- tem-  
perature oxidation of alloys containing a solute which 
has less affinity for oxygen than  the solvent metal. 

Cycling the electrodes increased substant ia l ly  the 
quant i ty  of charge accepted. As shown in  Table II, 
the double layer capacity of all the electrodes also 
increased with cycling. Since Cdl is proport ional  to 
surface roughness, this implies that the increase in 
capacity is due pr imar i ly  to an increase in the area 
of the electrode accepting charge. In  Fig. 6 the ratio 
of the total charge accepted to Cdl is plotted as a func-  
t ion of cycles for Ag and 1% PdAg. A decrease is ob- 
served ra ther  than an increase, i.e., the surface ap-  
pears to roughen faster than  the coulombic capacity 
increases. As shown in Fig. 2, the ratio of the amount  
of charge accepted on the first cycle at the Ag20/AgO 
potential  level to that at the Ag/Ag20 level increased 
with decreasing cur ren t  density. However, on cycling, 
this ratio decreased with increasing double layer ca- 
pacitance values, i.e., decreasing real cur rent  densities. 
Therefore, as implied by the double layer  data, the ef- 
fect of cycling on charge acceptance is not solely a 
matter  of decreasing the effective cur ren t  density. 

There are at least two al ternat ive explanations:  (i) 
part  of the roughened surface, as measured by Cdn is 
not  available to the charging reaction or (ii) the 
crystal s t ructure of the surface of the electrode is dif- 
ferent  from that  of the smooth electrode, alloy or 
silver. (Such a change could also affect Cd].) 

It  is not possible with the present  data to resolve 
these alternatives.  The fact that  there is a second 
al ternat ive is based on the work of Wales and Bur -  
bank  (12), who observed that  prior to cycling, a 
smooth rolled silver sheet showed a strong preferred 
orientation. On cycling x - r ay  diffraction pat terns re-  
vealed a gradual  increase in the amount  of randomly  
oriented polycrystal l ine silver, as well  as surface 
roughness. 

Conclusions 
1. The total charge acceptances for silver and pal la-  

d ium-s i lver  alloys are all  a pronounced funct ion of 

current  density. Differences be tween materials at low 
current  densities are obscured by this high sensit ivity 
to charging rate. Since this effect, first reported for 
porous electrodes, is also observed on smooth elec- 
trodes, the mechanism must  involve processes taking 
place at or near the electrode surface, ra ther  than dif- 
fusion into and out of large pores. 

2. No difficulty was experienced in in t roducing 
charge at the Ag( I I )  level in  pa l ladium-s i lver  alloys, 
contrary  to data reported for porous electrSdes. 

3. While pa l ladium-s i lver  alloys may accept more 
charge at the Ag/Ag20 potent ial  level, the relat ive 
amount  of charge delivered at the two discharge po- 
tential  levels after a complete charge is constant  and 
independent  of current  density and alloy composition. 

4. The total charge accepted and the double layer  
capacitance (proportional to surface roughness) for 
the pa l ladium-s i lver  alloys increase more with cycling 
than  for pure silver, accounting for most of the im-  
provements  noted in cha rg ing  cells conta in ing palla-  
dium as an additive. The double layer  capacitance of 
all electrodes increased on cycling, but  this increase 
does not result  in  a completely proport ional  increase 
in total charge accepted. Thus, some other factor be-  
sides surface area and /o r  surface orientat ion is prob- 
ably involved in the charging process. 
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Electrochemical and Related Phenomena 
under Weightless Conditions 

I. Flowing Electrolyte Thermocells 

Minas Ensanian 
Physical Chemistry Group, Textron's Bell Aerosystems Company, Buffalo, New York 

ABSTRACT 

A flowing electrolyte thermogalvanic cell (Cu, CuSO4) has been studied 
under  weightless conditions via drop-tower experiments .  Unexpla ined per-  
turbat ions have been observed in the output  potential  in both the t ime-de-  
pendent  (emf bui ld-up)  and quasi -s ta t ionary state regions over a wide 
range of exper imental  conditions. Exhaust ive control exper iments  as well  as 
the general  and over-al l  reproducibi l i ty  of per turbat ions per se in a large 
number  of trials rule out oscillations in the hydraulic  system as wel l  as r an -  
dom transients  as factors responsible for the observed phenomena.  Stat ionary 
electrolyte systems including thermocells, concentrat ion ceils, a~d a DanielI 
cell, exhibited similar per turbat ions  dur ing the 1-g to 0-g transition. 

The addition of urea was found to dampen the marked  oscillations nor-  
mal ly  shown by a copper thermocell  at the same output  potential.  The result  
is impor tant  in view of the known decreased ultrasonic a t tenuat ion  and in-  
creased sound velocity caused by urea addition to water. At ambient  tempera-  
tures the electrolytic conductivi ty of freshly prepared urea-cupric  sulfate 
solutions gradual ly  increases and in  subsequent  drops the zero-gravi ty in -  
duced oscillations reappear. 

Copper thermocells uti l izing nonaqueous solvents (acetonitrile or absolute 
methanol)  exhibit  a voltage decrease (several mill ivolts)  bu t  the t ime/  
potential  curve continues on its original course after impact. The potential  of 
concentrat ion cells (with l inear  and nonl inear  gradients) increases (several 
millivolts in 0.7 sec), then decays to its ini t ial  value prior to impact;  cells 
with l inear  gradients exhibit  relat ively larger changes. Inversion tests are also 
described. Daniell  cells (1.09v at 20~ show a similar behavior except that 
the voltage increase is about 40 my. 

To unders tand  better  the influence of the 1-g to 0-g transi t ion on physico- 
chemical processes, the electrochemical measurements  were supplemented (with 
the appropriate controls) by a study of diffusional phenomena,  heterogeneous 
and homogeneous chemical reactions. In  all cases increased rates were ob- 
served and are a t t r ibuted to enhanced ion mobil i ty dur ing  weightlessness. On 
the basis of these experiments  it must  be concluded that an interact ion exists 
between chemically reacting systems and gravi tat ional  fields. 

In recent  years the question of an interact ion be-  
tween gravi ta t ional  fields and chemically reacting 
systems (1) has become increasingly important .  From 
the exper imental  viewpoint,  the unevacuated  drop 
tower convenient ly  provides a weightless envi ron-  
ment  for periods of 1 or 2 sec. 

This paper reports the results obtained in the first 
of a series of studies concerned with the behavior  of 
flowing and stat ionary electrolyte thermocells ( includ-  
ing nonaqueous systems), concentrat ion Cells, and gal- 
vanic ceils dur ing the 1-g to 0-g transition. 1 

In  a previous communica t ion  (2) it was reported 
that par t ia l ly  frozen thermocells exhibited oscillations 
and a potential  decay with the reduct ion of gravity. 
A similar "zero-gravity effect" has now been observed 
in a thermocell  in which the electrolyte is under  
forced flow dur ing the free fall period. 

The results which demonstrate the per turbat ion  of 
an electrochemical system with the sudden removal  of 
the gravity field are of considerable interest  in view 
of the reported physiological effects of weightlessness 
during space flight (3, 4), the theory of coupled t rans-  
port processes (5, 6), and theoretical electrochemistry 
(7). 

Concurrently,  the effects of free fall on the bound-  
ary between concentrated copper sulfate solutions 
and water, the solubili ty of copper sulfate crystals in 
water, the reaction between t r iphenylchloromethane 

1 As  u s e d  h e r e  t h e  t e r m  ( l - g  to 0-g t r a n s i t i o n )  or s i m p l y  the  
t r a n s i t i o n  m e a n s  g o i n g  f r o m  a s t a te  of r es t  ( n o r m a l  g r a v i t y )  to f ree  
fa l l  ( r educed  g r a v i t y ) .  

(in benzene) and a zinc surface, the stress corrosion 
of Plexigtas by a (KI, I2, ZnC12, HC1) reagent, and 
the rate of the "iodine clock reaction" were invest i -  
gated. 

These studies were ini t ia ted in order to gain insight 
on the influence of a weightless env i ronment  (and or 
memory)  on diffusion, wetting, heterogeneous and 
homogeneous reactions. Although some of the work 
reported here is pre l iminary  in nature,  the indications 
are nevertheless,  that  the zero gravi ty drop tower 
m a y  become an impor tant  tool for electrochemical in-  
vestigations. 

Experimental 
Flowing electrolyte theTrnocells.--The effect was 

demonstrated and studied in the apparatus (8) shown 
in Fig. 1. The inflation of a collapsed bottle against the 
sides of the reservoirs (T1 and T~) forces electrolyte 
past the electrodes into the containers (R1 and R2) 
below. The electrical circuit is completed via a p in -  
hole (1 mm diam) located an inch below the tips of 
the electrodes. 

The reservoirs and containers (500 ml  polyethylene 
bottles, squeeze type with screw caps) are connected 
by 3/16 in. ID Tygon tubing  (1/16 wall)  25 in. in  
length properly aligned and taped at the position in -  
dicated. The electrodes are a 4 mm OD coil of copper 
wire (B & A reagent,  B & S No. 24) 1 in. long (10 
turns / in . )  having a geometrical surface area of 0.361 
in. 2 and located midway along the Tygon tubes. After  
degreasing they were immersed for several  hours in 
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Fig. 2. The experimental sequence shown in terms of the time/ 
potential profile. A--recorder chart on," B--pressure adjustment 
begun, C--pinch clamps opened, and D--electrolyte flows past 
the pinhole region. The regions D-E and E-F represent time de- 
pendent and stationary states respectively, and cell behavior dur- 
ing the reduction of gravity was studied in both of these regions. 
Practical limitations prevent o drop test before the point G has 
been reached. As used here, output voltage refers to the emf 
at drop-time, e.g., the points G or F. The polarity of the cold 
electrode is negative with respect to the potentiometer terminal. 

Fig. 1. Schematic diagram of flowing electrolyte thermocell and 
Zero Gravity Drop Capsule. The usable time of cell depends on 
the volume of fluid that can be discharged as well as the rate. The 
single air bottle (actually lying on its side) shown can discharge up 
to 250 ml from each of the 500 ml reservoirs at rates up to 25 
ml/sec. Three or four smaller bottles (500 ml) inserted symmetri- 
cally enable 350 ml at rates up to 35 ml/sec. When the warmer 
reservoir is properly wrapped with rubber tape, the amounts of 
fluid released by the reservoirs will normally differ by less than 
20 ml. Pressures within the bottles (2-10 psig). Cell continues to 
operate after impact. 

hot electrolyte  (cupric sulfate, Baker  reagent)  of 
identical  composition to that  found in the reservoirs  
prior  to their  being used. 

Shielded lead wires (30 ft  long) at tached to the  
electrodes and taped to the rubber  hose were  con- 
nected to a recorder  which had a balancing and chart  
speed of 1-sec and 24 in /min .  The hose (30 ft  of 5 mm 
ID blk gum rubber)  a t tached to the air bottle (1 l i ter)  
was connected to a source of compressed gas (N2) and 
the pressure moni tored  by a Will  (15292) regulator.  

Two drop capsules (I and II) were  used (con- 
structed of wood/plas t ic)  having aerodynamic cross- 
sections of 113 and 50 in. ~ and weighing 13 and 15 lb, 
respectively.  In v iew of drag forces, the a t ta inment  of 
t rue  zero gravi ty  (10-3-10-5-g)  for durat ions of 1 to 
2 sec can only be achieved in an evacuated  tower  or 
by means of the encapsulated cell method (9). An 
unguided capsule dropped through air requires  a high 
ratio of weight  to f rontal  area ( ~  1 to 2 psi) in order  
to overcome this resistance (10, 11). The  p re l iminary  
work  was done with  the l ighter  capsule and the sec- 
ond used in an a t tempt  to amplify the discovered ef-  
fect. 

The exper imenta l  procedure  is as follows; af ter  
the capsule is positioned (17 ft  above a sand pi t ) ,  the 
electr ical  circuit  is checked, and the  reservoirs  near ly  
filled wi th  cold (T1) and hot (T2) electrolyte  and 
tempera ture  readings taken, whereupon  they are filled 
to overflow and the screw caps replaced and taped. 
Some gas is then introduced into the air bottle ( ~  1 
psig) causing electrolyte  to flow past the upper  pinch 
clamps which are then closed, thus permi t t ing  an op- 
por tuni ty  to inspect the system, making  minor  ad- 
justments,  as wel l  as put t ing the release mechanism 

(essentially a wire  cutt ing tool) in the "on" position. 
The drop capsule was released in less than 2 min  after  
tempera ture  readings were  taken. The  recording chart  
is turned "on," the gas pressure is rapidly adjusted 
to the desired value as the clamps are opened, and 
after  a short  count -down (during which the flow sys- 
tem is still under  visual  observat ion) the capsule is 
released. The  sequence is shown in Fig. 2. 

Control  exper iments  fel l  into three  main categories, 
viz., mechanical,  electrical, and chemical. In the me-  
chanical  tests the electrolyte  flow rate  was varied, 
pulsated, restricted, and reversed,  and as in all  con- 
trol tests effects on the t ime /po ten t i a l  curves were  
noted. Beginning with  a gravi ty  flow of 9 ml / sec  the 
gas pressure could be adjusted to enable flow rates 
in excess of 30 ml/sec.  In the pulsated flow tests a 
rate  in the above range was selected and one or both 
of the Tygon tubes at a point midway  be tween  the. 
electrodes and the upper  reservoirs  was manua l ly  con- 
stricted once or twice a second. Restr icted flow refers 
to closing the pinch clamps when  they are positioned 
between the electrodes and the lower reservoirs.  In 
the reverse  flow tests the fluid in one of the tubes was 
flowing in the normal  direct ion whi le  in the other  
tube it was being forced to flow at the same ra te  in 
the opposite direction, thus changing the vor t ic i ty  in 
the pinhole. 

Vibration, impact,  and rotat ion tests were  made on 
a loaded capsule to ascertain the effects (if any on the 
output  potential)  of handl ing and minor  changes in 
capsule orientat ion during flight. 

In the electr ical  category the fol lowing tests were  
made;  swinging and twist ing of the lead wires, con- 
t rol led streams of air bubbles of various sizes being 
forced over the electrode surfaces as wel l  as through 
the pinhole, and e l iminat ing the pinhole and al lowing 
the liquids to empty  onto a common surface (8) or 
into a single reservoir .  

In the chemical  tests, thermal  and concentra t ion 
shock exper iments  were  performed,  i.e., in the flow- 
ing electrolyte  thermocel ls  and the more  recent ly  s tud-  
ied flowing electrolyte  concentrat ion cells (to be dis- 
cussed in another  repor t ) ,  precise amounts  (Cornwal l  
syringe) of hot or cold electrolyte  of identical  compo- 
sition, or in the case of the concentrat ion cells at the 
same tempera ture  but different concentration,  were  
injected at definite in tervals  at distances of 0.75-1.5 in. 
upstream from the electrodes as wel l  as through the 
pinhole area and the response noted. 
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Fig. 3. Concentration cells with nonlinear (a) and linear (b) 
gradient used in this study. Cells (a) and (b) are made from glass 
and Tygon tubing, respectively. Cell (b) can also be made from 
glass which means either a very long tube in order to accommo- 
date a certain amount of uncontrollable mixing or successively 
freezing each addition in the tube which may not always be prac- 
tical. In cell (a) the height of the 1.0M cupric sulfate solution 
(dotted region) can be varied at will provided the lower electrode 
is completely covered. Tygon tubing is attached to the ends of 
the cells which are sealed by means of pinch clamps. The polarity 
of the lower electrodes is positive with respect to the potentiometer 
terminals. Concentration cells with membranes have also displayed 
perturbations and will be considered in another report. 

Final ly,  the behavior  of a flowing electrolyte system 
was observed (dur ing free fall) when  there  was no 
temperature  difference (No, dT) be tween the fluids 
in  the reservoirs (TI and T2), in other words, identical  
solutions. The output  voltages observed under  these 
conditions are due to microscopic differences (surface 
conditions, stored energy, etc.) be tween the electrodes. 

Stationary electrolyte thermocells and concentration 
cells.--The thermocells (not shown) and concentrat ion 
cells with non l inea r  gradients  (Fig. 3a) were made by 
inser t ing the coiled wire electrodes through Tygon 
attached to the ends of a Pyrex  tube and sealed by  
means of a pinch clamp. In  the case of the thermocell 
the tube was filled to overflow with a homogeneous so- 
lut ion of 0.005M cupric sulfate. Urea-cupric  sulfate 
electrolyte was prepared by adding lg  of urea (Baker 
reagent,  mp 132~176 used without  fur ther  purifica- 
tion) to 50 ml  of 0.005M cupric sulfate, mixed and 
poured immediate ly  into the cell. 

Thermocells were also made with nonaqueous elec- 
trolytes, 0.5g of CuC12"H20 (Baker reagent,  as re-  
ceived) was dissolved in 25 ml  of acetonitri le (Fisher 
reagent, bp 81.5~176 or 40 ml  of absolute meth-  
anol (Baker reagent, 99.8% pur i ty ) .  

Concentra t ion cells wi th  mult iple  l ines of demarca-  
tion, i.e., with a l inear  gradient  (Fig. 3b) were made 

by taking a Tygon tube (8 mm ID) wi th  a sealed 
electrode at the bottom and pouring in  as m a n y  as 
eight different concentrat ions (equal volume) of de- 
creasing strength by pinching the plastic tub ing  just  
above the last en t ry  and pour ing  in the next  volume of 
electrolyte and releasing the pressure and carefully 
al lowing the fluids to come into contact. The following 
values refer to the ratio (in mill i l i ters and  beginning  
from the bottom of the cell) of 1.0M cupric sulfate 
to water  in  eight stock solutions used to prepare a 
typical gradient:  50/0,43/7,36/14,29/21,22/28,15/35,8/42, 
and 1/49. The total length of the tube was 63.5 cm 
and each of the eight additions was approximately 3.8 
ml. The interelectrode distance (tip to tip) was 58 
cm. These cells exhibit  remarkable  stability, however, 
they are supported (jacketed) before being placed into 
the  drop capsule. 

The voltage of a cell depends on its construction, 
for example, in  the nonl inear  case on the respective 
heights of the 1.0M cupric sulfate and the water  above 
it, and likewise, in the l inear  case  on (dc /dx ) .  These 
factors can be varied at will, provided both electrodes 
are covered by a homogeneous phase. 

In  addition to drop tests the cells were  also sub- 
jected to inversion tests, i.e., rotat ing the cell 180 ~ 
(in a t ime of the same dura t ion as free fall) .  

DifSusion.--The effect of weightlessness on ion dif- 
fusion was investigated by measur ing the optical den-  
sity across an aqueous interface in a column of fluid 
before and after free fall and by observing the output  
potential  of a concentrat ion cell or a Daniel l  cell 
(Fig. 4) dur ing  the 1-g to 0-g transit ion.  Fif teen mil l i -  
liters of 1.0M cupric sulfate was pipetted into a 12 
mm ID Pyrex  tube and 55 ml of distilled water  care- 
fully added so as to obtain a clear l ine of demarcation 
and the system sealed by means of Tygon tubing  and 
a pinch clamp. The tubes were then dropped from a 
height of about 22 ft and scanned in a photometer de- 
veloped in this laboratory.  Stat ionary control tubes 
were subjected to simulated impact by means of a 
spr ing-dr iven  sandbucket  propelled upward  toward 
the tubes (equal penetra t ion depth) and were likewise 
scanned. The drop-tower  and photometer reading room 
temperatures  were 15 ~ and 20~ respectively. 

In  a single low tempera ture  exper iment  (no con- 
trols) of another  type (Liesegang phenomena)  con- 
centrated solutions of KI and CuSO4.SH20 (1 gram 
each in 10 ml of water)  were very carefully placed 
in the positions shown (Fig. 5) and covered with di-  
lute starch solution and the system sealed. The tube 
was then dropped nine  times at intervals  of 2 rain 
from a height of 24 ft (drop-tower tempera ture  9~ 
and was then set aside in a room where  the temper-  
ature varied from 15 ~ to 21~ 

At a higher temperature  a total  of six tubes have 
been evaluated including two sets of controls, viz., 
s imulated impact and those left alone. The drop-tower 
temperature  was 21~ while the room temperature  
averaged 25~ 

Solubility.--Crystals of cupric sulfate (Fisher Tech. 
Crystal) weighing approximately 1.30g were wrapped 
in cotton cloth and suspended a distance of 3.75 cm 
from the top of 38 cm Pyrex tubes. The cloth passed 
through a small  piece of Tygon tubing  which again 
was sealed by a pinch clamp. Eight pairs of crystals 
(a drop and a control)  were selected and the indi-  
vidual  volumes noted by immersion in acetone at 
20~ The tubes (12 mm ID) were dropped 3 times from 
22 ft and photometer readings taken after each drop. 
The reference point was 11 cm from the lower end of 
the tube. The drop-tower and photometer reading 
room temperatures  were 15 ~ and 20~ respectively. 

Adsorption.--Triphenylchloromethane (Fisher re- 
agent) was dissolved in carbon dioxide saturated ben-  
zene (Baker reagent)  and the solution poured into 
a Pyrex tube into which was placed a mir ror - l ike  
sheet of zinc (ribbon, Baker reagent)  and the system 
hermetical ly sealed. The drop samples and controls 
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Fig. 4 (left). Daniell cell used for zero-gravity investigations. Sev- 

eral cells of this type were constructed and showed o very large 
perturbation (40 my) of the type shown in Fig. 7 during free fall. 
1.0M solutions of cupric sulfate (dotted region) and zinc sulfate 
ore introduced to the levels shown and the remaining volume care- 
fully filled to overflow with distilled water. The electrodes are 
made from thin sheets of copper and zinc and held in position 
by means of pinch clamps as shown. The emf of the cell is about 
1.09v at 20~ In work of this kind Tygon tubing is a very useful 
material for making impact proof seals. 

Fig. 5 (right). Glass apparatus used to demonstrate Liesegang 
bands in an aqueous system. Solutions of potassium iodide and 
cupric sulfate are contained in tubes (A) and (B) respectively at 
the levels indicated by the broken lines which are 11 cm from the 
bottom. Arm (A) is 44.5 cm long and the parallel tubes (8 mm OD) 
ore 4 cm apart. After 32 days (in the low temperature experiment) 
a purple color began to develop in the region shown (tube contain- 
ing the potassium iodide) and by the 41st day 9 distinct bands or 
rings had formed. It required 72 days before the liquid in region 
(C) assumed a light blue color. Eventually, the darkest color devel- 
oped in the region (D). Although at higher temperatures ring 
formation is much more rapid it is not as well defined. The tubes 
were connected by Tygon at the positions shown. 

were compared with  regard to the golden color of 
the t r iphenylmethy l  free radical  which develops on 
the zinc surface. A total  of eight tubes were  eva lu-  
ated, each being dropped 5 t imes f rom a height  of 
22 ft. The d rop- tower  t empera tu re  was 15~ The 
reduct ion of gravi ty  in the solubil i ty and adsorption 
studies was est imated at 10-8-g. 

Stress corrosion.--The corrosive reagent  consisted 
of 4g of potassium iodide, lg  of iodine, 25 g of zinc 
chloride, 25 ml  of HC1 and 50 ml  of water ,  mixed  and 
stored in a glass s toppered bottle. Plexiglas  samples 
62 mm in length and 17 mm wide were  bent  in a 
wooden vise to an angle of about  44 ~ and the vise 
placed in a small  plastic box which served as the drop 

D e c e m b e r  1967 

capsule. One drop of the reagent  was then placed at 
the point of greatest  tension (eyes must  be protected)  
and fol lowed by a small pinch of zinc dust (12). The 
box was then closed and dropped f rom a height  of 
about 24 ft and subsequent ly  the t ime to fa i lure  noted. 
A clearly visible iodine stain marks  the ini t ial  posi- 
tion of the drop and the effects of minor  variat ions in 
the amounts of zinc are  negligible. Thi r ty  samples 
(0-g) were  dropped and 30 others (static) acted as 
controls. This work  was preceded by an expl6ra tory  
invest igat ion dur ing which over  a hundred test speci- 
mens were  evaluated.  Eve ry  a t tempt  was made to 
duplicate in the controls every th ing  which a dropped 
sample exper ienced except  the momenta ry  reduced 
grav i ty  state. This included impact,  the spreading, and 
rolling, etc. of the corrosive droplet.  The d rop- tower  
tempera ture  was 9~ 

Homogeneous reaction.--Fresh iodic acid solution 
was prepared by dissolving 5g of iodine pentoxide 
(K & K crystal)  in one l i ter  of t r ip le  disti l led water ;  
iodine pentoxide is a powerfu l  oxidizer and must  be 
kept  away from flammable vapors, etc. Five mil l i l i ters  
of water  was saturated (slow bubbling) for 10 min  
with  anhydrous sulphur dioxide f rom a Matheson 
cyl inder  and then added to a l i ter  of water .  The starch 
solution was prepared by making  a paste of 12.2g 
(Baker  reagent)  wi th  chi l led water  and then adding 
one l i ter  of boiling water .  

Fif ty  mil l i l i ters  of the iodic acid solution was poured 
into a beaker  and 15 ml of starch solution added; 50 
ml of the sulfurous acid solution was poured into a 
beaker  and enough water  added to make  300 ml of 
solution. Water  was also added to the iodic acid starch 
mix ture  to give a final vo lume of 300 ml. Both solu- 
tions were  st irred and then  poured into a 2000 ml 
beaker  and the react ion mix tu re  s t i rred for 15 sec. 
Each of eight 2-oz bottles were  then filled in two 
steps in a sequence that was empir ical ly  de termined  
to insure standardization.  

In order to keep the tempera ture  as uni form as 
possible during the experiments ,  the solutions as wel l  
as the reaction mixtures  were  prepared near  the drop 
tower where  tempera tures  averaged 9~ The 2-oz 
vessels were  filled to overflow and at tempts  were  made  
to minimize the en t rapment  of air bubbles which were  
measured and recorded af ter  the exper iment  and sub- 
sequent ly  taken into consideration. 

A photometer  was constructed which contained two 
chambers  that  could accommodate four  bottles each 
and the photometr ic  readings were  an indication of the 
average radiant  energy (l ight) that  was t ransmit ted  
through the row of four bottles simultaneously.  The 
light source was a 150w 120v flood lamp (Sylvania)  
and the radia t ion intensi ty  measured by two cali-  
brated Soligor meters  which were  found to be satis- 
factory. Al though the geometry  of the system was 
rigid and the bottles locked in numbered  positions, the 
positions of the meters  as wel l  as the bottles (rows) 
were  switched separately dur ing the course of the in-  
vest igat ion and the results were  found to be near ly  
identical. 

The react ion is very  concentrat ion dependent  and 
reaction t ime is defined as the in terva l  be tween the 
init ial  mixing and when the bottles first begin to turn 
blue. In addit ion to the bottles that  were  dropped 
th, ere were  two sets of controls; one set was left  alone 
after the bottles were  closed and the other  was sub- 
jected to s imulated impact  at the same t ime the zero- 
gravi ty  bottles were  dropped. All  bottles were,  at 
all times, exposed to the same amount  of light. The 
exper imenta l  procedure was as follows: A total  of 
four drops were  made f rom a height  of 24 ft, viz., 
at 3 min  and 40 sec (after  mix ing) ,  4 min, 4 min and 
20 sec, and 4 rain and 40 sec. The four  drop bottles 
as wel l  as the four  s imulated impact  bottles were  al-  
ways placed into the photometer  at 5 rain and 10 sec 
and the flood lamp turned on at 7 min  and 30 sec. The 
distance be tween the lamp and the l ightmeters  was 
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Table I. Flowing electrolyte thermogalvanic cell 
stationary state potentials 

M o l a r  
conc .  T e r a p ,  ~  F l o w  r a t e ,  P o t e n t i a l ,  

T1 T.~ m l / s e c  m v  

0.005 
0.01 

0 .005  

0.01 

G r a v i t y  f low 
7 30 9 17 
7 30 9 20  

F o r c e d  f low 
7 30 12 lS  

21 21 
30 27 

7 3O i 2  21 
21 27 
30 29 

10 52 21 35 
5 58 21 45 

67 cm. Two sets of exper iments  were  done ( the only 
a l te rna t ive  would have  been to build a photometer  
wi th  th ree  chambers  in order  to accommodate  the 
twelve  2-oz bottles) viz., where  the s imulated impact  
set was compared with  the ini t ial  controls as wel l  as 
those which  exper ienced free fall. The reduct ion of 
gravi ty  was est imated at 10-3-g. 

Results 
Flowing  elect rolyte  thermogalvanic  potentials are 

difficult to reproduce,  e.g., if a dozen or more cells are 
constructed in identical  detai l  and evalua ted  and, al- 
though each produces a curve  similar  to t h a t  shown 
in Fig. 2, nevertheless,  the range of their  respect ive  
voltages at point F may  be as high as 10 m v  or more. 
Some data are shown in Table I, and the values repre-  
sent the average of four  experiments .  

The apparatus  can easi ly be conver ted into a flow- 
ing electrolyte  concentrat ion cell (also exhibi t  zero-  
gravi ty  oscillations) and by proper  adjustments  of 
concentrat ion differences, flow rate, and cell  t emper -  
a ture  a wide range of reasonably  control lable vol t -  
ages can be obtained and wil l  be discussed in another  
report .  

Dur ing the course of 107 drop tests (with flowing 
electrolyte  thermocel ls) ,  three general  types of zero-  
gravi ty  effects (Fig. 6) have been observed over  a 
wide range of conditions; concentrat ions (0.005-0.35M) 
-~T (T~ f rom 2 to 13; T2 f rom 25 ~ to 65~ flow rates 
(from 12 to 30 ml / sec ) ,  and output  voltages ( f rom 10 
to 70 m y ) ;  viz., oscillations (6a, 6c), potent ial  decay 
(6b) and combinations (6d) in both the t ime de- 
pendent  (D - -  E) and s tat ionary state ( E -  F) re-  
gions. 

; 4 . . ~ -  I T  

c 

) 

Fig. 6. The three general types of curves that were observed 
over a wide range of experimental conditions. The oscillatory curves 
exhibited as many as nine deflections during the free fall interval 
and whose amplitude varied as much as • 1 my. Potential decays 
of 4 my have been seen with a semblance of recovery prior to im- 
pact. Curve 6b appears at O.01M, when T1 < 10~ AT > 47~ 
and the output voltage > 35 my, at a flow rate of 2! ml/sec 
when a preliminary study was made of the time dependent region 
(D-EL DT and IT refer to drop time and impact time, respectively. 

A large number  of exper iments  would be requi red  
to character ize these curves and, a l though the evidence 
is l imited, an output  vol tage of 35 m v  in the t ime de- 
pendent  region appears to be a transi t ion range, i.e., 
below this va lue  we  see curve  6a and above it curve  
6b. 

The control  exper iments  showed that  the observed 
effect was due to the sudden reduct ion in gravi ty  and 
in par t icular  those concerned with  pulsated or var i -  
able flow rates, proved that  the per turbat ions  cannot  
be due to oscillations in the hydraul ic  system, in fact, 
on the basis of their  f requency  alone it  is a physical 
impossibil i ty wi th  the  apparatus  shown. The only way 
to change the potent ial  of a flowing electrolyte  ther -  
mocell  or concentrat ion cell  in this manner  is to e i ther  
suddenly and complete ly  restr ic t  all fluid flow or at-  
t empt  to rapidly  increase the air bott le  pressure and 
even then there  is a lag- t ime of at least  0.6 sec before 
a smooth t ransi t ion is regis tered by the recorder.  
St reams of bubbles (some as large as the coils) pass- 
ing through the electrodes or the p in-hole  region had 
no effect on the potent ial  e i ther  under  gravi ty  or 
forced flow in a normal  1-g environment .  No per turba-  
tions were  observed during the the rmal  and concen- 
t ra t ion shock exper iments .  

In the (No, dT) experiments ,  at ve ry  low flow rates, 
there  are oscillations in polarity, but  as soon as the 
flow rate increases (5-30 ml /sec)  one of the electrodes 
becomes anodic and the other  cathodic. At various 
t imes and under  different conditions dur ing the course 
of this investigation, 18 drop tests have been made 
with  electrolyte  concentrat ions of 0.005, 0.01, 0.1, and 
0.3M cupric sulfate and at tempera tures  ranging f rom 
17 ~ to 34~ In spite of the fact  that  comparisons are 
difficult in v iew of varying temperatures ,  flow rates, 
etc., the fol lowing conclusions can never theless  be 
drawn. The  potent ial  increases wi th  time, in other  
words, there  is a bui ld-up curve  (Fig. 2) and output  
voltages range f rom 0.5 to 11 my, al though one occa- 
sionally observes higher  potentials momenta r i ly  and 
the lower concentrat ions give higher  output  poten-  
tials. In all cases dur ing f ree  fall  the cells exhibited 
per turbat ions  and continued to operate after  impact. 

In marked  contrast  to the behavior  of par t ia l ly  
frozen (upper  electrode)  thermocel ls  previously re-  
ported (2), when the upper  electrode region is heated 
with  air  instead of being frozen, pronounced saw- 
toothed oscillations are observed dur ing weightless-  
ness with the t ime /po ten t i a l  curve resuming its in-  
i t ial  course after  impact. It  has been found that  the  
addit ion of urea  substant ial ly dampens the zero- 
grav i ty  induced per turbat ions  when the cell is dropped 
at the same output  potential.  The electrolytic conduc- 
t iv i ty  of f reshly  prepared urea-cupr ic  sulfate solutions 
gradual ly  increases (at ambient  temperatures)  and in 
subsequent  drops (af ter  3-4 sec of weightlessness, 
corresponding to a d rop- tower  operat ing t ime of about 
25-35 rain) the ze ro-grav i ty  induced oscillations r e -  
appear. The principle characterist ic of the t ime /po-  
tent ia l  curves of thermocel ls  employing acetonitr i le  
or absolute methanol,  is potential  decay dur ing the 
1-g to 0-g transition. However ,  as in all decay curves 
under  these circumstances some type of oscillation 
(spiked or smooth) is a lways present. 

During the course of about 70 exper iments  it has 
been observed (at least in 50% of the cases) that  the 
output  vol tage (cells shown in Fig. 3) wi l l  increase 
dur ing free fall  (otherwise some type of per turbat ion 
is observed, oscillations or potent ial  decay),  e.g., if 
the ini t ial  emf is 28 mv  (in a cell  wi th  a l inear  gra-  
dient) it may  increase as much as 2.5 my  dur ing 
weightlessness in the  manne r  shown in Fig. 7. In 
some cases a cell  wil l  show a similar  but  weaker  in-  
crease when  dropped a second or th i rd  time. If in-  
stead of dropping a cell it is ro ta ted 180 ~ ( inversion 
test) 2 in a t ime of the same durat ion as free fall, then, 

'-' I n  i n v e r s i o n  t e s t s  t h e  r e c o r d e r  c h a r t  is l e f t  on  u n t i l  ze ro  o u t p u t  
p o t e n t i a l .  
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Fig. 7. A time/potential curve of the type frequently observed 
with the cells shown in Fig. 3. Cells with linear gradients show a 
larger potential increase during the free fall period. Cells that are 
rotated 180 ~ (turned upside down) display similar behavior how- 
ever, there is a lag-time of about a second or more after the cell 
is in the new orientation before a potential change is indicated; 
the voltage increments, however, are similar, viz., 0.5-2.5 my. 
Although the evidence is limited since almost all of this work 
has been done with coiled wire electrodes, the indications are that 
electrodes made from metal sheet will behave in a like manner. 
Concentration cells (Fig. 3b) of identical construction but slightly 
different emf's have been connected in series and parallel and in 
both cases have acted as expected. They have exhibited a small 
increase in emf when dropped. 
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Fig. 8. A typical time/potential curve for a concentration cell 
of the type shown in Fig. 3a (nonlinear gradient) when the region 
at the lower electrode is heated with air at 78~ S--steady state 
potential, H--warm air applied to glass wall near electrode, B--  
beginning of build-up curve. In the systems studied the average 
time between points H and B was 6.53 sec and the voltage in- 
crement between point B and drop time, 7 my. The rate of change 
was 0.27 mv/sec. Although only four cells of identical construc- 
tion have been evaluated, the zero-gravity perturbations of these 
systems are remarkably reproducible in general detail. The system 
is referred to as a delta "T" concentration cell, (AT, AC). 

for reasons as yet  unknown to the author,  one may 
ei ther  see a brief  increase in the emf before poten-  
t ial  decay or  an immedia te  decay, in ei ther  case the 
curves  are smooth. 

Some pre l iminary  work  has been done wi th  non-  
l inear gradient  concentra t ion cells where  the  in ternal  
diameter  of the tubes var ied from 2 to 25 mm with  
cell length f rom 12 to 36 in. On a re la t ive  basis for ex-  
ample, if a 2 mm ID cell is rotated 180 ~ depending 
on the init ial  gradient,  it may  take 30 sec or more  
before  there  is any indication of potent ial  change and 
as may be expected, this type of cell  did not exhibi t  
any per turbat ions dur ing the first second of free fall. 
However ,  in subsequent drops the same cell  exhibi ted 
perturbations,  an indication of an addi t ive or memory  
effect. The ratio of the inversion t ime to 0-g time, for 
indications of potent ial  change, (neglect ing any con- 
tr ibutions due to impact)  can be used to obtain a 
rough est imate of diffusion rates under  weightless con- 
ditions and the calculations show it to be four  to six 
times faster. Contr ibutions due to impact  could be 
readi ly  de termined  exper imental ly .  If  the glass wal l  
near  the lower electrode of the cell shown in Fig. 3a 
is uni formly  heated, a smooth non-osci l la tory  vol tage 
bui ld-up wil l  be observed. 8 Conversely,  if the upper  
electrode area is warmed,  there  wil l  be a smooth po- 
tential  decay, nevertheless,  under  ei ther  condition, 
the cell exhibits  oscillations and potent ial  decay dur-  
ing free fall. The curves are shown in Fig. 8 and 9. 
The diffusion exper iments  have shown that  dur ing 
weightlessness the line of demarcat ion (now faint  but  
still  visible) be tween  the colored and colorless solu- 
tion (cupric su l fa te /wa te r )  has advanced about  0.70 
cm whi le  that  of a control  (as near ly  wel l -def ined 
as before)  has only advanced about 0.25 cm. Some 
typical curves are shown in Fig. 10 and 11. 

The results of the Liesegang exper iments  are in-  
terest ing but complicated, suggesting a large number  
of trials before the ze ro-grav i ty  samples and the con-  
trols can be character ized and compared. However ,  in 
spite of the l imited evidence the fol lowing observa-  

a The  e x p e r i m e n t  is  i m p o r t a n t  in  t h a t  i t  offers a n o t h e r  m e t h o d  of 
s t u d y i n g  t he  effects  of w e i g h t l e s s n e s s  on  b u i l d - u p  a nd  decay  curves .  
The  p o t e n t i a l  i nc rease  or decrease  c o n t i n u e s  on i t s  o r i g i n a l  course  
a f t e r  i m p a c t  i n d i c a t i n g  t h a t  h e a t  lasses  d u r i n g  the  course  of  the  ex-  
p e r i m e n t  are  u n i m p o r t a n t .  
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Fig. 9. A typical time/potential curve for concentration cell of 
the type shown in Fig. 3a (nonlinear gradient) when the region 
at the upper electrode is heated with air at 78~ S~steady state 
potential, H--warm air applied to glass wall near electrode, B--  
beginning of the decay curve. The average time between po~nts 
H and B was 5.56 sec and the potential decrease between point B 
and drop time, 7 my. The rate of voltage decay was 0.62 mv/sec. 
These systems likewise exhibit nearly reproducible curves during 
the brief period of weightlessness and merit serious consideration. 
The electrodes were made from coiled copper wire (4 mm OD and 
previously described) and the initial cell temperature and voltage 
(point S) were 20 ~ and 44 my, respectively. The effective cell 
length (6 mm ID Pyrex) was 42 cm and the tubes filled to the 
13 cm level with 1.0M cupric sulfate. The interelectrode distance 
(tip to tip) was 33 cm. 

tions have been made. Two kinds of rings or bands are 
formed, viz., horizontal  and inclined (~-45~ the 
lat ter  are formed first and, a l though all  tubes have  one 
or two such rings, the s imulated impact  samples have 
the most. Rings eventual ly  grow into one another  and 
disappear. The ze ro-grav i ty  samples display more 
even spacing as wel l  as the greater  r ing stabil i ty and 
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Fig. 10. Photometric curves showing the relative amount of 
light from a tungsten lamp passing through a 12 mm ID Pyrex 
tube containing 15 ml of 1.0M cupric sulfate and 55 ml of dis- 
tilled water when the tube which has been subjected to simulated 
impact is lowered through the instrument in 5 mm increments. 
The solid line refers to initial conditions and the dot and dash 
lines to conditions following the first and second simulations 
(impact), respectively. 
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Fig. 11. Photometric curves showing the relative amount of 
light passing through a 12 mm ID Pyrex tube containing 15 ml of 
1.0M cupric sulfate and 55 ml of distilled water when the tube 
which has been subjected to weightlessness (22 ft drop) is lowered 
through the instrument in 5 mm increments. The solid line refers 
to initial conditions and the dot and dash lines to conditions fol- 
lowing the first and second weightless periods respectively. The 
nonsuperimposition of the solid lines of Fig. 10 and 11, of little 
consequence here, reflects, nevertheless, the inherent experi- 
mental difficulty and or limitations in attempting to reproduce 
gradients. The air drag on the drop capsule was estimated to be 
between 10 - 2  and lO-3-g. 

increased rates of diffusion, e.g., the diffusion of the 
iodide ion and or the rate  of format ion of the blue 
color in the arm (Fig. 5) containing the cupric sul-  
fate. The average number  of rings f o r m e d  in the 6 
tubes was seven. These exper iments  are best per -  
formed at lower tempera tures  (15~ or less) where  
individual  r ing format ion can be more  easily followed. 
There  is no immedia te  explanat ion for the greater  
r ing stabili ty of the samples wi th  a weightless m e m -  
ory. 

The indications are that, a l though polycrystal l ine 
mater ia l  was evaluated  (and thus the crystals differed 
in weight,  volume, shape, and s t ructure) ,  weight less-  
ness enhances the rate  of crystal  solubility. The zero- 
gravi ty  samples dissolved approximate ly  1.5 times 
faster than the controls. In a s imilar  vein drop tests 
indicated that  the golden color of the t r iphenylmethy l  
free radical  which develops on the zinc surface (ad- 
sorption exper iments)  is more intense than for the 
controls. 

Concerning the free fall  stress corrosion studies the 
statistics are as follows: average angle of the drop 
samples, 43.5 ~ , static samples, 43.8 ~ . The average  
thicknesses were  the same, viz., 1.42 ram. The average  
t ime for fai lure was 67.4 sec for the zero-grav i ty  sam- 
ples and 82.9 sec for the controls. The average place 
of fa i lure  (see Fig. 12) for the dropped samples were  
2.3 and 2.5 for the controls. 

A total  of 109 exper iments  were  per formed dur ing 
the study of the "iodine clock reaction," al though the 
repor ted  averages concern only 60 of the trials. The 

1 2 3 
Fig. 12. Plexiglas sample used in the zero-gravity stress corro- 

sion study showing the regions relative to the liquid where the 
specimen could fail. A drop of the corrosive liquid was placed at 
the point of greatest tension as shown. The zero-gravlty samples 
and the controls failed at the positions 2.3 and 2.5, respectively, 
indicating more extensive wetting near the plane of greatest ten- 
sile strain in the samples subjected to weightlessness. 

react ion t ime for the zero-grav i ty  bottles was found 
to be 13.8 min compared to 14.6 min for the simulated 
impact  bottles. Likewise, the lat ter  differed by about 
3.5 sec (earl ier)  f rom the init ial  controls. 

It  was of considerable interest  to notice that, al-  
though in all cases the ze ro-grav i ty  bottles had a 
shorter  react ion t ime than ei ther set of controls, 
nevertheless,  wi th  respect  to the t ime requi red  to 
reach m ax im um  color intensi ty once the bottles be-  
gan to change color, the ini t ial  controls reached max-  
imum intensi ty in less t ime than the bottles exper i -  
encing weightlessness. 

Discussion 
The main observation on the t ime/poten t ia l  curves 

of flowing electrolyte  thermocells  due to the sudden 
reduct ion of grav i ty  has been the appearance of oscil- 
lations. Except  for an ear l ier  paper (2) the l i tera ture  
concerning the behavior  of e lectrochemical  systems 
dur ing the 1-g to 0-g transi t ion is essentially nonex-  
istent and since this is the first paper  in a long range 
study a detailed analysis would  be premature ,  how-  
ever,  in v iew of the concurrent  studies, there  is some 
basis for speculation and it may be helpful  in some 
cases to indicate a possible explanation.  In essence 
the concurrent  studies suggest that  ion mobil i ty  is 
enhanced under  these conditions. 

In the thermocel l  shown (Fig. 1) there  are three 
regions tha t  may  possibly be influenced by the t ransi-  
tion, viz., the  electrode surface, the bulk electrolyte,  
and the l iquid- l iquid  interface wi th in  the pinhole re-  
gion. With respect to the latter,  regardless  of the 
init ial  vorticity,  and in v iew of the existence of quasi- 
s tat ionary or slow moving layers of fluid, there  is the 
remote  possibility of per turbing mass t ransport  
through this region during the sudden transition. How- 
ever,  in the control  exper iments  bubbles of air were  
forced through the pinhole region and which obviously 
changed the vorticity,  l ikewise, concentrated solu- 
tions of copper sulfate as well  as water  were  forced 
through this region, again wi th  no observable  effect 
on the output  potential  of the cell. If the reservoirs  
(R1 and R2) and the pinhole are r emoved  and the 
streams of e lect rolyte  al lowed to impinge or mix  above 
or upon a flat glass surface 5 or 6 in. below, there are 
no effects; the same holds t rue  if the Tygon tubes are 
separately or s imultaneously rotated or swung back 
and for th  l ike a pendulum. These exper iments  appear 
to rule  out any contributions f rom this source. 

Al though the quest ion of dissolved gases in the elec-  
t rolyte  being adsorbed or the expansion or contraction 
of gas films on the electrode surface dur ing weight -  
lessness cannot be answered at this time, it is doubt-  
ful the oscillations could be explained on this basis. 

The behavior  of various electrochemical  systems 
dur ing the 1-g to 0-g transi t ion is summarized in Ta-  
ble II and in those cases where  the data is pre l iminary  
and work is cur ren t ly  in progress it is so indicated. 
Turning our at tention to the electrode surface, one 



1250 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  S C I E N C E  D e c e m b e r  1967 

Table II. Behavior of various electrochemical systems during the I-g to O-g transition 

Elec t rodes  P r i n c i p l e  c h a n g e  
Cel l  t ype  U p p e r  L o w e r  in  p o t e n t i a l  

T h e r m o g a l v a n i c  S ta t i c  F rozen  A m b i e n t  D e c a y t  
Hot  A m b i e n t  Osc i l l a t ions  

Urea* Ho t  A m b i e n t  D a m p e n e d  osc i l l a t i ons  
N o n a q u e o u s  so lven t s*  Hot  A m b i e n t  Decay  

F l o w i n g  No AT Osc i l l a t ions  
AT Osci l la t ions /decayt"  t 

C o n c e n t r a t i o n  S ta t i c  L i n e a r  g r a d i e n t  D i l u t e  Conc.  Inc rease  
N o n l i n e a r  g r a d i e n t  D i l u t e  Conc.  Inc rease  

A m b i e n t  Ho t  Osc i l l a t ions  
Hot  A m b i e n t  Osc i l l a t ions  

C a p i l l a r y  D i l u t e  Conc.  None* * 
M e m b r a n e *  Conc.  D i l u t e  Osc i l l a t i ons  

F l o w i n g *  A m b i e n t  Osc i l l a t ions  

' t Ref.  (2). 
* Wi l l  be  d i scussed  m o r e  f u l l y  in  a n o t h e r  repor t .  

i'~ E M F  in t i m e - d e p e n d e n t  r e g i o n  ~ 35 my.  
** D u r i n g  the  first second of f ree  fal l .  

may expect  a gravi ta t ional  field effect even in a dy-  
namic system (fluid flow) for the fol lowing reasons. 
When a body is being acted upon by the earth 's  gravi -  
tat ional field, there  is no weakening  of the field in the 
region of this body at any time, in other  words, the 
process is void of energy t ransfer  and is the only 
known interact ion of this kind, therefore,  whe the r  we 
have a ro ta t ing disk in a fluid or a fluid flowing over  
a plate, there are in ei ther event  quas i -s ta t ionary  fluid 
layers near  the solid surface and if these encompass 
the react ion zone, then a t rue gravi ta t ional  field effect 
would be independent  of fluid motion. 

In  a discussion of periodic processes, F r a n k - K a m -  
enetskii  (13) points out  that  besides pure ly  kinetic 
oscillations, there is the possibility of a periodic 
course of a chemical  react ion due at the same t ime to 
both the kinetics of the react ion and to the evolut ion 
and removal  of the heat  and refers to this kind of 
oscillation as thermokinet ic .  

Re turn ing  to the flowing thermocells  and neglect ing 
any effects associated with  enhanced wett ing,  the hy-  
drat ion and dehydrat ion of ions at electrode surfaces 
involves the evolut ion and adsorption of heat, and one 
might  envision the oscillations as being due to a 
Lotka-Vol te r ra  (14, 15) type mechanism (ecological 
oscillation)4; in other words, we assume that  the sud- 
den zero grav i ty  induced increase in the mobi l i ty  of 
ions gives rise to a si tuation where  the interact ion of 
the three pr inciple  rates, viz., arrival ,  departure,  and 
change within the react ion zone, is such that  the t ime /  
potential  curve  becomes periodic 5. However ,  to draw 
upon such an analogy, e.g., the Ross mala r ia  equation 
(14) touches upon a fundamenta l  question, viz., that  
such systems operate wi thout  benefit of the principle  
of microscopic reversibi l i ty .  

With regard to the bulk electrolyte,  it is not pos- 
sible at this t ime in the absence of significant ex-  
per iments  to speculate on internal  changes wi th in  a 
flowing electrolyte  dur ing the 1-g to 0-g transition, 
however ,  this is not the case for cells wi th  s tat ionary 
fluids. 

Al though the theory  of the l iquid state (s t ructure  
of pure liquids and solutions) is incomplete,  it is 
general ly  assumed (with the exception of the hydro-  
gen and hydroxyl  ions) that  ions pass through a l iquid 
(the solvent  is not a continuous medium)  by jumping  

f rom one hole to another.  
The dampening  of the oscillations by urea  additions 

is impor tant  and deserves serious attention, e.g., 
Hammes  and Schimmel  (17) have repor ted  decreased 
ultrasonic a t tenuat ion and increased sound velocity as 
a resul t  of urea  additions to water ,  and is thought  
to be due to an increase in the populat ion of unbonded 

4 The  r e l a t i o n s h i p  b e t w e e n  c h e m i c a l  m e c h a n i s m s  a n d  k i n e t i c  os- 
c i l l a t i ons  has  r e c e n t l y  been  r e v i e w e d  by H i g g i n s  (16). 

The  o b s e r v a t i o n  t h a t  an  o u t p u t  p o t e n t i a l  of 35 m v  m a y  be a 
t r a n s i t i o n  p o i n t  in  g o i n g  f r o m  osc i l l a t i ons  to potent ia l  decay  in  t he  
t i m e - d e p e n d e n t  r e g i o n  is i m p o r t a n t ,  h o w e v e r ,  m o r e  e x p e r i m e n t a t i o n  
is necessary .  

water  molecules which pack more t ight ly than mole-  
cules which are hydrogen bonded in the wate r  clusters. 
In  the present  work  the reappearance  of the zero 
gravi ty  induced oscillations is due to the chemical  de- 
gradat ion of the urea (conversion to ammonium cy-  
anate) and efforts are present ly  being made to d e -  
te rmine  if the reappearance  of the oscillations coin-  
cides ( t ime-wise)  wi th  any significant change in the 
slope of the conduct ivi ty  curve. 

Al though a l imited number  of thermocells  have 
been made with  nonaqueous solvents, the observed 
potential  decay curves  somewhat  resemble  in form 
and magni tude  the curve shown in Fig. 7, (but going 
in the opposite direct ion) i.e'., with  a semblance of 
recovery  prior  to impact. It  is not known whether  the 
cooperat ive re laxat ion of the nonaqueous solvent (dur-  
ing the transit ion) can momenta r i ly  trap or re tard  any 
of the migra t ing  ions 8. 

The question of a change in the s tructure of a sol- 
vent  during the t ransi t ion is present ly  being consid- 
ered by two types of studies, viz., a s t ra ight forward  
electrical  conduct ivi ty  measurement  and the t ransmis-  
sion or scat ter ing of polarized light. Theoret ical ly,  in 
a weightless envi ronment  t empera tu re  is the dr iving 
force for molecular  distr ibution since molecular  mat -  
ter  has an equal  probabi l i ty  of dis t r ibut ing in one di-  
rection as in another;  thermal  and concentrat ion gra-  
dients in static systems are expected to be per turbed  
dur ing free fall. 

Final ly,  wi th  regard  to the  observed increase in 
ion mobil i ty  in the various concurrent  studies the  
possibility arises that  the cooperat ive re laxat ion  
of the solvent (aqueous solutions) dur ing the 
t ransi t ion could momenta r i ly  reduce the fr ict ional  
force on the ions. On this basis one would  expect  the 
conductance at high dilution to increase dur ing the 
transi t ion since the asymmet ry  and electrophoret ic  
re tarding effects under  these conditions are  at a min-  
imum and the remain ing  re ta rd ive  influence, viz., the 
fr ict ional  force of the solvent, may  be fur ther  reduced 
by the 1-g to 0-g transition. Efforts in this direct ion 
are cur rent ly  in progress. 

Conclusion 
The fol lowing conclusions are based on the observed 

behavior  of flowing and s tat ionary electrolyte  elec-  
t rochemical  cells and a number  of physicochemical  
systems during and after  the 1-g to 0-g transition. 

1. An interact ion exists be tween  chemical ly  react -  
ing systems and gravi ta t ional  fields. 

2. Ion mobil i ty  increases suggesting s t ructural  
changes wi th in  the solvent. Fu r the r  work  is indicated, 
e.g., electrical conduct ivi ty  measurements  on pure sol- 
vents  and very  dilute electrolytes,  systems wi th  non-  
aqueous solvents and in aqueous systems the  ut i l iza-  

Q T h e o r e t i c a l l y  a loca l  i n t e r a c t i o n  of t h i s  k i n d  cou ld  g i v e  r ise  to 
a space charge.  
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t ion of s t ruc tu re - fo rming  and s t ruc tu r e -b reak ing  ad-  
ditives.  

3. Osci l la tory  t ime /po ten t i a l  curves  m a y  be due to 
the  mechanics  of energy  diss ipat ion processes at  the 
e lectrodes in i t ia ted  by increased ion mobi l i ty .  Other  
possibi l i t ies  that  may  expla in  ze ro -g rav i ty  induced 
pe r tu rba t ions  concern  the  d is rupt ion  of t he rma l  and 
concentra t ion gradients  and  in t e r rup ted  ion t ranspor t  
th rough  the  bu lk  e lectrolyte .  

4. These exper iments  suggest that  the  behavior  of 
e lec t rochemical  systems dur ing  the t rans i t ion  is a 
mani fes ta t ion  of r e l axa t iona l  forces and indicate  that  
the  Zero Grav i t y  Drop Tower  can be ut i l ized for fun-  
damenta l  invest igat ions  in e lect rochemist ry .  
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Catalytic Decomposition and Anodic 
Current-Potential Characteristics of Methanol 

on Active Palladium in Alkaline Solution 
Tsutomu Takamura and Fusako Mochimaru 

Cen~al Research Laberatory, Tokyo Shibaura Etectric Company, Ltd., Kemukai,  Kawasaki-shi, Japan 

ABSTRACT 

Methanol  was found to decompose into hydrogen  and CO82- on active 
pa l l ad ium immersed  in a lka l ine  solution conta in ing methanol .  The hydrogen  
evolut ion ra te  was examined  by  using a hydrogen  pe rmea t ing  foi l  electrode.  
F rom the  concentra t ion dependency  of the evolut ion rate,  the ca ta ly t ic  de-  
composit ion was found to proceed th rough  the reaction,  CH3OH-~ 2 O H -  
--> CO32- -~ 6Had ( l iqu id-so l id  in terface)  and  2Had -~ H2 (gas-sol id  in te r -  
face) .  The cu r ren t -po ten t i a l  character is t ics  dur ing  anodic polar izat ion re -  
corded in the  low cu r r en t -dens i ty  region showed two steps, which  could be 
e luc ida ted  by tak ing  the above mechanism into considerat ion.  Decomposi t ion 
mechanism also deal t  wi th  s t andard  potential .  

Recent  s tudies of the e lec t rocata ly t ic  oxidat ion of 
methanol  at  p l a t inum electrode have been concen- 
t r a t ed  in acidic media  (1-4).  Podlevchenko and Gorg-  
onova pointed out tha t  methanol  in acidic med ia  ad-  
sorbs on P t / P t  surface and decomposes into adsorbed  
hydrogen  and a f r agment  such as COH, which  are  
then oxidized into H20 or CO2 dur ing  anodizat ion (1).  

On the o the r  hand,  a few papers  have  t rea ted  the  
surface f ragment  formed dur ing  the e lec t rooxida t ion  
of methanol  in a lka l ine  med ia  (5, 6). Dur ing  the 
course of the present  s tudy,  Pr ingen t  and Bloch r e -  
por ted  on the hydrogen  evolut ion of Raney  nickel  
powder  immersed  in methanol ic  a lka l ine  solut ion at  
about  120~ (7). In  connect ion wi th  the  resul ts  of 
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anodic oxidation, they showed that  the hydrogen evo-  
lution proceeds through Eq. [1] 

CH3OH 4- 2 OH- -* CO3 2- 4- 3H2 [I] 

but their conclusion does not seem to be on the quan- 
titative analysis of reaction mechanism. 

The anodic oxidation of methanol on palladium 
in alkaline solution was investigated by one of the 
present authors who suggested that the reaction in- 
volves a formation of intermediates such as (H)ad 
and (CO2-)ad (6). Since palladium, like Raney nickel, 
has considerable affinity for  hydrogen,  it is plausible 
that  the pal ladium takes hydrogen away f rom the 
methanol  molecule  which is going to be oxidized. 
Exper imenta l  indication of this react ion has been ob- 
served for the meta l  at h igher  temperature .  The ini-  
t ial  open-c i rcui t  vol tage at act ive pal ladium in 
methanol ic  solution was about  - - 0 3 5 v  vs. HgO elec-  
trode, while it shifted gradual ly  to a more negat ive 
value and finally reached a saturat ion value of about 
--0.85v which is close to the hydrogen potential  at the 
electrode. The revers ible  potential  calculated for the 
over -a l l  oxidation, Eq. [2], i s - - 0 . 9 9 v  vs. HgO elec- 
trode, which is higher  than the observed value. 

CH3OH 4- 8 OH-* C O 3  2 -  4- 6H~O 4- 6e [2] 

The actual init ial  vol tage is considered to be con- 
trolled by some ra t e -de te rmin ing  reactions, and the 
final h igher  negat ive vol tage would depend on the 
amount  of the adsorbed hydrogen formed by a cata-  
lytic decomposit ion of methanol  at pal ladium. In the 
present investigation, the ra te  of hydrogen fo rma-  
tion was de termined  quant i ta t ive ly  by the method in 
which the hydrogen was taken into a vacuum cell 
through a thin pal ladium plate  electrode, one side of 
which was contacted with  the solution. The evolut ion 
ra te  was observed to depend on both methanol  and 
alkali  concentrations, respectively,  the react ion being 
confirmed to proceed through react ion [1]. 

Exper imental  
All  the reagents  used and the method of measure -  

ments of the cur ren t -vo l tage  curve  were  the same as 
described in a previous paper (6), but  care was taken 
to measure  the very  low current  density region. 

Measurement  o] the rate of hydrogen evolution.--  
Hydrogen  formed by the decomposit ion of methanol  
at the solution side of pal ladium plate was taken  
through the plate into a vacuum compartment ,  and the 
evolut ion ra te  was measured as a pressure increase. 
An outl ine of the measur ing cell is sketched in Fig. 1. 
A thin pal ladium plate (0.1 mm thick, 3 cm diameter)  
was soldered to cover one end of a Kovar  ring, and 
the other  end was a i r - t igh t ly  joined to a glass tube. 
An ionization gauge was at tached to the tube which 
was connected to a vacuum line through a stopcock. 
The pal ladium plate was palladized electrolyt ical ly  
on both sides. Lead wires were  soldered at an appro-  
priate position of the Kovar  r ing the outer  bare part  
of which was coated with  polyethylene.  The cell was 
immersed  in the electrolyte  solution, and the pressure 
inside the cell  was read with  an ionization gauge. 
Electrolyt ic  vol tage was read by refer r ing  to HgO 
electrode through a Luggin capillary. The counter  
electrode for applying the anodizing vol tage to the 
Pd electrode was faced through a cyl indrical  separator.  
Total  vo lume inside the cell (to the stopcock) was 
about 400 ml. Galvanostat ic  potential  t ransient  was 
traced on a Toshiba oscilloscope, the constant cur-  
rent  being supplied f rom a high potent ia l  source. 

Results and Discussion 
Curren t -vo l tage  characteris t ic  at 60~ is shown in 

Fig. 2, where  each point was read 10 min  af ter  the 
sett ing at the desired current.  At room tempera tu re  a 
stable vol tage more  negat ive than --0.75v was hard to 
obtain whereas  at 60~ high negat ive  value  of --0.85v 
could be obtained easily. 

d 1 
POTENTIOSTAT 

Fig. 1. Cell for measuring the rate of catalytic formation of 
hydrogen at Pd electrode: a, Pt counter electrode; b, glass cylin- 
drical separator; c, Kovar tube; d, Pd foil electrode; e, glass tube; 
f. HgO reference electrode; g, ionization gauge; h, vacuum 
stopcock. 
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Fig. 2. Anodic current-voltage characteristic for Pd immersed 
in the alkaline solution in the presence of CH3OH. [KOH] = 
1.6M, [CH~OH] ~ 3M, 60~ 

At high tempera ture  the ini t ial  open-ci rcui t  vol tage 
of a newly  immersed test e lectrode was about  --0.75v, 
and the voltage shifted gradual ly  to a more negat ive 
value, reaching a final l imit ing value  of - -0 .86v  within  
10 rain. In the very  low current  density region of 
the polarization curve, the vol tage was found to be 
independent  of the current  density giving a flat char-  
acteristic. In the region of more increased current  den-  
sity, slow increase in cur ren t  gave a gentle down-  
ward  slope where  the vol tage was unstable  and 
shifted very  slowly to a posi t ive side during the mea-  
surement.  After  this slope, the curve falls rapid ly  to 
abou t - -0 .6v  where  direct e lectrooxidat ion of methanol  
begins to take place and the cur ren t -vo l tage  relat ion 
fell  on the Tafel  line. 

Since the high negat ive vol tage at ve ry  low cur-  
rent  density region near ly  coincides wi th  the re-  
versible  hydrogen potent ia l  at the electrodes, meth-  
anol is supposed to decompose adsorbed hydrogen.  The  
cur ren t -vo l tage  characteris t ics  can be elucidated with  
this assumption. At constant t empera tu re  and at fixed 
concentrations of all species the rate of the hydro-  
gen formation reaction wil l  reach a s tat ionary state 
because the formed hydrogen wil l  be absorbed into a 
large reservoir  of pa l lad ium lat t ice wi thout  remain-  
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ing at the surface site. When the rate of oxidation of 
hydrogen due to anodic polarization is slow compared 
with the catalytic formation rate  of hydrogen, the 
observed potential  wil l  be constant  irrespective of 
anodic current  density because the exchange current  
density for the hydrogen oxidation is sufficiently high 
at the electrode. 

On the other hand, when  the increased anodic cur-  
ren t  overcomes the rate of the hydrogen formation, the 
electrode potential  wil l  shift to the positive side. The 
observed slow downward  region will correspond to 
this situation. The rate of anodic oxidation of methanol  
in this region, however,  is still not  as rapid  as that  of 
hydrogen oxidation. The l imit ing current  in the down- 
ward  region is explained by the restricted supplying 
rate of hydrogen. Under  the sufficient overvoltage 
thus reached, the rate of direct anodic oxidation of 
methanol  becomes fast enough to fall  on the Tafel 
line. 

The evidence of hydrogen format ion was found as 
a pressure increase in the cell shown in Fig. 1. In  the 
absence of methanol,  the alkal ine solution gave no 
pressure increase in the room separated from a pump-  
ing l ine by a closed stopcock. This indicates no ob- 
servable gas leakage through any connection or pal-  
ladium foil. Some 10 rain after methanol  was added 
to the solution, the pressure began to increase, the 
increasing rate being slow at first but  more rapid 
with the lapse of time. But this increased pressure 
was found to decrease under  anodic polarization at 
a b o u t - - 0 . 4 v ,  where  the formed hydrogen was con- 
sumed at the electrode before being absorbed. Con- 
t rary  to this, even in the absence of methanol ,  the 
pressure increase was found when the electrode was 
polarized cathodically. 

The dependency of the rate of this catalytic hydro-  
gen format ion react ion on the concentrat ion of re-  
acting species was examined by varying the concen- 
trat ions of methanol  and hydroxyl  anion. As shown 
in Fig. 3, the rate was proportional to the concentra-  
t ion of methanol  at  fixed hydroxyl  concentration.  On 
the other hand, increased concentrat ion of hydroxyl  
at fixed methanol  concentrat ion resulted in  the rate 
increase depending on the square of hydroxyl  con- 
centration,  which is given in Fig. 4. 

Galvanostatic traces were obtained for two cases: 
the one was traced in the base solution with the pal-  
ladium containing absorbed hydrogen;  the other was 
traced with the test electrode immersed for sufficient 
time in methanolic alkal ine solution. Two traces are 
depicted in Fig. 5 (curves a and b) ,  which shows the 
two traces are identical in feature and give a wave at 
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Fig. S. Galvanostatic transients obtained during anodic polari- 
zation for Pd in alkaline solution. [KOH]  ~ 2.0M. 

--0.48v due to the oxidation of absorbed (or adsorbed) 
hydrogen. A trace immediate ly  after the first trace, 
however, gave no indication of hydrogen wave, (Fig. 5, 
curve c). The amount  of surface hydrogen estimated 
from the t ransi t ion time for the two cases was far 
less than the value expected for full  coverage. This 
indicates that  the amount  of hydrogen staying at the 
surface is very small, and a major  par t  of hydrogen 
formed at the surface is immediate ly  absorbed in  the 
pal ladium lattice. Consequently the rate of the hydro-  
gen formation reaction of methanol  is difficult to 
estimate from the galvanostatic trace. The increasing 
rate of hydrogen pressure in the gas phase of the cell 
was far slower than the diffusing rate of methanol  to 
the electrode in solution (see later) .  Accordingly, 
the adsorption of methanol  ( m e t h o x y l ) o r  hydroxyl  
ion at the electrode surface would be in  an adsorption 
equil ibrium. If the equi l ibr ium amount  of adsorption 
were near  the saturat ion and accordingly, the amount  
is independent  of concentration, the rate  of hydrogen 
evolution is expected to be independent  of the con- 
centrations. The exper imental  rate, however, was pro-  
portional to the methanol  concentrat ion and to the 
square of hydroxyl  concentrat ion,  respectively, in-  
dicating the actual amounts  of adsorption to be far 
from the saturated amounts. These features may be 
wr i t ten  as follows. 

[CH3OHad] -~-- K1 [CHsOH] [3] 

[OH-ad] = K~[OH-]  [4] 

dPH2 
. . . . .  k[CHsOHad] [OHad-] 2 [6] 
dt 

[6] k K1K2[CHsOH] [ O H - ]  2 
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where [ad] denotes surface amount  of adsorption, Ks 
and K2 the equi l ibr ium constants  of adsorption, dpH2/ 
dt the rate of hydrogen pressure increase, and k the 
appropriate rate constant. When active pal ladium was 
immersed in the test solution which contained bar ium 
hydroxide, a white precipitate of ba r ium carbonate 
was found to be formed on the pal ladium as the hy-  
drogen gas evolution proceeded. On the other hand, if 
we use formate or formaldehyde instead of methanol,  
the more rapid hydrogen evolution accompanied by 
the formation of carbonate can be observed at the 
elevated temperature.  These findings indicate that  the 
decomposition product  of methanol  is not the species 
like formaldehyde or formate but  carbonate.  Although 
the quant i ta t ive  coulometry for the formation of 
carbonate was failed because of its very small  amount,  
we infer that  the decomposition of methanol  proceeds 
through the reaction [1] which contains two steps 

CH3OH + 2 O H -  -> CO32- 
-5 6Had (l iquid solid interface) [7] 

and 
2Had --> H2 (gas solid interface) [8] 

Open-circui t  voltage at room tempera ture  was about 
--0.75v, and it was not possible to shift the voltage to 
the higher negative value of hydrogen equi l ibr ium 
potential  which could easily be realized at higher tem-  
perature. The rate of hydrogen evolution reaction [5] 
was evaluated in two different ways; from the ob- 
served dpH~/dt and from a l imit ing cur ren t  in the 
flat region of high negative voltage in  the cur ren t -  
voltage curve. The estimated rates at 60~ by the 
two ways coincided, and it was about 10 -9 mol/sec 
cm 2, showing that  the rate at room tempera ture  would 
be too slow to give a hydrogen equi l ibr ium poten-  
tial in the presence of some species having inhibi t  
action. 

Several  electrode reactions which give a equi l ibr ium 
potential  of --0.75v were examined by considering the 
conception given by Spiro and Ravno (8). Format ion 
reaction of formaldehyde and water such as 

CH3OH -5 2OH-  ~ HCHO -5 2H20 -5 2e [9] 

gives a higher negative value than  --0.75v vs. HgO 
electrode. Similar  results are given for the formations 
of formate or carbonate. 

On the other hand, format ion reaction of adsorbed 
hydrogen may be classified into three possible cate- 
gories. The first is related to the formation of 
(CO2-)  ad such as 

CH3OH -5 / O H -  -* (CO2-)ad -5 (6 - - / )Had  
-5 ( I - -1 )H20-5  ( l - - 1 ) e  [10] 

where l = 2 to 5. 
The second is related to the formation of (CO)ad 

like 

CHsOH -5 m O H -  ~ (CO)ad 
-5 (4 -- wt)Had -{- mH20 -5 ~n.e [11] 

where m = 1 to 3. 
The third is related to the formation of ( C O - ) a d  

like 

CHsOH -5 nOH-> (CO-)ad -5 ( 4 -  w.)Had 
-5 n H 2 0 - 5  ( n - -  1)e [12] 

where n = 2 and 3. In  these three mechanisms, 
(CO2-)a~, (CO)ad, and (CO-)ad  are supposed to be 

chemisorbed species l ike 

O 

S--C , S= C = OandS= C--O-, 
\ 
O- 

respectively, where S denotes surface site. 
In order to calculate standard potentials for these 

reactions, we should know the values of free energy 

of formation of all the species appearing in  the re-  
action. Since we have no data for (CO2-)ad, (CO)ad, 
and (CO-)ad,  tabula ted values of s imilar  stable spe- 
cies were used as substitutes:  As a rough approxima-  
tion, we assumed that  the b inding  energy of C-Pd 
bond in the adsorbed form does not  differ seriously 
from that  of C--H bond. Then  for (CO2-)ad, the value 
of HCO2-, for (CO)ad, that  of formaldehyde,  and for 
(CO-)~a, that  of C H 3 0 -  in  aqueous solution were 
used, respectively. The free energy of formation of 
C H 30-  was evaluated from that  of CHsOH in aque-  
ous solution and pka of it (9). The free energy of Had 
was estimated experimental ly .  If the test electrode is 
cathodically polarized in alkal ine solution in the ab-  
sence of alcohol and is brought  to a~ coexistence phase, 
the open-circui t  voltage will  give the value in ques- 
tion, since the voltage is due to the react ion [13]. 

Had -{- OH- -> H20 + e [13] 

The actual value w a s - - 0 . 8 7 v  vs. HgO electrode, 
from which s tandard free energy of formation of Had 
was calculated to be --1.3 kcal/mole.  The s tandard 
free energy of formation of stable species used for 
calculation were of the values cited in  Lat imer 's  text  
book (10). All the equi l ibr ium potential  calculated for 
various cases are very  high negative values except for 
reaction [11] with m = 1 and 2 whose E ~ are --0.63 
and --0.75v vs. HgO electrode, respectively. If the sur-  
face concentrat ions of (CO)ad and Had can be assumed 
to be far lower t han  those of reactant  species, the 
mechanism of m = 1 is more probable. This mech-  
anism agrees with the mechanism proposed by the 
present  author  (6) in which three  Had are formed from 
one mole of methanol,  but  differs in the contr ibut ion 
number  of hydroxyl  ion. In  the previous paper, the 
author mistook the ra te -de te rmin ing  mechanism to be 
reaction [14]. 

CH30. -5 2 OH--> (CO2-)ad + SHad -{- H20 -{- e [14] 

with the assumption that  equi l ibr ium exists between 
methanol  and methoxyl  anion from which CH30- is 
formed. In  this equi l ibr ium one hydroxyl  takes part, 
and accordingly, concentrat ion of CH30" wil l  be repre-  
sented by the product  of original  methanol  and hy-  
droxyl  concentrations, respectively. Therefore the elec- 
trochemical reaction order for O H -  in reaction [14] 
is not  2/3 but  1 as represented by reaction [10] with 
m = 3. But  this mechanism is rejected in  the present  
consideration on the basis of equi l ibr ium potential.  
The reaction order of O H -  for the accepted present  
mechanism [11] is 1/3, which differs from the preced- 
ing observed value of 2/3. Precise reinvest igat ion 
should be carried out to explain this point. 

Manuscript  received Dec. 6, 1966; revised m a n u -  
script received Sept. 1, 1967. 

Any  discussion of this paper will  appear in  a discus- 
sion Section to be published in  the June  1968 JOURNAL. 
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Electrolytic Reduction of Acrylonitrile to Allylamine 
Tsutomu Nonaka and Kiichiro Sugino 

Department oI Applied Electrochemistry, Tokyo Institute of Technology, Tokyo, Japan 

The electrolytic reduct ion of acrylonitr i le  in  sul-  
furic acid I was found to occur smoothly at a lead 
cathode, for example, when  the cathode potent ial  
r e a c h e d -  1.3 ~ 1.5v (vs. SCE). In  this case, the re-  
duction product  consisted main ly  of al lylamine.  A 
small amount  of propylamine  was produced as by-  
product, but formation of secondary amines was pres-  
ent  only in  trace amounts  if at all. The current  effi- 
ciency for a l ly lamine was above 50%. Cadmium and 
zinc were found to be effective but  at lower efficiency. 
On the other hand, mercury  was seen to be inefficient 
for this reduct ion as was palladium. The lat ter  fact 
indicated that  the na ture  of the reduct ion is not a 
catalytic one. 

It is interest ing to note that  the selective reduct ion 
of the ni t r i le  group in acrylonitr i le  could be performed 
in  acidic medium. The detailed results of the electrode 
process wil l  be reported later. 

Experimental 
An H- type  cell, s imilar  to that described earlier (2), 

was used with a sintered glass diaphragm. Cathode 
was lead (treated with dilute ni tr ic  acid);  area, 12.0 
cmf; anode, p la t inum disk. The electrolysis was car- 
ried out by control l ing the cathode potential  at --1.45v 
(vs. SCE). The electrolysis conditions were: catholyte, 
10g acrylonitrile,  25 cc methanol,  50 cc 10% sulfuric 
acid; anolyte, 10% sulfuric acid; amperage, 1.30 ~ 0.27 
amp; cathodic cur ren t  density, 12 ~ 2 amp/d in  2 
(average, 3.9 amp/dme) ;  temperature,  about 20~ 
amount  of current ,  3.99 amp hr (about 20% of the 
theoretical amount  for a l ly lamine) .  

After the reduction, the catholyte was neutral ized 
with a 50% solution of sodium hydroxide in water. 
The resul t ing solution was extracted with ether. The 
ether extract  was analyzed by gas chromatography 
for propionitr i le  and unreacted acrylonitrile.  The 
aqueous solution was evaporated to dryness at re-  
duced pressure, and the residue was thoroughly ex- 
tracted with ethanol. The ethanol extract  was evap- 
orated to dryness at reduced pressure leaving pale 
yellow hygroscopic crystals. These were found to 
consist main ly  of a l ly lamine  sulfate as described be- 
low: mp 230~176 (after purification) ; analysis, cal-  
culated for C3HTN'~I-IfSO4; N, 13.2; 804, 45.3; found: 
N, 12.4; SO4, 45.3. By paper chromatography of the 
crystals 2 only two spots corresponding to a l ly lamine  
and propylamine were obtained. No spot was found 
for secondary amines. Using this information,  the 
amount  of a l ly lamine  in the crystals was determined 
by t i t rat ion with a mixed solution of potassium bro-  
mide and potassium bromate in the presence of sul-  
furic acid. Secondary amines could hardly  be ob-  
tained even from a large amount  of samples obtained 
by a separate run. Also, it should be noted that  polym- 
erization of acrylonitr i le  itself could hardly  occur 
dur ing  the electrolysis. 

1 A t  a b o u t  t he  s ame  t i m e  t h a t  the  a u t h o r s  c o n d u c t e d  t h e i r  re-  
search ,  S. L. V a r s h a v s k i i  et  al .  (1) a lso c a r r i ed  o u t  t h e  same i n v e s -  
t i g a t i o n  and  o b t a i n e d  a l l y l a m i n e .  

Before  use,  t he  o r i g i n a l  s u l f a t e  w a s  c o n v e r t e d  to  h y d r o c h l o r i d e .  

The amounts  of products identified were as fol- 
lows: al lylamine,  1.16g; propylamine,  0.18g; ammonia,  3 
0.12g; propionitrile,  0.07g; hydrogen, 58 cc. Current  
efficiency was 55% for a l ly lamine and 13% for prop- 
ylamine.  The formation of propionaldehyde was also 
confirmed. 

Ident i ty  was then confirmed by the preparat ion of 
several compounds from free amine which was ob- 
ta ined by disti l lat ion of the sulfate with alkali. Crude 
a l ly lamine  thus obtained boiled at 52~176 (3), its 
hydrochloride and picrate melted at 105~176 (4), 
and at 140~176 (5), respectively. I t  gave propyl-  
amine,  which was identified as N-n-propylbenzamide ,  
mp 83~176 (6) and picrate, mp 132~176 (7), by 
catalytic hydrogenat ion over nickel catalyst in acetic 
unhydr ide  at 50~176 under  100 atm. Brominat ion of 
the crude a l ly lamine in hydrobromic acid gave 2,3-di- 
bromopropylamine  hydrobromide as precipitate, mp 
164~176 (8). After  removal  of the precipitate, the 
mother  l iquor was distilled with alkali  to obtain prop- 
y lamine  which was identified as picrate, mp 132 ~ 
135~ (7). 

These compounds were further identified by IR 
spectroscopy and also by a mixture melting point test 
with authentic sample. 

A scale-up preparative study was made by using 
forty times the amount of sample for the run and using 
lead. This gave almost the same result as in the small 
scale experiment. Thus: catholyte, 400g acrylonitrile, 
2000 cc 10% sulfuric acid, 1000 cc methanol [during 
the electrolysis four portions (50 cc each) of 50% 
sulfuric acid were added];  anolyte,  1600 cc 10% sul-  
furic acid; cathode, lead (treated with dilute nitr ic 
acid);  anode, lead; amperage, 55 amp; cathodic cur-  
rent  density, 5.8 amp/dmf ;  temperature,  20~ amount  
of current ,  247 amp hr (30% of the theoretical amount  
for a l ly lamine) .  

The products obtained (current  efficiency) were: 
a l ly lamine  sulfate 137g (56%), propylamine sulfate 
31g (19%), ammonium sulfate 30g (10%), propioni-  
trile 2.4g (1%).  
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Any discussion of this paper will  appear in a Discus- 
sion Section to be published in the June  1968 JOURNAL. 

Thi s  m i g h t  r e s u l t  f r o m  the  h y d r o l y s i s  of  a r e d u c t i o n  i n t e r m e d i -  
ate,  C H s . C I ~ . C H = N H ,  t a k i n g  the  f o r m a t i o n  of p r o p i o n a l d e h y d e  
i n to  cons ide r a t i on .  
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On the Ratio Method of Analysis of 
Potentiostatic Current-Time Curves for 

Planar Electrodes 
Charles A. Johnson and Sidney Barnartt 

E. C. Bain Laboratory ~or Fundamental  Research, United States  Stee~ Corporation, Mo~roevilIe,  Pennsy lvania  

Poten t io s t a t i c  c u r r e n t - t i m e  c u r v e s  for  a s imple  f i rs t -  
o r d e r  e l ec t rode  r eac t ion  of  the  type :  O z+ -{- n e -  = 
R (z-n)+,  coup led  w i t h  semi - in f in i t e  l i nea r  diffusion,  
a re  desc r ibed  by  the  t heo re t i c a l  e q u a t i o n  (1) t, (sec) x 10~ i(t)/i(4t) >., (sec)-l/~ i(t_-o)* 

i(~)/ir ~ exp  0~ft) erfc  ()~N/~ [1] 
0.25 1.22~ 14 .3  8.28 

H e r e  i(t) is the  c u r r e n t  a t  t ime  t, and  t h e  in i t i a l  c u r -  0.50 1.33, 15.6 8.55 
0.75 1.396 15.9 8.63 

r en t  i(t=o) is the  des i r ed  c h a r g e - t r a n s f e r  c u r r e n t  co r -  1.00 1.44~ 16.0 8.66 
r e spond ing  to the  app l i ed  po t en t i a l  step. k is a d iag-  1.25 1.48~ 16.f 8.69 

1.50 1.51~ 16.2 8.73 
nost ic  constant ,  d e p e n d e n t  on the  c h a r g e - t r a n s f e r  1.75 1.54~ 16.4 8.80 
m e c h a n i s m  as w e l l  as on r e a c t a n t  concen t r a t i ons  and  2.00 1.56~ 16.1 8.71 

2.25 1.58o 16.0 8.67 
dif fus iv i t ies ;  w e  n e e d  no t  k n o w  its c o m p o n e n t s  for  
th~ pu rpose  of th is  note .  Mean : 16.1 8.70 

A t  shor t  t imes  such  tha t  1>  i(t)/i(t=o) > 0.85, Eq.  r : 0.168 0.05, 
[1] r educes  to 

2 
i(t)/i(t=o> ---- 1 - -  ~ )~ ~/t- [2] 

so tha t  i(t=o) is r e ad i l y  ob ta ined  by  l i nea r  e x t r a p o l a t i o n  

of an  i -  ~ / t  p lot  back  to zero t ime.  F o r  cases w h e r e  
e x p e r i m e n t a l  da t a  a r e  no t  a v a i l a b l e  at  such  shor t  
t imes,  we  h a v e  p roposed  (2) a s imple  " ra t io  m e t h o d "  
of a n a l y z i n g  the  l o n g e r - t i m e  data.  This  u t i l izes  the  
ra t io  

i~> e x p  (~.2t) e r fc  ()~ ~ / t )  
R --  - -  --  [3] 

i(4t) exp  (4~2t) e r fc  (2~ ~/ f )  

F r o m  the  " m a s t e r "  c u r v e  of R agains t  ?~ ~/ t ,  t he  v a l u e  
of ~, ~ / t - c o r r e s p o n d i n g  to any  m e a s u r e d  R m a y  be  
read.  Th is  v a l u e  y ie lds  ~, and then  Eq.  [1] gives  ir 
Methods  of ob t a in ing  the  c h a r g e - t r a n s f e r  p a r a m e t e r s  
f r o m  ~ and i(t=o> h a v e  been  desc r ibed  (1-3) and  wi l l  
no t  be  r e p e a t e d  here .  

The  m a s t e r  c u r v e  of R vs. ~ ~/-t has been  pub l i shed  
(2),  and  this  c u r v e  is a d e q u a t e  for  a p p r o x i m a t e  

analyses .  Fo r  accu ra t e  analyses ,  a n u m e r i c a l  tab le  of 
t h e  func t i on  exp  ( x  2) e r fc  (x)  g i v e n  to at l eas t  f o u r  
s ignif icant  f igures and at  i n t e rva l s  n x  --~ 0.01 is r e -  
qui red .  Such  an e x t e n s i v e  t ab le  of this func t ion  is not  
g e n e r a l l y  ava i lab le .  We  h a v e  succeeded,  h o w e v e r ,  in  
o b t a i n i n g  a suff ic ient ly  prec ise  and use fu l  ana ly t i c a l  
r e l a t i on  b e t w e e n  R and k ~/ t ,  such  t h a t  tables  of t h e  
func t i on  exp  (x  2) erfc  (x)  a re  no l o n g e r  r equ i r ed .  
Our  r e l a t i on  gives  ~. ~ / t - a s  the  r a t i o n a l  p o l y n o m i a l  

) ~ / ~ =  ao(R --  1) + a l ( R - -  1) 2 [4] 

1 -p a2(R - -  1) 

ao ---- 0.8827, a l  = --0.45387, a2 ~ --0.907113 

F o r  1.15 < R < 1.67, w h i c h  cover s  t he  r a n g e  0.14 

<)~ ~ / t  < 1, Eq.  [4] y ie lds  ~ ~ / t  w i t h  an  accu racy  b e t t e r  

Table I. Analysis of data by Gerischer (4) in the 
intermediate-time range 

* U n i t  c u r r e n t  is  one  d i v i s i o n  of t h e  o r d i n a t e  sca le ,  F ig .  6 of r e f .  4. 

t h a n  _+0~05%. The  c u r r e n t - t i m e  c u r v e  b e y o n d  ~ ~/}- ~ 1 
conta ins  no a p p r e c i a b l e  k ine t i c  i n f o r m a t i o n  (1, 3) and 
t h e r e f o r e  is not  cons ide red  in the  p r e sen t  analysis .  

A good i l l u s t r a t i on  of t he  prec i s ion  ob t a inab l e  us ing  
this  ra t io  m e t h o d  is a f fo rded  by  e x p e r i m e n t a l  da ta  of 
G e r i s c h e r  (4) fo r  po ten t ios ta t i c  depos i t ion  of c a d m i u m  
f r o m  cyan ide  solut ion.  In  this  pape r  G e r i s c h e r  p r o -  
posed an  ana ly t i ca l  p r o c e d u r e  based  on the  m e a s u r e d  
s lope of the  c u r r e n t - t i m e  curve ,  bu t  his  p r o c e d u r e  
gave  sca t t e r ed  resul ts .  O l d h a m  and O s t e r y o u n g  (3) 
dev i sed  an i m p r o v e d  m e t h o d  also based  on the  s lope 
of t h e  c u r r e n t - t i m e  curve ,  w h i c h  was  app l i ed  to a 
pa r t i cu l a r  e x p e r i m e n t a l  c u r v e  f r o m  Ger i s che r ' s  pape r  
and  y i e lded  i~t=o) w i t h  a s t a n d a r d  dev i a t i on  ~ ~ 4%. 
We h a v e  n o w  app l i ed  our  ra t io  m e t h o d  to the  s a m e  
e x p e r i m e n t a l  c u r v e  and  the  resu l t s  (5),  w h i c h  span  
the  en t i re  e x p e r i m e n t a l  cu rve ,  a re  l i s t ed  in Tab le  I. 
The  s t anda rd  d e v i a t i o n  I is less t han  1% in ir the  
m e a n  v a l u e  and  s t anda rd  dev ia t ion  exc lude  the  da ta  
for  t --~ 0.5 msec,  s ince  G e r i s c h e r  no ted  tha t  the  c u r -  
ren ts  at such shor t  t imes  i nc luded  spur ious  t r a n s i e n t  
components .  

Tab l e  I i l lus t r a t e s  both the  h igh  prec is ion  ob t a in -  
able  w i t h  the  ra t io  m e t h o d  of analysis ,  and  the  good 
c o n f o r m i t y  of Ger i sche r ' s  e x p e r i m e n t a l  c u r r e n t - t i m e  
c u r v e  wi th  Eq.  [1]. 

M a n u s c r i p t  r e c e i v e d  5u ly  19, 1967; r e v i s e d  m a n u -  
scr ip t  r e c e i v e d  Aug.  22, 1967. 

A n y  discuss ion of th is  p a p e r  wi l l  a p p e a r  in a Discus -  
s ion  Sec t ion  to be  pub l i shed  in t he  J u n e  1968 JOURNAL. 
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Glass-Membrane Potentials in Mixed Anion Melts 
Kurt H. Stern 

Electrochemistry Section, National Bureau of Standards, Washington, D. C. 

In a previous study of membrane  potentials (1) at 
mol ten  sal t-fused silica interfaces it was shown that  
the emf of the cell 

AgIAgCI, NaClIglass[AgBr , NaBrIAg (A) 

could be calculated by a s t ra igh t - forward  the rmody-  
namic method if it was assumed that  the only equi l ib-  
r ium at the glass-mel t  interface involved  sodium ions. 
The cell  react ion then is 

AgBr  + NaC1 = AgC1 + NaBr [1] 

Calculated and exper imenta l  results were  in good 
agreement  when XAgO = XAgBr ~ 0.99, XNaC1 ~- XNaBr 

0.01. For  equal  sodium concentrat ions below ,~1 
m / o  (mole per cent) the emf depends only on the E ~ 
values of the above four salts and is independent  of 
the concentration.  (However ,  the emf  can ne i ther  be 
calculated nor measured for zero sodium concentrat ion 
since there  would  then exist no equi l ibr ium at the 
glass-mel t  interface.)  Since no ex t ra thermodynamic  
assumptions about anion-glass interactions were  made 
in the derivat ion of the cell emf it was ten ta t ive ly  
assumed that  such interactions were  absent. 

Nevertheless,  it seems that  mixed anion cells might  
offer a more sensitive tool for detecting possible 
anion-glass interactions, par t icular ly  since sulfate and 
ni t ra te  ions have been found to inhibit  the potential  
response of the glass to changes in sodium ion concen- 
trations (1, 2). Moreover,  the thermodynamic  inter-  
pretat ion of such cells is of some interest.  The mixed 
chlor ide-bromide  analog to cell  (A) was there fore  
studied. Since the thermodynamic  derivat ion of the 
cell has not previously been worked  out it is presented 
first. 

Consider the concentrat ion cell 

AgjAg +, Na +, CI-, B r -  IglasslAg +, Na +, CI- ,  B r -  l a g  
I II 

Since only the cations are involved in the cell react ion 
this can be wr i t ten  as 

Ag + (II) + Na + (I) = Ag + (I) + Na + (II) [2] 

However ,  the corresponding E or ~G can only be ex-  
pressed in terms of the the rmodynamic  components  
(cat ion-anion pairs) of the reciprocal  salt system. 

Wri t ing the cell  in this manner  gives 

I 
AglAgBr (XD, AgC1 (X'I) ,  NaC1, NaBr I glassl 

AgBr(XID,  AgCI(X'I I ) ,  NaC1, NaBr lAg [3] 
II  

Since act ivi ty coefficients of all the components  are 
not  known over  the ent ire  concentrat ion range we re-  
strict the der ivat ion to the case XNa+ < <  XAg+. We 
now assume that  the chemical  potentials  are addi t ive 
functions in the mole fractions of the components. For  
example,  

/ZAg+ (I) -~- X I  /ZAgBr(I) --~ X'I/XAgCl(I) [3a] 

/XNa+(I) ~--- XI/ZNaBr(I) -~- XPI #NaCI(I) [3b] 

The Gibbs energy change for react ion [2] then is 

AG ~--- (/ZAg+(I) "q- /~Na+(n))  '--  (/*Ag+(lI) "~ #Na+(I ) )  
[XI(P.~ 2 i- R T  I n  aAgm-(1)) 

+ X'I(~~ + RT In aAgcl(I)) 
-~ XII(/Z~ -~ RT In aNaBr(II)) 

+ X'II (~~ + RT In aNacl(n)) ] 
--  [XII (~~ + RT in aAgsr(n)) 
+ X'II(/~~ + RT In aAgcI(II)) 
+ XI(~~ + R T l n  aNaBr(I)) 

+ X'I(/,~ + RT In aagcl(z)] [4] 

Combining terms and using AG = --riFE, n = 1, gives 

E = [ (XI --  XII) E~ + ( X ' I - -  X'II) E~ 
+ (XII - -  XI) E~ + (X'II - -  X'r) E~ 

+ RT/F I XI in  aAgBr(I) "J- X'I In 
aAgCl(I) 

L aNaBr(I) aNaCl(I) 

aNaBr(II) aNaCl(I�92 ] 
+ X i i l n -  - -  + X ' n l n .  [5] 

aAgBr(lI) aAgcl(n)  

Since the melts are very  dilute in Na + we assume 

a i a c l  = XNa+ XC1-  ~ X i a +  XAgC1 [6a] 

aNaBr = XNa+ X B r -  ~ XNa+ XAgBr [6b] 

where  Xia+ is the cation fraction of Na +. Subst i tut ing 
[6] into [5] and rear ranging  gives 

g = [ ( X I  - -  XI I )  (g~  - -  E~ 
+ (X'I - -  X'n)  (E ~ - -  E ~ ] 

+ RT/F In [XI In Vagm.r + X'I In 7AgCl(I) 
- -  XI [  I n  ~AgCl(n} - -  X/l: i n  "YAgCI(II) 

-[- (XH + X ' H ~  X t - - X ' I )  ]nXNa+] [7] 

where  the act ivi ty  coefficient 7i = ai/Xi. If the sodium 
concentrations on both sides of the membrane  are 
equal  the last term in the second bracket  becomes 
zero. The entire second bracket  is a correct ion te rm for 
the nonideal i ty  of the AgC1-AgBr solutions. For  the 
l imit ing ease XI ~ 1, X'I ~ 0, XH = 0, X 'n  ~ 1 Eq. 
[7] reduces to the equat ion der ived previously for the 
cell  AglAgC1, NaC1]glasslAgBr, NaBr]Ag. For  ve ry  
low and equal  concentrat ions of sodium on both sides 
of the membrane  the entire second bracket  becomes 
zero and the cell emf then depends only on the re la -  
t ive  chlor ide-bromide  composition. Since the act ivi ty  
coefficients of all the components in Eq. [5] are not  
known over  the ent i re  range of composition the ex-  
per iments  were  restr icted to cells in which the cation 
fract ion of sodium was 10 -2 in each compartment .  
It was then assumed that  the activities of AgC1 and 
AgBr  in the resul t ing solution are the same as in the 
absence of sodium and could be obtained f rom the 
data of Murgulescu and Marchidan in AgC1-AgBr 
mixtures  (3). The general  exper imenta l  procedures 
have been described previously (1). 

ExperimentaL--In order to ensure  that  the mixed  
melts would retain equal  sodium ion concentrat ion 
1 m / o  NaCI in AgCI and 1 m / o  NaBr in AgBr  melts 
were  prepared  first and subsequent  mel t  compositions 
made by mix ing  these. 
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Table I. Experimental and calculated emYs for cell (B) at 525~ 

X[ X '  I XII X' [ I  --Er (mV) --Eexv (mV) 

0.490 0.500 0.489 0.501 0 4 
0.454 0.536 0 .489 0.501 9 10 
0.407 0.583 0,489 0,501 16 30 
0.367 0.623 0.489 0,501 30 26 
0.331 0.659 0.489 0.501 37 37 
0.293 0.697 0.489 0.501 46 49 
0.263 0.727 0.489 0.501 53 56 
0.263 0.727 0.515 0.475 53 55 
0.263 0.727 0.560 0.430 80 62 
0.263 0.727 0.596 0.394 67 70 
0.263 0.727 0.630 0.360 73 78 
0.263 0.727 0.660 0.330 79 87 
0.263 0.727 0.700 0.290 87 92 
0.263 0.727 0.726 0.264 92 100 
0.263 0.727 0.757 0.233 99 107 
0.263 0.727 0.791 0.199 107 117 

In contrast  to exper iments  in which the new equi-  
l ibr ium potential  is established almost immedia te ly  
after  the addit ion of a sodium salt to a s i lver  halide, in 
the present  case steady potentials were  obtained 
much more  slowly, f requen t ly  several  hours after  a 
change in melt  composition. In every  case steady emf's  
were  eventua l ly  obtained, however.  Two runs were  
made. In the first of these, at 525~ both compar t -  
ments ini t ial ly contained a near ly  equimolar  AgC1- 
AgBr  mixture .  The composition of the compar tments  
was then al tered by increasing the AgC1 concentra t ion 
of one, and the AgBr  concentrat ion of the other. 

Results 
Table I shows the comparison of the exper imenta l  

results wi th  those calculated f rom Eq. [7]. The te rm 

in the second bracket  is small  ( ~ 3  my) compared to 
the first. The source of the E ~ values has been dis- 
cussed elsewhere (1). 

S i n c e  E c a l c .  is essentially equal  to the first bracket  
of Eq. [7] which consists of a small difference between 
two large terms (and thus is ve ry  sensitive to small  
changes to the choice of the E~ and small  errors  in 
concentrat ion)  the agreement  be tween calculated and 
exper imenta l  values must be considered excellent.  Ex-  
cept for four points agreement  is wi thin  5 mv. 

The second exper iment  was similar  except  that  one 
compar tment  ini t ial ly contained only the AgC1-NaC1 
mix tu re  and the A g B r - N a B r  mix tu re  was added to it. 
Results were  s imilar  but (Ecalc . -  Eexp) was somewhat  
larger,  ~15 mv. 

In v iew of these results it appears that  Eq. [7] cor-  
rect ly gives the emf of cell B and that  the assumption 
implicit  in Eq. [3] is justified. 
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Performance of a Silver-Gold (10%) Alloy in 
Concentrated Caustic Electrolyte 

Paul Malachesky and Raymond Jasinski 
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a 

Silver  oxide, Ag20, is a p - type  semiconductor  of 
low electronic conductivity,  N10 - s  ohm -1 cm -1 (1). 
In principle, this conduct ivi ty  can be increased by the 
addit ion of minor  impuri t ies  which change the concen- 
trat ion of holes or which promote the format ion of 
vacancies. Impuri t ies  of the former  type are metals  to 
the lef t  of s i lver  in the periodic table  (e.g., Pd)  or 
metals of high ionization potential  (e.g., Au).  An in-  
crease in electrical  conduct ivi ty  of Ag20 can be ex-  
pected to result  in an improvement  in the charge 
acceptance characterist ics of si lver when  anodized in a 
concentrated caustic electrolyte.  The performance of 
s i lver -pa l lad ium alloys has been discussed e lsewhere  
(2). This paper  is concerned with  the electrochemical  
characterist ics of an Ag/10% Au alloy. The oxidation 
behavior  of a 2% gold-s i lver  alloy has been reported,  
but  no quant i ta t ive  data were  g iven (3). 

Experimental 
The apparatus and approach employed to invest i -  

gate this effect, have a l ready been described (2). 
Briefly, the system consists of a polished gold-s i lver  
alloy electrode mounted in a rotat ing disk assembly. 
The electrolyte  was 35% KOH saturated with  n i t ro-  
gen. The electrode was cathodized before using and 
freshly polished between each galvanostat ic  charging 
experiment .  

The electrode was anodized at va ry ing  current  den-  
sities, and the charge accepted on the Ag (I) and 
Ag (II) plateaus was measured.  Dur ing cycling, the 

double layer capacity was measured  after  each total  
discharge step. Details are given elsewhere (2). 

The data on charge acceptance and de l ivery  on all 
cycles are the average of at least tr iplicate runs. The 
total charge accepted in mi l l icoulombs/square  cent i-  
meters  is designated as Q~; the charge accepted on the 
Ag (I) level  and the Ag (II) level  a re  designated as 
Q1 and Q2, respectively.  

Results and Discussion 
The total  charge  accepted by the 10% Au sample is 

compared in Fig. 1 with the charge acceptance for 
silver. The form of the curve  is identical  for both ma-  
terials and for s i lver -pa l lad ium alloys as wel l  (2). 
The quant i ty  of total  charge accepted is par t icular ly  
sensit ive to current  density at and below 3 m a / c m  2. 
At all  current  densities the alloy shows a greater  
charge acceptance than pure silver. 

Also significant is the difference be tween  the alloys 
in the quant i ty  of charge accepted on the Ag (I) 
plateau. As shown in Fig. 2, the alloy wil l  accept ap- 
proximate ly  2.5 t imes as much charge at this level  as 
will  s i lver  itself. Fur thermore ,  this effect is mainta ined 
over  the ent ire  current  density range surveyed.  

The ratio of charge accepted on the Ag (II) level  
to that on the Ag (I) level  is shown is Fig. 3 for the 
10% Au alloy. As observed wi th  silver and si lver-  
pal ladium alloys (2), there  is a re la t ive  increase in 
the Ag (I) plateau with  increasing current  density. 
Comparing this curve  wi th  Fig. 1 implies that  de- 
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Table I. Relative variation in Cdl* on cycling at 2.08 ma/cm 2 

A g / 1 0 %  A u ,  
C y c l e  A g ,  91 ~ f / c m e  100  p / / c r n  ~- 

0 1 1 
1 3 .8  3 .2  
2 3 :6  3 . 9  
3 3 .8  4 .3  

3 . 8  4 .0  
5 4 .3  4 .2  

* N o r m a l i z e d  t o  Caz b e f o r e  c y c l i n g .  

creasing current  density wil l  increase charge accept- 
ance at both oxide levels, al though Q2 increases some- 
what  more rapidly than Qi. 

The inverse ratio (Q1/Q2) is also shown for the dis- 
charge of this alloy at t he  same current  density as the 
charging process. There is a slight dependence on cur-  
rent  density, as the relat ive length of the Ag (II) 
plateau increases with increasing current  density. 

This electrode was then cycled at a n u m b e r  of cur-  
rent  densities. The relat ive change in double layer  
capacitance (Cdl) is shown in  Table I for silver and 
the 10% Au alloy cycled at 2.08 ma /cm 2. 

The higher charge acceptance of the alloy on the 
first cycle does not appear due to a higher roughness 
factor. Although it is not possible to deduce values 
rigorously for the ini t ial  surface roughness from the 
double layer capacitances, the values observed, 91 
~f/cm 2 for Ag and 100 ~f/cm 2 for Au, imply that  the 
alloy does not have a markedly  greater  roughness 
than  silver. The var iat ion of Cdl on cycling is most 
l ikely due to surface roughening.  Thus, for both ma-  
terials there is a significant change in electrode sur-  
face area for the first two cycles, approaching a steady 
state of about 4/1. The change in total  charge ac- 
ceptance on the first five cycles for silver and the 10% 
Au alloy is shown in Fig. 4 at a current  density of 4.2 
ma/cmL Similar  data for the alloy up to 15 cycles 
are presented in Fig. 5. The effect of cycling on the 
ratio QJQ1 is shown in Fig. 6. 

The charge acceptance curves show the same gen-  
eral features as the Cdl data of Table I. Qt for the alloy 
reaches a re la t ively constant  value after the first two 
cycles, while the charge accepted by the silver elec- 
trode continues to increase slowly as, apparently,  the 
surface continues to roughen. The change of Qt for 
the 10% Au alloy after 10 cycles is believed due to 
leakage about the Ke l -F  seal on the rota t ing disk elec- 
trode. 

The relat ive quant i ty  of charge accepted at the 
Ag (I) level is higher for the alloy ini t ia l ly and after 
the fourth cycle. As shown in Fig. 6 the curves for 
the two materials are paral lel  after these few cycles, 
showing no tendency to approach one another. 

40C 
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x Ag 

o Ag/lO% Au 

4.2 rna/cm 2 

NO, of Cycles 

Fig. 4. Variation of total charge accepted at 4.2 ma/cm ~ with 
cycle number for sliver and the gold-silver alloy. 
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Fig. 5. Variation of the total charge passed for the gold-silver 
alloy with cycle number on extended cycling at 3.9 ma/cm 2. 
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Fig. 6. Variation of Q2/Q1 on charging with cycle number 
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Fig. 7. Variation of Q1/Q2 on discharge with cycle number 

This relat ive increase in Q1 on cycling (Fig. 6) must  
involve more than a decrease in current  per real sur-  
face area. As shown in Fig. 3 for charge acceptance 
as the first cycle, a decrease in cur ren t  density de- 
creases the relat ive amount  of QI. A similar effect was 
noted for the Pd /Ag  alloys (2). 

The electrodes were discharged at the same current  
density as used in the charging portion of the cycle. 
The Qt-cycle curves paral lel  the charge acceptance 
curves. In Fig. 7 is shown the var iat ion of Q1/Q2 on 
discharge at 4.2 ma / cm 2. After  this first discharge, 
both materials  discharge with the same relat ive 

lengths of Ag (I) and Ag (II) plateaus. This charac- 
teristic was also noted for s i lver-pal ladium alloys (2). 

Discharge efficiencies for the Au-Ag alloy were 
80-85% in comparison to the value to 90-95% observed 
for silver and s i lver-pal ladium alloys (2). On stand 
at full  charge for 5 min, efficiency was reduced to 62% 
for the Au-Ag alloy in comparison to a decrease in 
efficiency to 83% for a fully charged silver electrode 
over the same t ime period. The AgO plateau on dis- 
charge for the gold alloy became much shorter than 
usual. The length of the Ag (I) plateau remained 
essentially unchanged.  This behavior  can be explained 
in terms of the corrosion of AgO to Ag20; the anodic 
reaction is the gold catalyzed evolution of oxygen. 

This decomposition of AgO to Ag20 on the gold- 
silver alloy can explain the small  decrease in Q1/Q2 
with increasing current  density (decreasing charging 
time) in Fig. 3. Similar  data for pure silver showed 
no such var iat ion in Q1/Q2 (2). The effect of this de- 
composition process on the charging data is less clear 
since both silver and the gold alloy show a decrease 
in Q2/Q1 with increasing current  density. Thus, since 
the relative amount  of decomposition is small  dur ing  
the durat ion of the experiments,  the data for Qt vs. 
current  density (Fig. 1) probably represent  t rue  dif- 
ferences in  the charge acceptance properties of silver 
and the si lver-gold alloy. 

Conclusions 
1. The Ag/10% Au alloy will  accept more charge 

than pure silver over the cur ren t  density range stud-  
ied. 

2. The relative amount  of charge accepted on the 
Ag (I) level is substant ia l ly  greater for the alloy than  
for pure silver. 

3. Both materials show a pronounced dependence of 
charge acceptance on current  density. 

4. Both materials show an increase in  total charge 
acceptance on cycling. However, this increase is not 
commensurate  with the increase in surface roughness 
as measured by double layer capacitance. The gold 
alloy reached a steady state after two cycles; the silver 
alloy continued to roughen on repet i t ive cycling. 

5. After  the first cycle, both materials discharged 
with the same relat ive lengths of the Ag (I) and 
Ag (II) plateaus. 

6. The presence of gold apparent ly  accelerates the 
decomposition of AgO; the charge delivered at the 
Ag20/Ag level was unaffected. 
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Area Changes of a Smooth Platinum Electrode 

T.  Biegler 

Division o5 Mineral  Chemistry ,  Commonweal th  Scientific and Industrial  Research Organization, 
Port  Melbourne,  Victoria, Austral ia 

The problem of whe ther  or not a smooth pla t inum 
electrode maintains a constant  "real"  surface area has 
arisen mainly  in connection with studies of the nature  
of the process of act ivat ion of such electrodes by 
anodic-cathodic p re t rea tment  [see e.g., (1) and (2) 
and references therein] .  Since areas are measured by 
means of an electrode reaction (general ly  deposition 
or ionization of a monolayer  of hydrogen atoms),  
which must  be sensitive to contaminat ion of the sur-  
face, there  is no immedia te  way of separat ing "area"  
and "act iv i ty"  effects wi thout  establishing independent  
criteria. However ,  there  is a good deal of evidence that  
act ivation by the usual means is essential ly a cleaning 
procedure (2, 3) and that  the platinized active surface 
state proposed by Anson (4) is s imply a clean surface. 
French and Kuwana  (1), who supported Anson's con- 
cept of a distinct surface state, found that  deact ivat ion 
obeyed first order kinetics wi th  a half - l i fe  of 46 min. 
In contrast,  Bagotskii  and Vasi l 'ev (5) repor ted  that  
they could maintain  a ful ly active electrode surface 
for at least 20 rain in 1N H2SO4. Gi lman (3) was able 
to reproduce  the hydrogen  area of an electrode over  
several  weeks '  use and concluded f rom this and f rom 
st irr ing effects that  deact ivat ion is a result  of adsorp- 
tion of impurities.  On the other  hand, modifications of 
p la t inum electrode surfaces have been observed (6-8) 
under  sufficiently severe  conditions. Blackening of the 
surface was found (6, 7) when electrodes w e r e  po- 
larized with a.c. into the oxygen evolut ion region. 
Gi lman (8) showed that  at 120~ in 85% phosphoric 
acid the surface area of a smooth electrode was modi-  
fied by t reatments  involving format ion and reduct ion 
of an oxide layer. 

This communicat ion describes observations of wha t  
are bel ieved to be t rue  area changes found dur ing a 
study of adsorption of methanol  on a smooth pla t inum 
electrode (9). Area  changes were  also noted with  two 
other  p la t inum electrodes used in this work, but these 
were  not fol lowed systematically.  Ful l  details of the 
types of exper iments  carr ied out wi th  the electrode 
wil l  be found in ref. (9). Briefly, cu r r en t / t ime  curves 
for adsorption of methanol  f rom 1M H~SO4 were  de-  
termined by the potent ial  step technique described 
ear l ier  (1O). Charges needed to oxidize layers of 
chemisorbed methanol  were  measured by a technique 
in which  methanol  was adsorbed, the solution was r e -  
placed by support ing electrolyte,  and the adlayer  
s tr ipped off dur ing a l inear  anodic potential  sweep. 
During use, the electrode potential  was normal ly  
wi thin  the range 0.04-1.55v vs. revers ible  hydrogen 
electrode in 1M H2SO4; occasionally a potential  of 1.8v 
was used for vigorous anodic cleaning. Between runs 
the electrode was stored in distil led water.  No signifi- 
cant area changes were  observed in the periods be-  
tween sets of exper iments  (up to ~wo weeks) .  Each 
series of runs was preceded by a period of anodic- 
cathodic cleaning in 1M H2SO4, using pulses and /o r  
sawtooth scanning be tween  0.08 and 1.55v. Since the 
changes in surface propert ies described below were  of 
a long te rm nature  there was no problem in judging 

5 

~5 a 

~z 

I 

0 0"1 (~-2 0.3 ~-4 7-5 o-s ~,s 0-5 0-5 

0 
01 0"Z 0"3 04 0"5 0"5 05 05 0"5 

POTENTIAL (VOLT vs RH.E.) 

Fig. 1. Current-voltage curves (a, cathodic, b, anodic) in the 
hydrogen region for a platinum electrode at various stages of its 
life (see text). Solution, 1M H2SO;. Curves displaced horizontally 
for clarity. Broken lines on curve ]o indicate limits for integra- 
tion to obtain QH s. Sweep rote 37 mv/sec. 

electrode cleanliness f rom the reproducibi l i ty  of suc- 
cessive area determinat ions  and anodic scans in the 
oxide region. Exper iments  were  carr ied out at 22 ~ 
_2~ 

Figure  1 shows anodic and cathodic sweeps for 1M 
H2SO4 in the hydrogen region at various stages of the 
life of the electrode (34 gauge Pt  wire, geometric 
area 0.042 cm2). Anodic sweeps were  obtained by 
cleaning the electrode with anodic pulses from 0.08 
to 1.55v, then holding at 0.08v for 10 sec before s tar t -  
ing the anodic scan. For  the cathodic curves, cleaning 
was achieved by anodic pulses be tween 0.58 and 1.55v, 
the potential  was held at 0.58v for 10 sec, and the 
cathodic sweep started. These curves were  integrated 
according to Gilman's  procedure (3) in order  to obtain 
the saturat ion hydrogen coverage,  QH s. The solution 
was unst i r red dur ing these measurements .  Sweep ra te  
was 37 mv/sec .  

The history of this electrode is as follows. Af ter  
sealing into soft glass it was washed in cleaning solu- 
tion, rinsed, and set up in the cell wi th  degassed 1M 
H2SO4. Repet i t ive  sawtooth scanning be tween  0.08v 
1.55v was then commenced. Vol tammegrams assumed 
the shape expected for a clean, active electrode after 
about 60 cycles [c]. (2)] when  Q~S was 10.7 ~coul. 
Curves la  and b were  taken after  some 1700 cycles 
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and are qual i ta t ively  much the same as those af ter  
60 sweeps; QH s had, however ,  increased by 6%. 

The electrode was then  put into use for the methanol  
adsorption experiments .  Curves 2a and b were  ob- 
tained after  a number  of such runs by which t ime Q•S 
had increased to 14.8 ~coul. The electrode area con- 
t inued to increase steadily wi th  use and when the 
series of exper iments  wi th  methanol  was completed 
curves 3a and b were  recorded. QH s was now 19.2 
~coul, almost double the original  value. It was then 
decided to examine  the effects of fu r the r  prolonged 
cycling in 1M H2SO4 and curves 4a and b were  ob- 
tained after  about 5900 sawtooth sweeps between 0.08v 
and 1.55v. There was a dramatic  fall  in QH s to 13.4 
~coul as wel l  as a marked  change in the shapes of the 
curves. At  this point, the solution was replaced with  
0.5M methanol  in 1M H2SO4 and 2200 cycles over  the 
same potential  range w e r e  applied, af ter  which QH s 
had increased to 15.2 ~coul (curves 5a and b).  Only 
a slight change in the shapes of the curves accom- 
panied this increase. 

From the above, it appears that  area changes oc- 
curred more  rapidly  dur ing methanol  str ipping runs  
than in the separate  exper iment  in which cycling in 
0.5M methanol,  1M H2SO4 was carr ied out for an ex-  
tended period. Quant i ta t ive  comparison is difficult be-  
cause no record was kept of the number  of anodic 
excursions of the electrode during the methanol  ad- 
sorption experiments .  However ,  to give a rough com- 
parison, in runs on a single day dur ing which an 
est imated total of 600 potential  steps and sweeps 
(mainly the former)  was applied, QH s increased by 
23%. This compares wi th  the 13% increase found af ter  
2200 cycles in 0.5M methanol.  Al though we cannot 
explain the dependence of rate of area change on the 
type of exper iment ,  it seems clear  that  the presence 
of methanol  is necessary for the large area increases 
observed. 

Comparison of the curves in Fig. 1 wi th  the work  of 
Will  (11) s trongly suggests that  the present  results 
reflect changes in the p la t inum surface structure.  Will  
used l inear  sweep vo l t ammet ry  to study hydrogen ad-  
sorption on pla t inum single crystal  electrodes cut to 
expose each of the three  low index crystal  planes. 
Three peaks for anodic sweeps over  the range 0.05-0.4v 
were  found for each face and these were  a t t r ibuted 
to adsorption of hydrogen on the th ree  crys ta l  planes. 
The re la t ive  peak heights depended on the face used 
and Will concluded (11) that  his technique had pro-  
duced polycrysta l l ine  electrodes wi th  a predominance 
of the nominal  crystal  face. Fur thermore ,  he found 
that  t r iangular  cyclic vo l t ammet ry  (0.05-1.55v) wi th  a 
f reshly cut face resul ted in an over -a l l  change in elec-  
t rode area together  wi th  a change in re la t ive  peak 
heights. Will  in terpre ted  these effects as indicat ing 
etching of the surface and development  of facets dur-  
ing repeated anodic-cathodic cycling. 

There is a sufficient analogy be tween  Will 's  obser-  
vations (11) and the present  results to indicate that  
the surface s t ructure  of a polycrystal l ine p la t inum 
electrode has been influenced by the electrode reac-  
tions which occurred on it dur ing the course of this 
work. Accept ing Will 's  assignment of the peaks in the 

anodic scans, I one concludes that  the exper iments  wi th  
methanol  caused a small  decrease in the [110] plane 
(peak A) re la t ive  to the [111] (peak B) and [100] 
(peak C) planes which re ta ined about the same re la-  

t ion to each other;  at the same t ime  there  was an over -  
all increase in area. Af ter  cycling in sulfuric acid, QH s 
fell, peak A became predominant ,  and the heights of 
the other  two peaks were  now equal. It  is a str iking 
result  that  curves 2 and 4, represent ing  similar  elec- 
trode areas, indicate such different surface structures. 
Here, curve 2 was recorded before m a x i m u m  ex-  
pansion of the surface had occurred and curve  4 after  
it had been re turned  to around its former  area. The 
surface changes are c lear ly  not reversible.  

A few general  conclusions can be drawrL from the 
few results available.  We have found that  a p la t inum 
surface is s lowly al tered by electrochemical  processes 
occurring on it at  ambient  temperatures .  This response 
depends on the na ture  of the react ion and the history 
of the electrode. Thus, examples  have  been found of 
both an increase and a decrease in QH s af ter  cycling 
in 1M H 2 8 0 4 ,  i.e., the same electrode reactions (hydro-  
gen adsorpt ion/desorpt ion,  oxide format ion/d isso lu-  
tion) cause different effects depending on e lect rode 
prehistory.  The observed changes in the electrode sur-  
face are considered to result  f rom an increase in sur-  
face mobil i ty  of p la t inum atoms brought  about by 
formation of bonds be tween surface atoms and chemi-  
sorbed reactants,  wi th  a consequent  weakening  of 
adjacent  P t - P t  interactions. In this connection, s truc- 
tural  changes have been repor ted  (12) for evapora ted  
silver films on which formic acid vapor  has been de- 
composed catalytically,  but  conclusive evidence that  
the catalyzed react ion is solely responsible does not 
appear  to be available. 

Manuscript  received Ju ly  31, 1967. 

Any  discussion of this paper  wil l  appear  in a Discus- 
sion Section to be published in the June  1968 Jotrm~An. 
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Studies of the Electrochemical Kinetics of 
Indium, Ill. Systems In + InCIs and 

In + Combined Sulfate-Chloride Electrolyte 

v. Markovac and B. Lovrecek (pp. 838-841, VoI. 113, No. 8) 

G. A. Wright1: Steady-sta te  Tafel  l ines for the polariza- 
tion of the indium amalgam electrode have  been ob-  
tained by using galvanostat ic  pulses. Markovac and 
Lovrecek  have  in te rpre ted  the Tafel  slopes by using 
the fol lowing equations for cathodic and anodic reac-  
tions, respectively.  

0 log10 i -  zF 
---- - -  ( n c * - - ~ )  [1]  

OV 2.303 R T  

0 log10 i+ zF 
- -  (ha* - -  1 -{- a) [2]  

OV = 2.303 R T  

no* and na* are the ordinal  numbers  of the slowest  re-  
action steps for cathodic and anodic polarization, (1 

a) and ~ are the t ransfer  coefficients for the cathodic 
and anodic reactions, and z is the number  of electrons 
t ransfer red  in the r a t e -de te rmin ing  step. Other  sym-  
bols have  their  usual  meanings. 

These formulas  are incorrect  and should be replaced 
by 

0 log10 i -  F 
= - - ( n + z - - ~ z )  [3] 

OV 2.303 R T  

O log10 i + F 
= ~ ( n + a z )  [4] 

OV 2.303 R T  

Here n is the number  of electrons involved  in a rapid 
equi l ibr ium which precedes the r a t e -de te rmin ing  step, 
and the other  symbols have  the same meaning as be- 
fore. The der ivat ion of these equations is quite  
s t raightforward.  2 Thus for a cathodic react ion 

0 + n e -  ---- P, equi l ibr ium 

P W z e -  ~ R, rate  de termining  

the first step is an electrochemical  equi l ibr ium 

ap = K ao exp RT [5] 

The  second step obeys the  usual  ra te  equat ion of elec- 
t rode kinetics 

i - =  (n + z ) F k a p  exp  [ z ( 1 - - ~ ) F V ]  
RT [6] 

= ( n + z ) F k K a o  e x p [  ( n - b z - -  ~ z ) F V  ] 
R T  

[7] 

This leads direct ly  to Eq. [3]. Lovrecek  ~ or iginal ly  de-  
r ived  Eq. [1] and [2] by considering only 1-electron 
steps, and the correct result  was obtained for that  case. 
General izat ion of his resul t  for  react ion steps wi th  
more  than 1-electron has led to the error. 

T h e  difference be tween the equations can be seen 
by considering the following hypothetical mechanism 

1 D e p a r t m e n t  o f  C h e m i s t r y ,  U n i v e r s i t y  of  A u c k l a n d ,  A u c k l a n d ,  
N e w  Z e a l a n d .  

S B. E.  C o n w a y ,  " T h e o r y  a n d  P r i n c i p l e s  o f  E l e c t r o d e  P r o c -  
e s s e s , "  p. 115, R o n a l d  P r e s s  Co. ,  N e w  Y o r k  (1965).  

B.  L o v r e c e k ,  J. Phys.  Chem.,  63, 1795 (1959). 

of cathodic reduct ion of the indium ion. 

In 3+ + e -  = I n  2+ equi l ibr ium 

In 2+ + 2 e -  -~ In rate  de termining 

Equat ion [1] predicts ~ logl0 i - - / a V  -~ - - ( 4 - -  2a)/0.059 
v -1 at 25~ whereas  the correct  resul t  f rom Eq. [3] 
is - - ( 3  - -  2a)/0.059 v -1. I t  is however  for tunate  tha t  
for  all the mechanisms proposed by Markovac and 
Lovrecek,  Eq. [1] and [2] yield the same parameters  
as would be obtained f rom Eq. [3] and [4]. Thus the 
tables of t ransfer  coefficients are consistent with the 
mechanisms proposed, and the same is t rue  for an 
ear l ier  paper in this series. 4 

I would also l ike to point out that the use of Tafel  
slopes as a cr i ter ion of mechanism can be ambiguous, 
even when supported by addit ional  evidence as dis- 
cussed by Markovac and Lovrecek.  In the case of the 
anodic dissolution of indium amalgam in a chloride 
electrolyte,  it was found that  OlOgloi+/OV ~ 11.95 v -1. 
Markovac and Lovrecek  propose that  the r a t e -de te r -  
mining step is In --> In + + e -  wi th  ~ ---- 0.69. But the 
same Tafel  slope is consistent wi th  In --> In 2+ -}- 2 e -  
with ~ = 0.35, and this r a t e -de t e rmin ing  step seems 
to be equal ly  probable. 

V. M a r k o v a c  a n d  B.  L o v r e c e k :  Actual ly Eq [1] and [2] 
f rom the quoted paper are val id genera l ly  in case of 
electrode reactions wi th  1-electron steps. In the case 
of a r a te -de te rmin ing  step wi th  more than 1 electron 
they wil l  hold only if the first react ion step is rate  
determining.  Al l  our results  and kinetic parameters  
real ly  relate  to the above cases. 

Formulas  given by Wright,  [3] and [4] are cer ta inly 
correct. (We would  only suggest the form 

0 log10 i -  F 
= ( n c * - - i  + z - - ~ z )  

OV 2.303 R T  
and 

0 lOglo i+ F 
( h a * -  1 + ~z) 

0V ---- 2.303 R T  

with  usual meaning of symbols.) 
As to the question of ambigui ty  of Tafel  slopes as 

a cr i ter ion for  mechanism it would  cer ta inly  be wrong 
to c la im its absolute val idi ty  in eve ry  case. But  in 
many  cases, cautiously applied it can give suggestions 
on mechanism, especially if combined wi th  other evi-  
dences. 

Some Problems in Electrodeposition 

J. A. Harrison, S. K. Rangarajan, and H. R. Thirsk 
(pp. 1120-1133, Vol. 113, No. 11) 

B. B e h r ,  W. K e m u l a ,  a n d  J.  T a r a s z e w s k a S :  At the 
Sympos ium on Electrode Processes held in Cleveland 
in May 1966 an interest ing discussion fol lowed this 
paper. The impor tant  points of this discussion, con- 
cerning the mechanism of the anodic oxidat ion of 
mercury  in the presence of chloride ions, were  the 
fol lowing: 

(A) Which stage of the process of ca lomel - layer  
format ion corresponds to the "induction t ime" de- 
te rmined el l ipsometr ical ly  by Bockris et al? s 

(B) Which is the p r imary  product of anodic oxida-  
tion of mercury?  

4V.  Markovae  a n d  B. L o v r e c e k ,  This Journal, 112, 520 (1965).  
s I n s t i t u t e  of  P h y s i c a l  C h e m i s t r y ,  P o l i s h  A c a d e m y  o f  S c i e n c e s ,  

W a r s z a w a ,  P o l a n d .  
s j .  O ' M .  B o c k r i s ,  M. A.  V.  D e v a n a t h a n ,  a n d  A.  K .  N.  R e d d y ,  

Proe. Roy.  Soc., A279, 327 (1964).  
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Fig. 1. Induction times measured in KCI solutions by the method 
of reducing the volume of the mercury drop, in dependence on cur- 
rent density: ]-0.1M, 2-|.OM, 3-1.5M, 4-2.0M. Block points token 
from Bockris et al.6 

The first question is impor tant  because of its re-  
lation to the mechanism of calomel crystall ization: 
is calomel the p r imary  product  of the electrode re-  
action or a secondary product formed by crystal l iza-  
tion from the solution? In v iew of the h igh-sensi -  
t ivi ty of the ell ipsometric method Bockris et al. as- 
sumed that  the induction t ime corresponds to the 
first moment  of crystal l ization of calomel. However  
it was general ly  agreed during the discussion that  
this should be checked also with  another  method. 
Some of our exper iments  7 may be helpful  in dis- 
cussing this question. 

Our results were  obtained as follows: we have 
measured under  galvanostatic conditions the shortest 
t ime Ti af ter  which a calomel layer  can be detected on 
the hanging mercury  drop electrode. This can be made 
simply by reducing the vo lume of the mercury  drop 
electrode by taking most of mercury  back into the 
capi l lary and observing the shape of the drop show- 
ing the format ion of the stiff layer. 6 The results ob- 
ta ined by this method (Fig. 1) in the case of 1M KC1 
solution, are identical  wi th  the induction times de- 
te rmined el l ipsometr ical ly  by Bockris et al. 6 Our mea-  
surements  of the potent ia l - t ime relat ionship confirmed 
also the results of these authors. Invest igat ing the 
0.1M KC1 solution we have recorded osci l lographical ly 
similar  potent ia l - t ime curves as described by I res  
et al.,9 and we were  able to correlate  the induct ion 
t imes measured by us wi th  the results of the authors. 
The induction t ime always corresponded to a point 
wel l  after the hump on the V - t  curve. According to 
the microscopic observations of Ives et al. 9 crystals of 
calomel  could be seen on the electrode surface when 
the hump was reached. This may be considered as 
an a rgument  against the supposition of Bockris et. al. 6 
that  before the induct ion t ime is reached there  exists 
no precipi tate at the electrode surface. 

A similar  conclusion (also for 1M KC1 solution) 
could be obtained by considering the equi l ibr ia  be- 
tween mercury  electrode and all soluble mercuric  
species formed as a result  of electrolysis and thei r  
diffusion rate  toward the bulk of the solution. We 
have calculated the min imal  quant i ty  of mercury  in 
the calomel layer formed by subtract ing the max imal  
quant i ty  of mercuric  species which could diffuse away 
f rom the electrode till the  induction t ime was reached 
f rom the total quant i ty  of mercu ry  be ing -ox id ized  
galvanostatically.  

The part icipat ion of the diffusion of mercur ic  species 
in studied processes has been calculated as follows. 
The  actual surface concentrat ion of dissolved mer -  
curic ions was est imated using the V - t  curves and 

7 B. B e h r  and  W. K e m u l a ,  J. Tar as z e ws k a .  In  p r e p a r a t i o n .  
s W. K e m u l a ,  Z. K u b l i k ,  a n d  J .  Ta raszewska ,  Bull .  Acad.  Polon.  

Se~. Set .  Sci. chim. ,  8, 269 (1960). 
o D. C. Corn ish ,  S. i .  Das, n .  J .  G. Ives ,  and  B. W. P i t t m a n ,  

J. Chem.  Sac., A281, 111 (1966). 

-2 

-3 

§ 

Fig. 2. X, Total mercury concentration in equilibrium with Hg 
and Hg2CI2, determined polarographically; -t-, from the data of 
Sillen; TM o, the concentration of electroactive species calculated 
by Armstrong, et al., 11 from the Warburg impedance. 

equi l ibr ium data. The equi l ibr ium concentrat ions of 
chloromercuric  complexes formed in the presence of 
Hg and HgeC12 in a solution of ionic s t rength of 
0.5 are given by Sillen. 1~ Polarographic  determinat ion  
of total  concentrat ion of mercury  (II) in the bulk of 
solution being in equi l ibr ium with Hg and Hg2C12 was 
done for 1M and also for saturated KC1 (Fig. 2). Our 
result  for 1M KC1 was sl ightly higher  than that  of 
Sillen. We assumed that  for 1M KC1 solution the 
surface concentrat ion of the potent ia l -de termining  
species corresponding to the exper imenta l ly  found 
overvol tage  of 14 mv  is equal  to thrice of the equi l i -  
br ium value. Thus, we have used for calculat ing the 
diffusion of mercuric  species f rom the electrode, the 
total mercury  surface concentrat ion as equal  to 
3x2.2x10 -4 ~ 6.6x10-4M. From thermodynamic  consid- 
erations it is impossible to expect  that  h igher  con- 
centrat ions of soluble species are formed at the elec- 
trode surface. The max imal  possible charge trans-  
ported f rom the electrode into the solution by soluble 
mercuric  species formed has been calculated by inte-  
grat ing over the induction t ime the equat ion for 
l inear diffusion at a constant potential  and applying 
the value  of the diffusion coefficient equal  to 10 -~ 
cm 2 sec -1 and n = 2  (pract ical ly only the Hg zz complexes 
are formed) .  The quanti t ies thus obtained and the 
result ing minimal  values of charge consumed in for-  
mation of the calomel layer  are presented in Table I. 
The real  value  of the charge corresponding to the 
calomel layer formed, would be higher  if there  were  
any slow homogeneous reaction in solution. 

The large amount  of soluble mercur ic  complexes 
in the solution which may correspond to a threefold 
supersaturat ion with calomel (~ ---- 14 my)  may  pro-  
duce significant contr ibution to fur ther  calomel growth 
after  switching off the current.  This effect should not 

lOL. G. Si l len,  Ac ta  Chem.  Scand. ,  3, 539 (1949). 

Table I 

0.1M KCI  

max rain 
i qr~ qdif f ,  q l a y e r  

~ a / c m  e r i  sec ~C/cme #C/crne ~C/cme 

115 5 575 8 567 
90 8 720 l0  710 
40 32 1280 20 1260 
22 60 1320 26 1294 

1 .0MKC1 

220 7.5 1650 1120 530 
188 9.5 1790 1270 520 
150 16 2400 1640 760 

66 55 3630 3050 580 
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be observed in 0.1M KC1. As follows from our calcu- 
lations based on equi l ibr ium concentrat ions given by 
Sillen, the contr ibut ion of the diffusion process is in 
this case insignificant, amount ing  only to a few per cent 
of the total charge. Therefore we could expect that  
the induct ion t ime in this case will  be independent  of 
stirring, contrary  to the 1M KC1 solution. This con- 
clusion has been confirmed experimental ly.  

The results given above may be regarded as an 
evidence that the induct ion time, measured both ellip- 
sometrically and determined by reducing the mercury  
drop volume, corresponds to some part icular  stage in 
the crystall ization process at which the average thick- 
ness of the layer  is already polymolecular.  In  view 
of microscopic observations of Ires et al., 9 it may  be 
the stage of secondary growth of calomel crystals. 

It  seems that  the problem of the pr imary  electrode 
reaction cannot be solved at present owing to the 
lack of necessary addit ional information.  There is 
no evidence for any slow homogeneous reaction oc- 
curr ing in solution. Our considerations based on equi-  
l ibr ium data are rather  consistent with the model 
in which the overvoltage observed dur ing  the gal- 
vanostatic process is due to crystal l ization only. Also 
the concentrat ions of the electroactive form present  
in solution calculated from the impedance data by 
Armstrong et al. ~1 in 2M and 5M HC1 are con- 
sistent with exper imental  equi l ibr ium concentrations 
obtained by us as is shown in Fig. 2. This only means 
that there exists an equi l ibr ium between the mercury  
electrode and the soluble mercuric species and not 
that the HgC142--ion is the p r imary  product of the 
electrode reaction. 

Studies of Hydrocarbon Fuel Cell Anodes by the 
Multipulse Potentiodynamic Method, III. Behavior of 

Saturated Hydrocarbons on Conducting Porous Teflon 
Electrodes with a Phosphoric Acid Electrolyte 

I.. W. Niedrach and M. Tochner (pp. 17-22, Vol. 114, No. 1) 

$. A. Shropshire12: I th ink  the authors are to be com- 
mended for having turned  their a t tent ion to the study 
of a catalyst and electrode system which bear some 
relationship to a realistic fuel cell electrode. Although 
the MPP technique falters somewhat in the face of the 
high surface area catalyst, the comparison of the C1- 
C4 paraffins is still of considerable interest.  

In the discussion, the authors repeatedly state that 
the ini t ial  adsorption rates of the paraffin fuels are: 
b u t a n e > p r o p a n e > e t h a n e .  This is not at all clear from 
the data available in the paper. For  instance, in their  
Fig. 11, if one takes the (low coverage) 15-sec adsorp- 
tion, the accumulated charge ( Q E t o t )  is exactly what  
one expects for equal moles of the various fuels having 
adsorbed on the surface. Thus, the accumulated charge 
ratios (at 15 sec) are approximately  

CJC2 = 1.45; C4/C~ = 1.84; C4/C3 = 1.27 
(measured from graph) 

If one assumes oxidation to CO2, the ratios of the 
required n u m b e r  of electrons per mole for the three 
fuels are 

C3/C2 = 1.43; C4/C2 ---- 1.86; C4/C3 = 1.30 

a remarkable  agreement  under  the circumstances. 
Since according to the authors '  data, the steady-state 

oxidation current  at U = 0.3v (the potential  of the 
above measurements)  is relat ively minor,  the above 
values should represent  a fairly realistic relat ive ac- 
cumulat ion rate. On this basis then the adsorption rates 
appear to be substant ia l ly  equal for the three fuels. 

L. W. Niedrach and M. Tochner: We appreciate Dr. 
Shropshire 's communicat ion and agree that  we have 

11R. D.  A r m s t r o n g ,  M. F l e i s c h m a n ,  a n d  H.  R.  T h i r s k ,  Trans. 
Faraday Soc. ,  61, 2238 (1985}. 
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overstressed the relative order of the ini t ia l  adsorp- 
tion rates for ethane, propane, and butane.  Actually,  
as emphasized in  the paper, it was not possible to per-  
form measurements  at short enough equi l ibrat ion times 
to obtain highly accurate estimates for the adsorption 
rates on the clean surface. In  addition, such estimates 
are fur ther  complicated by the presence of several 
species in the ad layer. In  any  event we agree with Dr. 
Shropshire that  the three adsorption rates are of the 
same order of magnitude,  and indeed quite close. 

With regard to the remarkab le  agreement  among 
the accumulated charge ratios at 15 sec and the elec- 
tron ratios for oxidation of the individual  fuels, this 
must  be considered fortuitous in the light of the var i -  
ety of derived species that are present  on the surface. 
Fur ther ,  the accumulated charge ratios change con- 
siderably with the time of the equilibrations.  For the 
precise relationships quoted by Dr. Shropshire to have 
direct meaning,  it would be necessary to assume phys- 
ical adsorption of the fuel entities themselves, al-  
though one or two site a t tachment  through dissociative 
adsorption would not markedly  affect the ratios. This 
appears quite unreasonable  in the light of available 
evidence concerning the ad layer. That  it consists of 
a variety of species i nc l ud i ng  an appreciable fraction 
of part ial ly oxygenated mater ia l  as well  as alkyl radi -  
cals is adequately supported by many  invest iga-  
tions. 1~-17 It should also be noted that al though the 
steady-state currents  in our experiments  at 0.3v were 
small, sizable currents  did flow dur ing  the init ial  
stages of adsorption. These currents  were, of course, 
associated with the oxidation of dissociated hydrogen 
as well  as the formation of the par t ia l ly  oxidized spe- 
cies. 

That  the rates of adsorption of these saturated hy-  
drocarbons are not markedly  different undoubtedly  
reflects the s t ructural  s imilari ty among them and 
hence a s imilari ty of behavior in the adsorption step 
itself. Coupled with this would be regular,  but  small, 
t rends among solubilities and diffusion coefficients, 
both of which control mass t ransport  to an electrode. 
These are undoubted ly  impor tant  dur ing the early 
stages of adsorption. Some suggestions bear ing on these 
lat ter  points have been discussed recently. TM 

Ellipsometric-Potentiostatic Studies of Iron Passivity, 
I. Anodic Film Growth in Slightly Basic Solutions 

J. Kruger and J. Calvert (pp. 43-49, Vol. 114, No. 1) 
H. H. Uhlig19: The results presented by the authors 

eloquently describe the process of film growth on 
iron anodically polarized in a buffered borate solution. 
They demonstrate  and fur ther  confirm that the ellip- 
sometric technique is a sensitive method for  s tudying 
growth of films in  situ. Unfortunately ,  el l ipsometry 
inheren t ly  provides no information regarding the com- 
position and structure of such films. Hence it is not 
clear whether  the anodic films measured in the authors '  
experiments  are ferrous or ferric hydroxide, ferrous 
borate, or indeed anhydrous iron oxides as they hypo- 
thesize. 

It is also not clear whether  such films, the thickness 
of which they report,  are justifiably called passive 
films. For example, it has been established by previous 
investigators that several metals in the passive state 
are often covered by films which are equivalent  to 
no more than a monolayer  of oxygen. On the other 
hand, many  metals in the active state, including iron, 
which do not show passive behavior  may be covered 
by adherent  oxide films 30-100A thick. Discussions 

la S. G i l m a n ,  Trans. Faraday Soc., 61, 2546, 2561 (1965). 
l ~ L .  W.  N i e d r a c h ,  e t  al . ,  This Journat, 112, 1161 (1965); 113, 

645 (1966). 
15 S. B .  B r u m m e r ,  154th M e e t i n g  A m .  C h e m .  Soc.,  C h i c a g o ,  Ill . ,  

P r e p r i n t s  of  F u e l  Cell  S y m p o s i u m ,  11, No.  3, 178 (1967). 
l e j .  G i n e r ,  15th M e e t i n g  C I T C E ,  L o n d o n  z n d  C a m b r i d g e ,  S e p -  

t e m b e r  21-26, 1984, s u m m a r i e s  of  p a p e r s ,  p. x x i x .  
17 W. T. G r u b b  and  M. E.  L a z a r u s ,  ThL~ Journal, 114, 360 (1967}. 
lSE.  J .  Ca i rns ,  Science, 155, 3767 (1967). 
1 " D e p a r t m e n t  of  M e t a l l u r g y ,  M a s s a c h u s e t t s  I n s t i t u t e  of  T e c h -  

no logy ,  C a m b r i d g e ,  M a s s a c h u s e t t s .  
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along these lines are  of long standing. U. R. Evans 2~ in 
1927 succeeded in isolating thin oxide films from pas- 
sive iron, but significantly he also succeeded in iso- 
lating similar  oxide films f rom active iron. 21 

It  is perhaps re levant  to any discussion of passivity 
to remind  ourselves of certain propert ies that  apply 
to passive but not to o ther - type  films on iron. (A) Ther -  
mal ly  produced films of Fe304, or duplex Fe203 over-  
lying Fe304 films on iron do not resul t  in any of 
the usual passive film characteristics, no mat te r  how 
thin or how thick such films may be. (B) The potent ial  
of iron in equi l ibr ium with  any of the known iron 
oxides is about 0.6v too active to account for observed 
passive potentials. Hypothesizing a cat ion-defect  iron 
oxide, as was done by Nagayama and Cohen 22 in order 
to bridge the gap, is hardly  acceptable because any 
such defect oxide would by definition allow rapid ion 
diffusion and would be a re la t ive ly  poor diffusion 
barr ie r  film in a corrosive environment .  Al ternat ive ly ,  
the hypothesis of a potent ial  drop through an in- 
sulating iron oxide runs into the serious problem that  
no insulator  could readi ly  sustain the required poten-  
tial gradient.  Even if all of the film thickness (30A), 
as measured by the present  authors, were  insulat ing 
(which passive film conductivi ty measurements  con- 
tradict)  an over -a l l  potent ial  of 0.6v requires  a po- 
tential  gradient  of 2 x 106 v /cm,  which value can 
be compared with  the dielectric b reakdown of glass 
equal  to 0.7 to 1.5 x 106 v / c m  or of mica equal  to 
1.5-2.2 x 106 v /cm.  The potent ial  gradient  in an in- 
sulating film thinner  than 30A, as would be requi red  
by any oxide model, would exceed 2 x 10 -6 v /cm.  (C) 
The passive film on iron is able to oxidize chromites  
to chromates 23 in accord with 3 O (in passive film) 

Fe ~ O H -  ~- CrO2-  -{- H20--~CrO4-- -{- Fe(OH)3.  
Passive iron which has been act ivated by mechanical  
shock does not have similar  oxidizing properties.  None 
of the known iron oxides is able thermodynamica l ly  
to effect the above reaction, hence it is not  l ikely 
that  the usual iron oxides can in fact constitute the 
passive film. 

Present  viewpoints  on s t ructure  of the passive film on 
e.g., iron, nickel, chromium, and the stainless steels 
usual ly resolve themselves  into two categories: i.e., the 
passive film is ei ther  (a) an ion diffusion barr ie r  or 
(b) it acts instead to increase anodic overvol tage  for 

meta l  dissolution (decreases the exchange cur ren t  
densi ty i0 in the Tafel  equat ion) .  Difficulties in the 
way of successfully assuming an ion diffusion barr ie r  
for iron are contained in some of the points raised 
above. In addition the observed l imited dimensions of 
passive films suggest that  they are protect ive by some 
other mechanism. Ai r - fo rmed  films on iron, as mea-  
sured by ell ipsometry,  24 in t ime reach 30A or more,  
but these films are not protect ive to chemical  en-  
v i ronments  and hence are not the same as the passive 
films. On the other hand, anodic overvol tage  for meta l  
dissolution can in principle  be raised appreciably by 
oxygen adsorbed on the metal  surface, and an assumed 
passive film of this kind also meets other  requirements .  
Such a film by increasing the act ivat ion energy for 
hydra t ion  and ionization of meta l  atoms (or ions),  
paral lels  the w e l l - k n o w n  propert ies of many  ad- 
sorbed organic and some inorganic species to increase 
ei ther hydrogen or anodic overvol tage  at meta l  elec- 
trodes. Oxygen is one of the most effective substances 
able to chemisorb on transi t ion metals, but  other  
compounds l ike CO (on stainless steels) and in some 
cases iodine (on iron in H2SO4) can also do so, and 
they s imilar ly  increase corrosion resistance in aggres-  
sive media. 

Low energy diffraction data of metals  like Ni 25 

~ U .  R. E v a n s ,  J. Chewy. Soc., 1027, 1022. 
m U.  R.  Evans,  Discussion Section.  Trans. Electrochem. Soe., 79, 

124 (1941).  
'~ M. Nagayama and M. Cohen, T h i s  Journal, 109, 781 (1962).  

H.  U h l i g ,  Z. EIektrochem.,  62, 626 (1958);  ( w i t h  T .  O 'Connor~  
This Journal, 102, 562 (1955). 

~ A.  W i n t e r b o t t o m ,  J. Iron and 8reel Inst., 168, 9 (1950). 
~ A .  MacRae,  Science, 139, 379 (1963); Sur]ace Science, 1, 319 

(1964).  

have disclosed that  the f i rs t - formed ehemisorbed 
layer of oxygen is ex t remely  stable, resisting the rmal  
decomposition even up to the mel t ing point of Ni 
(1450~ Mult iple adsorbed layers which may form 
by anodic polarization at noble potentials,  are less 
energet ical ly  bonded to the surface than is the first 
layer  and are easier reduced. Depending on the metal,  
they may reduce more readi ly  than the meta l  oxide 
(e.g., Fe304). Hence adsorbed films of this kind, ei ther 
easier or more difficult to reduce than the me, tal 
oxide depending on structure and thickness, and per-  
haps not easy to detect  by ell ipsometry,  more readi ly  
fit the description of films accounting for passive 
phenomena. Such adsorbed films slow down corrosion 
processes but the rate of chemical  reaction remains  
finite nevertheless,  par t icular ly  in aqueous media or 
at e levated temperatures.  Thick oxide films eventua l ly  
grow which may  behave as diffusion barr ie r  layers, 
but  their  protect ive  qualities, in aqueous media at 
least, remain  infer ior  to the f i rs t - formed passive films 
at the immedia te  meta l  surface. 

The thicker  films described by the authors, if the 
above viewpoint  has any merit ,  are probably  iron 
compounds of unspecified composit ion which grow on 
top of the passive film. These thicker  films pre-  
sumably confer secondary protect ive  qualit ies;  but  
acting alone they would not be expected to account 
for recognized passive propert ies  (e.g., resistance to 
concentrated HNO3). 

In this connection, R. Frankenthal ,  26 employing quan-  
t i ta t ive coulometry,  has recent ly  demonst ra ted  that  
a p r imary  passive film first forms on a 24% Cr -Fe  
alloy which is less than an equivalent  monolayer  
of close-packed oxygen ions. This film itself in H 2 S O 4  

accounts for observed very  low anodic current  densi-  
ties in the passive potent ial  range. He finds a secondary 
thicker  film to form subsequent ly  at more noble po- 
tentials, which perhaps is consti tuted of hydrous meta l  
oxides. The hydrous oxide film, however ,  has l i t t le 
or no influence on the passive current  density (and 
hence on corrosion rate) in H2804. If the situation 
is similar  for iron, as seems l ikely from the accumu-  
lated evidence, the p r imary  passive fi]m is the first- 
formed adsorbed structure.  This film remains thin, be- 
ing followed by a thicker  stoichiometric iron com- 
pound film which grows on top of the passive film, 
the la t ter  ' however  having only secondary protec-  
t ive qualities. 

J. Kruger and J. P. Calver t :  We appreciate Professor 
Uhlig 's  interest  in our paper. The main gist of his 
arguments  is that  the origin of the passivity of iron 
resides in a ve ry  thin  film, presumably  a chemisorbed 
monolayer  of oxygen, next  to the metal  surface, and 
that  any films that  may  be detected above this thin 
film are incidental  to the phenomenon of passivity. 

It is difficult to unders tand how this can be the 
correct picture of passive film on iron, when  one 
considers, for example,  the recent  work  by Nagayama 
and Cohen 2~, using the same borate solutions as we 
do. (Some recent  results of ours which are to be 
published as Par t  II of the series of which the paper  
under  discussion is part, provide  el l ipsometric ver i -  
fication for their  coulometric  measurements . )  These 
results show that  when  one reduces the outer  layer  
of the passive film, the one that  Professor Uhlig 
feels is incidental  to the phenomenon of passivity, 
one then has a surface which exhibits  an act ive 
potent ial  and is no longer passive. However ,  at this 
point in the process, Nagayama and Cohen and our 
own work  show that  there  still  exists a film on the 
iron surface. Therefore,  it is difficult to unders tand 
how Professor Uhlig 's  picture  can be correct, because 
his picture would  requi re  that  when  the meta l  sur-  
face becomes active, the a l l - impor tan t  oxygen mono-  
layer  slips out f rom be tween  the meta l  surface and 
the oxide. This seems highly  unlikely.  

R. F r a n k e n t h a l ,  This Journal, 114, 542 (1967).  
..7 M. Nagayama and M. C o h e n ,  This Journal, 109, 781 (1962). 
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That  there  is indeed an oxide film on the iron 
surface, even in the act ive region, and that  this film 
is as shown by others 27 Fe304, is fur ther  supported 
by electron diffraction studies. 2s These studies, more-  
over, show that  when  one forms a passive surface, 
besides Fe304 there are found extra  spots due to 
7-Fe203. In other words, when a passive potent ial  
is observed, both Fe~O4 and ~-Fe20~ are present. At  
an active potential,  only Fe304 spots are observed. 
Does it not then seem more reasonable to associate 
passivi ty wi th  an outer  layer  and an active surface 
with Fe304 alone? 

The fact that  " thermal ly  produced films of FeaO4 
or duplex Fe208 over ly ing  Fe304" do not result  in 
the usual passive film characteristics, real ly has no 
re levance  to the present  argument .  The Fe2Oa in films 
formed at tempera tures  a few hundred  degrees above 
room tempera ture  is a-Fe203 and not ~/-Fe203 Also, 
recent  work  of Okamoto 2~ on passivation of stainless 
steel in aqueous solutions and our own on iron 30 
indicate that  hydrogen may play a role in the for-  
mat ion of a passive film. This is explained in a 
paper by Bloom and Goldenberg 31 as being due to 
the diff iculty of obtaining ~-Fe203 without  having hy-  
drogen present  in the lattice. Thus, some sort of 
aqueous envi ronment  may be necessary to form pas- 
sive films on iron. Interes t ingly  enough, films formed 
on iron at room tempera tu re  in oxygen containing 
small traces of water  do indeed produce films that  
have different characterist ics f rom those formed in 
pure oxygen alone. 32 

The impor tant  point to make here, however ,  is that  
one should not compare the film formed in aqueous so- 
lution with  that  formed in gaseous environments ,  
even though we may nominal ly  have the same kind 
of oxides f rom a bulk standpoint. Also, oxide in the 
form of ve ry  thin films may have  quite  different 
propert ies than bulk oxides because of the big in-  
fluence of small amounts  of impuri t ies  such as hy-  
drogen, or because of a nonstoichiometry that  may 
exist  which produces cation or anion defects. The 
new thin film electronic devices depend on the ve ry  
fact that large changes in propert ies  can be produced 
by fantast ical ly small  changes in composition. I t  is 
for this reason, also, that  one should not make pre-  
dictions as to what  potential  the iron should exhibi t  
in equi l ibr ium wi th  known iron oxides, because only 
the known bulk values for the iron oxides can be 
used, while  thin film oxides may give ent i rely differ- 
ent values. Thus, one does not real ly  know that  a 
potential  calculated using bulk values is "0.6 volts too 
active to account for observed passive potentials," 
when very  thin films are  involved.  If one wants to hy-  
pothesize, one can by suitable models using the prop-  
erties of bulk oxides, as Vet ter  33 has done, account for 
the passive potentials. We think this is a dangerous 
game to play, however .  

Likewise,  it is difficult to predict  what  the break-  
down potentials of these films are  and, hence, to 
say that  it is not possible to have the  kind of po- 
tent ial  drop that we speculate about in the paper. 
Whitehead's  monograph s4 on dielectric b reakdown of 
solids makes the point that  as a film gets thinner ,  
the electric s t rength can actual ly increase. He quotes 
breakdown values for some oxide films that  are much 
higher  than those given in our paper, thereby mak-  
ing our values quite possible. By the same token, one 
cannot assume that  the oxidation of chromite  to chro-  
mate can or cannot occur on the surface of thin oxide 
films f rom thermodynamic  considerations because the 
thermodynamic  data for the oxides (as ve ry  thin 
films) are not  known. 

2sC. L .  Fo ley ,  J .  Kruger ,  and C. J .  B e c h t o l d t ,  This Journal, 
114, 994 (1967).  

G.  O k a m o t o  a n d  T.  S h i b a t a ,  Nature, 206, 1350 {1965). 
H.  T .  Y o l k e n ,  J .  K r u g e r ,  a n d  J .  P.  C a l v e r t ,  To  be  p u b l i s h e d .  

8zM. C, B l o o m  and L. G o l d e n b e r g ,  Corrosion Science, 5, 623 
(1965). 

sa j .  Kruger  and H.  T .  Y o l k e n ,  Corrosion, 20, 29t  {1964). 
K.  J .  Ve t t e r ,  This Journal, 110, 597 (1963). 

s~S. Whitehead,  "Dielectric  B r e a k d o w n  of  So l id s , "  p. 8S, O x -  
f o r d  Univers i ty  Press,  L o n d o n  (1951).  

We fail  to see the re levance  of low energy elec- 
tron diffraction data for a meta l  l ike nickel  on a 
discussion of the passivity of iron. Granted that  the 
monolayer  formed on nickel  may  be quite  stable; this 
may  not say anything about  such a monolayer  formed 
on iron. Assuming that  the results for Ni are re le -  
vant, the films formed by gas-meta l  reaction must  
also start  wi th  this ve ry  stable init ial  monolayer.  
If this monolayer  were  the passive film, are room 
tempera tu re  formed films, which start  wi th  this mono-  
layer,  passive? You cannot have it both ways. You 
cannot have a film formed by gaseous oxidation in 
a low energy electron diffraction exper iment  be pas- 
sive, while one formed by gaseous oxidation in a 
non- low energy electron diffraction experiment ,  not  
be passive. 

Jus t  as one cannot extrapolate  gas -meta l  results 
to aqueous solution, one cannot take the data of an 
ent i re ly  different kind of material ,  such as 24% 
chromium- i ron  alloy, and expect  that  the results found 
there  are applicable to pure iron. Thus, the results 
of Franken tha l  may or may  not be relevant .  An in- 
dication that  this is so can be found from some of 
our own work  ~5 that  indicates that  at 24% chrome-  
iron concentration, the film formed on such an alloy 
does not exhibi t  any crystal l ini ty;  it is amorphous. 
Our own work  shows that, a l though optically we 
can detect films that are  as thick as 20A at a con- 
centrat ion of 18% chromium, an amorphous film is 
observed. Sure ly  such a film can be expected to 
behave differently than the highly crystal l ine film 
that  one observes on passive iron 27,2s. Hence, one 
cannot argue that  because one kind of film found 
in the case of ch romium- i ron  alloys may exhibi t  
passivity, that  such a film is responsible for the pas- 
sivity of iron. 

Surface Roughness Effects in the Electrodeposition of 
Copper in the Limiting Current Range 

N. Ibl and K. Schedegg (pp. 54-57, Vol. 114, No. 1) 

It. PionteUi, B. lVlazza, and P. Pedeferri~~ This paper  
gives very  interest ing informat ion on some of the 
problems involved by the formation of pow de ry  de- 
posits. 

The authors 87 consider the decisive condition to be 
that  of reaching the l imit ing current  of mass t rans-  
port. As a mat te r  of fact this is often a sufficient 
condition. It  does not appear, however ,  to be a neces-  
sary one. Moreover,  the mere  s ta tement  that  in the 
l imit ing current  range, powdery  deposits are often 
encountered,  does not appear  to throw sufficient l ight 
on the m e c h a n i s m  of the phenomena itself. Like the  
whole field of electrocrystal l izat ion this problem is 
still want ing a satisfactory solution. 

Some suggestions arising f rom the systematic work  
carried out in this laboratory ~s on the powdery -de -  
posits format ion f rom sulfamate baths 39 may be re -  
called here. The incoherent  deposits of the various 
classes (spongy, coarse-powdery,  blacks) are formed 
in any case, s tar t ing f rom tr idimensional  nuclei, mu-  
tual ly independent  and in respect to the basis metal.  

The possibility of format ion and the kind of the 
incoherent  deposit  depends on the re la t ive  fo rma-  
t ion rate of the nuclei  themselves,  which must  be 
high enough, and on the distr ibution in space of their  

J .  K r u g e r ,  C. L.  Fo ley ,  a n d  J .  P .  C a l v e r t ,  To  be  publ ished.  
I n s t i t u t e  fo r  E l e c t r o c h e m i s t r y ,  P h y s i c a l  C h e m i s t r y  a n d  M e t a l -  

l u r g y ,  M i l a n  P o l y t e c h n i c ,  Mi l an ,  I t a l y .  
~ S e e  a lso  N. Ibl ,  " A d v a n c e s  in  E l e c t r o c h e m i s t r y  a n d  E lec t ro -  

c h e m i c a l  E n g i n e e r i n g , "  P .  D e l a h a y  a n d  C. W. Tob ias ,  Ed i to r s ,  Vol.  
2, pp .  49-143, I n t e r s c i e n c e  P u b l i s h e r s ,  N e w  Y o r k  (1962L 

a~B. Mazza ,  P .  P e d e f e r r i ,  R.  P i o n t e l l L  a n d  F.  S in i sea leo ,  E~ec- 
trochirn~ca Metallorum, 1, 441 (1966); ibid., 1, 449 (1966); see 
also " P r o c e e d i n g s  of  t h e  S y m p o s i u m  on  S u l f a m i e  A c i d  a n d  i t s  
E l e c t r o m e t a l l u r g i c a l  A p p l i c a t i o n s  {Milan,  M a y  1966); Associaz ione  
I t a l i a n a  d i  M e t a l l u r g i a ,  E d i t o r ;  M i l a n  {1967). 

s~ Also  in  t h i s  f ie ld the su l famate  baths  appear to  be  especial ly  
i n t e r e s t i n g  in  v i e w  of  t h e i r  v e r s a t i l i t y  a n d  c a p a c i t y  to g i v e  p o w -  
d e r s  (of Cu,  A g ,  Z n ,  Cd,  Ni ,  Co, P b ,  Sn  a n d  o the r s )  f r e e  f r o m  
i n c l u s i o n s  a n d  c o n t a m i n a t i o n .  
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growth rate, which must  be tendent ia l ly  isotropic. 40 
In this sense a very  essential role is played by the 

throwing power at the microscopic scale, largely de- 
cided by the rate of change of the overvol tages  wi th  
current  density, the contr ibution of the concentra-  
tion polarization included. In this genera l  f rame the 
importance of the l imit ing current  conditions, in v iew 
of the separat ion of powdery  deposits, may find a 
reasonable interpretat ion,  when one considers that  
eve rywhere  the r a t io : cu r ren t  dens i ty /ac t iv i ty  of the 
meta l  ions attains high enough values; also the en-  
suing concentrat ion polarization may be sufficient to 
deviate the cathodic meta l  separation, thus promot-  
ing a tendent ia l ly  isotropic growth. 

On the other  hand also the in tervent ion  of fac- 
tors, which appear to be ra ther  underes t imated  by 
the " l imit ing current  theory"  of the powdery  de- 
posits formation, must  be taken into account. This, 
especially in v iew of the study of the  format ion 
conditions of powdery  deposits f rom complex-sa l t  
baths or f rom melts, and of explaining the transi t ion 
from dendrit ic or spongy to powdery-deposits .  

Among these factors one may recall:  (A) the nature  
of the metal, as far  as the exchange overvoltages,  
their  dependence law on current  density, the in-  
fluence of the latt ice forces on the propert ies and be- 
havior  of nuclei  are concerned;  (B) factors influencing 
the secondary inhibi t ion effects by hydrogen, colloidal 
products, but also by anions, secondary consti tuents of 
the baths, etc.; and (C) the physical and mechanical  
conditions (also apart  f rom their  direct influence on 
the mass t ransfer) .  

As in many  other fields of the theory of electrode 
processes, the models which do not explici t ly ac- 
knowledge  the direct  influence of the nature  of the 
meta l  and of the bath constituents, are at least in-  
complete. 

N. lb l4] :  The remarks  of Piontel l i  et al., are very  
pertinent.  Reaching the l imit ing cur ren t  is indeed in 
general  a sufficient, but not always a necessary con- 
dition for the formation of a ve ry  rough or powdery  
deposit. We have  discussed this question in more 
detail  in a previous rev iew paper 42. Powdery  or 
spongy deposits can be obtained wel l  below the l imit -  
ing current.  A we l l -known case is the formation, 
at lower currents,  of spongy Zn or Cd deposits f rom 
nonacidified sulfate solutions, a phenomenon which 
is very  probably  not due to mass t ransfer  effects 42. 
However ,  if no other causes of powder  formation 
are operat ive at lower currents,  the deposit, as a 
rule, becomes very  rough or powdery when the l imit -  
ing current  is reached. 

But the propert ies of the powders obtained at the 
l imit ing current  are also affected by other  factors 4' 
beside mass transport.  For  instance, we have found 
that  copper powder deposited from a nonacidified cop- 
per sulfate solution containing gelat in is very  finely 
divided and almost black, whereas  the powder  ob- 
tained wi thout  addition of gelatin is much coarser 
and reddish in color. 4~ But in both cases powder  
format ion starts at the l imit ing current.  As pointed 
out by the authors, the s tructure of electrodeposits 
depends in general  on a number  of factors and their  
interaction. One of these factors is mass transport.  
Its role can be more or less important ,  depending 
on the circumstances. Sometimes it is negligible, but 
in certain cases it is predominant .  

Undoubtedly,  many factors finally contr ibute  to 
shape the s t ructure  and the propert ies of an elec- 
trodeposit,  but  the main fact which I would like to 
point out here is that  we can visualize a pure t rans-  

4o A p r e d o m i n a t i n g  g r o w t h - r a t e  pa ra l l e l  to the  bas is  m e t a l  m a y  
lead  to c o m p a c t  depos i t s ,  w h i l e  one  n o r m a l  to  t he  ca thode  en-  
hancee  t he  d e n d r i t i c  or  a c i cu l a r  g r o w t h .  

4 1 D e p a r t m e n t  of I n d u s t r i a l  a nd  E n g i n e e r i n g  C h e m i s t r y ,  Swiss  
F e d e r a l  I n s t i t u t e  of Techno logy ,  Zu r i ch ,  S w i t z e r l a n d .  

�9 ~N. Ibl ,  " A d v a n c e s  in  E l e c t r o c h e m i s t r y  a n d  E l e c t r o c h e m i c a l  
E n g i n e e r i n g , "  P. D e l a h a y  and  C. W. Tobias ,  Edi tors ,  Vol. 2, p. 49. 
In t e r sc i ence  P u b l i s h e r s ,  Ne w York  (1962). 

~ N .  Ibl ,  Helv. Chim. Acta. ,  37, 1149 (1954). 
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port mechanism which should, in a very  genera l  way, 
cause the format ion of a ve ry  rough deposit, at the 
l imit ing current  as a rule, and, under  certain cir-  
cumstances, a l ready below the l imit ing current.  The 
leading ideas, which have been developed in more 
detail  in a recent  rev iew paper 44, are as follows: 

Let  us consider a meta l  surface which has some 
initial roughness, wi th  small  crests and recesses, as 
shown schematical ly in Fig. 1. We wil l  now discuss 
the question under  which conditions certain factors 
tend to enhance the i rregular i t ies  of the surface, and 
how they operate. This is a problem of current  den-  
sity distribution. 

If the characterist ic length a of such a profile is 
small as compared to the thickness of the diffusion 
layer  8 (Fig. 1), the crests of the profile are pr iv i -  
ledged f rom the v iewpoint  of mass transport ,  be- 
cause the free cross section for diffusion increases 
wi th  increasing distance f rom the crest: the crest 
is more accessible for mass t ransfer  than a recess. 
However ,  this does not yet  mean that  the local cur-  
rent  density is necessarily larger  at the crest, be- 
cause the current  density distr ibution depends not 
only on the t ransport  of mass but  also on the t rans-  
port  of charges through the solution and through the 
electric double layer at the interface, i.e., it also 
depends on electric quantit ies (conductivi ty of the 
solution, overvol tage) .  Depending on the conditions, 
the current  distr ibution is governed mainly  by the 
t ransport  of mass, or of charge, or by both s imul-  
taneously to a comparable  degree. 

Let  us now consider the simple case that the cur-  
rent  distribution is given solely by the geometry  of 
the system and by the conduct ivi ty  of the solution. 
We then have what  is called in plat ing pr imary  
current  distribution. Under  these conditions, the local 
current  density is larger  at a crest than in a recess 
because the crest is pr ivi leged f rom the viewpoint  
of the transport  of charges through the solution: the 
lines of electric flux converge toward the crest (Fig 
1). Now, if we take into account overvoltage,  the 
situation is changed: the overvol tage  tends to make  
the current  distr ibution more uniform (secondary 
current  distr ibution).  The decisive quant i ty  is the  
polarization parameter  P defined as the product  of 
the specific conduct ivi ty  of the solution ~ and the 
slope of the current  voltage curve,  d~/di  : P = Kd~/ 
di. If P is large as compared to the charac ter -  
istic length a of the profile, the current  distr ibution 
is v i r tua l ly  uniform over  the profile 45, in spite of 
the influence of the serrated geometry.  This can be 
interpreted,  at least qual i ta t ively,  in a simple man-  
ner. Along the interface, between crest and recess 
(Fig. 1), there is, in the solution, an ohmic potent ial  
drop AER, which must  be compensated by the differ- 
ence An between the overvol tage at the crest and 
in the recess 

~ E a + ~ = 0  [1] 

*~N. Ibl, Proceedings of the International Conference, "Protec- 
tion against Corrosion by Metal Finishing," Basle, Switzerland, 
November 1966, p. 48, Forster Verlag, Zurich, Switzerland. 

'~ C. Wagner, This Journal 98, 116 (1951). 
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If the overvol tage  ~1 increases rapidly wi th  increas-  
ing current  density i (d~/di large) ,  a negligible in-  
crease in current  at the crest wi l l  be enough to 
create an increase in overvol tage  which  is sufficient 
to compensate  AEa, and the current  density is v i r -  
tual ly the same at the crest  and in the recess. 

Let  us now consider separately concentrat ion and 
activation overvoltage,  which we denote by ~lc and 
~la, respect ively;  we therefore  split the total over-  
vol tage difference a~l in two parts, ~le and a*la, which 
correspond to concentrat ion and activation overvol t -  
age, respectively.  Equat ion [1] thus takes the form 

a E r  + ~ ~lc -t- ~ ~la = 0 [2] 

In this equation, A~c and A]la have not the same sign. 
This can be seen as follows. If the current  dis tr ibu-  
tion is v i r tua l ly  uniform, the lines of the electric 
flux and those of the flux of mass do not converge 
toward the crests as indicated in Fig. 1, but are 
essentially parallel,  ver t ica l  lines. The concentrat ion 
ci of the metall ic cations at the in terface  e lectrode-  
solution is then larger  at the crest  than in the re-  
cess; the difference ACt between the interfacial  con- 
centrat ion at the crest (eCi) and in the recess (rCi) 
is given by 

ACt - ~  cCi ~ rCi ~ h d c / d y  [ 3 ]  

where  h is the ver t ical  distance between crest and 
recess and dc/dy the  concentrat ion gradient  in the ve r -  
tical direction 46. We see that  the concentrat ion 
overvol tage  is larger  in the recess than at the crest; 
therefore,  Ant is of the same sign a s  AER but has the 
opposite sign of Ann. We thus come to the impor tant  
conclusion that  only act ivation overvol tage neces- 
sarily tends to flatten the current  distribution; in 
the case of a microprofile ( a<5) ,  concentrat ion over -  
vol tage cannot contr ibute to making the cur ren t  dis- 
t r ibut ion more uni form than would correspond to 
p r imary  current  distribution; to the contrary,  it 
counteracts the equalizing action of act ivat ion over-  
vol tage and tends to make the current  distr ibution 
nonuniform. The extent  of the depar ture  f rom an 
even distr ibut ion depends on the re la t ive  values of 
~ER, of ~nc and of d~la/di, i.e., of the var ia t ion of the 
act ivation overvol tage with current  density. If an~ 
is large, the current  distr ibution wil l  be nonuni form 
even if the slope of the current  voltage curve, d~/di, 
is large. An ex t reme case is that  of the l imit ing 
current.  It can be easily shown that  A*lc is propor-  
tional to In (cCi/rCi); at the  l imit ing current,  or close 
to it, rCl tends to zero, whereas cCi is still finite; 
the value of Anc thus tends to be exceedingIy large. 
Under  these conditions, the influence of concentra-  
tion overvol tage  is overwhe lming  and the current  
distr ibution is controlled by mass transport.  Since 
the crests of a microprofile are pr ivi leged f rom the 
viewpoint  of diffusion, under  mass t ransport  control, 
the local current  density is larger  on a crest than in 
a recess. Geometr ic  i rreguIari t ies  of the surface wil l  
then tend to grow. 

The surface of a polycrystal l ine meta l  is usual ly 
heterogeneous.  This causes local variat ions of the ac- 
t ivat ion overvoltage,  and therefore  of the current  
density, which are, in general,  randomly  distributed, 
both in location and in time. There is thus a na tura l  
tendency for the format ion of small, geometr ic  i r -  
regular i t ies  in the deposit. Below the l imit ing current ,  
the concentrat ion overvol tage changes only slowly, 
and the influence of act ivation overvol tage  on the 
current  distr ibution at a microprofile is often pre-  
dominant.  If the polarization parameter  P is suffi- 
c ient ly  large, the small  protuberances of the surface, 
randomly  distr ibuted in space and in time, are, on 
the average,  not pr ivi leged;  the local current  density 
tends to be the same on the crests and in the re -  
cesses and, on the t ime average, peaks do not grow 

A m o r e  q u a n t i t a t i v e  t r e a t m e n t  a l o n g  t h e s e  l ines  h a s  been  de-  
v e l o p e d  and  c o m p a r e d  w i t h  e x p e r i m e n t  ( u n p u b l i s h e d  c a l cu l a t i ons  
of  J .  L e v k o v  and  N. Ib l ) .  The  r e s u l t s  w i l l  be  p u b l i s h e d  la ter .  

faster  than the rest  of the deposit. At the l imit ing 
current,  however ,  the si tuation is ve ry  different. Ac-  
cording to the above discussion, the current  distr i -  
bution is mass t ransport  controlled and the current  
density is la rger  at the peaks, which thus grow 
faster;  the i r regular i t ies  of the surface are s t rongly 
amplified: there  is, at the l imit ing current ,  a sort of 
instabil i ty wi th  respect  to small  protuberances pres-  
ent by chance on the surface, and a ve ry  rough 
or dendri t ic  deposit results. 

Let  us note that, under  certain circumstances, a 
similar  situation prevails  even below the l imit ing cur-  
rent, or at least a l ready when  the l imi t ing current  is 
being approached. The essential  condit ion is that  the 
rate of change of act ivat ion overvol tage  wi th  cur ren t  
density, d~la/di, is sufficiently small. If this is the case, 
the current  distr ibution over  a microprofile is non-  
uniform, and the deposit tends to become very  ir-  
regular  even at low currents.  The act ivat ion over -  
vol tage is usual ly  very  small  in the deposition of me t -  
als from fused salts, because the high tempera tures  in-  
volved much accelerates the ion exchange at the  in-  
terface. But  it is sometimes also ve ry  low at room 
tempera tu re  in aqueous solutions, for instance, in the 
deposition of Ag from aqueous AgNO3. It is wel l  
known that  it is indeed ve ry  difficult to get even 
deposits in molten salt electrolysis, and that  metals  
of an irregular ,  dendrit ic form are usual ly obtained. 
Similarly,  in the deposition of si lver f rom an aqueous 
A g N O s -  solution there  is a marked  tendency for the 
format ion of long dendri tes and needles which grow 
outward  into the solution. This is in qual i ta t ive  agree-  
ment  with the above discussion. 

General ly  speaking, the format ion of ve ry  rough 
or dendrit ic deposits is necessari ly l inked with non- 
uniform current  distribution. It is therefore  to be 
expected that  the factors which govern current  den-  
sity distr ibution (conductivi ty of the solution, over -  
voltage, and mass t ransport)  have  a ve ry  great  in-  
fluence on the s t ructure  of electrodeposits. It was 
the main purpose of the paper under  discussion, and 
of some of our ear l ier  articles, to stress these aspects 
which have been hi ther to ra ther  neglected in the 
l i terature.  Undoubtedly,  factors such as the forma-  
tion of new nuclei  and the rate of growth of al-  
ready exist ing crystals play an eminent  role in elec- 
trocrystall ization. But  they have been a l ready studied 
by quite a number  of authors. 

Surface Tensions of Co-Ce and Pu-Co-Ce Alloys 
as Determined from Frozen Menisci 

J. c. Biery (pp. 225-231, Vo#. 114, No. 3) 

P. D. O w n b y  and B. C. Allen47: Interes t  in Biery 's  
surface-curvature  technique of measur ing surface ten- 
sions was generated when his first paper 4s, which 
forms the basis of his present one, appeared. 

There  is some similar i ty  between his technique and 
that used recent ly  at the Columbus Laboratories  of 
Battel le  Memoria l  Inst i tute  49,~9 to de termine  the suz- 
face tension of react ive materials.  Chromous iodide 49 
and boron tri iodide 59 have been al lowed to r ise in 0.02 
to 0.2-cm ID capi l lary tubes in evacuated quartz or 
Py rex  containers. The l iquid surface tension, ~Lv was 
determined f rom the capi l la ry- r i se  height, h, using 
the capi l lary-r ise  equat ion 

gpLrh 
"gLV ~ 

2 cos 0 

47 Ba t t e l l e  M e m o r i a l  I n s t i t u t e ,  505 K}ng A v e n u e ,  C o l u m b u s ,  Ohio  
43201. 

4s j .  C. B i e r y  a n d  & N. Oblak ,  Ind. Eng. Chem. Fundamentals, 
5, 121 (1966). 

~'~ C. M. J ackson ,  B. C. Al len ,  and  R. D. Gre tz ,  U n p u b l i s h e d  
work .  See also Ph.D.  d i s s e r t a t i o n  by  C. M. J ackson ,  The Ohio  
S t a t e  U n i v e r s i t y  (1966). 

s0 p .  D. O w n b y  a n d  IR. D. Gre tz ,  Sur]ace Science, To be p u b -  
l i shed .  See also Ph.D.  d i s s e r t a t i o n  by  P. D. O w n b y ,  the  Ohio  S ta te  
U n i v e r s i t y  (1967L 
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J .7---Liquid level 

Fig. I. Schematic diagram of capillary and height of rise 
measured to determine surface tension. 

where  g ---- 981 cm/sec  2, PL ~ l iquid density, r ---- capi l-  
l a ry  radius, and o ----- contact angle (Fig. i ) .  

In  the case of CrI2, where  the quartz  v iew window 
was clouded, h was measured  by radiographic me th -  
ods. In the case of BI3, h could be v iewed and mea-  
sured direct ly and /o r  photographed. Both contact 
angles used in Eq. [1] were  de termined  indepen-  
dent ly by the sessi le-drop method in vacuo. In an 
a t tempt  to compare  the results of the two techniques,  
a photograph s0 of the 0.052-cm ID capi l lary contain-  
ing BI3 was enlarged, and the Biery technique ap- 
plied to the meniscus shape.bl Al though the photo-  
graph was grainy, a modification of the technique 
described was reported to correlate  favorably  51 wi th  
the surface- tension value  obtained by the capi l lary-  
rise technique. However ,  the contact angle determined 
by the Biery technique was 52 ~ The sessi le-drop 
method yielded a contact angle less than 5 ~ and 
0 ~ was used in the capi l lary-r ise  calculation 

In an a t tempt  to resolve this discrepancy, the ques- 
tion of cap i l l a ry-d iamete r  measurement  arose. It was 
found that  d iameter  measured by v iewing through 
the capi l lary wal l  was somewhat  larger  than that  
measured f rom the capi l lary cross section. That  is, 
a magnification effect enlarged the apparent  capi l lary 
d iameter  when viewed through the capillary. This 
same effect distorted the apparent  meniscus shape, 
so that  the angle obtained by smoothing or ex t rap -  
olation to the wal l  was consistently larger  than the ac- 
tual  value. This can be seen by refer r ing  to Biery 's  
data 4s on water,  where  " the sine of the outside angle 
at contact" r or the cosine of the contact  angle 0 (see 
Fig. 1) was between 0.50 and 0.65. This gave a contact 
angle of 30~ ~ . The contact angle for wa te r  in pre-  
l iminary  exper iments  using the capi l lary-r ise  tech-  
nique was found t o  be ~0~ 50 Using a zero contact 
angle, the surface tension of wa te r  by capi l lary-r ise  
was found to correlate  wi th  the accepted value  of 72 
dynes /cm at 25~ 52 

Biery 's  method of photographing meniscus shapes 
through a glass tube inaccurately determines  the con- 
tact angle, and the shape itself appears distorted 
because of the lens effect. Because the lens effect is one 
dimensional,  no distortion of the capi l lary-r ise  height  
is exper ienced in ei ther  photographing or rad iograph-  
ing the liquid. Therefore,  Biery 's  complex calculations 
seem to have l i t t le  advantage  over  the more s t ra ight -  
forward  and rel iable capi l lary-r ise  technique.  

In his present  paper, Biery has presented surface-  
tension results on alloys that  have not been studied 
previously. Except  for one capi l lary-r ise  value, there  
are no standards wi th  which to compare  his e leva ted-  
t empera tu re  results. Since surface contours of a 
solidifying meta l  distort by differential  contract ion 
or expansion, curva ture  measurements  based on so- 
lidified metals  are not recommended.53 In fact, the 
resul t ing surface tensions can be 50-70% low. s4 In 
spite of the methods presented for a rb i t ra ry  ma the -  
matical  selection of solidified menisci, the val id i ty  
of the repor ted  surface tensions appears questionable.  

~z j .  C. B i e r y ,  P r i v a t e  c o m m u n i c a t i o n .  
G ~ " H a n d b o o k  of  C h e m i s t r y  a n d  P h y s i c s , "  3 2 n d  ed., p. 1815, 

C. D.  H o d g m a n ,  Ed i to r .  T h e  C h e m i c a l  R u b b e r  P u b l i s h i n g  Co., 
C l e v e l a n d ,  Oh io  (1950). 

~ W .  D.  K i n g e r y ,  " P r o p e r t y  M e a s u r e m e n t s  a t  H i g h  T e m p e r a -  
t u r e s , "  p. 376, J o h n  W i l e y  & S o n s  Inc . ,  N e w  Y o r k  (1959). 

~ W. D.  K i n g e r y  a n d  M. H u m e n i k ,  J r . ,  J. Phys.  Chem., 57, 359 
(1953),  

D e c e m b e r  1967 

It seems as though the results would be grea t ly  en- 
hanced by (a) corre la t ion wi th  a meta l  of known 
surface tension, using similar  exper imenta l  techniques;  
(b) measurements  on unal loyed cer ium to provide  
base- l ine surface- tension data for  the alloys; and (c) 
correlat ion wi th  radiographs taken  with  the alloy 
liquid. 

The computat ional  method is presented as being 
capable of de termining contact angle  as wel l  as sur-  
face tension. In the capi l lary-r ise  resul t  presented 
for 57.7 w / o  Pu-9.4 w / o  Co-32.8 w / o  Ce, a contact 
angle of 0 ~ was assumed. It  would be enl ightening 
to see an explici t  comparison be tween  the assumed 
value and that  observed and /o r  calculated f rom 
menisci shape. 

It appears that  the "usual  methods of de termining  
surface tension" would  be applicable to p lu ton ium 
alloys. For  example,  a s imple technique could in- 
volve the capi l lary-r ise  method 49.50 in an inert  a t -  
mosphere,  since a nonreact ive  capi l lary  material ,  t an-  
talum, is available. Smal l -d iamete r  tan ta lum capil-  
laries could be tack welded to the inside of the tube 
containing the alloy. When melted, the alloy would  
form a reservoir  on the bottom and rise up the tubes. 
A radiograph at ~ t empera tu re  would  provide  an ac- 
curate  measure of capi l lary-r ise  height. Values of 
the height  from radiographs in the solidified alloy 
could then be cal ibrated and used for most of the 
determinations.  

J.  C. Biery:  The  surface tension generat ion tech- 
nique as outl ined in footnote 55 was applied by the 
author  to the BI~ meniscus of Ownby and Allen. 
However ,  the method was found to be unworkab le  
wi th  such a meniscus formed in a capi l lary rise ex-  
per iment  where  the meniscus rise height  was very  
small  as compared to the capi l lary  rise itself. The 
shape of the meniscus did not va ry  sufficiently wi th  
changes in surface tension in this case to overcome 
the inaccuracies and distortions involved in photo-  
graphing the meniscus. 

The technique that  was uti l ized was a new one 56 
which the author  der ived by assuming a ma themat i -  
cal form for local sections of the meniscus. P a r a m -  
eters in the assumed equations, when uti l ized wi th  
the Laplace-Young equation and physical  data f rom 
the meniscus, generated surface tensions as a func-  
tion of radius. An  interest ing resul t  f rom this de-  
ve lopment  was that  sin0, where  0 was the angle 
between a horizontal  line and a line tangent  to the 
meniscus curve, was a l inear  function of the radius 
when  the capi l lary rise was many  times greater  than 
the height  of the meniscus. Thus, in principle, the 
contact angle at the wal l  of a capi l lary rise exper i -  
ment  could be obtained by making  a l inear  ex t rap -  
olation of the sin8 data obtained f rom a photo-  
graph of the meniscus. This procedure was fol lowed 
with the BI3 meniscus of Ownby and Allen, and the 
sine at the wal l  was found to be 0.62 and 0 to be 
38 ~ (the contact angle as normal ly  defined was then 
52~ 

As indicated by the communicat ion of Ownby and 
Allen, the 52 ~ angle did not agree wi th  the 5 ~ angle 
that  they measured f rom sessile-drops. Three  possibil-  
ities exist to explain the discrepancy. (A) The actual  
contact angle in the capi l lary  tube was not the same 
as the sessi le-drop contact angle. The change in angle 
could resul t  f rom impuri t ies  and contaminat ion on 
the inside of the capillary. In capi l lary rise exper i -  
ments, the contaminat ion of the inside surface is a 
common malady.  (B) The distortion f rom the cur-  
va ture  of the glass tube in a small  capi l lary may  
have made the photograph unusable for  de te rmi -  
nat ion of the sine versus radius curve. (C) In the 
work  done in footnote 55 and the present  article, 
the menisci were  magnified approximate ly  20x whi le  

~ J .  C. B i e r y  a n d  J .  N.  O b l a k ,  Ind. Eng. Chem. Fundamentals ,  
5, 121 (1966). 

~G j .  C. B i e r y ,  M a n u s c r i p t  in  p r e p a r a t i o n .  
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the BI3 capi l lary meniscus had to be enlarged 260x. 
The large magnification definitely produced addit ional  
uncertainty.  In the BIn case, there was rio posit ive 
check as to which of the three possibilities was caus- 
ing the disagreement.  Possibly, all factors were  con- 
tr ibuting.  Fu r the r  work  wi th  l iquids of known sur- 
face tension is requi red  to define the causes for dis- 
agreement  be tween the two contact angle procedures. 

Distortion near  the tube wal l  was very  evident  
in the photographs of the wate r  and mercury  menisci  
formed in glass tubes which were  analyzed and re-  
ported in footnote 55. Because of this distortion, as 
noted in that  paper, the full  meniscus up to the wal l  
could not be utilized. As a result, sin0 at the out-  
side of the meniscus section studied was not the sine 
of the tangent  angle at the wall. Therefore,  the s ta te-  
ment  made by Ownby and Al len  about water  contact 
angles at the wal l  has no val id i ty  since contact angles 
at the wal l  were  not  de termined  in the work  pre-  
sented in footnote 55. Also, in that  work  the sin~ 
data could not be l inear ly  ext rapola ted  to the wal l  
since the capil lary rise was small  as compared to the 
rise in the meniscus. 

The comments  of Ownby and Al len  concerning the 
use of the solidified menisci and the possible distor- 
tions involved  are wel l  taken. The procedure  devel -  
oped in footnote 55 and used in the paper under  
question was designed to detect distortion. Sti l l  the 
possibility exists that  distortion which changed the 
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meniscus to another  mathemat ica l ly  consistent menis-  
cus shape would  not be detected by the procedure. To 
check data f rom this procedure,  data f rom other 
methods cer ta inly are necessary. However ,  because 
of the check with  the one capi l lary rise experiment ,  
and also because  of the fine agreement  of the sur-  
face tensions of the same alloy in containers  of dif-  
ferent  diameters  whe re  distortion effects should have  
been considerably different, the author  believes that  
the data presented for Pu -Co-Ce  and Co-Ce do give 
good indications of the surface tensions of the alloys 
at the i r  f reezing points. 

In reference to their  comment  about use of radio-  
graphs of the liquid, some work  wi th  radiographs 
of l iquid menisci has been done. The menisci in all 
cases were  too fuzzy to produce good data wi th  this 
technique. To be successful, ve ry  sharp radiographs of 
the meniscus must  be made. 

Ownby and Al len  raised the question of contact 
angles for the Pu-Co-Ce  and Co-Ce alloys. Both al-  
loy systems completely  wet  the insides of the cap-  
sules above the meniscus. This creeping phenomenon 
would indicate a 0 ~ contact angle at the wall. Also, 
the computat ional  method indicated sin0 ~ 1.0 or 
0 ~ wal l  contact angles for menisci analyzed. F ig-  
ures 5 and 6 of the article being considered show 
sin0 equal  to 1.0 at the outside of the 25th increment  
which in these cases was coincident wi th  the wall. 
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Rebuttal on Comments by $. Scbuldiner (Vol. 114, 916 (1967)) 

I n  a p a p e r  p u b l i s h e d  in  the  S e p t e m b e r  i ssue  of t h i s  J o u r n a l  (1), 
we p r e s e n t e d  a m a t h e m a t i c a l  ana lys i s  of the  effect  of h y d r o g e n  
a b s o r b e d  by  e lec t rode  a n d  e l ec t ro ly t e  on  the  h y d r o g e n  sur face  
cove rage  as d e t e r m i n e d  by  n o n s t e a d y - s t a t e  me thods .  U s i n g  re l i -  
ab le  e x p e r i m e n t a l  v a l u e s  of the  h y d r o g e n  d i f f u s i v i t y  and  s o l u b i l i t y  
in  p l a t i n u m ,  we  were  b o t h  able  (5) to e s t a b l i s h  s y s t e m a t i c  e r ro r s  
in  the  w i d e l y  used  c h a r g i n g  c u r v e  a nd  sweep  m e t h o d s  due  to 
t h e s e  effects,  and  (it) to  show q u a n t i t a t i v e  a g r e e m e n t  b e t w e e n  
p r e d i c t i o n s  of our  ana ly s i s  a n d  o the r  w o r k e r s '  m e a s u r e m e n t s  of 
su r face  cove rage  on p l a t i n u m .  In  a c o m m e n t  p u b l i s h e d  in  the  same  
issue o f  t he  J o u r n a l ,  S. S c h u l d i n e r  a t t a c k e d  ou r  ana ly s i s  on a 
v a r i e t y  of po in ts .  We p r e s e n t  n o w  a p o i n t - f o r - p o i n t  r e p l y  to those  
c o m m e n t s  in  suff ic ient  d e t a i l  such  as to p r e v e n t  a ny  a m b i g u i t y  
f r o m  e x i s t i n g  w i t h  respec t  to our  work .  

We quo te  our  c r i t i c  on h i s  m a j o r  ob jec t ions .  
1. " S l o w  phase  b o u n d a r y  r eac t ions  c a n n o t  be i g n o r e d  for  s tud -  

ies  of t he  p e r m e a t i o n  r a t e s  of  h y d r o g e n  t h r o u g h  m e t a l s . "  
2. " B e n D a n i e l  and  Wi l l  c a n n o t  a s sume  t h a t  s low phase  b o u n d a r y  

reac t ions  did  no t  affect  the  H p e r m e a t i o n  ra te  f o u n d  by Ve t t e r  a n d  
K n a a e k ,  or t h a t  the  Ver ie r  a n d  K n a a e k  P t  e lec t rode  was  c l ean . "  

3. " O n  a c lean  P t  su r face  h y d r o g e n  d i f fus ion  t h r o u g h  P t  is  
i m m e a s u r a b l e . "  

4. " B e n D a n i e l  a n d  Wi l l  con fuse  t he  issue of  e lec t rode  c l ean l ines s  
a n d  a c t i v i t y  for  h y d r o g e n  p e r m e a t i o n . "  

5. " T h e  a s s u m p t i o n  used  by B e n D a n i e l  a nd  Wi l l  t h a t  the  ra te  of 
d i f fus ion  t h r o u g h  a P t  e l ec t rode  is d e p e n d e n t  on the  squa re  roo t  
of the  h y d r o g e n  p a r t i a l  p r e s su re  in  the  gas  phase  above  the  so lu-  
t i on  is n o t  a p p l i c a b l e  to a po l a r i zed  e l ec t rode . "  

6. " . . .  t he  s o l u b i l i t y  a nd  d i f fus ion  coeff icients  fo r  h y d r o g e n  in  
P t  by  B e n D a n i e l  a n d  Wi l l  a re  m u c h  l a rge r  t h a n  w o u l d  be reason-  
ab ly  e x p e c t e d . "  

In  s u m m a r y  of  our  c o m m e n t s  to  be p r e s e n t e d  be low,  we  f ind  t h a t  
the  o v e r w h e l m i n g  e v i d e n c e  in  the  l i t e r a t u r e  e s t ab l i shes  the  in-  
a p p l i c a b i l i t y  of each  of these  c r i t i c i sms .  

1. R e g a r d i n g  h i s  f i rs t  a nd  m a i n  ob jec t ion ,  t h a t  s low phase  b o u n d -  
a r y  r eac t i ons  c a n n o t  be  i g n o r e d  in  H p e r m e a t i o n  s tudies ,  our  
c r i t i c  c i tes  on ly  a s ing le  r e fe rence  (2), a n d  t h i s  s ing le  r e fe rence  is 
m i s i n t e r p r e t e d .  1 On  t he  o t h e r  hand ,  we w i s h  to p o i n t  ou t  t h a t  t he  
fas t  r a te  of phase  b o u n d a r y  r eac t i ons  on clean,  a c t i v e  p l a t i n u m  
e lec t rodes  has  been  we l l  d o c u m e n t e d  (3-10). These  ra tes  are  by  3 
to  5 o rders  of m a g n i t u d e  l a r g e r  t h a n  the  p e r m e a t i o n  ra tes  of I-I 
t h r o u g h  P t  f o u n d  by  Ver i e r  a nd  g n a a c k  and  o t h e r  au tho r s .  Thus ,  
B o d e n s t e i n  (11) f o u n d  a p e r m e a t i o n  ra te  of l . l . 1 0 - m  moles  H / c m /  
s ee  at  40~ V e r i e r  a n d  K n a a c k  (12) f o u n d  6.6.10 -I3 a t  25~ and  
G i l e a d i  et  al. (13), on P t  i n t e n t i o n a l l y  po i soned  w i t h  AscOt, f o u n d  
a ra te  of 3.5.10-!4 a t  70~ Note  t h a t  the  c u r r e n t  dens i ty ,  e q u i v a l e n t  
to  a p e r m e a t i o n  r a t e  of 6.6.10 - 2  mo les  H / c m / s e c  is on ly  22 ~ a / c m  2 
fo r  a 30~ t h i c k  P t  fo i l  (12), w h i l e  the  e q u i l i b r i u m  ra t e s  of the  H 
d i s cha rge  and  the  He d i s soc i a t i on  on ac t ive  P t  are  s e ve ra l  h u n d r e d  
m i l l i a m p e r e s  pe r  squa re  c e n t i m e t e r  (3-6) a nd  s eve ra l  m i l l i a m p e r e s  
per  squa re  c e n t i m e t e r  (7-9), r e spec t i ve ly .  I t  i s  e v i d e n t  f r o m  a corn- 

1 I t  suffices to say  t h a t  A s h  a n d  B a r r e r  (2) p r e s e n t  a t h e o r y  in  
w h i c h  t h e y  m e r e l y  show h o w  t he  p e r m e a t i o n  r a t e  w o u l d  he af-  
f ec ted  if  p h a s e  b o u n d a r y  r e a c t i o n s  were  slow. 

pa r i son  of  these  n u m b e r s  t h a t  for  ac t ive  sur faces  the  d i f fus ion  of 
H t h r o u g h  P t  so le ly  d e t e r m i n e s  the  o v e r - a l l  p e r m e a t i o n  ra te ,  i .e . ,  
phase  b o u n d a r y  r e a c t i o n s  h a v e  no effect  on the  p e r m e a t i o n  ra te .  

F u r t h e r m o r e ,  t he re  is a m p l e  e x p e r i m e n t a l  e v i d e n c e  tha t ,  even  
for  the  H - P d  sys t em w i t h  i t s  l a rge  p e r m e a t i o n  ra tes  [4.10 -'a (14) to  
1.2-10 -s {15) a n d  1.6-10 -s (16) mo le s  H / s e c / c m ,  i .e . ,  a b o u t  4 o rde r s  
of m a g n i t u d e  l a r g e r  t h a n  for  H - P t ] ,  the  effect  of phase  b o u n d a r y  
r eac t i ons  has  been  success fu l ly  e l i m i n a t e d ,  for  example ,  by  "ac t i -  
v a t i o n "  of  the  su r face  b y  o x i d a t i o n  a n d  s u b s e q u e n t  r e d u c t i o n  (17). 
Neve r the l e s s ,  w i t h  such  h i g h  p e r m e a t i o n  rates ,  as for  H-Pd ,  one  
has  to  be  ca re fu l  to  o b t a i n  r e su l t s  w h i c h  are f ree  of  t he  effects  of  
the  processes  o c c u r r i n g  on t he  phase  b o u n d a r y  or  in  the  e lec t ro-  
lyte.~ 

2. W i t h  r e g a r d  to  ou r  c r i t i c ' s  second  asser t ion ,  w e  can v e r i f y  in  
a s t r a i g h t f o r w a r d  and  w e l l - k n o w n  w a y  t h a t  the  H - p e r m e a t i o n  ra te  
f o u n d  by Vet te r  a n d  K n a a c k  (12i was  i n d e e d  no t  a f fec ted  by  s low 
phase  b o u n d a r y  reac t ions .  The  p e r m e a t i o n  t r a n s i e n t s  o b t a i n e d  by  
these  a u t h o r s  u n i q u e l y  m e e t  the  two  suff ic ient  c r i t e r i a  fo r  d i f fus ion  
t h r o u g h  t he  m e t a l  as d e t e r m f n i n g  the  o v e r - a l l  p e r m e a t i o n  ra te ,  i .e . ,  
(i) the  d i f fus ion  d i s t ances  ( m e m b r a n e  th i cknesses )  are p r o p o r t i o n a l  
to the  square  roo t  of  the  d i f fus ion  t imes ,  and  (it) the  s t e ady -  
s ta te  p e r m e a t i o n  ra tes  are i n v e r s e l y  p r o p o r t i o n a l  to the  d i f fu s ion  
d i s t ances .  

I n c i d e n t a l l y ,  we  d id  no t  a s s u m e  in  our  ana lys i s ,  as asser ts  our  
cr i t ic ,  t h a t  . the  P t  e lec t rode  of  Ve t te r  and  K n a a c k  was  p a r t i c u -  
l a r ly  " c l e a n . "  The  0.12v s lope on the  p o l a r i z a t i o n  s ide of  t h e i r  
e l ec t rode  s ignif ies  t h a t  H2 d i f fus ion  in  the  e l e c t ro ly t e  was  no t  r a te  
d e t e r m i n i n g ;  in  fact ,  i t  shows  t h a t  the  H+ d i s cha rge  d e t e r m i n e d  
the  ra te  of  the  h y d r o g e n  e v o l u t i o n  on t h e i r  P t  e lec t rode.  H o w e v e r ,  
s ince the  ra te  of  H d i f fu s ion  t h r o u g h  P t  was  m u c h  s lower  t h a n  a n y  
of the  processes  on  t he  p o l a r i z a t i o n  s ide ,  t he  q u e s t i o n  w h i c h  one  
of  these  d e t e r m i n e d  the  ra te  of H2 e v o l u t i o n  is i r r e l e v a n t .  More-  
over ,  w h i l e  the  P t  e l ec t rode  of Ve t t e r  a n d  K n a a c k  was  no t  v e r y  
" a c t i v e , "  i t  was  c lean  e n o u g h  to  e s t a b l i s h  the  r e v e r s i b l e  h y d r o g e n  
po ten t i a l .  

3. We n o w  conce rn  o u r s e l v e s  w i t h  ou r  c r i t i c ' s  t h i r d  c la im,  t h a t  
no H p e r m e a t e s  t h r o u g h  c lean  P t  or  t h a t  the  su r face  ha s  to  be  
po i soned  to  obse rve  p e r m e a t i o n .  We f ind t h a t  c o n t r a r y  to  h i s  
c la im,  i t  was  no t  d e m o n s t r a t e d  in  the  two  re fe rences  c i t ed  by  h i m  
(13, 19) t h a t  the  su r faces  were  f ree  of adso rbed  i m p u r i t i e s ,  i .e . ,  
clean.  Hence,  we  are  i n c l i n e d  r a t h e r  to accep t  the  e v i d e n c e  of t he  
o v e r w h e l m i n g  m a j o r i t y  of i n v e s t i g a t o r s  w h o  were  able  to  d e m o n -  
s t ra te  H p e r m e a t i o n  in to  P t ,  w i t h o u t  f i n d i n g  i t  necessa ry  to po i son  
t h e i r  P t  sur faces  i n t e n t i o n a l l y  (11, 12, 20-23) [ compare  also S m i t h  
(24) and  more  r e f e rences  c i ted  the re ] .  

P a r e n t h e t i c a l l y ,  in  a l a t e r  p a p e r  (25) our  cr i t ic  h i m s e l f  p r o v i d e d  
c o n v i n c i n g  e x p e r i m e n t a l  ev idence  t h a t  h y d r o g e n  is a b s o r b e d  by  

~Thus ,  S c h u l d i n e r  e t  al.  (18) o b t a i n e d  p e r m e a t i o n  da ta  w h i c h  
are  a b o u t  an  o rde r  of m a g n i t u d e  l o w e r  t h a n  those  by  Wicke  et  al. 
(15) a n d  B a r r c r  ( i6)  a n d  w h i c h  f a i l  to show the  i n v e r s e  p r o p o r t i o n -  
a l i t y  b e t w e e n  p e r m e a t i o n  r a t e  a n d  m e m b r a n e  t h i c k n e s s  cha rac t e r -  
i s t ic  for  s low d i f fus ion  t h r o u g h  the  solid.  Indeed ,  L a P i e t r a  (14) 
s h o w e d  t h a t  S c h u l d i n e r ' s  d a t a  w e r e  a f fec ted  by  s low t r a n s p o r t  of 
the  ce r ic -ce rous  coup le  i n  so lu t ion .  



1272 J. Electrochem. Soc.: ELECTROCHEMICAL SCIENCE D e c e m b e r  1967 

P t  w h o s e  su r face  was  p r o v e n  to be  c lean  b y  s h o w i n g  H c o v e r a g e  
to the  e x t e n t  of a fu l l  m o n o l a y e r .  In  fact ,  i t  was  t h i s  v e r y  p a p e r  we 
u sed  to v e r i f y  success fu l ly  our  ana lys i s .  C o n v e r s e l y ,  the  fac t  t h a t  
the  e x p e r i m e n t a l  r e su l t s  f o l l o w  the  p r e d i c t i o n s  of our  d i f fus ion  
ana ly s i s  for  c u r r e n t  dens i t i e s  f r o m  0.78 to 203 m a / c m  ~ is c lear  
e v i d e n c e  in  i t se l f  t h a t  H d i f fu s ion  in to  c lean  P t  occurs  a n d  t h a t  
phase  b o u n d a r y  r eac t ions  are no t  r a te  d e t e r m i n i n g  in  t h i s  r a n g e  of 
cur ren t s .  

Last ,  i t  is also i n t e r e s t i n g  to  no te  t h a t  w i t h  h i s  t h i r d  a s se r t ion  
our  c r i t i c  d i r ec t l y  r e fu t e s  own  s t a t e m e n t s  in  the  m e n t i o n e d  p a p e r  
(25) in  w h i c h  he wr i t es ,  a n d  we  quote ,  " t h a t  p l a t i n u m  e lec t rodes  
in  su l fu r i c  ac id  so lu t i on  can abso rb  c ons ide r ab l e  q u a n t i t i e s  of oxy -  
gen  and  h y d r o g e n . "  

4. Our  c r i t i c  s ta tes  t h a t  we  " c o n f u s e  e lec t rode  c l ean l ines s  and  
a c t i v i t y  for  H p e r m e a t i o n . "  H o w e v e r ,  e s t a b l i s h e d  v i e w s  of p e r m e -  
a t i on  a n d  a d s o r p t i o n  c lea r ly  f a v o r  such " c o n f u s i o n . "  I t  is w e l l  
d o c u m e n t e d  t h a t  (i) a d s o r p t i o n  is a p r e r e q u i s i t e  for  p e r m e a t i o n  
(26), and  {ii) c o m m o n l y  adso rbed  i m p u r i t i e s  i n t e r f e r e  w i t h  H ad-  
so rp t i on  (10). In  o the r  words ,  the  c leaner  and  m o r e  ac t ive  the  P t  
e lec t rode ,  the  m o r e  i t  w i l l  f a v o r  H p e r m e a t i o n .  

F u r t h e r ,  we  f ind our  c r i t i c ' s  c l a im  " t h a t  f o r  c lean  P t  e lec t rodes  
w i t h  h i g h  a c t i v i t y  for  H2 e v o l u t i o n ,  the  H - p e r m e a t i o n  is n e g l i g i b l e "  
p l a i n l y  i n c o m p a t i b l e  w i t h  a l a t e r  s t a t e m e n t  in  the  same  C o m m e n t s  
" t h a t  the  a tomic  h y d r o g e n  a c t i v i t y  on t he  . . . e l ec t rode  su r face  is 
the  p r i m a r y  fac to r  c o n t r o l l i n g  the  r a t e  of so lu t i on  a nd  m i g r a t i o n  
of H t h r o u g h  the  m e t a l . "  

5. Our  c r i t i c  a lso be l i eves  t h a t  we  set  t he  ra te  of H d i f fus ion  
t h r o u g h  P t  p r o p o r t i o n a l  to  the  squa re  roo t  of the  He p a r t i a l  pres-  
sure  above  t he  so lu t i on  and  a r g u e s  t h a t  we  s h o u l d  h a v e  used  the  
"e f f ec t ive  He p a r t i a l  p r e s s u r e "  ins tead .  Bu t ,  in  fact ,  t h i s  is e x a c t l y  
w h a t  we  h a v e  done  (compare  Eq. [3a] a nd  [4] in  our  analysis}.~ 

6. Our  cr i t ic  s ta tes  t h a t  our  v a l u e s  for  t he  d i f f u s i v i t y  {3-10-s 
cm~/sec) a n d  s o l u b i l i t y  2.2.10-5 mo les  H/cm~) d e r i v e d  f r o m  Vet-  
te r  and  K n a a c k  (12) are " m u c h  l a rge r  t h a n  w o u l d  be  r e a s o n a b l y  
e x p e c t e d . "  

Aga in ,  he  bases  th i s  o p i n i o n  on two  o b v i o u s l y  i~napplicable s tud-  
ies w h i l e  no t  q u o t i n g  the  w o r k  of a l a r g e r  n u m b e r  of i n v e s t i g a t o r s  
whose  v a l u e s  aye c o m p a r a b l e  w i t h  ours.  Our  c r i t i c  quo te s  da t a  ob- 
t a i n e d  by  S i e v e r t s  (27) a t  t e m p e r a t u r e s  b e t w e e n  409 ~ a n d  1342~ 
If  one w o u l d  e x t r a p o l a t e  f i i e v e r t ' s  date ,  one  w o u l d  f ind a s o l u b i l i t y  
of 10 -1G moles  H/cm3 at  25 ~ (and 10 - l i  a t  70~ These  v a l u e s  are 
c l ea r ly  m u c h  too low to be reasonable .  In  fact ,  t h e y  are  by  3 
o rders  of m a g n i t u d e  lower  t h a n  e v e n  the  v a l u e s  o b t a i n e d  in  t he  
second s tudy ,  q u o t e d  by  ou r  c r i t i c  (13), w h i c h  was  done  on P t  
i n t e n t i o n a l l y  po i soned  by  As._,Oa. Obv ious ly ,  we  f a v o r e d  the  v a l u e s  
of Ve t t e r  a n d  K n a a c k  w h i c h  were  o b t a i n e d  on P t  t h a t  e s t a b l i s h e d  
the  r e v e r s i b l e  h y d r o g e n  po ten t i a l .  F u r t h e r m o r e ,  Ve t t e r ' s  p e r m e -  
a t i on  ra tes  a t  25~ agree  we l l  w i t h  da ta  of B o d e n s t e i n  ( i l l  w h o  
f o u n d  ra tes  tw ice  as  l a rge  a t  40~ Also,  ca re fu l  s t ud i e s  by  G r a h a m  
~20) and  T h i e l  e t  al. (21} r e s u l t  in  so Iub i l i t i e s  of  4.9.10-~ and  
7.9-10-~ mo le  H / c m  ~ bo th  a t  25~ The i r  P t  e lec t rodes  had  been  
t h o r o u g h l y  ou tgas sed  b y  h e a t i n g  in  vacuo ,  t h e n  c a thod i e a l l y  po la r -  
ized  for  s eve ra l  hours ,  a nd  f ina l ly  h e a t e d  in  v a c u o  a g a i n  to  re-  
m o v e  and  m e a s u r e  al l  of the  a b s o r b e d  h y d r o g e n .  If, as our  c r i t i c  
r e c o m m e n d s ,  one app l i e s  G i l e a d i ' s  et  aL (13) f i nd ing  t h a t  on ly  
5-15% of t h i s  h y d r o g e n  is " f r ee  to m o v e "  at  o r d i n a r y  t e m p e r a t u r e s ,  
the  so lub i l i t i e s  of m o b i l e  h y d r o g e n  in  G r a h a m ' s  a nd  Th i e l ' s  s tud ie s  
w o u l d  be 2.4.10-5 to 1..2.10-~ moles  H/cmS. The  lower  of these  
v a l u e s  ag rees  v e r y  we l l  w i t h  V e t t e r ' s  va lue .  

F ina l l y ,  the  d i f f u s i v i t i e s  of h y d r o g e n  in  m e t a l s  in  gene ra l  m a k e  
i t  c lear  t h a t  our  v a l u e  for  the  d i f f u s i v i t y  in  P t  is we l l  in  order .  
Thus ,  by  e x t r a p o l a t i o n  of E i c h e n a u e r ' s  et aL da ta  o b t a i n e d  be- 
t w e e n  200" and  90O~ we  f ind H d i f fu s iv i t i e s  of 2.4.10 -~ cm~/sec 
fo r  A1 (28), 1.0.10-5 for  a - F e  (20), 2.3.10-~ for  Cu (28), 9.8.10-'J for  

One could,  h o w e v e r ,  a r g u e  t h a t  the  use of a s q u a r e  roo t  re la-  
t i o n s h i p  in  i t se l f  is no t  a good  a p p r o x i m a t i o n  in  the  l i m i t i n g  case 
of l a rge  su r face  coverages .  

A g  (29), and  4.5.10 -s f o r  A u  (30), a l l  a t  25~ D i f f u s i v i t i e s  of  H in  
P d  m e a s u r e d  nea r  r o o m  t e m p e r a t u r e  by  th ree  i n v e s t i g a t o r s  are 
2.4.10 -7 cm~/sec a t  37~ (10), 2.7.10 -v (16), 2.2.10 -7 (14), and  
1.6.10 -7 (15), a l l  a t  25~ 

In  conc lus ion ,  the  a s s u m p t i o n  in  ou r  d i f fus ion  ana ly s i s  t h a t  the  
ra te  of the  phase  b o u n d a r y  r eac t i ons  is  fas t  c o m p a r e d  to  the  r a t e  
of p e r m e a t i o n  in to  the  m e t a l  is f u l l y  j u s t i f i ed  in  t he  case of hy -  
d r o g e n  d i f fu s ing  in to  c lean p l a t i n u m  and  b e y o n d  tha t ,  is expec ted  
to ho ld  in  a v a r i e t y  of o the r  cases. The  v a l u e s  b y  V e t t e r  a n d  
K n a a c k  on the  d i f f u s i v i t y  a n d  s o l u b i l i t y  of h y d r o g e n  in  p l a t i n u m ,  
w h i c h  we  use  in  ou r  ana lys i s ,  a re  v a l i d  a n d  re l iab le .  T h e y  w e r e  
c lea r ly  o b t a i n e d  u n d e r  c o n d i t i o n s  of d i f fus ion  con t ro l  t h r o u g h  the  
p l a t i n u m .  These  v a l u e s  compa re  f a v o r a b l y  w i t h  v a l u e s  ob t a ined  by 
o the r  a u t h o r s  on p l a t i n u m  and  on a v a r i e t y  of o the r  meta l s .  Our  
q u a n t i t a t i v e  i n t e r p r e t a t i o n  of r e c e n t  t r a n s i e n t  m e a s u r e m e n t s  on 
e v i d e n t l y  c lean  P t  e lec t rodes ,  based  on the  s i m p l e  a n d  sole process  
of d i f fus ion ,  is suff ic ient  p roo f  in  i t se l f  fo r  the  a p p l i c a b i l i t y  of our  
analys is .  We fee l  t h a t  the  b u r d e n  of p r o v i n g  o t h e r w i s e  now fa l l s  
on t he  p r o p o n e n t  of the  u n u s u a l  h y p o t h e s i s  of " d e r m a s o r p t i o n "  
w h i c h  has  r e c e n t l y  been  i n v o k e d  (31). 
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Hydrogen Evolution on Single Crystal GaAs Electrodes 
Kathleen D. N. Brummer 
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ABSTRACT 

Hydrogen  evolut ion f rom 0.1N HC104 at 23~ on the Ga (111) and As 
(111) faces of single crystals of GaAs has been studied using cur ren t -poten t ia l  
curves, differential  capacity measurements  and anodic charging curves. The 
i r reproducible  results f requent ly  found are shown to be the resul t  of surface 
corrosion, and it is shown that  great  care must  be taken to preserve  the 
crystal  surface. A freshly etched and washed electrode can be taken f rom 
--1.2v to --0.3v (vs. RHE),  and reproducible  hydrogen evolut ion measurements  
can be obtained at both Ga and the As faces. Current -potent ia l  curves on the 
Ga face show two regions: posit ive to ~ --0.6v (vs. RHE) the current  is al- 
most independent  of the potential;  negat ive  to , - - - -0 .6v,  Tafel  behavior  is 
found with  a slope of 180-200 my/decade ;  n - type  and p- type  electrodes show 
similar behavior,  and there  are no photoeffects. 

Differential  capacities on the Ga face indicate substantial  space charge effects 
at potentials posit ive to --0.7v, but suggest degeneracy at more negat ive poten-  
tials. A substantial  f requency dispersion is found in the range 0.5-20 kHz and 
is shown to originate f rom surface states. The var ia t ion of the surface state 
contr ibution with potential  suggests that some of them arise from adsorbed 
hydrogen. After  al lowance for space charge effects, made f rom the differential  
capacity data, the Tafel  slope for the react ion in the region above --0.6v is 
shown to be --~2 RT/F .  

Anodic charging curves show a change f rom high to low hydrogen cover-  
age at ~0.7v. 

It is suggested that  the react ion path is discharge (H + + e'--> Hads) fol-  
lowed by recombinat ion (2Hads--> H.2) where  discharge is ra te  l imit ing over  
the range investigated,  --0.4 to --1.2v. This mechanism is quant i ta t ive ly  con- 
sistent wi th  all the exper imenta l  data. 

The object  of the work  repor ted  in this series of 
papers was to invest igate  the hydrogen evolut ion re-  
action on a number  of single crystal  I I I -V semicon- 
ductors wi th  a view to unders tanding the propert ies 
of the electrode mater ia l  which determine  the kinetics 
of electrochemical  processes. 

The hydrogen evolut ion reaction was chosen for this 
study, par t ly  because of its re la t ive  simplici ty and 
par t ly  because it should be possible to study it on 
these electrode mater ia ls  wi thout  undue  competi t ion 
f rom corrosion reactions. I I I -V semiconductors,  e.g., 
gall ium arsenide, were  chosen for this purpose be-  
cause of their  unusual  crystal  structure.  Gal l ium 
arsenide, a typical  I I I -V semiconductor,  crystall izes 
in the zinc b]ende structure,  so that  each atom is 
surrounded te t rahedra l ly  by four  atoms of the other  
kind (1). Each (111) crystal  surface comprises atoms 
of ent i re ly  one kind or the other. It  follows that atoms 
of gal l ium exposed at the arsenic surface by the re-  
moval  of the surface atoms are unstable. So too are 
atoms of arsenic exposed at the gal l ium surface by 
the remova l  of the surface atoms. This description of 
the crystal l ine propert ies of I I I -V  semiconductors is 
idealized in that  there is probably minor  surface facet-  
ing on the atomic level. Never theless  a series of I I I -V 
semiconductor  electrodes offers an opportuni ty  to com- 
pare an electrochemical  react ion at each of the (111) 
surfaces of such a compound with the same react ion 
at the surface of each consti tuent pure element.  

Because of their  unusual  structure, these compounds 
have been the subject  of a number  of investigations. 
Their  etching behavior  (2) and anodic dissolution 
(3, 4) have  been studied in detail. The hydrogen evo-  
lution react ion at the surface of single crystal  samples 
of gal l ium arsenide has been invest igated by Harvey  
(4), Pleskov (5), and Gerischer and Mattes (6). 

P leskov (5) found that  for s trongly doped mater ia ls  
there  was substant ial ly no difference in behavior  be-  
tween p- type  and n- type  electrodes. In the range 10 -4 

1 P r e s e n t  addres s :  31 Oak Hi l l  Road,  W a y l a n d ,  Massachuse t t s .  

to 5 x 10 -2 a m p / c m  2, he found Tafel  behavior  wi th  a 
slope of 0.12 v /decade  in N H2SO4. Below 10 -4 a m p /  
cm 2, he found a "knee '  which was a t t r ibuted to semi-  
conductor propert ies of the electrode. This knee was 
unstable and the H2 overpotent ia l  tended to become 
larger  wi th  t ime in this region. Considerable hysteresis  
be tween ascending and descending (cathodic) current  
regimes was reported.  

The results of Gerischer and Mattes (6) are in sharp 
contrast  to the results of Pleskov. They did find a 
l imit ing current  for H2 evolut ion on p- type  electrodes. 
This l imit ing current  increased with  i l lumination.  
These observations suggested that  the react ion con- 
sumes electrons f rom the conduction band. On n- type  
electrodes in 2N H2804, Gerischer  and Mattes found 
a Tafel slope of ~200 mv/decade .  Thus a considerable 
part  of the p.d. across the interface must be across the 
Helmholtz  double layer  ra ther  than across the space 
charge in the electrode. They were  unable to decide 
whe ther  the electron t ransfer  is ra te  limiting, how-  
ever. They found AsH3 in the gas phase during H2 
evolut ion and suggested that  the surface is saturated 
with  hydride. Cyclic vo l t ammet ry  indicated an ap- 
proximate  monolayer  of this mater ia l  (--Hads). They 
did not repor t  any hysteresis effects nor whe the r  they 
distinguished the crystal  faces. 

Harvey  (4) repor ted  considerable  hysteresis  be- 
tween  increasing and decreasing cathodic currents.  
This he a t t r ibuted to changes in surface condition. His 
cathodic curves were  obtained after  anodic polarization 
thus the hysteresis may re la te  to changes in the sur-  
face produced both by this t rea tment  and also by sub- 
sequent  t rea tment  at ve ry  cathodic potentials;  the 
lat ter  par t icular ly  on the As (111) face. Indeed, Har -  
vey  reported great  sensit ivi ty of his cathodic data to 
the anodic pret reatment .  He careful ly  distinguished 
between the Ga (111) and the As (111) faces, but  
found no difference ei ther in NaOH or in HC104. He 
also found no difference be tween  n- type  and p- type  
electrodes and, specifically, found no l imit ing current  
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for the lat ter  out to 100 m a / c m  2. With repet i t ive  
anodic-cathodic cycles, the surface condition of the 
electrode was modified such that  the hysteresis effects 
disappeared;  then, he found a Tafel  slope of 300 m y /  
decade. 

It is clear f rom the above that  considerable dis- 
agreement  and uncer ta in ty  exists about the H2 evolu-  
tion react ion on GaAs. In part icular ,  the effects of 
prior  anodic t rea tment  and of careful  orientat ion have  
not always been appreciated. Because of this uncer -  
tainty, there  is ve ry  l i t t le evidence concerning the 
mechanism of the reaction. In the present  invest iga-  
tion, it was desired to carry  out exper iments  bear ing 
these factors in mind in order to clar ify the mechan-  
ism of the reaction. This paper describes procedures 
which were  developed to invest igate  the H2 react ion 
on the faces of single crystals of GaAs while preserv-  
ing their  chemical  identities. In this context,  a detailed 
study of the mechanism of the reaction on the 
Ga (111) face was carr ied out. In a fur ther  paper  
(7), we have compared the H~ react ion on a number  of 

I I I -V semiconductor  electrodes. 

Experimental 
Electrodes.--Single crystal  samples of gal l ium ar-  

senide, cut into flat plates along the (111) crystal  sur-  
face, were  obtained f rom Monsanto Chemical  Com- 
pany, St. Louis, Missouri. The plates were about 0.5 
cm~ in area and about 0.1-0.2 cm thick, the resis t ivi ty 
of different samples was: 1.1 ohm cm and 0.0075 ohm 
cm for n - type  mater ia l  and 0.004 ohm cm for p-type.  
Each sample was soldered to the end of a steel rod, 
with which it made ohmic contact, and with the flat 
area paral le l  to the  axis of the rod. The reason for 
this was to hold the electrode ver t ica l ly  in the cell. 
The steel rod was then inserted in a glass tube, which 
was ground on the outside, and sealed at the ends with  
a tapered Teflon stopper similar to that  described in 
ref. (8). The soldered joint  be tween the rod and sam- 
ple and the edges of the sample were  sealed with  
K e l - F  wax. Only one side of the sample was therefore  
exposed to the solution. The exposed electrode sur-  
face was chemical ly  polished in a 4:3:1 mix ture  of 
distilled water ,  nitric acid and hydrofluoric acid (2) 
and then washed in distil led water.  

The cell.--Measurements were  made in a conven-  
tional, three electrode cell. The center  compar tment ,  
which contained the gal l ium arsenide electrode, was 
made so that  the ground glass tube of the electrode 
fitted through a long tube at the top of this compar t -  
ment. At  the top of this tube there  was a cup, which 
was filled with  electrolyte,  to make  an a i r - t ight  seal. 
The purpose of the long tube was to allow the elec- 
t rode to be raised and lowered in and out of the elec- 
trolyte, without  breaking  the a i r - t ight  seal. Dur ing the 
measurements  the working  electrode was clamped 
close to the Luggin capillary. The counter  electrode, a 
large plat inized wire, was separated f rom the working 
electrode by a glass frit, and a copious supply of hy-  
drogen was mainta ined in this compar tment  to ensure 
that  the  cur ren t  could be carr ied by the hydrogen re-  
action at a voltage close to the revers ib le  potential.  
This was done to ensure that  no pla t inum dissolved 
f rom the counter  electrode, as it might  have been 
plated out on the working  electrode. 

Solutions and cleaning procedures.--Measurements 
were  taken in 0.1N perchloric acid, obtained by di lut-  
ing 70% acid with  t r ip le  distil led wate r  (one dist i l la-  
t ion f rom alkaline permanganate)  at room tempera -  
ture (23 ~ ___ 2~ 

Since it was desired to measure the capacity at the 
GaAs electrode, special solut ion-cleaning procedures 
were  adopted. Each exper iment  was preceded by pro-  
longed electrolysis wi th  a platinized pla t inum elec- 
trode, and a hydrogen lift  pump was included in the 
cell. 2 By means of this, the electrolyte  was percolated 
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through pla t inum black for several  hours to remove  
adsorbable impurit ies.  This procedure was repeated 
periodical ly during the course of each experiment .  The 
pla t inum black for the lift  pump was first cleaned in 
a Soxlet  disti l lation apparatus  wi th  hydrochloric  acid 
for two days to r emove  base meta l  impuri t ies  and 
then with distil led water  for at least a week. As an 
example  of the effect of this t reatment ,  the electrode 
capacity at 10 kHz b e t w e e n - - 0 . 8 0  and --1.00v was 
20-50 ~F/cm 2 with  the lift  pump and 8 ~F /cm 2 wi th-  
out it. The reproducibi l i ty  of the capacity was 10-15% 
in any one exper iment ,  over  a period of several  days, 
and within  a factor of two between different exper i -  
ments. 

Measurement procedures.--Most of the measure-  
ments were  made potentiostat ical ly using a Wenking 
"fast rise" potentiostat.  Some exper iments  were  car-  
r ied out galvanostat ically,  and the constant current  
pulses were  obtained using a high voltage ba t te ry  
with a bank of resistors. Cur ren t - t ime  traces were  re-  
corded on a Sargent  S. R. recorder  via a high input-  
impedance amplifier. 

Capacity measurements  were  made by balancing the 
impedance of the electrode solution interface against 
a var iable  capacity and resistance in series, using a 
bridge similar  to that  described by Parsons (9). The 
galvanostat ic  circuit  was used for these measurements .  

The reference electrode was a revers ib le  hydrogen  
electrode, and the data are repor ted  with  respect  to the 
hydrogen electrode. 

The reproducibi l i ty  of the measurements  var ied 
with the circumstances of the exper iment ,  as is dis- 
cussed below. It  was found (see below) to be neces- 
sary to put the gal l ium arsenide electrode into the 
solution at a certain cathodic potential ,  and the fol-  
lowing procedure was therefore  adopted for the final 
measurements :  The cell was cleaned and assembled 
and the electrode lowered through the neck in the cell 
to a position above the electrolyte.  The cup was then 
filled with  electrolyte  to make  an air seal. Hydrogen 
was then bubbled through all three cell  compar tments  
for an hour to remove  oxygen and to bring the re fe r -  
ence electrode to the requi red  potential.  The connec- 
tions were  then made to the potentiostat,  which  was 
set at --1.20v. At this point the gal l ium arsenide elec- 
t rode was lowered into the electrolyte to its position 
near  the Luggin capillary, thus complet ing the circuit. 

Results and Discussion 
Establishment of conditions for preserving the crys- 

tal surfaces.--The hydrogen overvol tage  has been 
measured at both the gal l ium and the arsenic (111) 
surfaces of gal l ium arsenide. The measurements  taken 
ini t ial ly were  ve ry  irreproducible,  and it was observed 
that  the behavior  of the electrode was complicated by 
its corrosion. At potentials more positive t han - -0 .24v  
the electrode dissolves as an anodic current  is mea-  
sured. However ,  since this is a mixed potent ial  be- 
tween hydrogen evolut ion and electrode dissolution, 
the la t ter  process must  also occur at more negat ive  
potentials t h a n - - 0 . 2 4 v .  3 Af ter  a l lowing some elec- 
trode dissolution, a different hydrogen overvol tage  
was observed. A systematic invest igat ion was carr ied 
out of these effects. The results for the two (111) faces 
were  very  different and are discussed separately.  

e T h e  H~=lift p u m p  c o m p r i s e d  a s p e c i a l  s i d e = c o m p a r t m e n t  of  
t h e  cel l .  T h i s  c o n s i s t e d  of  a g l a s s  t u b e  (12 m m  OD) w i t h  a 
f r i l l e d  d i s k  a t  t h e  b o t t o m  c o n t a i n i n g  p l a t i n u m  b l a c k .  A n a r r o w  
g lass  t u b e  l ooped  f r o m  t h e  b o t t o m  of t h i s  c h a m b e r  a n d  r e = e n t e r e d  
i t  a t  t h e  top.  He w a s  a d m i t t e d  n e a r  t h e  b o t t o m  of  t h i s  n a r r o w  
t u b e  a n d  e a c h  gas  b u b b l e ,  as  i t  rose ,  d r e w  s o l u t i o n  f r o m  t h e  m a i n  
c o m p a r t m e n t  of  t h e  ce l l  a n d  d r o p p e d  i t  i n t o  t h e  P t .  T h e  use  Of 
this '  d e v i c e  w a s  s u g g e s t e d  b y  Dr .  R. P a y n e .  

n I t  is  n o t  c e r t a i n  a t  w h a t  p o t e n t i a l s  g a l l i u m  a n d  a r s e n i c  d i s -  
so lve  f r o m  g a l l i u m  a r s e n i d e .  T h e  s t a n d a r d  p o t e n t i a l s  h a v e  b e e n  
c a l c u l a t e d  (4) as + 0 . 1 1  a n d  - - 0 . 0 5 v  f o r  g a l l i u m  a r s e n i d e  a n d  
t h e  t r i v a l e n t  g a l l i u m  ion  a n d  as - -0 .69  a n d  - - 1 . 4 7 v  f o r  g a l l i u m  
a r s e n i d e  a n d  a r s i n e .  T h e  s t a n d a r d  p o t e n t i a l s  of t h e  p u r e  e l e m e n t s  
a r e  - - 0 . 4 6 v  fo r  g a l l i u m  a n d  i ts  t r i v a l e n t  ion,  a n d  - - 0 . 6 0 v  fo r  
a r s e n i c  a n d  i t s  h y d r i d e  (10).  
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Fig. 1. Current vs. potentiol in 0.1N HCI04 or: curve o, the gol- 
lium foce of single crystol gollium orsenide; curve b, on electro- 
pluted goilium surfoce; curve c, pure liquid gollium, in H2S04 ( i l ) ;  
curve d, unodic current ot gollium orsenide electrode. 

The gallium (111) face.--The gall ium surface was 
invest igated first, the results are shown in Fig. 1; two 
ex t reme situations are given in curves a and b. Curve 
a was obtained in the fol lowing manner.  A freshly 
polished and washed electrode was lowered into the 
electrolyte  at a potent ial  of --1.20% as described in the 
exper imenta l  section. No solution of the electrode was 
allowed, and the cur ren t  quickly reached a steady 
value. The overpotent ia l  curve  was then measured at 
successively less negat ive  potentials. The current  at 
each potential  showed no tendency to drift,  and at po- 
tentials more  negat ive than --0.60v the line a was re -  
producible to •  mv  f rom one exper iment  to another. 
In this s traight  line port ion of a the Tafel  slope was 
0.19 • 0.01v, and the line could be reproduced on in- 
creasing or decreasing the potential.  Anodic to --0.60v, 
the overvol tage  curve  a showed a knee, where  the 
current  was larger  than  would  have  been expected 
from the results at more negat ive potentials.  These 
results were  less reproducible  than those obtained 
be low--0 .60v ,  by about  a factor of two, i.e., •  my. 
The current  did not drif t  wi th  time, however .  

The rest potential  occurred at --0.24v and at less 
negat ive  potentials than this the anodic current  r ep re -  
sented by l ine d was obtained. This represents  elec- 
t rode dissolution. Having undergone anodic dissolu- 
tion, this electrode was then taken back gradual ly  to 
--1.20v. At each potent ial  more negat ive  than about  
--0.20v a much larger  cathodic current  was observed 
than in line a. This current  decreased rapidly at first 
and then more  slowly and did not become steady, 
even after  an hour at a given potential.  These high 
currents  were  as much as fifty t imes greater  than those 
represented in l ine a. At --1.20v, the current  became 
sensibly steady af ter  about 2 hr, and subsequently,  
on increasing the potential,  line b was obtained. These 
measurements  did not va ry  with  t ime and were  re -  
producible to wi th in  •  mv  from sample to sample; 
the rest  potential  occurred a t - -0 .35v.  Line b could be 
repeated with  this electrode for measurements  made 
at succesively increasing potentials,  as before. In order  
to obtain l ine a again, the electrode was removed from 
the cell, repolished and washed and then re turned  to 
the cell at --1.20% as described above. 

In te rmedia te  t r ea tment  of the electrode produced 
measurements  in termediate  between lines a and b; 
that  is to say an electrode could be taken down line a 
to some point just  above --0.60v, say to --0.50v, and 
subsequently,  on decreasing the potential,  a large but 

decreasing current  was observed. This sett led down to 
a steady value af ter  the e lect rode was kept  for some 
t ime at --1.20v. Then, on increasing the potential  again, 
a line be tween lines a and b was obtained. Above 
--0.60v a knee occurred, smaller  than in line a, and the 
rest  potential  of the electrode (a mixed potential  of 
course) was between --0.24 and --0.35v. The longer 
the electrode was kept  at a less negat ive potent ial  than 
--0.60v and /o r  the more  posit ive the potent ial  to which 
the electrode was taken, the nearer  the measurements  
came to line b. 

The fol lowing in terpre ta t ion of these differences in 
the hydrogen overvol tage  is suggested. Line a corre-  
sponds to hydrogen evolut ion on the gal l ium face of 
gal l ium arsenide, but  l ine b and the curves in ter -  
mediate  between lines a and b correspond to hydrogen 
evolut ion on a par t ly  dissolved and subsequent ly 
ga l l ium-pla ted  surface. That  is, at re la t ive ly  anodic 
potentials,  greater  than --0.60v, the electrode dis- 
solved. Then, as the potential  subsequent ly  decreased, 
some replat ing of one or both of the const i tuent  ele-  
ments occurred, and a steady state for hydrogen evo- 
lut ion was not obtained. At  high negat ive  potentials 
the replat ing process was more  or less completed. 
Both elements could have been plated on the elec- 
trode, but  it appeared probable that  any arsenic plated 
out would have  been reduced to the hydride,  so that  
wha teve r  actual ly occurred initially, a plated gal l ium 
surface remained on the electrode. Line b therefore,  
represents  the hydrogen overvol tage  on plated gallium. 
The results in termediate  be tween lines a and b were  
obtained on a par t ia l ly  gal l ium plated electrode. 

Two tests were  made to corroborate  this picture. 
First, the results of Sabo and Bagotskaya (11) were  
plotted for comparison in Fig. 1, line c. Their  results 
were  made in sulfuric acid using a l iquid gal l ium elec- 
trode. The difference in roughness be tween a solid 
plated surface and liquid surface may account for 
some of the observed difference in the results  r epre -  
sented by lines b and c, and therefore  the comparison 
is not ent i rely conclusive. However  we note that  there  
is no knee in ei ther line b or c. In order to make a 
bet ter  comparison, a f reshly etched and washed gal l ium 
arsenide electrode was cathodized a t - - I . 2 0 v ,  for 5 to 
10 min in a solution of gal l ium ions in perchloric acid 
in a separate cell f rom the one used in the overpo-  
tent ial  experiments.  This electrode was then washed 
and put into the other  cell a t - -1 .20v .  Then a curve 
indist inguishable f rom line b, to wi th in  •  mv, was 
obtained. It is concluded f rom this that  l ine a rep-  
resents the hydrogen overvol tage  on the gal l ium face 
of gal l ium arsenide and that  l ine b, l ike l ine c, r epre -  
sents the hydrogen overvol tage  on pure gall ium. 

The arsenic (111) face.--Measurements made of the 
hydrogen overvol tage  at the arsenic surface of gal l ium 
arsenide were  more complex, Fig 2. When the hydro-  
gen reaction was measured at a f reshly polished elec- 
trode, beginning at the open-ci rcui t  potential  and de-  
creasing the potential  to more  negat ive values, l ine c 
was obtained. The current  first became unsteady at 
--0.58% when it oscillated slowly between the two 
currents  shown at this, and more  negat ive potentials. 
There was no over-a l l  increase nor decrease wi th  
time, just  an oscillation. 

The hydrogen evolut ion react ion was also measured,  
as before, beginning a t - - 1 . 2 0 v  and proceeding to less 
negat ive potentials. The results shown in line a of Fig. 
2 were  obtained. The currents  at potentials posit ive of 
--0.80v fluctuated, but  no long te rm increase nor de- 
crease with t ime was observed. Line a was repro-  
ducible, even af ter  the electrode was kept as long as 
10 rain a t - -0 .35v.  This is in sharp contrast  to the cor-  
responding results at the gal l ium surface, see line a 
of Fig. 1, and probably reflects the fact that  gal l ium 
f rom solution is not plated out onto the arsenic sur-  
face a t - -1 .20v  as it was onto the gal l ium surface. 

Different results were  obtained after  holding the 
electrode at a ve ry  negat ive  potential, e.g.,--2.00v for 
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Fig. 2. Current vs. )otential in 0 . IN  HCIO4 at the arsenic face 
of gallium arsenide: curve a, potential increasing from --1.20 to 
--0.3Or; curve b, potential increasing from --1.20v after being 
held at --2.00v, and subsequently decreasing as indicated; curve c, 
potential decreasing from --0.40v; curve d, anodic current at gal- 
lium arsenide electrode. 

about an hour, l ine b. Then, at potentials increasing 
f rom --1.20 to --0.80v, the current  was steady, but  
higher than that  represented in the same potent ial  
region by line a. Be tween- -0 .80  and --0.58v the cur-  
rent  changed with t ime as indicated. The current  did 
not fluctuate erra t ical ly  in this potential  region, but 
systematically.  An increase in potential  produced an 
initial decrease in the current,  and a larger  increase 
in potential  produced a la rger  ini t ial  decrease in the 
current.  However ,  af ter  each change in potential, the 
current  then increased slowly to a constant value in- 
dependent  of t ime and potential, taking about 10 rain 
after a 40 mv  increase in potential  and about 5 min 
after a 20 mv increase in potential.  A b o v e - - 0 . 5 8 v  the 
current  potential  curve  was closely similar to that  of 
the hydrogen react ion at an electroplated, pure gal-  
l ium surface. If the potential  were  then made more 
negative, af ter  being above- -0 .58v ,  the exper imenta l  
points again fol lowed the curve  represent ing  the hy-  
drogen reaction at a pure gal l ium surface, that  is line 
b of Fig. 1. The lines b of Fig. 2 were  only obtained 
af ter  the electrode was held for some t ime at a high 
negat ive potential  (--2.00v). If the electrode were  
held at --1.20v, even  overnight  (about 16 hr)  l ine a 
was still obtained. 

These results are rather  unusual, but were  obtained 
repeatedly,  wi th  various samples. All  the reported 
features of them were  reproducible at least to 20 mv, 
but the sections of lines b and c where  the current  
oscillated were  only reproducible to within about 50 
mv. Also lines a above --0.80v was only poorly repro-  
ducible. 

The object ive as before had been to measure  a 
steady hydrogen evolut ion curve, but at the arsenic 
surface of gal l ium arsenide and to define the condi- 
tions necessary for keeping the surface constant. In 
view of the possibility of hydr ide  format ion f rom ar-  
senic below --0.69v 3 the measurements  were  first made 
beginning at the rest potential  and proceeding to more 
negat ive  potentials,  l ine c. This was clearly unsat is-  
factory as the measurements  were  unsteady. Instead 
the current  potential  curve  was star ted a t - - 1 . 2 0 v  in 
an analogous manner  to that  for the gal l ium face; line 
a was obtained. This was reproducible,  wi thin  the 
limits given above, and it was concluded that  the re -  
sults represent  the hydrogen evolut ion react ion at the 

arsenic face. Analysis of the effluent gases showed no 
evidence of hydr ide  formation,  nor was there  any 
undue corrosion of the surface. 

Hydride  format ion evident ly  occurs only at much 
more negat ive  potentials, e .g . , - -2 .00v ,  for the results 
in line b are probably the results on a surface which 
has undergone cathodic corrosion. A suggested inter-  
pretat ion of line b is as follows. At a large negat ive 
potential  the hydrides of both gal l ium and arsenic 
may be formed. These hydrides are both volatile.  The 
corroded surface must  then consist of gal l ium and ar -  
senic patches no longer part  of an order ly  crystal  
structure.  Line b, be tween  --0.80 and --1.20v, repre -  
sents the hydrogen react ion on a mixed  polycrysta l -  
l ine surface. Since the section of line b obtained after 
taking the electrode to more  posit ive potentials  than 
--0.58v is ve ry  close to the results obtained at a gal-  
l ium plated electrode, we must  conclude that  the sec- 
tion of line b between --0.58 a n d - - 0 . 8 0 v  represents  
the region where  the patches of arsenic are removed,  
leaving a disordered gal l ium surface. 

We can see that  in order to measure  meaningful  H.2- 
evolut ion rates on the single faces of GaAs, great  
care must  be taken to avoid corrosion of the surface. 
This can occur at low cathodic potentials, near  to the 
rest potential,  and at high cathodic potentials,  for ex-  
ample at --2.0v. Thus the data must  be taken, at each 
electrode, by changing the potential  f rom a large 
cathodic value of a b o u t - - 1 . 2 0 v  to the rest potent ial  
a t - -0 .20  to --0.30v, but not in the reverse  direction. 
Par t icular  care must  be taken to avoid redeposit ion of 
the dissolved Ga af ter  any corrosion has been allowed. 
In tbese circumstances,  both the Ga (111) and 

- - 4 - -  

As (111) faces of GaAs give reproducible  behavior.  
Fur the r  studies to elucidate the mechanism of the 

H2 evolut ion react ion were  carried out on the Ga (111) 
face of the crystals. 

Curren t -po ten t ia l  curves  on the G a ( l l l )  face of 
GaAs.--Detai ls  of the current  potential  curve  for hy-  
drogen evolut ion on GaAs are shown in Fig. 1. The 
main features, as indicated, are that  negat ive to 

--0.6v a stable and reproducible  (<10 my)  cur ren t -  
potential  curve  is found with  a Tafel  slope of 180-200 
mv/decade.  Posi t ive  to --0.60v, the Tafel slope is much 
less steep (850-420 my/decade ) .  In this region the cur-  
rent  at a fixed potent ial  tends to decay because of 
destruction of the  surface. The rest  potential  is 

--0.3v. 
These cur ren t -potent ia l  curves are similar  in gen- 

eral shape to those reported by Pleskov (5). The Tafel  
slope in the high overpotent ia l  region is similar  to that 
found by Gerischer  and Mattes (6) on n - type  mater ia l  
al though the overpotent ia l  is about 0.3v less here. 
The present overpotent ials  are, however ,  fa i r ly  close 
to those reported by Harvey  (4) in the same current  
range. 

Similar  features were  found for both p - type  and 
n- type  samples (Fig. 3), and no significant difference 
in behavior  was ever  found between p- type  and 
n- type  materials  except perhaps in the region of the 
knee positive to --0.6v. Here,  currents  for p- type  were  
possibly a l i t t le  higher than for n - type  (Fig. 3). This 
observation of s imilar i ty  for the two conductivit ies 
and the fai lure  to observe a l imit ing current  for p- type  
mater ia l  agrees with the observations of Pleskov (5) 
and Harvey  (4) but  disagrees wi th  Gerischer  and 
Mattes (6). 

One possibility to account for the absence of a l imit-  
ing current  wi th  p - type  electrodes is to assume that  
H2 evolut ion generates holes in the valence band 
ra ther  than consuming electrons from the conduction 
band. Gerischer and Mattes'  (6) observations show 
quite clearly, however ,  that  the react ion must  occur 
via  the conduction band. It is evident  then that  their  
mater ia l  was more perfect, i.e.., had fewer  generat ion 
and recombinat ion centers, than that  used in this in-  
vestigation. Finding a s imilar i ty  of behavior  be tween 
p- type  and n- type  suggests that  the present  samples 
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Fig. 3. Comparison of Tafel plots for p-type and n-type G-As. 
x, ].l ohm cm n-type; O, 0.004 ohm cm p-type. 

were  more or less degenerate,  cer ta inly  in the more  
cathodic region. 

This conclusion is re inforced by the absence of a 
photoeffect on the H2 evolut ion rate  and by the differ- 
ential  capacity data presented later.  We will  proceed 
on the basis that  below ~ --0.6v the semiconductor  
propert ies  are not impor tant  and that  the electrode 
is essentially a metal,  i.e., the space-charge region in 
the electrode is inconsequential  in magni tude  or at 
least independent  of applied potential. 

According to the analysis of Parsons (12), the fol -  
lowing mechanism could lead to a Tafel  slope of ~..180 
mv on a metal l ic  electrode 

H + + e--> I-Iads [1] 

2Hads "-> H2 [2] 

Here, H + discharge is fol lowed by atom combinat ion 
and the discharge is rate  limiting. The combination 
step is not in equi l ibr ium and the Hads coverage, e, is in 
the middle range of coverage, i.e., Temkin  (13) ad- 
sorption conditions apply. Then the Tafel  slope is 

b - -  [3] 
F 2 ~ /  

Here ~ is the t ransfer  coefficient of the discharge step 
and ~ that  of the combinat ion step, if we take ~ = ~ = 
0.5, b is 3RT/F, i.e., 177 mv at 25~ 

If 8 is small  at low overpotentials ,  as is l ikely since 
react ion [1] will  be re la t ive ly  slower than react ion 
[2], this mechanism predicts that  b should become 
smaller. In the l imit  of 0 -> 0, b should tend to R T / , F ,  
i.e., 118 mv if ~ = 0.5. The mechanism also predicts 
that  there  should be pseudocapacity since e changes 
wi th  potential.  In order to obtain evidence for this 
mechanism, the differential  capacity of the electrode 
was invest igated as a funct ion of potential.  

Differential capacity data on the Ga ( I l l )  face of 
GaAs. - -The  impedance of the electrode was measured  
with  a series combinat ion of resistance (Rs) and ca- 
pacitance (Cs). Results are shown in Fig. 4 and 5. The 
most remarkable  feature  of the results is the large f re-  
quency dispersion. Thus the resistance part  of the im-  
pedance increases from a l imit ing value  of ~80 ohms 
( ~  the solution resistance) at 20 kHz and --1.0v to 
~700 ohms at 2 kHz and --0.45v. Similarly,  the ca- 
pacity increases f rom about 0.25 ~F/cm 2 at 20 kHz and 
--0.46v to about 300 ~F /cm 2 at 0.5 kHz and--0 .62v.  As 
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Fig. 5. Series capacity as u function of the frequency and the 
p o t e n t i a l .  

an example  of the effect of f requency at a single po-  
tential,  we  note that  Cs increases f rom 0.36 to 42 
~F/cm 2 at --0.49v when  the f requency decreases f rom 
20 to 0.5 kHz. 

The capacity of GaAs electrodes has been inves t i -  
gated also by Bir in tzewa and Pleskov (14). Their  
studies were  most ly carr ied out in 1M KOH, and they 
also found considerable f requency  dispersion which 
they at t r ibuted to Faradaic  effects. 

The large f requency  dispersion suggests the possi- 
bil i ty of the presence of the large adsorption capacity 
requi red  by the postulated mechanism, reactions [1] 
and [2]. Thus the equivalent  circuit  for the Faradaic  
reaction might, fol lowing Parsons (9), be depicted by 
the circuit  shown in Fig. 6 (a).  Here, Re is the solution 
resistance, Cd the capacity of the double layer,  Rr the 
reaction resistance, and Ca the postulated pseudoca- 
pacity. W is the Warburg  diffusional impedance, negl i-  
gible in this instance. In the l imit  of high frequency,  
the series capacitance and resistance elements should 
approximate  Re (~80~) and Cd (~20 ~F/cm2). 

The data of Fig. 4 indicate that  even at 20 kHz the 
resistance at low overpotent ia ls  is considerably 
higher than the solution resistance (viz., 350oJ at 
--0.46v). With any "normal"  (e.g., ,-20 ~F/cm 2) value  
of Cd this is unlikely.  This is because the impedance 



Vol. 114, No. 12 HYDROGEN EVOLUTION ON GaAs ELECTRODES 1279 

(a )  ELECTROLYTE 

�9 Jl  
I 
Cd 

(b )  SEMICONDUCTOR 

Css 

II 
CSC 

Fig. 6 (a). Equivalent circuit of the H~ evolution reaction after 
Parsons (9). Fig. 6 (b). Equivalent circuit of semiconductor with 
surface states, after Gerischer (15). Combination of (a) and (b) is 
the postulated electrode-solution interface. 

of such a value of Cd at this f requency is only about 
0.5~,, which would shunt out Rr. Even  more significant, 
the h igh- f requency  values of C~, par t icular ly  at less 
cathodic potentials, are a l ready much too low to be 
equal to Cd. Thus at --0.46v, Cs is only 0.25 ~F/cm 2 at 
20 kHz. Yet even  this low value is higher  than the 
infinite f requency  value. 

These low values of Cs suggest that  cer tainly at less 
cathodic potentials we may  not t reat  the semicon- 
ductor electrode as a metal. The capacity in this re-  
gion is apparent ly  largely de te rmined  by the space 
charge in the semiconductor.  If  this is so, i t  is im-  
possible to find the  large values of C~c that  we do find 
at lower frequencies  solely as a resul t  of a series com- 
bination of the space charge capacity, Cs, and any ca- 
pacity on the solution side of the interface, say Ca. 
This is because in these circumstances 

1 1 1 
-t- ~ [4]  

C8= Ca C8~ 
and Cs would always be lower than either Cse or Ca. 
It follows that at low frequencies there must be an 

admittance parallel to Csc on the semiconductor side of 
the interface. Such an admittance could be contributed 
by surface states (15). An equivalent circuit, after 
Gerischer (15), for such surface states is represented 
in Fig. 6b. The surface states contribute a relaxation 
term, Css, and a resistance term, Rss. At low fre- 
quencies the large value of Css provides a path for 
charge redistribution at the interface as the potential 
is altered. At very high frequencies the surface states 
cannot follow potential changes and the charge vari- 
ations we see are distributed via Csc. The analogy 
with the solution side of the interface is plain. 

So the frequency dependence of the observed ca- 
pacity must originate largely on the semiconductor 
side of the interface and gives little information about 
the H2 evolution reaction directly. It may be argued 
that the surface states originate (at least partly) from 
H-atoms adsorbed on the surface, but this is somewhat 
speculative since we do not know exactly how GaAs 
interacts chemica]ly with aqueous solutions. Gerischer  
and Mattes (6) reported some AsH3 evolut ion f rom 
their  samples and suggested that  the surface is satu-  
ra ted with  AsH~. This gas could contr ibute  surface 
states al though in the present work  very  careful  ex-  
aminat ion showed that  no AsH3 is evolved out to 
--1.2v f rom the Ga (111) face. Thus the present ly  
found surface states might  originate f rom Hads, but 
there  is no evidence that  they are f rom ASH3. 

We may note that  the f requency  dispersion is still 
large in the very  cathodic region where  the capacity is 
reasonably high and fa i r ly  independent  of potential  
(Fig. 5). In this potential  region, the capac i ty-poten-  

t ial  re lat ion suggests that  the surface has become de- 
generate,  as assumed in the previous section, i.e., the 

surface charge density has become almost independent  
of the applied potential .  It is l ikely that  the f requency 
dependence in this region arises substant ial ly f rom 
adsorbed H effects. 

Impor tant  evidence that  some of the observed sur-  
face states are associated with  Hads was obtained from 
anodic charging curves. 

Armdic charging curves  on the Ga (111) face of 
GaAs.- -Anodic  galvanostat ic  t ransients  were  applied 
to the electrode to analyze for the removal  of Ha~s. The 
electrode was potentiostated at --1.00v before applica-  
tion of each anodic pulse. A typical chronopotent io-  
gram is shown in Fig. 7. We see that, the potent ial  in-  
creases rapidly  unti l  at -~0.7-0.55v, depending on the 
cur ren t  density, there  is a plateau. The anodic process 
involved  in this plateau consumes about  2 x 10 -4 
coulombs cm -2 (Fig. 8). Af ter  this plateau, the po- 
tent ial  increases again unt i l  it reaches a second 
plateau region in which much more charge is con- 
sumed than in the first plateau. Finally,  the potential  
reaches a steady value corresponding to s teady-sta te  
dissolution of the GaAs. 

It is postulated that  the  first plateau corresponds to 
the oxidation of Hads while  the la ter  processes cor-  
respond to electrode oxidation. We may note that  the 
first plateau occurs at just  about the region where  the 
knee in the cur ren t -potent ia l  relat ion starts (Fig. 1 
and 3). The charge consumed in the plateau is of the 
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Fig. 7. Typical anodic charging curve token from --1.00v vs. 
RHs on a p-type sample at 1.3 x 10 - 4  amp/cm 2. 
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order of monolayer .  It is possible that  this plateau 
does in fact correspond to some kind of electrode oxi-  
dation. It seems unlikely,  however,  that  such a clean 
separat ion be tween the two plateaus would  be found 
in that  case. Gerischer and Mattes (6) have also re-  
ported an ex t r a  charge in this potential  region dur ing 
an anodic sweep. This they also a t t r ibuted  to oxidation 
of about a monolayer  of adsorbed H atoms or hydride.  

The in terpre ta t ion of these data then is that  below 
--0.Tv the electrode is covered wi th  a substantial  

amount  of adsorbed hydrogen.  Above  --0.Tv the elec-  
t rode is thought  to be v i r tua l ly  bare. Fu r the r  qual i ta-  
t ive  evidence for this la t ter  v iew can be found from 
fur ther  consideration of the differential  capacity 
curves. 

Potential distribution in the electrode.--In the dis- 
cussion of the cur ren t -potent ia l  data, it was assumed 
that  the electrode could be t reated as a metal.  That  is 
to say that  there  is e i ther  no space charge or a con- 
stant space charge, independent  of applied potential.  
The evidence for this fol lowed from the s imilar i ty  be-  
tween p- and n- type  electrodes (Fig. 3) and the ab- 
sence of a photoeffect. Fur ther  evidence that  this is 
reasonable in the far cathodic range follows f rom the 
capacity data which show typical  degenerate  be- 
havior  in this region (Fig. 5). 

However ,  these same capacity data indicate that  
positive to ~ - - 0 . 6 v  it is not possible to t reat  ~he elec- 
t rode as having no space charge since the l o w  values of 
Cs at high frequencies must  be associated with space 
charge effects. Indeed the region of high Tafel  slope in 
the cur rent -potent ia l  curves could be associated wi th  
the space charge. This is par t icular ly  probable since 
a similar, almost symmetr ica l  potent ia l - independent  
region was found for the anodic dissolution of the 
electrode. It is of some interest  then to est imate the 
space charge potential  f rom the capacity data. 

In the absence of surface states, for  space charge 
potentials with respect to the electrode bulk >3RT/F,  
we may approximate  Csc for an n - type  semiconductor 
as (15) 

Csc ~ A exp (r 1/2 [5] 

where  A is a constant and ~ is the potential  drop 
across the space charge. Exper imenta l ly  (Fig. 5), at  
high frequencies  where  the contr ibution of surface 
states to the measured capacity is small, we find that  

Cs ~_ B exp (--EF/2.7RT) [6] 

Here  B is a constant and E is the measured potential  
vs. RHE. Equat ing  Cs with Csc and taking exp(~sF/RT)  
> >  1, we obtain 

RT A 
--2.7 - -  I n - -  = const = 1.35 ~s A- E [7] 

1 e B 
However  

E = n - -  r  [8] 

where  ~1 is the potential  avai lable to dr ive  the reaction. 
Hence we obtain the desired relat ionship between ob- 
served potential,  E, and the dr iving potent ial  ~1 

~1 = const -+- 0.26E [9] 

Using Eq. [9], we can allow for the space charge 
potential  in the region above --0.60v. Exper imenta l ly ,  
above 0.60v for n- type  material ,  we find approxi -  
mate ly  a 340 mv  slope, i.e. 

i = const exp [10] 
5.75 RT 

Using [9] and [10], the relat ionship i and ~t is 

i ~ const exp ( TIF ) 
0.24 • 5.75 RT 

= e o n s t e x p  ( ~IF ) [11] 
1.4 RT 

For  p-type,  wi th  a 450 my  slope 

( ) i ~-~ const exp - - . - -  [12] 
1.9 RT 

In ei ther case, the impor tant  point is that  this approxi-  
mate calculation of ~s gives a lower  Tafel  slope be- 
tween i and ~1 than  that  found in the more  cathodic 
region. This is expected f rom the mechanism of reac-  
tions [1] and [2] if the coverage is low at potentials 
posit ive to --0.6v. These calculations substant iate  in 
some measure  the requ i rement  of the mechanism 
par t icular ly  in conjunct ion with  the anodic charging 
data. 

Fur the r  evidence on the hydrogen  coverage in the 
region above - -0 .6v  can be found from reconsiderat ion 
of the capacity data. Ignoring the solution side of the 
interface and assuming that  Rss < 1/~o Css, we may 
wri te  the  capacity as 

Cs = Csc -4- Css [13] 

Thus in the region near  the space charge minimum,  
Cs wi l l  be given essentially by Css. We wil l  consider 
a low frequency,  say 0.5 kHz, where  the impedance 
of Rss is less significant. Since Cs at this f requency is 
much lower at --0.46v than at more cathodic poten-  
tials, it follows that  Css increases sharply as we go 
more cathodic. Such an increase must  be associated 
with increase in the number  of surface states as we go 
cathodic and presumably  this results f rom an increase 
in 0. The degeneracy exhibi ted below --0.75v would  
on this view, reflect saturat ion coverage wi th  Hads, 
al though other explanat ions are possible (16). 

Summary and Conclusions 
1. Meaningful  H2 evolut ion rates at the Ga (111) 

and As (111) faces of single crystals of GaAs may be 
obtained if care is taken to avoid corrosion of the 
surface. This corrosion can occur e i ther  at re la t ive ly  
anodic potentials or under  ve ry  cathodic conditions. 
Most of the previously reported hysteresis is the result  
of changes of the condition of the surface due to corro- 
sion and rep]at ing processes fol lowing corrosion. The 
procedure for preserving the chemical  in tegr i ty  of 
the faces is never  to allow the electrode to rest  at 
potentials more posi t ive than ~ --0.3v or at ve ry  nega-  
t ive  potentials. It  is safe to work  as low as --1.2v. 
Sat isfactory data are then obtained by raising the 
potential  f rom --1.2v in the posit ive direction. 

2. The cur ren t -potent ia l  curves for He evolut ion 
f rom 0.1N HC104 on the Ga (111) face of single 
crystal  GaAs show two distinct regions: At potentials 
posit ive to ~ --0.6v vs. RHE, the current  is almost 
independent  of potential.  More negat ive  than ,-- --0.6v, 
Tafel  behavior  wi th  a slope of 180-200 m y / d e c a d e  is 
found. 

3. Similar  behavior  is found on n - type  and p- type  
samples and no l imit ing current  is found on the latter. 
No photoeffect on the rate  of H2 evolution was found. 
These results suggest that  the space charge regions 
in the electrodes are not impor tant  and that  they can 
be treated as metals  for purpose of mechanist ic anal-  
ysis of the reaction. 

4. Differential  capacity measurements  indicate sub- 
stantial space charge effects at potentials posit ive to 

--0.7v, however .  They confirm degenerate  behavior  
at more negat ive potentials. 

5. A large f requency dispersion is shown to arise 
f rom the contr ibution of surface states to the bulk 
properties of the semiconductor.  The var ia t ion of these 
surface states wi th  potent ial  suggests that  some of 
them originate f rom adsorbed hydrogen. 

6. Fur ther  evidence for considerable hydrogen ad- 
sorption is found from anodic charging curves. They 
indicate a transi t ion f rom high coverage to low cov- 
erage at about --0.7v. 

7. The following mechanism is suggested 

slow 
H + n u e ) Hads [1] 
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2Hads "> H2 [2] 

Here discharge is rate l imi t ing over the whole range 
from --0.4 to --1.2v. This mechanism is consistent with 
the cur ren t -poten t ia l  behavior and wi th  the coverage 
data. 

Manuscript  received Apri l  11, 1967; revised m a n u -  
script received Aug. 24, 1967. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June  1968 JOURNAL. 
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Phase Equilibria in the Zinc-Tellurium System 
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ABSTRACT 

The Knudsen  effusion cell method was used to determine the free energy 
of formation of subl iming ZnTe between 650 ~ and 830~ The values of AH ~ 
and AS ~ for the reaction ZnTer ~ Zn(g) ~- ~Te2(g) were found to be 79.1 
kcal /mole and 45.0 e.u., respectively. The calculated min imum total vapor 
pressure over congruent ly  subl iming ZnTe using these data is significantly 
lower than the values calculated from earlier vapor pressure data. The solu- 
bil i ty of Te in l iquid Zn was measured in the temperature  range 500~176 
using weight loss and chemical methods. The mole fraction of Te in the Zn-  
rich l iquidus is given by 

--3320 • 738 
log NTe(1) ~ 0.67 ___ 0.50 

ToK 

A pressure-temperature diagram showing the range of stability of solid 
ZnTe was constructed using the vapor pressure data and the temperature- 
composition diagram for ZnTe. The pressure-temperature diagram and the 
measured solubility of Te in liquid Zn were used to calculate the activity 
coefficient of Te in liquid Zn. At 1000~ the calculated activity coefficient is 
10 -2, the small value being due to a large, negative deviation from ideality 
in the Zn-Te binary system. The compositional limits of the ZnTe phase field 
were calculated using the pressure-temperature diagram and data giving the 
high temperature conductivity of ZnTe in Zn vapor. The calculations suggest 
the existence of a retrograde solubility of a native double acceptor defect 
on the Te rich side of the ZnTe phase field. 

The point defect concentrat ions in  solid crystal l ine 
compounds are significantly influenced by the high 
temperature  equi l ibr ium between the solid and the 
vapors of its components. These defects in t u rn  are 
impor tant  in control l ing the physical properties of the 
compounds. A quant i ta t ive  description of the high 
temperature  solid-vapor equil ibrium, therefore, is 
significant in describing the var iat ion in physical 
properties of compounds t reated in different crystal  
environments .  In  addition, such informat ion is va lu-  
able in selecting the opt imum conditions for crystal  
growth and also in  the calculation of the s tandard free 
energy, enthalpy and entropy of formation of the 
compound. 

Zinc tel luride (ZnTe) is a I I -VI compound of in te r -  
est for i t s  potential ly useful  electrical and optical 
properties. The solid-vapor equil ibrium, which has 

1Present  address: Texas  I n s t r u m e n t s ,  Dal las ,  Texas .  
2 Present  address: Physics  Department ,  Harvard U n i v e r s i t y ,  Cam-  

b r idge ,  Massachusetts .  

been shown to influence the high temperature  defect 
equi l ibr ium (1), has been the subject of two previous 
investigations. Korneeva et al. (2) have measured the 
decomposition pressure from 518 ~ to 715~ using a 
free subl imat ion method;  occasional reference points 
using a Knudsen  cell were obtained to determine the 
evaporation coefficient. In  in terpre t ing their  results, 
they assumed that  the vapor was exclusively molec- 
ular  ZnTe. Goldfinger et al. (3) determined the de- 
composi t ionpressure  of ZnTe from 553 ~ to 837~ us- 
ing a Knudsen  cell technique, and in their  study, the 
vapor species were identified by mass spectrometric 
techniques and found to be predominant ly  Zn and Te2; 
no significant amount  of the molecular  species ZnTe 
was observed. The absence of molecular  vapor species 
such as ZnTe is general  of all the I I -VI  compounds 
and is fur ther  evidenced by the vapor t ransport  char-  
acteristics of the I I -VI compounds (4). The two in-  
vestigations are not in satisfactory agreement,  even 
when the results of Korneeva et al. are recalculated 
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Fig. 1. Temperature-composition (T-X) diagram for the Zn-Te 
alloy system as determined by Kulwicki (6) and Carides and 
Fischer (7). The region investigated in this work is indicated. 

(5) using the observed vapor  species. As a conse- 
quence, addit ional  exper imenta l  informat ion is needed. 

The present  work describes invest igat ions of the 
sol id-vapor  equi l ibr ium of ZnTe from 650 ~ to 830~ 
using a Knudsen cell technique and of the solubil i ty of 
ZnTe (or Te) in l iquid Zn between 500 ~ and 900~ 
The Knudsen  effusion data were  used to calculate 
the enthalpy and entropy of format ion of ZnTe and to 
calculate the p ressure - tempera ture  diagram for ZnTe 
by using the exist ing informat ion concerning the tem-  
pera ture-composi t ion diagram and the thermodynamic  
propert ies of the elements.  The total  pressure over  
congruent ly  subl iming ZnTe reported here is lower  
than that  found in the previous studies (2, 3), and the 
range of component  pressures over  which solid ZnTe 
is stable is calculated to be greater  than expected on 
the basis of previous studies. 

The l iquidus of the Zn-Te  system has recent ly  been 
rede te rmined  by means of DTA calor imetry  by Kul -  
wicki (6) and by Carides and Fischer  (7). Their  re -  
sults are shown in Fig. 1. In the region of low te l lu-  
r ium concentration,  the dashed line represents an esti-  
mate of the l iquidus curve. Since the l iquidus curve  
in this region is impor tant  for est imating the pressure-  
tempera ture  diagram, an exper imenta l  determinat ion 
of this l ine was made for the t empera tu re  range of 
500~176 The data giving the solubil i ty of ZnTe in 
l iquid Zn and the p ressure - tempera tu re  diagram were  
combined to calculate the act ivi ty  coefficient of Te, 
~/We, along the Zn-r ich  l iquidus line. At 1000~ ~Te is 
about 10 -2 , this small  va lue  being due to the large, 
negat ive  deviat ion f rom ideali ty in the Zn-Te  system. 

Finally,  the compositional limits of the ZnTe phase 
field were  calculated using a model  of the dominant  
defect in ZnTe (a Zn vacancy or Te interst i t ia l  ac- 
ceptor defect) ,  data giving the high t empera tu re  con- 
duct ivi ty  of ZnTe in Zn vapor  (1), and the pressure-  
t empera ture  diagram. Results of this calculat ion sug- 
gest that  the Te-r ich composition l imit  is near ly  inde-  
pendent  of t empera tu re  and that  a re t rograde  solu- 
bil i ty of Te in ZnTe may occur at 800~176 The Zn- 
r ich composition l imit  shows a continuously increasing 
solubil i ty of Te in ZnTe as the t empera tu re  is in-  
creased. 

Experimental  Procedure and Results 
Vapor i za t ion  of ZnTe. - -The  ZnTe used for  this s tudy 

was synthesized f rom the pure elements  (puri ty  of 
99.999% or better)  and the resul t ing  compound was 
sublimed in a dynamic vacuum for fur ther  purification 
and composit ional  control. Optical microscopic exam-  
ination and x - r a y  diffraction analyses confirmed that  
the ZnTe was single phase and contained no voids, 
precipitates,  or inclusions of Zn or Te. Mass and emis-  
sion spectrographic analyses showed that  the total 

impur i ty  content  was about 1 x 1017/cm 3 to 5 x 1017/ 
cm ~ with  the principal  impuri t ies  being St, Fe, and Cu. 

The Knudsen cell method is described in detail  else- 
where  (8). In the present  study, a graphi te  cell was 
used and a molybdenum jacket  served as a thermal  
mass around the cell to minimize  t empera tu re  gra-  
dients. The radius of the orifice o h the cell  was mea-  
sured with  a t rave l ing  microscope to be 0.052 cm, and 
the thickness of the orifice was measured with a mi-  
c rometer  to be 0.122 cm. The ceil and its motybdenum 
jacket  were  contained in a quartz  tube which was 
heated by a resistance furnace. The tempera ture  of the 
cell  was measured with  a chromel -a lumel  thermo-  
couple in a wel l  which prot ruded into the cell. The 
measur ing thermocouple  was periodically cal ibrated 
with  a p la t inum-p la t inum -t- 13% rhodium the rmo-  
couple cal ibrated by the National  Bureau of Standards.  
The  background pressure of the system was kept  be-  
tween 10 -~ and 10 -6 Torr  during effusion. During 
heat ing of the cell, however ,  the system was back- 
filled with  argon to minimize weight  loss pr ior  to the 
effusion measurement .  

The mass of the ZnTe effiux was determined by two 
methods: direct weight  loss of the cell, and the mea-  
surement  of the Zn 65 radioact ive tracer act ivi ty  of the 
ent ire  efflux f rom a radioact ive ZnTe source. The for-  
mer  method is discussed in detail  e lsewhere (8). The 
lat ter  method was par t icular ly  sensitive and was used 
for the lower  t empera tu re  measurements .  A l iquid ni-  
t rogen cooled stainless steel cup was used to collect the 
efflux, which was then dissolved in nitric acid, and 
the resul t ing solution was evaporated unti l  a con- 
venient  volume was obtained for counting. In order 
to determine the weight  of ZnTe in the effiux, the so- 
lut ion was placed in the  well  of a gamma ray spec- 
t rometer  and the act ivi ty of the 1.1 Mev Zn65~/ radia-  
tion was compared with  that  of a s tandard ZnTe 
sample having the same specific act ivi ty  as the ZnTe 
contained in the ceil. 

In all cases the effiux was assumed to be stoichio- 
metr ic  for purposes of calculat ing the pressures of Zn 
and Te2. In order to ver i fy  this assumption, and to 
compare  the results obtained f rom the  weight  loss and 
t racer  methods, the fol lowing exper iment  was per-  
formed. An effusion exper iment  which produced a 
large, easily measured weight  loss was done using ra-  
dioactive ZnTe. The Zn t racer  act ivi ty  was determined 
in the usual manner  and conver ted  into a weight  of 
Zn. The weight  of Te in the effiux was then taken as 
the difference between the total  weight  loss and the  
weight  of the Zn calculated f rom the Zn tracer  act iv-  
ity. The effiux was found to be stoichiometric and the 
vapor  pressure determined by the two methods agreed 
within  the exper imenta l  scatter  of 5%. It  should be 
emphasized that  this is not a check on the precise stoi- 
ch iometry  related to the concentrat ion of defects, but 
ra ther  a justification of assuming stoichiometry for 
re la t ing weight  loss to the effusion pressure of Zn and 
Te. 

The Knudsen effusion weight  loss is re la ted to the 
pressure of the vaporizing species i by the equat ion 

Pi = Zi (MiT) I /2 / (44 .33  Wo �9 A �9 t)  [1] 

where  Pi is the pressure of species i in arm, Zi the 
effiux of i in moles, Mi the molecular  weight  of spe- 
cies i, T the absolute tempera ture ,  Wo the Clausing 
factor (calculated to be 0.48 f rom the orifice d imen-  
sions), A the orifice area in cm 2, and t the t ime in 
seconds. This representat ion of Pi is appropr ia te  as 
long as the mean free path of the gas molecules is 
large compared to the orifice dimensions. The vapor-  
ization reaction is 

ZnTe(s) ---- Zn(g) + �89 Te2(g) [2] 

for which the vaporization constant is 

K =  P z n  PTe21/2 [3]  

Table I gives the exper imenta l  data and the c o r -  
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Table I. Data on effusion runs 

S y m b o l s :  T,  t e m p  ~ T r ,  t r a c e r  ana ly s i s ,  W L ,  w e i g h t  loss  m e a s u r e m e n t  in  m g ;  T i m e  in  sec • 10~; p r e s s u r e s  in  a t m ;  K = pz,,p.re21/2. 

T M e t h o d  W L  (mg)  T i m e  Pza  P~,% K l O l / T  In 14 

918 T r  1.31 9.10 1.05 • 10 -~ 1.04 • 10-6 1.07 x 10 -9 10.89 - -20 .655  
947 T r  3 .44 8.76 3.03 3.00 5.25 10.55 -- 19.065 
948 T r  2.95 6.90 3.17 3.14 5.62 10.54 -- 18.997 
962 T r  4.77 7.74 4 .57  4.53 9.73 10.40 --  18 .448 
987 T r  10.97 8.40 9.68 9.59 2.98 • 17 s 10.12 - -17 .328  

1010 W L  19.5 10.62 1.36 • 10 -s 1.35 X 10 -~ 5.00 9.90 - -16 .811  
1023 W L  20.5 7.44 2.05 2.03 9.25 9.77 -- 16.196 
1050 W L  60.0 9.90 4.57 4.53 3.08 x 10 -7 9.52 -- 14.992 
1064 W L  23.0 3.24 5.38 5.33 3.93 9.40 -- 14.748 
1066 W L  44.8 5.22 6.40 6.34 5.10 9.38 -- 14.488 
1095 W L  47.0 2.94 1.24 X 10 -4 1.23 X 10 4 1.36 x 10- ~ 9.13 - -13 .514  

responding calculated values of Pzn, P T e 2 ,  and K. F ig-  
ure 2 shows a plot of log K vs. 1/T for the results re-  
ported here as well  as those of Korneeva  et al. (2) 
[recalculated (5) assuming the vapor  species to be 

Zn and Te2], and of Goldfinger and Jeunehomme (3). 
A least squares fit of our data gives 

~17,270 
log K (atm 3/2) = ~ + 9.84 [4] 

T o K  

Possible sources of e r ror  in our measurements are 
in the (i) weighing and /o r  radiotracer  counting pro-  
cedures, (ii) t empera tu re  measurement ,  and (iii) 
Clausing factor calculation. The agreement  be tween 
the data of the weight  loss method and that  of the 
radioact ive t racer  method suggests that  the first source 
of er ror  is not larger  than about 5% in this study. We 
bel ieve the uncer ta in ty  of the t empera tu re  inside the 
effusion cell is the largest  source of error. Since the 
collection cup above the Knudsen cell  was at l iquid 
ni t rogen t empera tu re  for runs using radioact ive ZnTe, 
tempera ture  gradients wi th in  the cell were  likely. A 
conservat ive est imate of the t empera tu re  error, how-  
ever, would not exceed 5~ This e r ror  in t empera tu re  
would not cause an er ror  of greater  than 30% in the 
value of pressure calculated f rom the least  squares fit 
of the exper imenta l  data. 

Finally,  in order to ver i fy  the Clausing factor and 
to check the apparatus, an effusion exper iment  was 
per formed at 1051~ with K C t  and the results  com- 
pared with previous work. A value for the vapor  pres-  
sure of KC1 of 0.36 Torr  was obtained from the pres-  
ent  work  (assuming the vapor  to be 100% KCI mole-  
cules).  This may  be compared with  0.41 Torr  obtained 
from the equat ion of Treadwel l  and Werner  (9), 0.46 
Torr  from the equation of Zimm and Mayer  (10) and 

-5"~ t ~ \ \ \ ' -  | ~ "- I ' I 

�9 , \ \  
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~ - 7 . 0  

-e.o ~ .  \ '\\?',t 
~ ~ ~ t  - 9 . 0  I I I 
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Fig. 2. Log K vs. reciprocal temperature as determined in this 
work ( O ,); by Korneeva et al. (2) ( . . . . .  ); and by 
Goldfinger and Jeunehomme (3) ( . . . .  ~. 

0.48 Torr  f rom the equation of Pugh and Bar row (11). 
This corresponds to a difference of approximate ly  15- 
25%, suggesting that  in our measurements  errors from 
all  sources were  in the range 15-30% at a maximum. 

Determination o~ the Zn-ZnTe  liquidus in the 500 ~ 
900~ range.--A determinat ion  of the l iquidus com- 
position was made by equi l ibrat ing zinc tel lur ide 
crystals wi th  l iqu id  zinc fol lowed by separat ion of the 
solid and l iquid at tempera ture .  The l iquidus composi- 
t ion was then determined in two ways: chemical  anal-  
ysis of the mater ia l  that  was liquid at t empera ture ;  
and measurement  of the weight  loss of the solid crys-  
tals. 

Quartz ampules (17 mm diameter  and containing 
two doubly connected compartments)  were  charged 
with  approximate ly  20g of zinc shot (puri ty  of 99.999% 
or bet ter)  and 0.bg of a zinc te l lur ide crystal, evac-  
uated to 5 x 10 -6 Torr  and sealed. Init ial  weights of 
Zn and ZnTe were  measured to _ 12 and • 3 ~,g, re-  
spectively, wi th  a Mett ler  microbalance. The ampules 
were  annealed in a resistance wound furnace. A nickel 
jacket  minimized tempera tu re  gradients and the sam- 
ples were  rotated dur ing anneal ing to speed the at-  
ta inment  of equi l ibr ium. Tempera tu re  was control led 
to wi th in  • 1/2~ with a Barber -Coleman  293C con- 
t ro l ler  and tempera ture  was monitored wi th  a chro- 
me l -a lumel  thermocouple  that  was periodical ly com- 
pared with a thermocouple  cal ibrated by the National  
Bureau  of Standards.  

At the end of the anneal ing time, the ampules were  
ti l ted and shaken to separate the solid f rom the l iquid 
at t empera ture  and then quenched. The port ion of the 
sample that was l iquid at t empera ture  was analyzed 
for te l lur ium content  gravimetr ical ly .  The remaining 
ZnTe crystals were  etched wi th  HC1 to r emove  excess 
zinc (HC1 attacks ZnTe at a rate  negligible compared 
to that  for Zn meta l ) ,  reweighed,  and the solubili ty 
computed from the  weight  loss. 

The exper imenta l  results are summarized in Table 
II. As i8 evident  f rom the data, there  is r a ther  poor 
agreement  be tween the weight  loss points and the re -  
sults obtained f rom chemical  analysis. For  di lute so- 
lutions such as the l iquidus in this region of the T=X 
diagram, one expects Henry ' s  law to apply and the 
l iquidus composition to fol low the re la t ion 

I n  X T e  L = -~-  -~  b [ 5 ]  

w h e r e  XTe L is the mole fract ion of Te in the liquid, 
T the tempera ture  of the liquid, and m and b are 
constants. Trea t ing  the present  data, one obtains 

7.63 x 108 
in XTe L = 1.55 [6] 

T 

with  the probable  er ror  values of m and b of _ 1.16 
x 103 and • 1.16, respectively.  While  these error  values 
are large in comparison to m and b (15% and 75%, 
respect ively) ,  they are not unreasonable  in v iew of 
the small  solubilities measured.  The data are useful  
for semiquant i ta t ive  estimates (as be low) ;  however ,  
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Table II. Solubility of tellurium in liquid zinc 

X 
( a t m  f r a e  (OK) 1 

i ~ units) x l0 +~ x I0 +~ 

1 512 3.29 12.7 
2 512 2.69 12.7 
3 580 7,15 11.7 
4* 580 1.03 11.7 
5 641 10.23 10.9 
6* 641 1.54 10.9 
7 649 12.81 10.8 
8* 649 1.54 10.8 
9 698 8.98 10.2 

10" 698 3.07 10.2 
11 772 13.01 9.5 
12" 772 8.20 9.5 
13 796 18.47 9.3 
14" 796 6.15 9.3 
15" 812 6~6 9.2 
16 819 25.26 9 . i  
17" 819 16.40 9.1 
18 855 36.35 8.8 
19" 855 34.85 8.8 
20 876 43.00 8.7 
21 908 63.53 8.4 
22 910 71.99 8.4 
23* 910 87.16 8.4 

* D e n o t e s  a r e s u l t  o b t a i n e d  t h r o u g h  c h e m i c a l  a n a l y s i s ;  a l l  o t h e r s  
o b t a i n e d  by  w e i g h t - l o s s  m e t h o d s .  

Table III. Standard enthalpy and entropy for the 
reaction ZnTe(s) ~ Zn(g) + Vz Te2rg) 

R e f e r e n c e  AH ~ k c a l / m o l e  AS ~ e .u .  

This work 79.1 45.0 
(650~176 

2 73.0 44.0 
(518~176 

3 73.6 43.1 
(653~176 

they are not  adequate  for obtaining excess heats and 
entropies of solution. 

Discussion 
Enthalpy and entropy of format ion of ZnTe. - -The  

vapor izat ion constant (Eq. [3]) is re la ted  to the 
change in standard entha lpy  (AH ~ and entropy (AS ~ 
for the vaporizat ion of ZnTe by the  equat ion 

--AH ~ (T) 
R In K ( T )  = ~- AS ~ ( r )  [7] 

T 

For the tempera ture  ranges covered by the three  
vaporizat ion studies the dependence  of AH ~ and AS ~ 
on tempera ture  may be neglected 3 so that  AH ~ and 
-~S ~ can be calculated direct ly f rom the analyt ical  
expressions for K. Table III  lists the values of AH ~ 
and AS ~ calculated f rom our results and f rom the 
results of Korneeva  et al. and of Goldfinger and 
Jeunehomme.  The differences in the values of AH and 
AS ~ listed in Table III  are small, but  they resul t  in 
significant differences in the calculated total  pressure 
over  congruent ly  subl iming ZnTe. At 1000~ for ex-  
ample, the calculated pressures are 1.6 x 10 -2 Torr,  
9 x 10 -2 Torr, and 5 x 10 -2 Torr  using our data, the 
data of Korneeva,  et al., and the data of Goldfinger 
and Jeunehomme,  respectively.  The differences in the 
calculated pressures are due to differences of the 
same magni tude  in the exper imenta l  values of the 
vapor  pressure. 4 Considering the major  sources of 
exper imenta l  error, those in the weighing and /o r  
counting operations would be random, and any error  
in the Clausing factor would  be constant, independent  
tempera ture ,  and hence nei ther  would  influence the 

S i n  t h e  p r e s e n t  a n d  t w o  p r e v i o u s  s t u d i e s  a p l o t  of  I n ( K )  vs. 1 / T  
is  w e l l  r e p r e s e n t e d  by  a s t r a i g h t  l ine .  i n d i c a t i n g  t h a t  a ~ f u n c t i o n  
a n a l y s i s  o v e r  t h e s e  t e m p e r a t u r e  r a n g e s  is  n o t  n e c e s s a r y .  F u r t h e r -  
m o r e ,  t h e  e s t i m a t e d  v a l u e  of ACp of - - 2 . 5  c a l / m o l e  ~  f o r  t h e  r e a c -  
t i o n  in  Eq .  [2] (see  b e l o w )  w o u l d  p r o d u c e  a c h a n g e  o f  less  t h a n  
- -1 .0  k c a l / m o l e  in  AH ~ a n d  less  t h a n  1.0 e .u .  i n  AS ~ b e t w e e n  t h e  
m i n i m u m  a n d  m a x i m u m  t e m p e r a t u r e s  of e a c h  i n v e s t i g a t i o n .  

~The c o m p o s i t i o n  of  Z n T e  i n s i d e  t h e  e f fu s ion  c e l l  is  v e r y  n e a r  
t h a t  of  c o n g r u e n t l y  s u b l i m i n g  Z n T e  (12) .  H e n c e ,  t h e  m e a s u r e d  
v a p o r  p r e s s u r e s  a r e  v e r y  n e a r  t h e  m i n i m u m  t o t a l  v a p o r  p r e s s u r e .  
w h i c h  o c c u r s  o v e r  c o n g r u e n t l y  s u b l i m i n g  Z n T e .  

calculated enthalpy.  An error  in temperature ,  how-  
ever, would probably be systematic and resul t  in an 
error  in the enthalpy.  Since the data  of each invest iga-  
tion are self-consistent  but  there  exist small  but  sig- 
nificant differences in the entha lpy  values, an error  
in the measurement  0f t empera tu re  is probably the 
ma jo r  reason for the discrepancies be tween the pres-  
ent s tudy and previous investigations. 2,s discussed 
above, a conservat ive  est imate of the er ror  in pressure 
due to the exper imenta l  er ror  in t empera ture  in the 
present  study is placed at 30% which is less than the 
observed differences. 

The values of AH ~ and AS ~ for  the react ion 

Zn(s) ~- Tecs)= ZnTe(s) [8] 

have been determined at lower temperatures by Mc- 
Ateer and Seltz (13) and by Pool (14). Values of AH ~ 
and AS ~ for the vaporization of ZnTe can be calcu- 
lated from these data and compared with the values 
determined from the vapor pressure studies. Because 
of the large temperature difference between these in- 
vestigations and the vaporization investigations one 
must estimate ACp for Eq. [2] and also insure that the 
standard state of the ZnTe is the same in all the in- 
vestigations. An est imate of Up for ZnTe can be made 
using the empir ical  methods discussed by Kubaschew-  
ski and Evans (15) and gives 

Cp(ZnTe) = 11.5 c a l / ~  mole + 2.8 x 10 - s  T [9] 

Other requi red  values of Cp are in the l i t e ra ture  (16- 
I8). The standard state chosen for ZnTe is the pure, 
stoichiometric compound, and since the phase field of 
ZnTe is very  narrow,  it is assumed that  negligible de-  
viat ion f rom this s tandard state can be achieved ex-  
perimental ly.  In other  words, it is assumed that  the 
phase field of ZnTe is so nar row in terms of its com- 
position limits that  the  difference be tween the f r ee  
energies of format ion of ZnTe saturated with  Zn and 
ZnTe saturated wi th  Te cannot  be detected exper i -  
mental ly.  This assumption has been shown to be  val id 
for CdTe as discussed by Brebr ick  and Strauss (12). 

McAteer  and Seltz (13) used a revers ible  galvanic  
cell to study the react ion of Eq. [8] and found AH ~ 
= --  28.2 kca l /mole  and AS ~ = --2.9 e.u. at an aver -  
age t empera tu re  of 658~ (385~ Pool  (14) used 
tin solution ca lor imetry  to de termine  AH~ for the 
same react ion and obtained a value of --28.5 kca l /  
mole. Since ACp is expected to be negligible for Eq. 
[8] [Neumann and Kopp's  law (16)], the  agreement  
be tween these two values of AH ~ is expected despite 
the difference in tempera tures  of measurement .  Com- 
bining these data wi th  the thermodynamic  data for 
the vaporizat ion of a solid Zn and Te (17) and the 
heat  capacities of Zn(s)(18), Te(s)(15), Zncg)(17) and 
Te2(g~(17) enables one to calculate AH65soK = 79.1 
kca l /mole  and AS~ ----- 51.3 e.u. for the dissociation 
of ZnTe into Zn(g) and Te2(g) (Eq. [2]). Using the 
est imated heat  capacity of ZnTe, one calculates fur -  
ther  that  ACp for Eq. [2] is --2.5 ca l /mole  ~ leading 
to A H ~  -~  77.6 kcal /mole ,  and AS~ = 49.5 
e.u. These values are in good agreement  wi th  those 
der ived f rom the vapor  pressure studies (Table III)  
when  one considers the approximat ions  and ex t rapola-  
tions requi red  for the calculation. Previously,  KrSger  
(19) has concluded that  the data of McAteer  and S e l t z  
yielded calculated vapor  pressure values in conflict 
wi th  those measured  direct ly  and with  the m a x i m u m  
mel t ing  point (6, 7) of ZnTe (Kr5ger 's  F igure  I indi-  
cates a AH ~ der ived f rom data of McAteer  and Seltz 
which is about 25% larger  than those de te rmined  by 
vapor  pressure measurements ) .  

Pressure-reciproca~ temperature  d iagram.- -The  
pressure-reciprocal  t empera tu re  ( P - l / T )  d iagram for 
compounds describes the component  pressures along 
the l iquidus l ine of the tempera ture-composi t ion  
(T-X)  diagram and shows the range of component  
pressures at a given tempera tu re  for which the solid 
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phase is stable. The ( P - l / T )  d iagram is used to de- 
te rmine  the range of component  pressures under  which 
the compound can be annealed wi thout  melting, and 
to predict  the ex t rema  in defect concentrat ions for 
those crystal l ine defects in equi l ibr ium with  the ex-  
ternal  component  pressures. 

An exper imenta l  determinat ion of the ( P - l / T )  di- 
agram for the Zn-Te system has not been made;  how-  
ever, one can construct  a d iagram by combining the 
vapor  pressure data wi th  the T -X diagram which 
was recent ly  rede te rmined  by two invest igators (6, 7) 
and is shown in Fig. 1. Studies of the P-T-X  diagrams 
for the Cd-Te (20), Cd-Se (21), and Hg-Te  (22) 
systems show that  Raoult 's  law can be applied to l iq-  
uids except  for compositions in the  region of the com- 
pound. Assuming that  Raoul t ' s  law also may be ap- 
plied to liquids in the Zn-Te  system, ~he part ial  pres-  
sures of Zn over  the Zn r ich l iquidus and of Te over  
the Te rich l iquidus are given by 

and 
P z n  = P ~  N z n o )  [10] 

P T e 2  = P ~  N 2 T e ( 1 )  [11] 

respectively,  where  P~ is the vapor  pressure of pure 
Zn or Te, and Ni is the mole fraction of Zn or Te 
in the l iquidus composit ion at t empera tu re  T as shown 
by the T -X diagram. 5 The vapor  pressures of Zn over  
the Te rich l iquidus and of Te over  the Zn r ich l iq- 
uidus can be calculated f rom the vaporizat ion constant 
of ZnTe (Eq. [3]) and the vapor  pressure of the 
major  component  in the l iquid phase, if it is again as- 
sumed that  the phase field of ZnTe is so nar row that  
free energy of format ion (i.e., the vaporizat ion con- 
stant) of ZnTe is independent  of changes in the solid 
composition. A P-1/T diagram constructed in this 
manner  is shown in Fig. 3 using the values of the 
vaporizat ion constant f rom this work. B o t h  the Zn 
and Te vapor  pressures are shown in Fig. 3 in order 
to emphasize that  over  the Zn rich l iquidus the Zn 
pressure is orders of magni tude  higher  than the Te2 
pressure, and that over  the Te rich l iquidus the Te.~ 
pressure is orders of magni tude higher  than the Zn 
pressure. Consequent ly there  exists a composit ion of 
solid ZnTe between those corresponding to saturat ion 
with  Zn or Te whose total  vapor  pressure has a mini-  
mum value. The solid composition having the mini-  
mum total  vapor  pressure is known as the congruent ly  
subl iming composition because it and its equi l ibr ium 
vapor  have precisely the same composition (which 
may also be a function of t empera ture ) .  Deviat ions 
from stoichiometry in ZnTe are small, however ,  so 
that  both the congruent ly  subl iming solid and its 
equi l ibr ium vapor  may be considered to be stoichio- 
metr ic  for purposes of chemical  analysis. The total  
vapor  pressure over  congruent ly  subl iming ZnTe is 
related to the vaporizat ion constant by (4) 

PT (Torr) ---- 3/22/3 K 2/3 • 760 [12] 

and is also shown in Fig. 3. Due to the lack of suffi- 
cient the rmodynamic  data at tempera tures  above about 
1000~ for extrapolat ion purposes, the portion of the 
P-1/T diagram above this t empera ture  must be con- 
sidered to be approximate.  6 

A s i g n i f i c a n t  d i s c r e p a n c y  e x i s t s  b e t w e e n  t h e  t w o  e x p e r i m e n t a l  
T e - r i c h  l i qu id s  l ines  a b o v e  1000*C (Fig.  1). T h e  c a u s e s  of  th i s  d i s -  
c r e p a n c y  a re  n o t  r e a d i l y  a p p a r e n t ,  e spec i a l l y  s ince  t h e  d a t a  a g r e e  
w e l l  a l o n g  t h e  Z n - r i c h  l i q u i d u s  w h e r e  p r e s s u r e s  a r e  h i g h e r  a n d  
the  D T A  e x p e r i m e n t a t i o n  m o r e  diff icul t .  A v e r a g e  v a l u e s  fo r  N.r~.(l ) 
w e r e  u s e d  to ca l cu l a t e  t h e  P - 1 / T  d i a g r a m  a b o v e  1000*C, s ince  t h e  
m a j o r  s o u r c e s  of  e r r o r  in  t h e  c a l c u l a t i o n  a t  t h e s e  t e m p e r a t u r e s  a r e  
in  t h e  use  of  R a o u l t ' s  l a w  a n d  t h e  l a c k  of  e x p e r i m e n t a l  v a l u e s  of  
C ,  fo r  Z n T e .  

In  F ig .  3 t h e  l i q u i d u s  l ines  n e a r  t h e  m a x i m u m  m e l t i n g  point 
h a v e  b e e n  c o n s t r u c t e d  so t h a t  t h e  m a x i m u m  m e l t i n g  c o m p o s i t i o h  
a lso  s u b l i m e s  c o n g r u e n t l y  ( i .e . ,  Pzn = ~P'l'e 2 a t  Tmax). T h i s  a s s u m e d  

c o i n c i d e n c e  h a s  no t  b e e n  d e m o n s t r a t e d  e x p e r i m e n t a l l y .  
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Fig. 3. Pressure-reciprocal temperature diagram showing the Zn 
and Te2 partial pressures along the liquidus of the T-X diagram 
(Fig. 1), and the minimum total vapor pressure over congruent[y 
subliming ZnTe. Above about 1000~ the diagram is tentative be- 
cause of the lack of heat capacity data for proper extrapolation of 
the vapor pressure of ZnTe, and possible deviations from ideality 
in the liquid phase. 

Activity coefficient of Te in liquid Zn. - -An  est imate 
of the act ivi ty  coefficient of Te in l iquid Zn can be 
made by combining the data giving the  solubility 
of Te (or ZnTe) in l iquid Zn with  the vapor  pressure 
of Te2 over  ZnTe saturated with  Zn, which is given 
by the P-1/T diagram of Fig. 3. 

The act ivi ty  coefficient ~/We of Te in l iquid Zn-Te  
alloys is given by 

1 ( PTe2 ~1/2 [13] 
"YTe = X T e ( 1 )  P a T e  2 / 

where  Xwe(1) is the mole  f ract ion of Te in the liquid, 
P i e 2  is the vapor  pressure of Te2 over  the liquid, and 
P ~  2 is the vapor  pressure of pure Te. The value of 
P T e 2 1 / 2  i s  given by 

K 
P i e 2 1 / 2  = ~ [14] 

Pzn(1) 

where  K is the dissociation constant for ZnTe and 
Pznr is given by Eq. [10]. Using Eq. [6] for XTe(1), 
the vapor  pressures of pure Zn and Te, and our va-  
porization constant for ZnTe to evaluate  Eq. [13] 
gives 

log "/we --~---4800/T + 2.86 [15] 

w h e r e  7Te is expl ici t ly  for the Zn-r ich  liquidus. The 
calculated value of ~Te is 10 -2 at 1000~ and 6 x 10 -2 
at 1173~ These small  values arise due to the large, 
negat ive deviat ion from ideali ty in the Zn-Te  system. 
They can be compared to the value of 5 x 10 -4 cal-  
culated (21) for Se along the Cd rich l iquidus of 
Cd-Se alloys be tween  about 1200" and 1400~ Since 
the mel t ing points and f ree  energies of format ion for 
CdSe and ZnTe are very  comparable  (3, 21), one 
might  expect  that the act ivi ty  coefficients of the group 
VI elements  would  be of more  comparable  magni tudes  
in these two alloy systems. 

Compositional limits of the ZnTe phase field.--Un- 
doped ZnTe is a p- type  semiconductor,  presumably  
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due to the presence of a nat ive  defect which acts as a 
double acceptor. The defect is bel ieved to be due to 
the incorporat ion of excess Te and genera l ly  has 
been a t t r ibuted  to be a zinc vacancy (1, 24, 25). Self-  
diffusion data (26) for Zn and Te, however ,  suggest 
that  the acceptor defect is an inters t i t ia l  Te atom. 
Thomas and Sadowski  (1) have measured  the high 
t empera tu re  hole concentrat ion in ZnTe as a funct ion 
of t empera tu re  and zinc par t ia l  pressure  and found 
that  

p cc (Pzn ) -n  [16] 

where  n var ied  f rom 0.44 at 700~ to 0.30 at 950~ 
Thomas and Sadowski in terpre ted  their  data to show 
that  doubly ionized zinc vacancies dominate  the de- 
fect equi l ibr ia  at high tempera tures  according to 
the react ion 

Zn(znWe) = Zn(g) -~ Vzn -2 ~- 2p [17] 

where  Vzn -~ is a doubly ionized Zn acceptor vacancy. 
This react ion and the presumed charge neut ra l i ty  con- 
dition of 

p = 2[Vza -2] [18] 
predict  that  

p r pzn-1/3 [19] 

which approximates  the exper imenta l  results  at the 
higher  temperatures .  The double acceptor model  
would predict  the same electr ical  behavior  regardless  
of whe the r  the defect was assumed to be a zinc va-  
cancy or an interst i t ia l  Te atom. 

If one combines the exper imenta l  data of Thomas 
and Sadowski,  an appropriate  model  of the defect 
equilibria,  and the P - 1 / T  diagram previously con- 
structed for the Zn-Te  system, it is possible to calcu-  
late the compositional l imits of the ZnTe phase field. 
The composit ion limits on the zinc r ich side of the 
ZnTe phase field are determined by extrapola t ing the 
data of Thomas and Sadowski to zinc pressures cor-  
responding to zinc saturation, while the composition 
limits on the Te rich side are determined by ex t rapo-  
lat ing their  data to the zinc pressures corresponding 
to Te saturation, as read from the P - 1 / T  diagram. 
The double acceptor defect model  described above 
has been used by Reynolds (27) and Kroger  (19) to 
calculate  the limits of the ZnTe phase field. Both 
authors assumed that  the acceptor defect was doubly 
ionized for all re levant  values of t empera tu re  and Zn 
part ial  pressure;  hence, their  calculations of the Te-  
r ich boundary  of the ZnTe phase field employs an ex-  
t rapolat ion of the hole concentrat ion at all t emper -  
atures on the basis that  p ~ Pzn -1/3.  However ,  if the 
acceptor defect were  singly ionized for some values of 
t empera tu re  and Zn pressure, the defect model  would 
predict  p cc pzn -1 / 2 .  The data of Thomas and Sadow-  
ski, which give p cc pzn-0.44 at 700~ and p cc pzn-0.3s 
at 750~ indicate that  this is the case. Both lower 
tempera tures  and lower Zn part ial  pressures wil l  fa-  
vor  single over  double ionization of the defect. Even  
at a constant t empera ture  the defect  may  become 
singly instead of doubly ionized as the Zn pressure is 
reduced because the crystal  is becoming more p - type  
(Fermi  level  of energy moving  closer to the valence 
band).  Hence isotherms giving the hole (or defect) 
concentrat ion as a funct ion of Zn part ial  pressure may  
be analyt ical ly  complex and show some " i r ra t ional"  
average dependence on Zn pressure lying be tween  
Pzn -1/3 and Pzn -1/2. In order  to demonstra te  the effect 
of the possible change in charge state on the calcu- 
lated limits of the ZnTe phase field, Fig. 4 shows the  
Te- r ich  l imit  calculated using both Eq. [19] and the 
exper imenta l  pressure dependencies for extrapola t ion 
purposes. A decrease in hole concentrat ion with  in-  
creasing t empera tu re  at low tempera tures  is suggested 
when the exper imenta l  hole concentrat ion-Pzn re la -  
tions are  used. This tendency would be reduced if the 
data at the higher  t empera tures  were  ext rapola ted  ac- 
cording to Pzn -1/a near  Zn saturat ion and according 
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Fig. 4. Free hole concentration in ZnTe vs. reciprocal tempera- 
ture for the conditions of Zn saturation (1) ( �9 ); for 
Te saturation as calculated using the P-1/T diagaram (Fig. 3) 
and Eq. [19]  for extrapolation ( �9 ); and for Te 
saturation as calculated using the P.1/T diagram and the experi- 
mentally determined hole concentration vs. Pzn relations 
( �9 ). The dotted line is a straight line extrapolation 
using the three low temperature points at Te saturation as com- 
puted assuming Eq. [19] .  

to  Pzn -1/2 near  Te saturation, due to a decrease in 
charge of the acceptor defect  as the Zn pressure is 
reduced. Nevertheless,  the use of the exper imenta l  
pressure dependencies would suggest that  the Te- r ich  
solidus is near ly  tempera ture  independent  and per -  
haps exhibits a re t rograde  solubil i ty limit. In fact, 
the suggestion of re t rograde  behavior  persists e v e n  
using the pressure dependence of Pzn -1/3. The tem-  
pera ture  range over  which the re t rograde  behavior  is 
suggested is in qual i ta t ive  agreement  wi th  the range 
suggested by the theory  of Mil ler  and Komarek  (28) 
which (for the Zn-Te  system) relates  the t empera tu re  
of the m ax im um  in the re t rograde  solubil i ty to the 
tempera ture  of the inflection in the Te- r ich  l iquidus 
line in the T -X diagram (Fig. 1). Fur the r  evidence 
suggesting re t rograde  behavior  is the pronounced 
precipitat ion which occurs in ZnTe crystals annealed 
at high tempera tures  in Te- r ich  atmospheres (26, 29). 
Finally,  a near ly  t empera tu re  independent  Te-r ich  
solidus is in agreement  wi th  the Hall  effect measure-  
ments of Larsen (30) who found that  the net  ac- 
ceptor concentrat ion in ZnTe annealed in excess Te 
was near ly  independent  of anneal ing t empera tu re  (the 
net concentrat ion in crystals annealed in excess Zn 
increased rapidly as the anneal ing tempera ture  was 
increased) .  

An a l ternat ive  defect model  which also would pre-  
dict that p cc P z n - 1 / 2  at the lower  tempera tures  postu- 
lates that  charge neut ra l i ty  is given by 

1~[A-2] = [D +] [21] 

where  A -~ is the double ionized acceptor nat ive  de- 
fect and D + is a donor impuri ty.  When the t emper -  
ature is made sufficiently high the thermal ly  generated 
concentrat ion of A -2 would exceed the concentrat ion 
of D + and the charge neut ra l i ty  condition would  be-  
come that  given in Eq. [19] so that  p ~ Pzn -1/3. Anal -  
ysis of the data of Thomas and Sadowski using this 
model  of the defect equi l ibr ia  would suggest that  their  
Crystals contained about 5 x 101e/cm3 donor impurities.  
This model, however ,  is difficult to reconcile wi th  
the good reproducibi l i ty  f rom crystal  to crystal  ob- 
served by Thomas and Sadowski  because it infers all 
crystals have  the  same donor content. 
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Formation of Precipitates in Gold Diffused Silicon 
E. D. Wolley and R. Stickler 

Westinghouse Electric Corporation, Research and Development Center, Pittsburgh, Pennsylvania 

ABSTRACT 

Gold was diffused into silicon wafers with a variety of surface t rea tments  
and doping conditions by a sealed tube AuC13 process. Transmission electron 
microscope examinat ions of the wafers showed that precipitates were formed 
at or near  dislocations, at loop-type defects, and at the Si-SiO2 interface. In  
one case of a slow-cooled diffusion r un  very large precipitates which were 
formed at the Si-SiO2 interface were identified as Au2P3. 

Wilcox, LaChapelle, and Forbes (1) found that the 
increase in resist ivity of uni formly  gold diffused sili- 
con was not as much as expected from the gold con- 
centrat ion determined by tracer techniques. These re-  
sults lead to a conclusion that  not all of the gold is 
present as subst i tut ional  atoms in the silicon lattice 
but  tha t  some gold may be present as precipitates. 
These investigators also found that the solubili ty and 
diffusion constant  of gold were higher in silicon which 
was highly doped with phosphorus. They concluded 
that  one possible explanat ion of these results was the 
formation of a gold phosphide compound Au2P3. 
Sprokel and Fairfield (2) showed by means of autora-  
diographs that  the concentrat ion of gold was increased 
in regions of high phosphorus concentration. By x - ray  
diffraction microscopy these investigators also found 
precipitates in highly phosphorus-doped silicon sam- 
ples which had been gold diffused (3). Joshi and Dash 
(4) recent ly reported transmission electron microscope 
observations on the precipitat ion of a no t - fu r the r -  
identified "Au-S i -P"  compound in gold- and phosphor- 
us-diffused silicon. 

All these investigators used elemental  gold deposited 
on silicon surfaces as diffusion sources. In  the present  

invest igat ion silicon wafers were gold diffused by us-  
ing a volatile gold compound as a diffusion source. 
The diffusion was carried out in a sealed tube process 
with .small amounts  of AuC13 as a source. 

We have examined the gold diffused silicon wafers 
by transmission electron microscopy (TEM) and elec- 
t ron diffrac,tion (ED) in order to ascertain if any pre-  
cipitation does occur and to identify the precipitate, if 
present. Precipi tat ion was observed, and some of these 
precipitates have been identified as gold phosphide, 
Au2P3 (5). The Au2P3 was observed at or near  the 
silicon-silicon dioxide interface. Other precipitated 
particles were also detected which could not be ident i-  
fied because they were too sparse and electron dif- 
fraction pat terns were inconclusive. Some of these 
particles could be gold. On some specimens a finely dis- 
persed surface precipitate could be identified as SiC. 

Experimental Procedures 
Materials and wafer preparation.--Wafers of 250 

~m (1 ~m ~ 10 -6 m) thick silicon of several different 
resistivities both n - type  (phosphorus-doped) and p- 
type (boron-doped) ,  as well  as relat ively perfect and 
highly imperfect mater ia l  were diffused. The material ,  
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Table I. Experimental data fur gold diffusion 

Resis -  G o l d  
G r o u p  Cond.  t i v i t y  P r e d i f f u s i o n  d i f f u s i o n  D i f fu s ion  C o o l i n g  

No. t ype  D o p a n t  (ohm cm) t r e a t m e n t  t emp ,  ~ t ime ,  h r  r a te  

1 n P 20 M i x e d  ac id  po l i shed?  1235 2 Fas t  b 
n P 20 M i x e d  ac id  po l i shed?  1235 2 S low e 

2 n P 20 D e f o r m e d  a 1235 2 F a s t  
n P 20 D e f o r m e d a  1235 2 S low 

3 n P 20 Lappedo  1235 2 F a s t  
n P 20 L a p p e d  o 1235 2 S low 

4 n P 150 L a p p e d  ~ 1235 2 S low 
n+ p 0.06 Lappedo  1235 2 S low 
p§ B 0.08 Lapped~  1235 2 S low 

5 p B 20 M i x e d  ac id  p o l i s h e d  1235 2 S low 
Phos .  d i f f u s e d  d 

p B M i x e d  ac id  p o l i s h e d  1235 2 F a s t  (P.~O~ 
ge t t e red)  

6 See Tab le  I I I  M i x e d  ac id  p o l i s h e d  1235 2 F a s t  
See Table  IV M i x e d  ac id  p o l i s h e d  885 31 F a s t  

Notes :  (See t e x t  fo r  c o m p l e t e  d e s c r i p t i o n  of notes)  : 
a L i g h t l y  d e f o r m e d  by  h e a t - t r e a t i n g  to 1275~ w i t h  s t r a in  (2 • I0  "~ d is loca t ion/cmC).  
b Quenched .  
c H e a v i l y  d i s loca t ed  by  l a p p i n g  (109 d i s loea t ions /cm~) .  

T w o - s t e p  p h o s p h o r u s  d i f fus ion ,  1100~ fo r  1 hr ,  1200~ fo r  4 hr .  
e S low cooled to  400~ (see t ex t ) .  
t Wafe r s  as r e c e i v e d  < 100 d i s l o e a t i o n s / c m  2. 

t r ea tment  before diffusion, and diffusion conditions are 
listed in Table I. 

The wafers  re fer red  to in the table as "Deformed"  
were  sl ightly deformed in a quartz  tube so that  the 
wafers  were  suspended on the edges by the tube walls. 
A quartz  rod was placed on top of the wafers,  the tube 
was evacuated to 10 -5 Torr, back-fi l led to 1/5 atm 
with  argon, and sealed off. Then the tube was heated 
at 1275~ for 24 hr. Only 2 x l0 s dislocations cm -2 
were  introduced by this t reatment ,  however .  

Since a re la t ive ly  h igh  dislocation densi ty (>  10s 
cm -2) is required in order to observe dislocations read-  
i ly by TEM, wafers  of the two subsequent  gold diffu- 
sions were  lapped with  600 mesh A1203 and given only 
a l ight  polish wi th  0.25 ~m diamond powder  before 
diffusion. This t r ea tment  is referred to in Table I as 
"lapped." The dislocations were  introduced by the 
abrasion t rea tment  and rear ranged  during hea t - t r ea t -  
ment  by the rel ief  of lapping stress (6). 

Gold diffusion.--The Si wafers were  oxidized in wet  
argon at 1200~ to produce surface oxide films ranging 
f rom 7000 to 12,000A in thickness. Pr ior  to the Au-d i f -  
fusion t reatment ,  the oxide was removed f rom one 
side of the wafers,  and the wafers  were  sealed in 
quartz  tubes (20-60 cm 3 volume)  together  wi th  ap- 
p rox imate ly  0.1 mg of AuC13 (supplied by Engelhard  
Industr ies) .  The AuC13 was held at a low tempera ture  
dur ing pump-down to 10-~ Torr  and seal-off to pre-  
vent  decomposition. The AuC13 is somewhat  hygro-  
scopic wi th  the result  that  a small  amount  of tI20 and 
perhaps other  adsorbed gases might  have been int ro-  
duced into the diffusion tube. The diffusions were  car-  
r ied out at 885~ for 16 hr  or at 1235~ for 2 hr. For  
these diffusion conditions, the distr ibution of gold 
through the 250 ~m samples should have been re la-  
t ively  un i form at the end of the diffusion time. Wafers 
were  both slow cooled and fast cooled f rom the diffu- 
sion temperature .  For  the slow cooled wafers  the aver-  
age cooling rates  were  10~ to 1000~ 5~ 
to 800~ and l ~  to 400~ Fast cooling was ac- 
complished by removing  the diffusion tube f rom the 
furnace and placing it under  running tap water.  The 
t ime requi red  to cool the tube to room tempera ture  
was 5-10 sec. 

During the sea led- tube  gold diffusions, a th in  oxide 
layer of a thickness varying f rom a few to several  
hundred Angstroms formed on the side f rom which 
the thick oxide film had been removed.  Nevertheless,  
in the fol lowing this side wil l  be called the "free"  
surface and the side with 7000 to 12,000A the "oxi-  
dized" surface. 

Transmission electron microscope examinations.-  
After  gold diffusion the wafers  were  divided into 
pieces small  enough to be mounted  on the specimen 

stage of the electron microscope. They were  chemical ly 
thinned f rom one or both sides, to obtain areas t rans-  
parent  to the electron beam (6). Both the f ree  and 
the oxidized sides of the wafers  were  examined.  When 
the samples were  examined near  the surface region by 
thinning f rom one side only, they were  examined first 
through the oxide and the silicon. Then, the oxide was 
removed in HF and the Si samples were  re -examined .  

Determination o5 electrically active gold.--In order 
to compare the amount  of the electr ical ly act ive gold 
obtained by the AuC13 sealed tube diffusion process to 
that  obtained by other invest igators by the use of 
deposited gold sources, the change in resis t ivi ty of 
various silicon wafers  af ter  the gold diffusion was de- 
termined. 

Since gold introduces both a deep donor and accep- 
tor (7) in silicon, it decreases the net  car r ie r  concen- 
t rat ion in both p- type  and n - type  material .  Thus the 
amount  of electr ical ly act ive gold introduced by dif-  
fusion can be determined by measur ing the change 
in resist ivi ty in ei ther p - type  or n- type  material .  Sev-  
eral  resistivities in both conduct ivi ty  types covering 
a range of concentrat ions f rom 3 x 101~ to 6 x 1017 
cm -3 were  diffused with  gold at 1235 ~ and 885~ for 
2 and 31 hr, respectively.  The diffusion t ime was 
presumably long enough to diffuse complete ly  through 
the wafers,  and hence a re la t ive ly  uni form distr ibu-  
tion of gold was obtained. Af te r  diffusion the wafers  
were  fast cooled to prevent  appreciable redis tr ibut ion 
or precipitat ion of the gold. 

The resistivit ies and conduct ivi ty  type of the wafers  
were  measured before and after  diffusion. The carr ier  
concentrations were  determined f rom the resistivit ies 
and the data of I rv ing  (8). 

Results 
Electrical data.--The results of the 1235 and 885~ 

diffusions are given in Table II and Table III, respec-  
tively. From Table II it is apparent  that  the amount  
of electr ical ly active gold which was obtained at 
1235~ is approximate ly  1 x 1016 cm -3. Note that  for 
concentrat ions above 10 TM cm -3 the change in resis t iv-  
i~ty corresponded to an act ive Au concentrat ion of 
about 1 x 1016 cm -~. For  concentrat ions below 1 x 1016 
cm -3 the resis t ivi ty became ve ry  large as a resul t  of 
complete compensation. This value of 1016 cm -3 is 
less than the solid solubili ty of gold in silicon reported 
by Collins et al. (9), who reported a value  of about 
1017 cm -3 at 1235~ The concentrat ion of gold in the 
gaseous phase in our diffusion exper iments  was of 
the order of 1015 cm -8 which probably accounts for 
the value  lower  than the solid solubility. 

F rom Table III it appears that  the amount  of gold 
diffused at 885~ depended on the concentrat ion in 
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Table II. Change in resistivities of silicon wafers gold diffused at 
1235 ~ 

B e f o r e ,  A f t e r ,  C h a n g e  
T y p e  o h m - c m  N ,  c m  - s  T y p e  o h m - c m  N ,  c m - a  N ,  c m - a  

N 0 . 1 0 6  8 • 101~ N 0 . 1 1 5  7 • 101~ 1 • 1 0  t~ 
P 0 . 0 9  5 .7  • 1017 P 0 . 0 8 9  5 .7  • 10 :iv - -  
P 0 . 4 3  5 • 101~ P 0 . 4 9 6  4 x 1 0 ~  1 • 10  m 
N 0 . 5 5  1 ,1  • I0~6 - -  > 2 0 0  - -  - -  
N 1 .02  5 . 5  x 10 as - -  > 2 0 0  - -  - -  
i 1.82 2.8 x I 0  ~ - -  > 2 0 0  - -  - -  

Table III. Change in resistivities of silicon wafers gold diffused 
at 885~ 

B e f o r e ,  A f t e r  C h a n g e  
T y p e  o h m - c m  N ,  c m  -a  T y p e  o h m - c m  N ,  c m  -a  N ,  c m - a  

P 0 . 4 9 1  4 . 3  X 101~ p 0 . 4 9 0  4 .3  > 1 0 m  - -  
N 0 . 6 9 9  8 .2  • 10  ~ N 0 . 7 5 8  7 . 5  > 1 0  m 7 x 10~' 
N 1.01 5.4 • I 0 ~  N 1,16 4.6 • i 0  ~ 8 • 10u 
N 1.81 2.8 • I 0  I~ N 2.24 2,1 • 10 ,tu 7 • I 0  t~ 
N 1 1 . 5  4 .2  X 1(~ 1~ N 2 1 . 8  2 . 2  • 1 0  ~4 2 • 101.  
P 21.9 6 • I 0  I~ P 26.8 5 X 10 I~ 1 x 10 It 

the start ing material .  Other  invest igators  have found 
that  the diffusion rate  and the solubili ty of gold in 
silicon depends on the quant i ty  and type of impuri t ies  
present  in the silicon (1, 2). 

Electron microscope examinations.--Description of 
the results of e lectron microscopic examinat ions wil l  
be made of the groups of diffusions listed in Table I 
i s  the order in which they appear in the table. 

F loa t -zone  mater ia l  (Group 1 ) . - -F igure  1 is com- 
posed of TEM's taken about 100 ~m below the surface. 
Figure  l a  is a TEM of a typical undiffused start ing 
wafer  showing loop-type features (10, 11), which are 
often found in s tar t ing material .  In the gold diffused 
and fast-cooled wafer  f rom group 1 the loops remained 
substant ial ly unchanged. In the slow cooled specimen 
shown in Fig. lb, there  is evidence of precipi tate  for-  
mation or change in the nature  of the loop- type fea-  
tures. An ED pat tern  could not be obtained f rom these 
precipitates. 

Deformed mater ia l  (Group 2) . - -As  stated above, this 
mater ia l  was only sl ightly deformed so that  the effect 
of deformat ion was not apparent  in the TEM':s. These 
wafers  were, however ,  substant ial ly different f rom 
those of group 1. F igure  2a shows the surface region 
of a fast cooled wafer  wi th  the oxide film removed in 
HF. There  are more small  precipitates near  the sur-  
face than were  evident  in the fast-cooled wafers  of 
group 1. A TEM of a slow cooled specimen is shown 
in Fig. 2b. 

The large regular -shaped  part icles were  located near  
the sil icon-silicon dioxide interface. A spotted ED 
ring pa t te rn  was obtained f rom these particles. The d- 
spacings de termined  f rom the ED pat tern  did not 
match those of Au which lead us to postulate the pre-  
cipitate was a gold-phosphide compound. However ,  

Fig. I. Transmission electron micrographs of regions approxi- 
mately 100/~m below surface of Si-wafers: a (left) untreated wafer, 
20 ohm-cm, n-type, loop-type defects (A); b (right) portion of 
same wafer, Au-diffused at 1235~ for 2 hr and slow cooled, 
formation of precipitate near loop-type defects (B). 

Fig. 2. Transmission electron micrographs of surface regions of 
Si-wofers (20 ohm-cm, n-type) heat-treated at 1275~ for 2 hr in 
vacuum prior to Au-diffusion at 1235~ for 2 hr: a (left) wafer 
fast cooled after diffusion treatment, surface oxide film removed 
with HF, fine precipitated particles (C) and thin plate-like precip- 
itate (D); b (right) wafer slow cooled after diffusion treatment, 
oxide film removed with HF, massive particles identified as 
Au2Pa. 

there is l i t t le  crystal lographic data on gold-phosphide 
compounds. In order  to obtain accurate s t ructural  data 
on Au2Pa, a 40 a /o  (atom per  cent) gold, 60 a /o  phos- 
phorus alloy was prepared as follows. Gold powder  
was put into a Vycor glass ampoule, the P was placed 
upr ight  in the glass a m p o u l e  in a small  quar tz  phial  
(10% over  the stoichiometric amount) .  Thus, only P 

vapor  could reach the Au powder.  The ampoule was 
then evacuated to bet ter  than  10 -5 Torr, sealed off, 
and placed in a furnace. Af te r  several  hours heat ing 
at 600~ the ampoule was removed and al lowed to 
cool to room temperature .  The react ion product ap- 
peared as a dark gray powder.  Unreacted  P was dr iven 
off by gent ly  heat ing the sample by flaming the 
ampoule with a Bunsen burner,  while  cooling the 
other  end of the ampoule. The tube was then opened. 
A chemical  analysis of the react ion product  revea led  
a P content  of 60.4 a /o  which is ve ry  close to the 
stoichiometric composition of Au2Pa. X - r a y  diffraction 
data were  obtained f rom Debye-Scher re r  pat terns;  
the measured  d-values  are listed in Table IV and 
compared with  electron diffraction data obtained f rom 

Table IV. Comparison of d-spacings of bulk prepared Au~Pa 
and the precipitates in Au diffused wafers 

d - S p a c i n g s  ( A )  d e t e r m i n e d  
f r o m  t h e  e l e c t r o n  d i f f r a c t i o n  

p a t t e r n  o f  p r e c i p i t a t e s  o n  
A u  d i f f u s e d  w a f e r  

d - S p a c i n g s  ( A )  d e t e r m i n e d  
f r o m  t h e  x - r a y  d i f f r a c t i o n  

d a t a  o f  b u l k  A u ~ P a *  

1 4 . 0 8  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 2 - 1 3  
7 .6  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  7 . 6  
- -  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  7 . 2  
- -  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  6 .1  
- -  �9 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  5 . 8 5  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  5 , 7  
5 . 0 0  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  5 . 2  
4 . 8 7  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  - -  
3 . 8 0  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3 , 8 5  
3 . 7 1  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3 , 7 9  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3 . 6 5  
3 . 4 6  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3 . 4 8  
3 . 1 2  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3 , 0 9  
3 . 0 4  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3 . 0 5  
- -  �9 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 . 9 6  
2 . 8 2  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 , ' / 9  
2 . 7 6  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 . 7 8  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 . 6 8  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 . 6 0  
2 . 5 3  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 . 5 6  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 . 4 1  
- -  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 . 3 7  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 . 3 0  
- -  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 . 2 2  

, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 . 2 0  
- -  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 . 1 7  

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

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 . 8 0 7  

* S t r u c t u r e  o f  t h e  b u l k  A u 2 P a  w a s  d e t e r m i n e d  t o  b e  h e x a g o n a l ,  
ao  = 6 . 1 3  A ,  C o  = 1 1 . 0 8  A ( 5 ) .  
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Fig. 3. Electron micrograph of direct-C replica of surface of 
same wafer as shown in Fig. 2b after extended etching in HF. 

the precipitate by electron diffraction. The crystal 
s t ructure has been reported elsewhere (5). Electron 
microscope examinat ion  of the bu lk  prepared Au2P~ 
showed it to be unstable  in the vacuum under  intense 
electron beam irradiation,  leaving Au as residue after 
a short t ime exposure in the electron beam. A similar  
instabi l i ty  was noted also for the precipitate in the 
diffused wafers. 

In  addition, the bulk  prepared Au2P3 and the pre-  
cipitates both were soluble in  HF. The similari ty in 
decomposition under  electron i r radiat ion and the dis- 
solution in HF and, part icularly,  the s imilar i ty  of the 
d-spacing as shown in Table IV in ~the bulk  prepared 
Au2P3 and the precipitates of Fig. 2b indicate that  
these precipitates are indeed Au2P~. 

Fur ther  evidence that  these precipitates were lo- 
cated near  the Si-SiO2 interface is that  on extended 
etching in HF the particles disappeared leaving de- 
pressions in the silicon. Most of the precipitates con- 
sisted of platelets, as is evident  from the carbon replica 
which was made of the surface after the particles were 
removed on extended etching in HF, Fig. 3. 

Lapped mater ial  (Group 3) . - -The  TEM's of the fast 
cooled wafer, Fig. 4, show tangles or networks of dis- 
locations. ED pat terns sometimes show extra diffrac- 
t ion spots; however, no positive identification of any 
other phase was possible. Small  precipitated particles 
can be seen at some dislocation lines, especially close 

Fig. 4. Transmission electron micrograph of surface region of 
"damaged" Si-wafer, Au-diffused at 1235~ for 2 hr and fast 
cooled. Fine precipitate at E could be identified as SiC. Small 
particles at the emergence points of dislocations (F) and massive 
particles within dislocation networks (G) could not be identified. 

Fig. 5. Transmission electron micrographs of surface regions of 
damaged Si-wafers, Au-diffused at 1235~ for 2 hr and slow 
cooled: a (left) high phosphorus doped Si, 0.06 ohm-cm, note 
precipitated particles in dislocation network intersecting the wafer 
surface (H), while no precipitate is evident in the dislocation net- 
works parallel to the wafer surface (I); b (center) low phosphorus 
doped Si, 150 ohm-cm, note precipitate in dislocation networks in- 
tersecting the wafer surface (K) and in the oxide platelets (L); 
c (right) high boron doped Si, 0.08 ohm-cm, note precipitate in 
regions close to dislocation network (M) and crack (N). 

to the wafer surface. Some dislocation lines appear 
as broad bands of different contrast. Fine particles are 
distr ibuted all over the surface, which yield a sharp 
electron diffraction r ing pa t te rn  for cubic SiC. 

Heavily damaged mater ia l  with high doping (Group 
4) . - - In  order  to observe the effect of high phosphorus 
and boron doping on the gold diffusion, the wafers of 
group 4 were prepared and examined. TEM's typical 
of the samples from this group are shown in Fig. 5. 
In  the pho.sphorus-doped specimens of both high and 
low concentrations,  Fig. 5a and b, precipitates were 
found at dislocations incl ined to the surface while 
there was little or no precipitat ion evident  at disloca- 
tion networks parallel  to the surface. Precipi tat ion 
was also observed near  or at the oxide platelets shown 
in Fig. 5b. The formation of these oxide platelets has 
been described by Stickler and Booker (6). 

Many fine particles were observed near  dislocation 
networks inclined to the silicon surface and near  
cracks in the wafer with high boron doping ~s is 
shown in Fig. 5c. Although the gold diffusion was the 
same there was a s tr iking difference in  the highly 
boron-doped and phosphorus-doped specimens. In  the 
boron-doped silicon the precipitates were formed not 
only in the dislocation networks but  also in the bulk  
near  these networks. In  the phosphorus-doped wafers 
precipitates occurred only at the dislocation networks. 
The precipitates in  either the boron-doped or the 
phosphorus-doped samples could not be identified. 

Phosphorus diffused mater ia l  (group 5) . - -Wafers  of 
group 5 were phosphorus diffused in order to obtain 
higher doping than  was available in the un i formly  
doped mater ial  in group 4 and to make a pre l iminary  
invest igat ion of the mechanism of P205 gettering. TEM 
examinat ion  of the phosphorus diffused mater ia l  
showed the diffusion induced dislocation networks 
(12), but  relat ively few precipitates, none of which 

could be conclusively identified. 
Figures 6a and b are TEM's of the gold diffused 

and P205 gettered material .  These TEM's are of the 
surface region and were taken through the th in  phos- 
phosilicate glass. The dislocation ne twork  induced 
by the shallow phosphorus diffusion which occurs 
dur ing  the gettering is evident. Numerous small  dark 
particles between the dislocation ne twork  and larger 
geometrically shaped particles can be seen in  Fig. 6b. 
An identification of these precipitates could not be 
made by the t ransmission electron diffraction tech- 
nique. 

Discussion 
By TEM methods not much  difference in the Au-  

diffused wafers was observed in the appearance of 
the free surface and the oxidized surface. This is un -  
derstandable,  since the gold diffusion times and tem- 
peratures were such that  the gold should have dif- 
fused all the way through the wafers. The free sur-  
face, furthermore,  was always covered with a th in  
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Fig. 6. Transmission electron micrographs of surface region of 
Si-wafer Au-diffused at 1235~ for 2 hr, fast cooled, and P205- 
gettered at 1040~ for 15 min: a {left) dislocation network gen- 
erated during gettering step; b (right) same area at higher mag- 
nification, note fine precipitated particles (small black dots) and 
massive precipitate (O). 

oxide layer  (100-1000A) after  the gold diffusion. Thus, 
there  was on both sides of the wafer  a Si-SiO2 in ter -  
face at which precipi tat ion could occur, and a re la-  
t ively  equal  concentra,tion of gold near  these surfaces 
may be expected. This thin oxide layer  apparent ly  is 
formed f rom traces of H20 introduced with the AuC13. 
Variat ion in thickness of the oxide, amount  of ther-  
mal  etching, and perhaps the format ion of SiC may  be 
due to variat ions in the residual gas atmosphere.  

Most of the investigations were  made in the region 
comprised of the SiO2 film, the Si-SiO2 interface, and 
a Si layer  about 0.5 ~m thick. The Au2P3 precipitates 
identified in group 2 wafers  were  found to be present  
at or near  the Si-SiO2 interface. It  is l ikely that, dur-  
ing the slow cooling f rom the diffusion temperature ,  
the gold diffused out of the silicon toward the surface, 
reacted with  phosphorus, and precipi tated at the in-  
terface. The redis t r ibut ion of appreciable quanti t ies 
of gold to the surface can be understood in v iew of 
the decreased solubili ty with decreasing temperature ,  
the re la t ive ly  high diffusion coefficient at t emper -  
atures as low as 750~ and the deact ivat ion of Au by 
the format ion of Au2Ps. However ,  an approximate  
calculat ion shows that  insufficient phosphorus was 
present  in the start ing mater ia l  to account for the 
amount  of the precipi tate observed. It is possible that  
these group 2 wafers  were  accidental ly phosphorus 
contaminated dur ing the hea t - t r ea tmen t  employed to 
produce dislocations. Phosphorus contaminat ion f rom 
certain lots of quartz  tubing has been observed in 
our laboratory.  

Precipi tates  were  also observed in all other  groups 
at the Si-SiO2 interface and at or near  the oxide plate-  
lets extending into the heavi ly  damaged material .  
They were  also observed at or near  dislocations and 
cracks, predominant ly  at those intersect ing the sur-  
face. Some effects of the diffusion t rea tment  could 
also be observed in the bulk at the loop- type defects. 
These precipitates could not be identified because there  
was not enough mater ia l  to produce an ED pattern. 
Only SiC near  the surface especially in the wafers of 
groups 3 and 4 could be posi t ively identified. The 
presence of SiC in these groups may be a result  of the 
react ion of the silicon with  residual oil vapors  f rom 
the seal-off system. 

The unidentif ied precipitates are l ikely to be gold 
or gold compounds since they  occur only after  the 
gold diffusion. They are  more pronounced in the slow- 
cooled wafers.  In the slow-cooled wafers  the gold has 
t ime to diffuse to defects, interfaces, and to form pre-  
cipitates. 

We have  been unable  to reproduce the conditions 
for the format ion of the large precipi ta te  in subse- 
quent  experiments .  Precipi tates  were  formed in other  
phosphorus doped specimens (Fig. 6a) but these were  
small, presumably  because of a greater  number  of 
dislocation sites for precipitation. They could not be 
identified. Wafers of 0.01 ohm-cm phosphorus doped 
silicon wi th  all  surface damage removed by polish 

etching were  gold diffused a t  1235~ for  2 hr  and 
slow cooled. Large precipitates were  observed but 
not near ly  as bulky as those seen in Fig. 2c and 
again they could not be identified f rom the few dif-  
fract ion spots obtained. Al though we have  been un-  
able to reproduce the conditions for format ion of 
the massive, identifiable Au2P3 precipi ta te  as formed 
in the one exper iment  in several  wafers,  i t  may  be 
present  in other  specimens in smal ler  quanti t ies and 
crystal  sizes. 

Both in the heavi ly  dislocated wafers  of groups 3 
and 4 and in the get tered wafers of group 5 precipitates 
were  prominent  at dislocations which intersected the 
surface. Since diffusion proceeds faster along disloca- 
tions, these dislocations may provide a convenient  
"exi t"  for the gold during the slow cooling or ge t te r -  
ing and precipitates may form at or near  their  ter -  
minus. 

The  precipi tat ion of gold is expected to affect ihe  
determinat ion  of gold solubil i ty and the de termina-  
tion of the electrical  effects in silicon devices. Most 
determinat ions  of the solubili ty of gold in silicon have 
been per formed by t racer  or act ivation analysis. These 
techniques de termine  the total  amount  of gold in 
the silicon and do not differentiate between the elec- 
t r ical ly  act ive and precipi tated gold. Thus, when  the 
change in resis t ivi ty of gold diffused silicon is calcu- 
lated f rom the total amount  of gold as Wilcox, 
LaChapelle,  and Forbes  (1) have done, agreement  
be tween calculated and measured values  need not 
exist. On the other  hand, Bemski  (7) and Collins et al. 
(9) both found agreement  between electr ical ly de- 
te rmined values of gold concentrat ion and concentra-  
tions determined by neutron act ivat ion analysis and 
radioactive t racer  analysis, respectively.  

Our value  for concentrat ion of e lectr ical ly  active 
gold obtained at 1235~ corresponds more closely wi th  
that  calculated f rom t h e  change in resist ivi ty data of 
Wilcox et al. (1) than with  that  of Collins et al. (9). 
However ,  our diffusions :were f rom a gaseous source 
with a concentrat ion of 1015 cm -3 ra ther  than f rom a 
solid. The l imit  of solid solubil i ty of gold in silicon 
may  not have been reached in our exper iments  and, 
consequently,  only a re la t ive ly  small  f ract ion of the 
gold may have  been avai lable for precipitation. 

Summary and Conclusions 
Precipi tates  occur in silicon wafers  which are gold 

diffused at 1235~ for 2 hr  and ei ther  fast or slow 
cooled. These precipitates are more  p reva len t  in s low- 
cooled than in fast-cooled wafers.  The precipitates 
occur mainly  at or near defects, ir~cluding dislocations 
and loop-type features, and at the Si-SiO2 interface. 
In one group of wafers  large regula r - shaped  precipi-  
tates at the Si-SiO2 interface were  identified as Au2Ps 
by a comparison of ED patterns f rom the precipitates 
and x - r ay  diffraction pat terns f rom Au2P3 prepared 
in bulk in the laboratory.  The conditions under  which 
large Au2P3 precipitates are formed in silicon are not  
yet  ful ly explored.  The electr ical ly active concentra-  
tion of gold introduced by our diffusions at 1235~ 
for 2 hr  was about 10 TM cm -3. The AuC13 diffusion 
process can be used to obtain gold concentrat ions less 
than those obtained by e lemental  diffusion methods. 
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The Occurrence and Identification of Precipitates 
in Zinc-Diffused GaAs 

J. F. Black 
The Bayside Laboratory, research center of General Telephone & Electronics Laboratories Incorporated, 

Bayside, New York 

ABSTRACT 

Both submicroscopic and microscopically visible precipitates in zinc- 
diffused GaAs have been studied by means of convent ional  optical micros-  
copy of etched samples, infrared transmission microscopy of polished samples, 
and electron probe microanalysis.  The microscopically visible precipitates 
were  discrete part icles located pr incipal ly  at grain boundaries in polycrysta l -  
line samples and at subgrain structures in "single" crystals, and they  were  
identified as zinc rich by the electron probe. The submicroscopic precipitates 
were  concluded to be zinc rich by arguments  based on the existence of zones 
depleted of these precipitates around the larger  visible particles. Samples  in 
which part  of the diffused zinc was present  as submicroscopic precipitates 
were  found to cause at tenuat ion of IR far greater  than that  caused in samples 
in which all of the zinc was in solution. 

It has recent ly been established (1, 2) that  the diffu- 
sion of zinc into GaAs can, under  certain conditions, 
cause the appearance of submicroscopic precipitates. 
It was, however ,  not possible from the evidence pre-  
sented to establish that  these precipitates were  zinc 
rich. This is important  because the occurrence of 
zinc-diffusion-induced precipitat ion in GaAs cannot  
be completely  understood until  these precipitates have 
been identified. There  is yet  no direct proof of the 
precipi tat ion of zinc in GaAs, nor for that  mat te r  in 
any other  I I I -V compound, as a resul t  of diffusion wi th  
zinc. Al though Gershenzon and Mikulyak (3) and 
others (4) have reported the format ion of "zinc" pre-  
cipitates in I I I -V compounds, their  identifications were  
based on ci rcumstant ia l  evidence. 

The current  work  was intended to provide direct 
proof of the major  presence of zinc in precipitates 
induced in GaAs by the indiffusion of zinc. By means 
of the electron probe microanalyzer,  visible precipi tate  
particles formed in GaAs by the indiffusion of zinc were  
posit ively identified as zinc-rich. In addition, inf rared 
(IR) transmission microscopy of precipi tate s tructures 
and the study of etch figures developed by a dislocation 
etchant  provided confirming evidence that  the sub- 
microscopic precipitat ion was also zinc-rich. Final ly  
it was demonstra ted that, for equal  zinc concentrations, 
samples containing part  of their  zinc in the form of 
submicroscopic precipitates were  much more effective 
in at tenuat ing IR radiat ion than samples in which 
the zinc was present  only as dissolved ionized ac- 
ceptors. 

Experimental Procedures 
Because precipitates formed at grain boundaries 

are usual ly  larger  and therefore  easier to observe and 

identify than those formed within  single crystals the 
bulk of the data presented herein were  obtained on 
polycrystal l ine GaAs. This polycrystal l ine mater ia l  
was undoped n- type  with n ~ 5x1017/cm ~. The single 
crystals used in this invest igat ion were  Cd-doped with 
a resist ivi ty of ~ 1 ohm.cm (p ~ 5x1016/cm 3) and a 
dislocation density of 10,000-50,000/cm 2. P - t y p e  crys- 
tals were  used for simplici ty in making Hal l  effect 
measurements  after  zinc diffusion (5), for later  com- 
parisons with chemical  (zinc) analysis. Cadmium-  
doped mater ia l  was selected since the Cd diffusion 
coefficient was sufficiently small  compared with  that  
of zinc to preclude any change in the background 
p-doping during the indiffusion of zinc. Pr ior  to diffu- 
sion, wafers were  ground and lapped fiat and paral lel  
wi th  No. 600 alumina grit  and then careful ly  polished 
with 0.3 and 0.05 micron a lumina to remove the 
damage introduced by the diamond wafer ing  saw. 
Single crystal  test samples processed by this technique 
and annealed at 1000~ for 2 hr  showed no significant 
increase in dislocations as de termined by etch pit 
counting. The final thickness of both single crystal  
and polycrystal  samples was 0.030 • 0.002 in. Diffu- 
sion was carried out in evacuated sealed quartz  cap-  
sules of 50 cm 3 volume containing 10-50 mg of pure 
zinc and lg  of finely powdered GaAs. 

Diffusion was conducted at fixed tempera tures  
ranging from 900 ~ to 1100~ Unless otherwise indi-  
cated, all diffusions were  te rminated  by slowly wi th-  
drawing the capsule from the furnace over  a period of 
2 min  and then immers ing it in a bucket  of water .  
Care was taken during the diffusion cycle to keep the 
end of the capsule containing the zinc at a t empera -  
ture at least 10~ below that  of the samples and the 
powdered  GaAs. 



VoI. I14, No. 12 P R E C I P I T A T E S  I N  

Samples diffused at the upper  extremes of tempera-  
ture and zinc vapor concentrat ion usual ly  showed clear 
evidence of  surface melting, especially in polycry-  
stall ine samples. The surface mel t ing was spotty and 
in polycrystal l ine samples showed a strong preference 
for the grain boundaries. Cross sectioning of samples 
showed that even in the worst cases (50 mg Zn at 
l l00~ surface mel t ing penetrated no more than 5~ 
at grain boundaries  and less than 2~ elsewhere beneath 
the original surface of the sample. 

After diffusion, samples to be viewed in a direction 
normal  to the plane of diffusion were lapped so that 
the surface of section was approximately in the center  
plane of the original sample. During final polishing a 
slowly rotat ing lap was used with 0.05~ a lumina  
in  order to keep as few precipitate particles as possi- 
ble from being swept away by the lapping action. 

IR transmission microscopy was general ly per-  
formed on polished samples, since etching enhanced 
surface features such as scratches and produced 
grooves at grain boundaries which interfered with the 
study of the subsurface precipitate structures. Samples 
were examined under  t ransmit ted IR i l luminat ion  by 
means of an IR image converter adapted to the ocular 
of an inver ted  stage metallographic microscope. Ob- 
servations of IR transmission through polished profile 
sections were made with the aid of slotted masks 
positioned and fixed under  the IR microscope so that 
only the diffused region of the sample was exposed 
to the i l luminat ion.  Without  the use of a mask, IR radi-  
ation passing through the relat ively t ransparent  u n -  
diffused portion of the section made it difficult to 
assess the true optical character of the diffused layer. 
Infrared photomicrographs were obtained with East- 
man Kodak Type I-M Spectroscopic Plates. 

P - n  junct ions  were revealed by swabbing samples 
with a freshly prepared solution of 1 part  HF, 5 parts 
HNO3, 3 parts 1% AgNO3 solution for 10 to 30 
sec, quickly followed by a rinse in deionized water. 
In  addition to p -n  junctions,  this etch revealed grain 
boundaries and p + p  junctions.  An NaOH-H20~ 
etchant which was specific to a {111} Ga surface was 
also used (1 part  30% H202-5 parts 2% NaOH solu- 
t ion).  Previous invest igat ion (1) has shown that  in the 
presence of submicroscopic precipitation in zinc- 
diffused GaAs the NaOH-H202 solution develops a 
{111} Ga etch structure of densely packed (107/cm 2 
and higher) shallow t r iangular  etch pits (see Fig. 1). 

Experimental  Results and Discussion 
Optical ef]ects o~, the submicroscopic precipitates.- 

I t  was found that for a given zinc content,  diffused 
samples containing submicroscopic precipitates caused 
IR a t tenuat ion far greater than that  which could be 
caused by free-carr ier  absorption alone. Figure la  is 
a photomicrograph of an etch s tructure typical of a 
diffused sample in which precipitat ion has occurred. 
In  Fig. lb  the same region is shown by t ransmit ted  
infrared (0.9-1.2g) where the thickness of the section 
is 75~. Figure lc shows a typical zinc concentrat ion 
profile determined by electron probe microanalysis.  1 
Note that the boundary  of the layer containing the 
submicroscopic precipitation (see Fig. la)  coincides 
with the boundary  of the IR opaque layer (Fig. lb ) ,  
and note also that the diffusion profile in Fig. lc 
shows that  the critical zinc concentrat ion for precipi-  
tation is about lxl019 atoms/cm a. The dashed line at 
the tail end of the zinc profile in Fig. lc is the 
zinc concentrat ion gradient  estimated from the probe 
analysis. However, because the zinc concentrat ion in 
this region was close to the l imit of the probe sensi- 
t ivity (which was about 5x10 is zinc atoms/cm3), the 
dashed line is probably not the true zinc profile. Mea- 
surements  of p + p  and p -n  junct ions in diffused n - type  

z T h e  p e n e t r a t i o n  p rof i l e  of  F ig .  1 is  c o n v e x  t o w a r d  t h e  o r i g i n  
r a t h e r  t h a n  c o n c a v e  as  is  g e n e r a l l y  t h e  case  f o r  z inc  in  G a A s .  
C o n v e x  prof i les ,  w h i c h  h a v e  b e e n  o b s e r v e d  b e f o r e  a t  v e r y  h i g h  
zinc  c o n c e n t r a t i o n s  ( l a )  s u g g e s t  t h a t  t h e  d i f fu s ion  coef f i c i en t  is  
d e c r e a s i n g  w i t h  i n c r e a s i n g  z inc  c o n c e n t r a t i o n .  S e e  r e f ,  (12) fo r  a 
m o r e  c o m p l e t e  d i scuss ion .  
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Fig. i. GaAs single crystal diffused at 900~ for 2 hr from 10 mg 
zinc (see text for details of diffusion): (a) (111) Ga, plane of cross 
section viewed by conventional optical microscopy after etching 
with NaOH-H202; (b) same area viewed under transmitted IR; (c) 
zinc penetration profile of the diffused layer determined from 
point by point ZnK~z scan. The dashed llne and the dotted line 
are explained in the text. 

samples suggest that the dotted l ine is closer to the 
actual shape of the zinc profile in this region. The 
high a t tenuat ion of IR shown in Fig. lb  was not 
caused by scattering of IR from the densely packed 
etch pits, since the sample was just  as opaque to 
IR in its polished condition. The etched sample is 
shown instead of the polished sample because the 
etching provides convenient  fiducial marks to corre- 
late the two photographs; for instance the scratch 
mark  and the ar ray  of etch pits (the pits appear as 
small  dark halos in Fig. lb ) .  

For purposes of comparison, a sample of z inc - (me l t ) -  
doped GaAs of the same thickness as the slice of 
Fig. l b  but  doped to 3.7x1019 zinc a toms/cm 3 (free 
hole concentrat ion 4.0x1019/cm 3) was examined under  
the same incident  IR intensi ty  using the masking 
technique described under  Exper imenta l  Procedures. 
It  was expected that  the mel t -doped sample would be 
quite opaque to IR because of its high doping level 
(high free-carr ier  absorption) compared to the diffused 
sample; instead it was moderately t ransparent .  

From the known absorption coefficient of the zinc- 
mel t -doped sample (which was about 500 cm -1 
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averaged over  0.9-1.2~), the "absorption" coefficient 
at the boundary of the diffused region in Fig. lb  was 
de te rmined  to be larger  than 500 cm -1. If only f ree-  
carr ier  absorption were  acting, a zinc concentrat ion of 
l x I 0  TM a toms /cm ~ (the boundary concentrat ion)  would  
have  produced GaAs with  ~ of only 100 cm -1 or so (6). 
Thus it appears that  the precipi tat ion present  at the 
boundary  of the diffused layer  is sufficient to cause 
excess a t tenuat ion amount ing to 400 cm -1. 

It  is c lear  that  the IR a t tenuat ion of the thin section 
shown in Fig. lb  does not follow the zinc concentra-  
t ion profile, i.e., the  IR at tenuat ion appears  just  as 
strong at l x l 0  TM a toms /cm 3 (the boundary  concentra-  
t ion) as it does at 8x1019 a toms /cm 3 (the surface 
concentrat ion) .  If  the submicroscopic precipitates were  
zinc rich, one would  e x p e c t  that  the amount  of 
precipi tate  present, and hence the degree of IR ab- 
sorption, would  increase at the higher  zinc concen-  
trations. Such an increase in IR absorption could, 
however ,  only have been observed if the sample were  
thin enough so that  at least part  of it, p resumably  
that  part  near  the boundary,  t ransmit ted  some IR. 
Even  when  the profile section was th inned to a few 
hundredths  of a mil l imeter ,  the diffused port ion was 
still complete ly  opaque to IR. For  the amount  of 
zinc contained near  the boundary of the diffused region 
[ l x l 0  TM a toms /cm 3 ----- 0.02 w / o  (weight  per cent) Zn] 
such strong a t tenuat ion (absorption ~- scattering) is 
surpris ing and implies at least a ve ry  fine part icle 
size for the precipi tate  wel l  dispersed throughout  the 
matr ix .  

The optical propert ies of the diffused layer  have  
impor tan t  consequences re la t ive  to the fabricat ion of 
inject ion e lect roluminescent  devices. The presence of 
a highly a t tenuat ing layer  such as shown in Fig. lb  
can seriously reduce the ex te rna l  quan tum efficiency 
and radiant  power  output  of the e lect roluminescent  
diodes. On the other  hand such a layer  can be useful  
in absorbing emissions f rom p-n  junct ions in optoelec- 
tronic devices to keep such emissions f rom affecting 
other  l ight-sensi t ive  parts of the  device. 

Identification of the visible precipitates.--The chem-  
ical identification of precipitates in solids is cur-  
ren t ly  most convenient ly  accomplished by in situ anal-  
ysis wi th  the electron probe m i c r o a n a l y z e r  (7). To 
execute  the analysis it is necessary to develop pre-  
cipi tate s t ructures  wi th  particles large enough to be 
seen under  the microscope and large enough to be 
seen and analyzed by the electron probe. In pract ice 
it was found that  particles a few microns in d iameter  
were  of sufficient size for these purposes. 

Extended diffusion of polycrystal l ine wafers  of GaAs 
caused them to become saturated wi th  zinc, producing 
submicroscopic precipi tat ion throughout  the sample 
as wel l  as causing discrete microscopically visible 
precipi tate  particles to appear  along grain boundaries  
or twin boundaries.  Figure  2 shows a series of photo-  
micrographs of one of a number  of areas found in 
a polycrystal l ine wafer  saturated with  diffused zinc. 
This par t icular  area was selected because it contained 
a number  of discrete precipi tate  particles at two grain 
boundaries, and a grain whose surface of section was 
close enough to a {111} Ga plane to al low the study 
of defect etch structures developed by the NaOH-  
H 2 0 2  etchant. F igure  2a is a photomicrograph of the 
as-polished sample, showing part icles up to several  
microns in d iameter  s t rung out along two of three  
intersect ing boundaries. All  or part  of the many  par t i -  
cles have  been swept away dur ing polishing, and this is 
the reason for the dark appearance of particles. F igure  
2b is an electron probe topograph of the same area, 
showing the ZnK~I character is t ic  x - r a y  emissions ex-  
cited by the focused (about one micron diameter)  
electron beam. F igure  2c is the same area as Fig. 2a 
and 2b but a higher  magnification, af ter  etching the 
sample wi th  NaOH-H202 solution. A comparison of 
Fig. 2a and 2b shows that  wi thout  doubt the pre-  
cipitate particles are zinc rich. Note that  one of the 

Fig. 2. Cross section of polycrystalline GaAs diffused from 10 
mg of zinc at 900~ for 48 hr: (a) as-polished sample; (b) same 
area shown by CRT display of electron probe scan for ZnKcq radi- 
ation. The white spots not in the V represent the electronic noise 
background during this scan; (c) area outlined in (a) after etch- 
ing with NaOH-H202. 

three grain boundaries is not  seen in Fig. 2a or 2b 
because it is f ree of visible precipitates and' note also 
that  of the other  two boundaries  the one on the left  
is definitely more  heavi ly  decorated. This marked  
difference in the amount  of precipi tat ion be tween  
the three grain boundaries is consistent wi th  the 
different degrees of mismatch in the  contiguous lattices 
along each of these boundaries  (8), indicated by the 
dist inctly different etch figures in each grain. 

The etch s t ructure  of Fig. 2c is of par t icular  interest.  
The grain at the  top shows a t r iangular  pit etch s truc-  
ture  which is typical  of submicroscopic precipitation. 
Because the surface of section is about 10 ~ f rom the 
<111> Ga direction, the etch pits in this gra in  appear  
as s trongly skewed triangles. Notice that  there  is a 
corridor along the grain boundary  at the upper  lef t  
that  is re la t ive ly  f ree  of etch pits. The significance 
of this etch pit  f ree corr idor  wi l l  be discussed in 
detail  later. 

Prolonged diffusion wi th  zinc resul ted in larger  and 
more readi ly  character ized particles. These particles 
were  best observed in near ly  single crystals, i.e. 
crystals wi th  smal l -angie  grain boundaries. Large  pre-  
cipitate particles formed in a region of small  angle-  
grain boundaries in an otherwise  single crystal  are 
shown in Fig. 3. Instead of comparing an optical 
photomicrograph with  the ZnKal  scan, as in Fig. 2, 
we compare a backscat tered electron topograph (Fig. 
3a) wi th  the ZnKal scan (Fig. 3b). The backscat tered 
electron topograph of Fig. 3a reveals  s t ructural  details 
of the kind that would be shown by a reflection optical 
micrograph.  In this case we have much s t ronger  pat-  
terns to compare  than before (notice that  the mag-  
nification is the  same as in Fig. 2a and 2b). Once 
again the correspondence of z inc-r ich regions wi th  
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Fig. 3. Precipitates in region of small angle grain boundaries of 
"single" crystal GaAs diffused for 16 hr at 1100~ from 50 mg of 
zinc. Sample is sectioned in plan view, i.e., parallel to plane of 
diffusion, and the surface viewed is approximately coincident with 
midplane of orlginal sample. (a) Area shown by backscattered elec- 
trons; (b) same area shown by CRT display of ZnKc~l scan; (c) 
point by point ZnK~I scan of large precipitate particle, the dark 
cit'cular spots, most of which overlap, mark the course of the 
electron beam. 

visible discrete precipitate particles is unmistakable.  
A po in t -by-po in t  ZnKal  scan made across an especially 
large particle is shown in Fig. 3c. Note the sharp and 
considerable increase in zinc counting rate that  was 
recorded as the particle was scanned by the electron 
beam. By comparing the counts obtained on a pure 
ziac s tandard  (5200 counts/sec) with counts obtained 
on these visible precipitates (3000 counts/sec),  it was 
established that  al though the precipitates were not 
pure zinc, they were composed of major  proportions 
of zinc. Electron probe scans for arsenic and for gal- 
l ium showed these elements to be present, but  at 
re lat ively low levels compared with the sur round-  
ing GaAs matrix.  

The photomicrographs of Fig. 4 show smal l -angle  
grain boundaries in a zinc-diffused "single" crystal of 
GaAs. This crystal was oriented in the <111~ direction, 
and the surface observed is a {111} Ga plane parallel  
to the plane of diffusion. The sample has been etched 
with NaOH-H202 solution, producing the t r iangular  
pit etch s t ructure  indicative of submicroscopic pre-  
cipitation. Besides the small  densely packed etch pits, 
the etchant has also produced many  dark voids along 
the grain boundaries.  These dark voids are the regions 
formerly occupied by the visible precipitates which 
etched away faster than the sur rounding  zinc diffused 
Ga/ks. (The size and shape of these voids has been 
exaggerated by the etchant.) Notice the corridors es- 
sential ly free of etch pits runn ing  along many  of the 
boundaries, especially those which contained appre-  
ciable numbers  of discrete particles. Note also the 
similari ty of the corridor in Fig. 4b to the one in 
Fig. 2c. 

Figure 4c shows an area of the sample that has been 
analyzed by the electron probe. This analysis was 
performed after the sample has been repolished and 
l ightly etched since the relat ively heavy etching shown 
in 4a and 4b would have produced undesirable  scat- 
ter ing in the analyt ical  results. A region free of 
visible precipitates was chosen to avoid the possi- 

Fig. 4. Precipitates along small angle grain boundaries in a 
GaAs crystal diffused for 16 hr at 1100~ from 50 mg of zinc; 
sample has been etched with NaOH-H202. (a) View at low mag- 
nification; (b) high magnification view of one of the boundaries 
showing details of the structure; (c) zinc concentration profile of 
boundary determined by point to point ZnK~I scan. 

bili ty that precipitate voids or residual  pockets of 
zinc rich precipitate would interfere  with the analysis. 
Figure 4c shows that the boundary  of the etch-pi t - f ree 
corridor corresponds to a zinc concentrat ion of about 
3x102~ a toms/cm 3, while in  the corridor itself the con- 
centrat ion is only slightly less. The zinc concentrat ion 
in the sur rounding  grain is about 4x1020/cm3. Thus 
only a small  part  of the diffused zinc appears to be 
tied. up as submicroscopic precipitates; a result  which 
is in agreement  with other studies of zinc-diffused 
GaAs (1,9). 

Identification of the submicroscopic precipitates.- 
The following a rgument  is presented, along with sub-  
s tant iat ing evidence, to show that  the existence of 
e tch-pi t - f ree  zones immediate ly  adjacent  to zinc-rich 
microscopically visible precipitate particles is strong 
evidence that  the submicroscopic precipitat ion in dif- 
fused single crystals is zinc rich. 

In a given polycrystal l ine solid solution the for- 
mat ion of precipitates proceeds in  two stages (8): (i) 
rapid nucleat ion of precipitates at grain boundaries,  
ini t ia l ly  forming submicroscopic particles but  very 
soon producing relat ive large particles; (ii) slow nu -  
cleation and growth of submicroscopic precipitates in 
the rest of the system. It is well~established that, in  
a given solid system, at fixed temperature,  whenever  
chemically identical  precipitates exist with widely 
different particle sizes, one of which is very fine 
(submicroscopic), the larger particles grow at the 
expense of the smaller particles (10). The dr iving 
force is the excess energy of the fine particles due to 
their high surface- to-volume ratio. 

Since the densely packed etch pits in zinc-diffused 
GaAs are associated with submicroscopic precipitation 
( t ) ,  the disappearance of the etch pits must  therefore 
mean  the disappearance or dissolution of the pre-  
cipitates. The submicroscopic precipitates shed their  
excess energy by dissolving and, in so doing promote, 
the growth of the visible grain boundary  precipitates. 
Then, since the visible precipitates are zinc rich, it 
follows that  the submicroscopic precipitat ion is also 
zinc rich. The tendency of in te rna l  crystal  boundaries 
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Fig. 5. Polycrystalline GaAs diffused for 7 days at 900~ from 
10 mg of zinc; (a) grain boundaries revealed by transmitted IR; 
(b) same area viewed by conventional optical microscopy after 
etching with NaOH-H202; (c) area outlined in (b) after repolish- 
ing to show the discrete precipitate particles. 

to "absorb" precipitates f rom the bulk of the crystal  
is wel l  known in solid-state science (8). 

It was noticed that  the grain boundaries, along with  
thei r  precipitates,  were  sometimes located near  the 
center  of the etch pit  free corridors, but  they were  
more  often located toward one side of the corr idor  as 
in Fig. 4b. This type of grain boundary precipi tate 
s t ruc ture  indicates that  many  of the grain boundaries 
have  moved during the course of precipitat ion (11). 
This is ve ry  interest ing because it implies Ga and 
As diffusion rates that  are several  orders of magni tude 
h igher  than the accepted values for pure GaAs (12). 

If the submicroscopic zinc-r ich precipitates are dis- 
solving and promoting the growth of visible grain 
boundary precipitates, as has been postulated above, 
then a corr idor  of IR t ransparent  material ,  corres-  
ponding to the corridor free of etch pits, should appear  
along the grain boundaries. (Recall  the re la t ive  IR 
t ransparency of prec ip i ta te- f ree  zinc doped GaAs dis- 
cussed earlier,  wi th  regard  to Fig. lb.) Such an IR 
t ransparent  corridor is seen in one of the series of 
photomicrographs of Fig. 5. These photos show a region 
of a polycrystal l ine sample diffused with zinc at 900~ 
for 7 days. Figure  5a is a v iew of the polished sample 
under  t ransmit ted IR radiation, and Fig. 5b shows the 
grain boundary s t ructure  of this same region. F igure  
5c is a view, at high magnification, of the region en-  
closed by the square in Fig. 5b, af ter  repolishing to 
show the precipi tate particles. The s t ructure  shown 
in Fig. 5a was recorded after  the sample had been 
thinned to a few hundredths  of a mil l imeter .  To make  
sure that  the t ransmit ted  light was not due to cracking 
of the sample at the grain boundaries,  a separate ex-  
posure was made using photographic plates sensitive 
to the visible spect rum only (Eastman Kodak Type 
IF) .  No transmission s t ructure  could be seen in these 
plates, confirming that  the s t ructure  of Fig. 5a was due 
to the selective IR t ransparency of the grain boundary 
region. None of the grains in the area shown in 

Fig. 5 had orientations close enough to a <111> Ga 
orientat ion to develop the etch s t ructure  associated 
with submicroscopic precipitation, so it was not possi- 
ble to correlate etch pit f ree corridors with IR t rans-  
parent  corridors in this sample. Nevertheless  it is clear 
from the evidence presented so far  that  the correlat ion 
exists. 

Gershenzon and Mikulyak (3) have  described IR 
structures similar to Fig. 5a in zinc-diffused GaP 
which, after diffusion, had been annealed at high 
tempera tures  in evacuated capsules. They at t r ibuted 
their  s tructures to preferent ia l  out-diffusion of zinc 
along grain boundaries. In the present  case, however ,  
the IR t ransparent  grain boundaries  cannot be at t r i -  
buted to the out-diffusion of zinc since a zinc atmos-  
phere was maintained throughout  the entire diffusion 
period. 

C o n c l u d i n g  Remarks  
The results of this invest igat ion lead to the con- 

clusion that  the submicroscopic precipitat ion that  has 
been found to occur in heavi ly  zinc diffused GaAs (1) 
is zinc rich. If this conclusion is to be accepted, how-  
ever, some interest ing questions are raised. For  ex-  
ample, how can the existence of zinc-r ich precipitates 
in GaAs diffused with lxl019 zinc a toms/cm 3 be recon-  
ciled with pr ior  investigations which appear to show 
that zinc is soluble, i.e., gives one f ree-charge  carr ier  
for every  zinc atom present  (5, 13) at zinc concentra-  
tions much greater  than lxl019 atoms/cma? Recently,  
comparisons of the f ree-car r ie r  concentrat ion and the 
zinc concentrat ion in diffused samples containing in- 
tense submicroscopic precipitat ion have shown that  
in many samples the amount  of zinc tied up as pre-  
cipitates may not be more than 10% of the total 
amount  of zinc indiffused (1, 9). In this case precipi ta-  
tion would escape detection by the comparison of 
chemical  analysis and f ree -ca r r i e r  concentrat ion (Hall  
effect) of the usual accuracy and precision. In fact, 
were  it not for the studies of etch structure,  IR t rans-  
mission, and x - r ay  (anomalous) transmission, such 
as are reported in this and other  recent  publications 
(1-4), the existence of precipitates in zinc-diffused 
GaAs would still be suspect. If, however  the pre-  
cipitates constitute only a small  fraction of the  in-  
diffused zinc, i t  is difficult to unders tand the ve ry  
strong IR at tenuat ion they cause. 

In addition, it is impor tant  to note that  these zinc- 
rich precipitates have not been observed in crystals 
doped f rom the melt ;  they have been found to appear  
only on the introduction of zinc into GaAs by diffusion. 
This implies that diffusion induced dislocations might  
be necessary for precipitation. In spite of some evi-  
dence to the contrary (1), it is this mechanism that  is 
most consistent wi th  all of the exper imenta l  facts. 

Stresses due to the presence of precipitates usual ly 
cause an enhancement  of diffusion rates. If, in addition, 
the precipitate contains the diffusant as a major  con- 
stituent, the effect on diffusion rates becomes even 
more complicated. None of the accepted theories of 
zinc diffusion in GaAs are based on exper iments  in 
which it was established that  the samples were  free 
of diffusion induced precipitates. Thus it would appear  
that the current  theories (12) should be re-examined.  
On the other  hand, the excel lent  agreement  be tween 
current  theory and extensive quant i ta t ive  studies of 
the diffusion of zinc into GaAs cons.titutes a strong 
argument  against precipitates having a significant effect 
on the diffusion process. These conflicting viewpoints  
could be resolved if the diffusion induced precipitates 
were  not present  during the diffusion period. If pre-  
cipitation occurred onto diffusion induced dislocations 
only during cooling (or quenching) or af terward  
then the precipitates would have  no effect, unless the 
sample were  re-diffused. 
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ABSTRACT 

A general  r ev iew of mathemat ica l  t rea tments  on this redistr ibut ion phe-  
nomena has been made and discussed. A series method is developed and 
exact solutions describing the redis t r ibuted impur i ty  concentrat ion profiles 
in both the oxide and the semiconductor  can be given. Boundary conditions of 
diffusion equations are discussed according to different physical situations. 
Special  cases are t reated for three initial impur i ty  concentrat ion profiles in 
silicon: Gaussian, complementary  error  function, and uniform. Exper iments  
were  performed on boron-doped silicon by wet  oxygen at 1200~ The init ial  
concentrat ion profile was a Gaussian, and the segregation coefficient was found 
to be about 1.8. 

It is well  known that  impuri t ies  wil l  be redis-  
t r ibuted near  the oxide-semiconductor  interface dur-  

i n g  the thermal  oxidat ion process. A model  of the 
redistr ibut ion process was developed by Atal la  and 
Tannenbaum (1). Their  model  was based on the case 
where  the diffusion coefficient of impuri t ies  in the 
oxide was negl igibly small. A solution of the diffusion 
equation for uni formly  doped silicon thas been given by 
Cooper, Doucette, and Mehner t  (2). Leuenberger  (3) 
has shown that  boron is depleted in the silicon near  
the oxide-si l icon interface after  the redis tr ibut ion 
process and that  a p -n  junct ion is formed in boron-  
phosphorus, compensated, p - type  silicon. Grove, Leis- 
tiko, and Sah (4) and Ku (5) t rea ted this problem 
with consideration of diffusion of impuri t ies  in both 
the oxide and silicon. Grove et al. assumed that  im-  
pur i ty  concentrat ion was kept constant at the outer 
oxide surface during the redis tr ibut ion process. Their  
solution agrees wi th  that  of case II in Ku's study 
where  the same boundary  condit ion was assigned. Ku, 
in his case I, assumed that  the outer  oxide surface was 
impermeable.  The result  he obtained using this bound-  

1 F o r m e r l y  w i t h  B o e i n g  C o m p a n y ,  w h e r e  mos t  of  t h i s  w o r k  was  
done.  P r e s e n t  addres s :  U n i t e d  A i r c r a f t  Resea rch  Labora to r i e s ,  Eas t  
Ha r t fo rd ,  Conn.  

ary condition, is the same as the one obtained by 
Cooper et al. (2). Mathemat ical  t rea tment  for a case 
of nonuni formed doped silicon was first made by Kato 
and Nishi (6). The impur i ty  profile before redistr i -  
bution was a complementa ry  error  function. An ana-  
lytic solution to describe the redis t r ibuted concentra-  

t i o n  profile was given approximate ly  in an integral  
form by means of the method of Green's  function. 
Cave (7) simplified the problem by assuming that  the 
oxide growth is l inear  instead of parabolic and the 
init ial  profile was a simple exponent ia l  function of 
coordinate. Both Cave and Kato  uti l ized Atal la 's  model  
in which the diffusion in the oxide was assumed to be 
negl igibly small  and therefore  the redis t r ibut ion proc-  
ess in oxide and the boundary condition at the outer  
oxide surface were  complete ly  neglected in thei r  
mathemat ica l  formulation.  In general,  the diffusion 
process in the oxide and the boundary condit ion at the 
outer  oxide surface are factors which affect the redis-  
t r ibut ion of impuri t ies  in the semiconductor,  especially 
when the diffusion coefficient in the oxide is not negl i-  
gibly small. 

This paper develops a series method to obtain the 
exact  solutions of the diffusion equations wi th  appro-  
priate boundary and init ial  conditions which describe 
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OXIDe-SEMICONDUCTOR INTERFACE (y = W(t) oe • = ~W(t) ) 

INITIAL SEMICONDUCTOR 5L~FACE. (x = O, t = O) 

OUTER OXIDE SURFACE (y = O) 

Fig. 1. Diagram of impurlty-concentration profiles following the 
thermal-oxidation process and the oxide layer thickness and loca- 
tion of the oxide-semiconductor interface with respect to the ini- 
tial silicon surface at time t. Co(x) is the initial impurity concen- 
tration profile in the semiconductor, CI(y, t) is the impurity con- 
centration profile in the oxide layer at time t, and C2(x, t) is the 
impurity concentration profile in the semiconductor at time t. 

the redis tr ibut ion process. Various boundary  condi-  
tions at the outer  oxide surface have been assigned 
and discussed according to different physical  si tua- 
tions. Solutions which describe the redis t r ibuted im-  
pur i ty  concentrat ion profiles in the oxide and semi- 
conductor wil l  both be given. The init ial  profile before 
the redis tr ibut ion is a constant or a Gaussian or a 
complementary  error  function. When boundary con- 
ditions consistent wi th  those of Grove et al. and Ku 
and an init ial  uniform impur i ty  concentrat ion are used, 
the solution obtained agrees wi th  those of Grove et al. 
and Ku. 

Exper iments  were  per formed by wet  oxidizing at 
1200~ boron-doped silicon slices that  had Gaussian 
impur i ty  distributions. The impur i ty  profile obtained 
after  oxidation was found to agree closely wi th  the 
profile predicted from the theory when a segregation 
coefficient of 1.8 was used. 

M a t h e m a t i c a l  Formula t ion  
The model  for the redis t r ibut ion of impuri t ies  in a 

semi-infinite semiconductor  during thermal  oxidation, 
is shown in Fig. 1. At t = 0, the semiconductor  surface 
of one end is at x = 0 and the concentrat ion profile 
is Co(x). At a t ime t la ter  the oxide thickness is W ( t ) .  
The corresponding thickness of semiconductor ma-  
ter ial  used in producing the oxide layer  is eW(t ) ,  
where  e is a constant. In a silicon si l icon-dioxide sys- 
tem, ~ is about 0.41 to 0.44 for an amorphous oxide 
(1, 5). The concentrat ion profile in the oxide is de-  
scribed by Cl(y, t)  and in the semiconductor  by 
C2(x,t), where  C1 (y,t) and C2(x,t) are  solutions of the 
diffusion equations ~ 

02 C1 0 .OC1 = D I ~  < y < W  [1] 
at ay ~ 

and 
OC2 02 C2 

= D 2  ~W < x [ 2 ]  
Ot Ox ~ 

where  D1 and D2 are diffusion coefficients of the im-  
pur i ty  in the oxide and the semiconductor,  respec-  
tively. 

During the redis tr ibut ion process, the outer  oxide 
surface and oxide-semiconductor  interface move, and 

-~ T h e y  a r e  d e s c r i b e d  b y  t w o  i n d e p e n d e n t  c o o r d i n a t e s  a: a n d  y .  
T h e y  a l s o  c a n  b e  d e s c r i b e d  i n  o n e  c o o r d i n a t e  s y s t e m ,  s e e  r e f .  (1)  
and ( S ) .  

the  location of the interface is at x = eW(t)  or y = 
W ( t ) .  The impuri t ies  wil l  then be redis t r ibuted such 
that a discontinuity in concentrat ion may exist at the 
oxide-semiconductor  interface. This discontinuity is 
described by a segregation coefficient ~1, defined as 

C1 (W, t) 
= ~ [3] 

C~ (~W, t) 

where  n is a constant. A set of values of n for different 
elements in silicon and ge rmanium have been esti- 
mated by Thurmond (8). This equat ion also defines 
one of the boundary conditions at the oxide semicon- 
ductor interface. Another  boundary  condition at the 
interface is that  of the conserva t ion-of - impur i ty  dur-  
ing oxidation 3 

d W  
[Cl (W, t) --  ,C2(,W, t ) ]  - -  

dt 

) [4] 

Two possibilities for the boundary  condition at the 
outer oxide surface have been considered and are dis- 
cussed below. 

(A) The impuri ty  concentrat ion in the ambient  gas 
is such that  the oxide surface impur i ty  concentrat ion 
reaches the equi l ibr ium value Cs instant ly and re -  
mains constant throughout  the growth of the oxide 
layer. This condition is expressed as 

C1 (0, t) = Cs [5] 

(B) If the impur i ty  concentra t ion in the ambient  
gas is such that  an appreciable t ime is required for the 
equi l ibr ium impur i ty  concentration, Cs, to be estab- 
lished at the oxide surface, the rate of loss or gain of 
impuri t ies  through the outer  oxide surface can be as- 
sumed proport ional  to the difference be tween the sur-  
face impur i ty  concentrat ion,  Cl(0,t)  at any t ime t in 
the oxide, and the equi l ibr ium concentrat ion Cs. 

This condition is expressed as 

( 0Cz 
\ -~y/~=0 = g[Cs-- C1(0, t)] [6] 

where  g is a constant. Equations [5] and [6] wi th  
g ~ 0, describe the boundary condit ion when there  is 
impur i ty  t ransport  e i ther  in or out across the outer 
oxide surface. Equat ion [6] wi th  g = 0 (Ku's case I) 
means the outer  oxide surface is impermeable  that  
there  is no impur i ty  t ransport  across this surface. It  
is interest ing to note that  the solution of the diffusion 
equation, with the boundary condit ion described by 
Eq. [6] and g large, approaches the same solution as 
when  the boundary condit ion is described Eq. [5]. The 
two solutions approach each other  at g--> ~ because the 
boundary conditions themselves  approach each other. 
In other  words as g--> ~ ,  C1(0,t) -> Cs in Eq. [6] since 
the flux must remain  finite. 

The oxide thickness is a parabolic function of t ime 
(1) 

W ( t )  = kt  1/2 [7] 

where  k is a constant. 
The importance of these boundary  conditions is de- 

te rmined  largely  by the value of D1 and k. If  (Dlt) l /e 
is small  wi th  respect to kt  z/2, the influence of the 
boundary  condition at the outer  oxide surface on the 
impur i ty  profile in the silicon wil l  be negligible. The 
influence wil l  also be small on the impur i ty  dis tr ibu-  
tion in the oxide at distances greater  than (D~ t) 1/2 
f rom the surface. Thus, if (D1 t) 1/2 is small wi th  re-  
spect to kt  ]/2, then  g in Eq. [6] can be assumed to be 
zero. 

The initial conditions are defined by 

C~(x, o) = Co(x) [8] 

Z S e e  E q .  [ 1 3 ]  o f  r e f .  (4)  a n d  Eel .  [ 4 ]  o f  r e f .  (1)  w i t h  D1  = 
O and D2 = D. 
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where  Co(x) can be a Gaussian, a complementary  
error  function, or a constant. 

Equat ions [1] and [2] wi th  conditions described by 
[3], [4], [5], [6], [7], and [8] can be solved by let t ing 

ul = y /2  (Di t)1/~ [9] 
and 

us : x /2  (D2 t) 1/2 [10] 

The solutions can then be wr i t t en  as 4 

oo 

Cl ( U l ,  t )  = Z 
n,~---O 

and 
oo 

C2(u2, t) = 

n = O  

(D1 t) hi2 [an hn (ul) + A n i  n erfc ul] 

[11] 

(Dz t) n/2 [bn h,a (u2) + Bn i n erfc u2] 

[12] 

where a,. An, bn, and Bn are constants determined 
from the initial and boundary conditions and the func- 
tions hn (u) and i n erfc u are defined below. 

h~(u) = j 3 ~ H ~ ( j u )  

n! n! 
: (2U) n + (2U) n-2 + (2U) n-4 

( n - - 2 ) !  ( n - - 4 ) ! 2 !  

n! n! 
, ( 2 u ) 3 + ,  (2u) 
3 ! [ ( n - - 3 ) / 2 ] !  [ ( n - - I ) / 2 ] !  

+...+ for odd n, 

nI n! 
( 2 u ) ~ +  for even n, 

21 [ (n - -2 ) /211  (n /2)!  

n =  O, 1, 2, 3 . . .  [13] 

scribed in Eq. [3], [4] and ei ther  [5] or [6]. Der iva-  
tions of Eq. [16] and [17] are given in Appendix  II. 
Equations [19]-[22] can be obtained by similar de- 
rivations.  

Equat ion [12] can be in terpre ted  in a simple way. 
The first part  of Cs, the series wi th  b ,  coefficient 
represents  diffusion of the init ial  profile Ca (x,6) if 
no oxide were  grown because the first part  is not 
re la ted with  the oxide growth. The second part  of C2 
is a correction due to the oxide growth. An example  for 
a Gaussian profile is presented in Appendix  III. 

The series in Eq. [11] and [12] may  converge ve ry  
slowly so that  numer ica l  analysis is tedious. The com- 
plexi ty  of the coefficients and the amount  of work  
requi red  for an accurate solution is mater ia l ly  reduced 
if g can be taken as zero in the boundary  condition 
(B). In some cases, D1 is so small  that  g = 0 is a good 

approximation.  
Only solutions for the boundary condition (B),  

when g = 0 and the init ial  profile is (a) Gaussian, (b) 
a complementary  er ror  function, or (c) a constant, 
are given below. The first part  of C2, the series wi th  
bn coefficients has been represented  in a compact  form. 
The derivat ions are in Appendices III  and IV. 

(A) When the init ial  concentrat ion profile is Gaus- 
sian, Co (x) : ~ exp (_f12 x ~) 

CI ~ . ~2n/Dsh n 
= n= 6 ('--1) ~ "--~--'. ~, ~i'i ) 

h2, (S2) n (H~ 2"-1 + I2 en-1) 
X (Dlt) nhe" (uD [16] 

h2n (S1) (~IH12n-1 + I22n-l) 

where  j = ~/--1 and H~ (ju) is the n th Hermi te  poly-  
nomial  of an imaginary  argument .  The t e rm i n erfc u C2 : 
is an integral  of the complementary  er ror  function 
(12, 14), defined as 

I: i n erfc u = i - - 1  erfc ~d~ n = 0, +__1, + 2 , . . .  [14] 

and 
2 

i -1 erfc u = e -u~ 
v ;  

[15] 
i 0 erfc u = erfc u 

Some propert ies of these functions are given in Ap-  
pendix I. 

Each t e rm of the series in Eq. [11] and [12] can be 
an individual  solution of the diffusion equation, and 
they are  described in ref. (10). The first part  of 
C1 and C2 series wi th  coefficients an and bn has been 
called the double power  series solutions in ref. (10), and 
and they are described in terms of the Hermi te  poly-  
nomials in this paper. At  t = 0, the series An or B,  Ha m = - -  

coefficients wil l  vanish. For  a case there  is no oxide at 
t = 0, coefficients b ,  can be evaluated f rom the init ial  
condit ion alone by equat ing l ike power  of x between 
C2(x,0) and Co(x).  Coefficients an, An and Bn are 
then de termined  f rom the boundary  conditions de- 

T h i s  ser ies  has  been  i n t r o d u c e d  b y  t he  a u t h o r  in  P r o c .  I E E E ,  
55, 1Ol (1967}. De ta i l  of  t he  i n d i v i d u a l  t e r m  can  he seen  i n  ref.  
{1O), p. 52, Eq.  [1O] a nd  [13] a n d  t he  foo tno t e  in  t he  same  page,  
a lso ref .  (111, p. 1566, fo r  r e l a t i o n s  w i t h  t he  W e b e r  f u n c t i o n .  

(1 + 4fl 2 D2t) 1/2 exp 1 + 46 s D2t 

+ ( - -1 )"  
n=o n! i 2~ er fcS2 

(H22n-1 -- n H1 e~- l )  ] 
X (~l H12n-1 + I22n-1) (D2t)ni 2n erfc u2 [17] 

where  $1 = k/2 D11/2 and $2 = ~ k/2  Dsl/% 

1 {merfc Sa 
I a  m ~ �9 1 

2 Sa i ~+1 erfc Sa 

( ~  + 2) (i '~+2 erfc  Sa) 

Sa (i ~+1 erfc Sa) 
(see [AS] ) 

[18] 

n ~ + l  hm(Sa)  
+ 1  

Sa h~+l  (SD 

h~+2 (SD 
= (see [A5] ) 

2 Sa hrn+l (Sa) 

w h e r e a =  l o r 2 ,  a n d ~ = - - l ,  0 , 1 , 2 , . . .  . 

(B) When the init ial  concentrat ion profile is an 
er ror  function complement ,  Co (x) = a erfc Bx, 

C1 
a ~(1 + I~. -1) 

+ I2 - 1  

X 

+ ~  (--1) n+l 2 a ~  n+l 

n=0 ~/~-(2n + 1)hi 

(D2/DI) (2n+1)/2 h2,+l ($2) ~l (I22n + H22n) 

22n+1 (2n + 1) ! (Is 2 n -  ~ I,  ~ )  i 2n+1 erfc $1 + h2n+l (•1) (I2 s" -{- ~1 H12") 

• [ (Dlt)  (2n+1)/~ hcn+l (Ul) + 22n+1 (2n + 1) ! (Dlt) (2n+l)/S i2n+l erfc ul]} [19] 
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co 

C2 = ~ e r f c ( 4 f 1 2 D 2 t u 2 2 )  1 /2 .  -~ a ( 1 -  n) er ic  u2 -}-n~0 [ (__1)n+ 1 2 a f t  2n+l h2n+l (S2)  

1 ~- 41~D~t (~ -p I2 -1)  er ic  $2 = ~v/~-(2n -b 1)hi i2n+l eric $2 

22"+~ (2n ~u 1) ! (H22n % ~l I12n) i2n+1 er ic  S1 ~ hen+l ($1) (H22n - -  ~l H12n) 
• 

22n+1 (2n -k 1) ! (I22n - -  ~ I12n) i2n+l eric $1 -k h~.+z ($1) (I22n ~- II H12n) 

X (D2t) (2n+1)/2/2n+l er ic  u2 1 
J 

[20] 

(C) Where  the init ial  concentrat ion profile is a 
constant, Co (x) = a. C1 and C2 can be obtained imme-  
diately by let t ing ~ = 0 in (A) and (B) above. 

~ (1 -t- 12 -1) 
C1 : [21] 

~1 - ~ I 2  - 1  

,~ ( i  - -  r j )  
C2 = a + er ie  us [22] 

(n -~ I2 -1) er ic  $2 

Note that  C1 is constant in Eq. [21] and independent  
of Dh while  C2 in Eq. [22] is the same as the result  
of Ku (5) and Cooper et al. (2), and is also indepen-  
dent of D1. Recall  that  their  mathemat ica l  models to 
describe the redis t r ibut ion process were  different. 
Their  results agree wi th  each other  because, as shown 
in Eq. [21] and [22] C1 and C2 are not functions of 
D1. The theoret ical  model  with g --~ 0 (i.e., the outer  
oxide surface is impermeable)  must satisfy the con- 
dition that  impur i ty  atoms are  conserved in the oxide 
and the semiconductor,  that  is 

C l ( y , t ) d y  + W C 2 ( x , t ) d x =  Co(x)dvc 

(a constant independent  of t) [23] 
1.0 

This s tatement  can be proved by direct  integration. 
~o. ,  Solutions for boundary  conditions described in Eq. ~ 

[5] and [6] can be also obtained by direct ly  applying ~ z" 0.a 
the series method in the diffusion equations. Coeffi- z o 
cients of the series wil l  be evaluated  by the init ial  ~ 0.7 
and boundary  conditions. In many  cases, a recurrence ---z~ ~z 0.6 
formula  for coefficients wil l  appear. A case wi th  z o - - ~  0.5 
g ~ 0 is given in Appendix  V. z o~ 0.4 

Experimental Results ~ 
Z ~ 0.3 

Two different rates of growing the rmal  oxides on ~ ~ 0.2 
silicon slices wi th  Gaussian impur i ty  distr ibutions ,,z 
were  used in the studies. Boron was deposited on z ~ 0 
n- type  wafers  (background phosphorus concentrat ion ~ 
1.3 x 1016/cm3) in an open tube furnace at 930~ 
for 15 min. The  boron glass, formed on the surface 
of the wafers  during the deposition, was etched Fig. 2. 
off. This procedure  formed a shallow diffused layer has 
layer  wi th  an abrupt  junct ion about 0.2~ below curves for 
the  silicon surface. The wafers  were  then  placed back 
in a furnace at I200~ for 1 hr, and ni t rogen gas ~-~ ~.0 

m u  
(dried by passing through liquid ni t rogen) was passed ~ z" 0.9 
through the tube. The boron distr ibut ion after  this ~o 
diffusion procedure was assumed to be Gaussian. 5 The o ~ 0.8 
surface concentrat ion was measured  and found to be z z o~_, o.7 

u_ z approximate ly  1.0 to 1.1 x 1019 atoms/cc.  ~o 0.6 
The thermal  oxidation was carr ied  out in an open _z~ 

tube furnace ( tempera ture  1200~ with  wate r  vapor  z -  0.s 
o~ carr ied by ni t rogen gas bubbled through hot water .  0.~ 

Water  t empera ture  was 82~ for case (A) ,  92.5~ for ~z 
case (B). A curve  was obtained for each of the fol-  ~_~ 0.~ 
lowing two cases. ~_ o.~ 

(A) The init ial  concentrat ion profile was C0(x) ,= z=~ o.~ 
1.0 X 1019 exp (--5.14 • 10 ~ x2). Oxidat ion t ime was = 
1 hr  and a 5600A-thick oxide was produced. 9 

(B) The init ial  concentrat ion pr~ofile was Co (x) 
1.1 • 1019 exp (--5.14 • 10Vx2). Oxidat ion t ime was 
0.5 hr  and a 5100A-thick oxide was produced. 

T h e  a c t u a l  p r o f i l e ,  m e a s u r e d  i n  a s e p a r a t e  e x p e r i m e n t ,  w a s  c l o s e  
t o  G a u s s i a n .  

The oxide thickness was measured  with  an inter-  
ferometer.  Af ter  the  oxide layer  was removed,  the 
concentrat ion profile of the redis t r ibuted boron was 
determined by four-point  probe measurement  and 
thin layer  etch technique (15). The values of e ---- 0.44 
and D2 -~ 1.35 x 10 -12 cm2/sec have been used for the  
calculation. The value  of D2 was obtained f rom the 
work  of Kurtz  and Yee (16), and the value  of D1 was 
obtained f rom the work of Yamaguchi  and Horiuchi  
(17) which showed that  (DJD1)1/2 was approximate ly  
equal to 58. The exper imenta l  results  along wi th  cal-  
culated curves, are shown in Fig. 2 and 3. 

The calculated curves used to fit the data of Fig. 
2 and 3 were  obtained f rom Eq. [7]. The segregat ion 
coefficient (0) was used as an adjustable parameter  to 
fit the exper imenta l  results. The best fit was obtained 
using the value ~ ~ 1.8. 

This value is somewhat  smaller  than the value  of 
3.1 obtained by Grove et al. (4). However ,  when  the 
difference in init ial  conditions is considered, the re-  
sults are  in reasonable agreement.  The difference may  
be due to a concentra t ion dependence of ~. 

The values of that  can be de termined  accurately by 

- -  - ~periment Result 
Theoretical Value 

First Sum of C 2 

S 2 0.5 1 .O 1.5 2.0 2.5 

U 2 

Concentration profile of boron in silicon after an oxide 
been grown at the surface under condition A. Theoretical 
several values of ~1 are also shown. 

- - -  Experiment Result 
Theoretical Value 

First Sum of C 2 

S 2 O.S 1.0 1.5 2.0 

U z 

Fig. 3. Concentration profile of boron in silicon after an oxide 
layer has been grown at the surface under condition B. Theoretical 
curves for several values of ~1 are also shown, 
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curve fitting are l imited to values be tween ~ 0.1 and 
10. For values larger than ~ 10 and smaller than 0.1, 
the curves are insensit ive to ~. 

Summary 
The analysis presented a mathemat ical  t rea tment  of 

the impur i ty  redis t r ibut ion phenomena dur ing thermal  
oxidation. Exact solutions of diffusion equations can 
be obtained for many  cases when  the ini t ial  and 
boundary  condit ion have been well  defined as Eq. 
[3] and [8]. Applicat ion of this series can be extended 
to solve many  diffusion and heat conduction problems, 
e.g., diffusion or heat  conduction through different 
media, or with moving boundaries,  double diffusions, 
etc. 

Good agreement  was found be tween the theory and 
the exper imental  results when  ~ ----- 1.8 was used for 
the segregation coefficient. This agrees reasonably 
well with the va lue  of 3.1 obtained by Grove et aL (4). 
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APPENDIX I 
Funct ions hn(u)  and i n erfc u, defined in Eq. [13] 

and [14], have the following properties 
(Unless otherwise indicated, n is an  integer --~ 0.) 

h2n(0) = (2n) ! /n!  [Al l  

h2,+~ (0) ---- O [A2] 
d 

hn(u)  ----- 2n h n - t  (u) (n--~ 1) [A3] 
du 

s h2n+l(U) = 2(2nW1) h2n(~)d~ [A4] 

hn+1(u) ----2uhn(u) W 2 n h n - l ( u )  (n~-~ 1) [AS] 

1 
i n erfc 0 = [A6] 

d 
i n erfc u = - -  i n-1 erfc u [A7] 

du 

2 ( n  + 1) i n+l erfc u = i n-1 erfc u -  2u i n erfc u [A8] 

d n 
Hn(u)  = (--1) n e u~ (e -u~-) [A9] 

du n 

2 
i - n  erfc u __- e - u ~ H n - l ( U )  (n~- - l )  [A10] 

(--4) n n! 
H2n(U) Ln-1/2 (u 2 ) [A l l ]  

r (n  -5 1/2) 

2(--4)  n n! 
H2n+l(u) ---- uLn l /2 (u  2) [A12] 

r ( n  + 3/2) 

where Lna(u) are Laguerre  polynomials with the fol- 
lowing generat ing funct ion 

- - u t  ~ t n 
i exp ~ ----- Lna(u) 

( 1 - - t ) a  +1 1 - - t  ,=0 r ( n  + a - 5  1) 
[A13] 

Addit ional  details are contained in  ref. (10) through 
(14). 

APPENDIX II 
In  this appendix, a process to determine the redis-  

t r ibuted impur i ty  profiles C1 and C2 (Eq. [16] and 
[17]) are given. The case discussed in  the following is 
for a semi-infini te semiconductor. At t = 0, there is 
no oxide at one end (a t .x  ---- 0), and the ini t ia l  im-  
pur i ty  profile is a.Gaussian, i.e. 

Co(x)  = a exp (--f12x2) 

= a ~ (--1) n - ( f l x ) 2 n  [A14] 

n=O n! 

The impur i ty  will  be redis t r ibuted dur ing  a thermal  
oxidation. The boundary  conditions for the diffusion 
equat ion dur ing  this process are described in  Eq. [3], 
[4], and [6] with g ~ 0. After  a certain t ime t, the 
redistr ibuted impur i ty  profiles in the oxide and the 
semiconductor are described by C1 and C2, respec- 
tively. 

Coefficients bn in C2 can be easily determined by the 
ini t ial  profile. At t = O, C2 (us, 0) is a simple power 
series in  x, i.e. 

oo 
C2 ( u 2 , 0 ) =  ~ bnx n [A15] 

~ 0  

and all terms with coefficients Bn vanish. By equating 
like powers of x between Eq. [A14] and [A15], bn 
are determined as 

a~2n t b2n~- ( - -1 )  n n! [A16] 

b2n+l ~-- 0 

where n is a nonnegat ive  integer and remains  so 
through this appendix. According to the boundary  
condition at the outer oxide surface described by Eq. 
[6] with g ---- 0, we can obtain 

[ a 2 n ( D l t ) n  (2n -51) !  A2n+___!_l (Dl t )n i2ner fcO 
n=o n! 2 

A2n "1 
(Dlt) (2~-1)/2 i2n-1 erfc 0 | ----0 for all t > 0 

2 J 
[A17] 
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where i 2n erfc 0 -~ 1/22nn! (Eq. [A6]). In Eq. [A17], 
the coefficient of each individual  term of the like 
power t should vanish, therefore, 

A2n ~- 0 ~ [A18] 
A2n+l = 22n+l (2n + 1) ! A2n+t J 

Similarly,  the following relations can be obtained 
from Eq. [3] and [4], the boundary  conditions at 
the oxiae-semiconaucmr inter~ace 
a2n+t  h2n+t  ( S t )  -~- A2n+t  i2n+t e r fc  St  

? 92 "~(2n + 1)/2 
~- n k, "DI'I / B2n+t i 2n+t erfc $2 [A19] 

a2n h2n ($1) = ~l \ Dt / [b2n h2n ($2) -'}- B2n i 2n e r f c  $2] 

and [A20] 

aen+l D1 n I - - D r  1/2 hen+t (St) + (2n + 1) h2n (St) 
L 2  

I ~ 1 ] + A2n+ t Dtn _~ Dlt/2 i2n+ 1 erfc St  - -  - -  i 2n erfc St 
2 

"-{'- B2n+l  D2 n + l  __ _~ r ian+ 1 erfc $2 

1 
e r f c S 2 /  = 0  [A21] +T 

i2n 

a2nDt a --~ h2n (SD + 2nDP/2 h2n-1 (St) 

k 
+ benD2 n ~ - -  -~ eh2n ($2) - -  2nD2 '/2 hen-t (,5'2) ] 

Jr B2nD2 n - -  - -  d 2n e r f c  Ss 
2 

1 
D2112 i 2n-1 erfe $2 J = 0 [A22] 

The values of ann+,, A2n+,, and Ben+, can be deter-  
mined immediate ly  by Eq. [A18], [A19], and [A21] 

aan+l  = A2n+l  --= Ban+t = 0 [A23] 
The values of ann and Ban can be determined by Eq. 
[A16], [A20], and [A22] 

aft 2n D2 n h2n(S2) ~I[Ha 2n-1 + I22n-1] 
a2n ~-- (--1) n 

n! 

a[j 2n 
B2n = (--i) n' 

n! 

Dtn hen(St) [~lHt an-1 -}- I22n-'] 
[A24] 

h2m ($2) [/'/2 2n-1 - -  ~H12n-t] 

i 2n erfc $2 [nHt 2n-1 + I1 ~ - 1 ]  
[A26] 

where H12n- l ,  H2 2n- l ,  I12n-1, I22n-1 are defined in Eq. 
[18], the first par t  of C2, the series with b ,  coefficient. 
can be put into a compact form. The derivat ion is in the 
Appendix III. Equations [16] and [17] wil l  follow after 
the subst i tut ion of Eq. [11] and [12] with the values of 
their  coefficients. 

APPENDIX III  
The following example shows the first part  of C2 in 

Eq. [12] and proves that the series with the bn coeffi- 
cient is a solution of the diffusion equation having the 
same init ial  conditions but  no oxide grown on the sur-  
face. 

Assume that  a slice of silicon has an ini t ial  im-  
pur i ty  concentrat ion profile of 

Q e x p (  x2 ) [A26] 
Co (x) = (n D2t0) 1/2 4 D2to ' 

where Q is the total quant i ty  of impur i ty  in the slice. 
The slice is heated so that  the impuri t ies  are diffused 
deeper with the diffusion coefficient D2 and no im-  
pur i ty  loss at the surface. No oxide is grown on the 
slice. After  t ime t the concentrat ion profile wil l  be 

C ( x , t )  = [~D2 ( t + t o ]  t/2 exp 4 D ~ ( t o + t )  
[A27] 

Assume that another  slice, with an  ini t ial  concen- 
t rat ion profile described by Eq. [A26J, is diffused. The 
diffusion coefficient remains  unchanged,  but  an oxide 
layer is grown on the surface. After  t ime t the con- 
centrat ion profile in  the  semiconductor wil l  be de- 
scribed by C2(x, t )  in Eq. [12]. The bn coefficient in  
Eq. [12J is evaluated using the ini t ia l  condit ion 

'a[J2n } 
b2n = (--1) n n! [A28] 

ben + l = O n=0, I, 2,3... 
where a = Q / ( ~ D e t o )  I/~ and  fl2 - -  I / 4 D e t o .  Using 
Eq. [All] and [AI3J and the definition of hen (ue) in 
(13), the first sum of C2 (x, t) (the series with the bn 
coefficient) can be written in this compact form 

r162 

~.~ (--1) n .a/~" (D2t) ~ h2n (u2) 
n=0 '/Z] 

a[j2 n 
~--- (--1) n (D2t) n (--1) n Hen (ju2) 

a ~  2n ( - - 4 )  n n!  
= (--1)n (--D2t) n Ln -1/2 (--u2 2) 

~=0 n! r ( n  + 1/2) 

a ~ (--4~2D2t)nLn-1/2 (--'/b2 2) 

n=o r ( n  + 1/2) 
a ( 4 fl2D2 tu2 2 ) 

= exp �9 

(1 + 4~2 D2t) 1/2 1 + 4 ~eD2t 
( #2x2 ) 

= rA29] 
(1 + 4~eD2t) 1/2 exp 1 -k 4 #~ D~t 

Equations [A27] and [A29] are identical when  the 
values for a and # have been inserted. 

APPENDIX IV 
The following process is used to obtain the first par t  

of C2 in Eq. [12] and to t ransform the series into a 
compact form for the case where  the ini t ial  d is t r ibu-  
t ion is a complementary  error function. 

From the ini t ial  condition 

(--1)n (fiX)2 n+ l 
Co(x) ---- a erfc flx ---- a 

4 ~  = (2n + 1) n! 

the bn coefficient is determined as 

b o  = a 
be,---- 0 for n > 0 

2a ~2n + 1 
b2n+l  ~--- ( - - 1 )  n + l  __ , n =  0 , 1 , 2 , . . .  

\ /n  (2n + 1) n! 

The first part  of C2, C2 I, in Eq. [12] can be wr i t t en  
as  

oo 

2a ~2n+l 
C21 = a -  (--1) n 

n=0 ~/~- (2n + 1) n! 
X (Det) (2n+,)/2 hen+t (ue) �9 

Using Eq. [A4] and [A17], C21 can be wr i t ten  as 
do 

C a ' = ~  1 ~ / 7  - .=o 

[ ( - - 1 ) n ?  (D2t)n hsn (O ] d} } 

[ 4~(Det)  t/e y [ 2  1 

~/~ (1 + 4 ~82D2t) t/2 

( . . ~  
e x p \  1 + 4 # 2 D e t  [ ('.'o'o').-] 

= a  1 - - e r r  I +4 /~eDe t  

( 4 f12 D2t u22 ~t/a 
= a erfc \ l - k  4 B 2 D 2 t ' /  [A30] 
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APPENDIX V 
This appendix discusses lhe  case where impuri t ies  

are redis t r ibuted in a semiconductor dur ing thermal  
oxidation using [6] as the boundary  condit ion at the 
outer oxide surface and assuming that  Cs ---= 0. This 
corresponds to the physical condit ion where the en-  
v i ronment  contains no impuri t ies  and the loss due 
to evaporat ion at the surface is l inear ly  proport ional  
to the instantaneous concentrat ion at the surface (9). 
The ini t ia l  concentrat ion profile is assumed to be 
Gaussian, i.e., Co(x) ~ ~ exp (_~2 x2). The bn co- 
efficient is determined as Eq. [A16] by employing the 
ini t ia l  conditions. After  the b~ coefficient has been de- 
termined, a set of equations for an, An, and Bn can be 
obtained by  using the boundary  conditions and equat-  
ing the like powers of t as follows 

A0 = 0 [A31] 

A2n+2 ~- 2g A~n+i ---- O [A32] 

- - (2n)  ! g a2n ~- (2n -~ 1)! a2~+l 
- -  2 -2n gA2n -- 2 -(2n+1) A2n+l ~ 0 [A33] 

h2~+l (S1) a2n+i -k ( i2n+l erfc S1) A2n+i 

- - n  "DT/ ( i2n+lerfcS2)  B2,+l = 0 [A35] 

h2n+l (S1) H12n a 2 n + l -  (i 2n+l erfc S1) ll2nA2n+i 

[ D2 ")n+ 1/2 
+ _~_1/ (i2n+1 erfc $2) I2 2n B2n+l ~ 0 [A36] 

h2n (Si)  Hi 2n-i a2n -- (i 2n erfc Si) Ii 2n-1 A2n 

D~ "~ n 
+ ( - '~ i /  (i 2n erfc $2) I2 2n-1 B2n 

---- ( - - 1 ) n ' - ~ - .  v ~ "~l / ;  h2n ($2) H22n-i [A37J 

where I12n, H12n, etc., are defined as in  Eq. [18]. By 
el iminat ing a2n, a2n+l, B2n, and B2n+i irL Eq. [A33] 
through [A37] a recurrence formula  for An's can be 
obtained as 

22,+1 (2n ~- 1) ! (i2n+l erfc Si) ([2 2n - -  ~l I12n) "1 
AO = 0, A2n+2 -~- 2 gA2n+l = 0, -~- 1 ] A 2 n + l  

h2n+l (S1) (I~ 2n + n Hi 2n) 

[ 2 2n (2n)! (i 2n erfc 31) (I2 2n-1 - -  ~ ~12n-l) "1 
+ 2 g L  1 - -  JA2n [A38] h2n (S1) (I22n-1 -{- n H12n-l)  

a~2n (D2)  n 22n(2n)!h2n ($2) ~1 (I22n-l'~-H22n-1) / 
= ( - -1)n+i  2 g ' - ~ - .  ~ ~ 1  h2n (S1) (I22n-1 -~ ~IH12n-l) 

h2n ($I) a2, -~ (i2n erfc Si) A2n 

DI / (i 2nerfc $2) B2n 

= (--1)n--~--., D1 / n ~2, (SD [A34] 

from which all the An's will  be obtained. Then a~n, 
a2n+l, B2n, and B2,+i wil l  be solved in  terms of A2n 
and A2n+l from Eq. [A33] through [A37]. 

The Preparation and Properties of Large, Solution 
Grown GaP Crystals 

T. S. Plaskett, S. E. Blum, and L. M. Foster 
IBM Watson Research Center, Yorktowr Heights, New  Y o r k  

ABSTRACT 

A method of growing large crystals of GaP from solution, similiar to that  
of Broder and Wolff in  which a zone of l iquid gal l ium saturated with GaP 
is passed upward  through a GaP ingot, is investigated. With this method, all  
the advantages of a solution growth process are retained, i.e., low temperature ,  
and therefore low phosphorus pressure, and m i n i m u m  contaminat ion from con- 
ta iner  materials.  In order to grow large crystals it was found necessary to 
init iate growth on a twinned  seed crystal, wi th  all of the twin  planes parallel,  
and parallel  to a <211> growth direction. The effect of repeated zone passes 
through the same ingot on the pur i ty  and electrical properties is presented. 

Gal l ium phosphide has emerged over recent  years 
as a potent ia l ly  useful electroluminescent  material .  Its 
exploitat ion has been deterred, however, by the lack of 
suitable procedures for controlled growth of bulk  sin-  
gle crystal. Crystals of GaP can be prepared easily 
by precipitat ion from gal l ium or other metal  solvents 
in  which it has an  appreciable solubility. However,  
the crystals produced in this way are usual ly  in the 
form of th in  dendrit ic platelets of various sizes and 
morphologies( i -5) ,  and it is difficult to form repro-  
ducibly large, un i formly  doped platelets that are es- 
sential  for device applications and physical characteri-  
zation studies. Nevertheless, solution growth processes 

in  general  offer distinct advantages for the growth 
of GaP and similar  high melting, unstable  compounds 
because of the low temperatures  that  can be em- 
ployed for off-stoichiometric growth [stoichiometric 
GaP melts at 1467~ under  about 35 atm of phos- 
phorus pressure (6) ]. Chief among these are the min i -  
mal  equipment  requirements  because of the greatly re-  
duced pressure and the lessening of contaminat ion 
from container  materials.  With Ga as a solvent, for 
example, the solubil i ty of GaP at 1220 ~ is about 15% 
by weight  and the P pressure is only 0.02 atm(7, 8). 
At this tempera ture  there is a choice of several 
possible container  materials,  including quartz, boron 
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Fig. 1. Cut-away drawing of the solution zoning apparatus 

nitride, and graphite.  A secondary advantage of solu- 
tion growth is the purification that  can result  s imply 
by dilution of impuri t ies  in the large volume of sol- 
vent.  

One method of growing a large bulk crystal  of GaP 
by a solution growth process was described by Broder  
and Wolff(9).  In their  method a h igh- tempera ture ,  
saturated Ga-GaP  zone is passed through a composite 
of l iquid Ga and solid GaP. By dissolution of GaP at 
the leading edge of the zone and precipi tat ion at 
the trai l ing edge, a solid ingot with large grains 
was produced. In this paper, an extension of their  
process, in which large monocrystal l ine sections are 
produced, is described, together  with some electrical  
and chemical  propert ies of the product. 

Exper imental  Techn ique  
In Fig. 1 is shown a schematic drawing  of the 

essential features  of the apparatus. At  the start, the 
layer  of Ga, approximate ly  1/4 in. thick, is placed 
between the seed and polycrystal l ine ingot of GaP, 
all  of which are contained in a pyrolyt ic  BN crucible, i 
The loaded crucible is then sealed under  vacuum in 
a quartz tube with  a min imum of free space. The 
zone of Ga is heated to about 1160~ by the single 
turn RF coil. At this t empera ture  the zone dissolves 
about 10% of its weight  of GaP, taking the mater ia l  
ini t ia l ly  f rom both the seed and ingot surfaces. [The 
Ga tempera ture  is actual ly est imated by its GaP 
content, determined after  completion of an exper i -  
ment,  and the use of published solubil i ty data(7, 8)]. 

The auxi l iary  furnaces, located above and below 
the coil, control  the shape of the sol id- l iquid interface 
and provide the required t empera tu re  profile along 
the axis of the system. The rate of zone t ravel  upward  
through the ingot is about 4 ram/day.  The tube is also 
rotated in the coil at about 8 rpm to smooth out radia l  
t empera ture  nonuniformities.  The mechanical  motions 
and the RF heat ing are obtained by modifying a 
commercia l  Lepel, Model FLZ-100 float zone silicon 
refiner. 

For the successful passage of the l iquid zone it was 
found that  an essential ly nonporous ingot  had to be 
employed as the feed; otherwise a void would accumu-  
late above the gal l ium and eventua l ly  isolate it f rom 
the feed. Complete ly  sound, s ingle-phase polycrys-  
tal l ine ingots were  synthesized for this purpose f rom 
Ga and phosphorus by the ver t ica l  Br idgman tech-  
nique, wi th  the phosphorus source controlled to give 
approximate ly  10 a tm pressure. The synthesis was 

1 O b t a i n e d  f r o m  the  H i g h  T e m p e r a t u r e  M a t e r i a l s  D i v i s i o n  of the  
U n i o n  Ca rb ide  Corpo ra t i on .  

Fig. 2. Typical crystal grown by solution zoning technique. Seed- 
ing occurred at the 2 cm position. The button at the 6 cm position 
is what is left of the unzoned ingot. The Ga-GaP zone has been 
removed by acid leaching. 

carr ied out in a BN crucible of the same dimensions 
as the one subsequent ly used for the t ravel l ing solvent 
regrowth.  This synthesis is described by Blum and 
Chicotka (10). 

Results and Discussion 

Nature  ,o] the  regrown crys ta l . - -A  typical  crystal  
grown by this technique is shown in Fig. 2. The re-  
maining unzoned feed mater ia l  is also shown at the 
position approximat ing that  during growth. Seeding 
occurred in this instance at about the 2-cm position. 
The growing interface at the last to freeze is sl ightly 
convex. This represents  the actual  growing interface 
since the te rminat ion  of a run occurred by abrupt ly  
turning off the rf  power  and auxi l iary  furnaces. The 
GaP precipi tat ing during cooling under  this condit ion 
is as fine platelets surrounded by Ga, and any adher ing 
to the crystal  is easily removed  during the acid leach 
to dissolve away the Ga. A convex interface was re-  
quired to prevent  polycrystal l ine growth around the 
per iphery  of the crystal. 

At a growth rate  of about 4 m m / d a y  and with  
the precipi tat ing surface considerably colder than the 
dissolution surface, the zone t ravel led through the 
polycrystal l ine ingot wi th  no visible en t rapment  of 
the Ga solvent. The actual t empera ture  gradient  could 
not be measured but the top auxi l ia ry  furnace was 
run  at about 1000~ and the lower  furnace at 800~ The 
tempera ture  of the zone as ment ioned previously was 
est imated to be about 1160~ 

Initially,  an a t tempt  was made to seed onto a large 
grain ingot, as shown in Fig. 3a, but  it was not suc- 
cessful. Instead of the large grains propagating,  the 
small  twinned grain shown in the seed began to 
predominate,  as shown in Fig. 3b after  about 4 cm of 
growth. After  about 6 cm of growth the whole cross 
section consisted of this one twinned  crystal  (Fig. 3c). 
This length of growth was obtained in three separate 
experiments ,  wi th  the last par t  of one ingot used as 
the seed for the next  one. (To make an addit ional  
zone pass it was necessary to open the system, cut 
the crystal  at the seed, and insert  a new zone of gal- 

Fig. 3. Cross section of GaP crystals grown by the solution zon- 
ing technique (a) initial seed, arrow marks the twin crystal which 
propagated, (b) after 4 cm of growth and, (c) after 6 cm of growth. 
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lium.) The twin  s t ructure  was observed to be a 
consistent pat tern;  that  is, regardless of the size and 
or ientat ion of the grains in the seed, the  s t ructure  
that  soon developed and propagated up the ingot 
consisted of lamel lar  twins whose growth direction 
was paral le l  to the t ravel  of the zone. Since there  
were  no seeds avai lable  ini t ial ly to direct ly init iate 
that  type of growth, they  had to be generated in the 
program;  the best section of a regrown ingot would 
be re ta ined as seed for subsequent experiments .  

The concentra t ion and nature  of impuri t ies  in the 
feed ingot seemed to have an effect on the qual i ty  
of the regrown crystal,  a l though their  role has not  
been definitely established. Generally,  regrowth  was 
bet ter  when  the seed and feed ingot were  n- type,  
indicating a predominance  of nonmetal l ic  impurities.  
These typically have high distr ibution coefficients and 
therefore  would be readi ly  incorporated in the crystal  
ra ther  than accumulate  at the interface where  they 
may inhibit  fu r ther  nucleat ion and growt.h. 

The s t ructure  of the twinned regrown crystal, and 
the s t ructure  desired for a seed to ini t iate  such growth,  
is one in which the twin planes are paral le l  to each 
other and paral le l  to a <211> growth direction. The 
leading edges of two such adjacent  twins intersect  at 
indestruct ible  grooves which present  favorable  sites 
for nucleat ion and growth. The same growth me-  
chanism applies to the growth of dendri t ic  GaP pla te-  
lets from dilute gal l ium solutions(4).  A model  of an 
idealized seed s t ructure  is shown in Fig. 4. In some 
exper iments  seeds wi th  large un twinned  areas, as 
shown in Fig. 3c, were  used to determine  if an 
untwinned crystal  would propagate. Usually, however ,  
the twinned  area increased at the expense of the un -  
twinned. The exact reason for the large area free 
of twins shown in Fig. 3c is not  known. 

A macrograph of a lapped cross section is shown in 
Fig. 5a. A longitudinal  section taken paral le l  to the  
(111) twin planes f rom the same crystal  and through 
the un twinned  portion, as indicated by the above 
cross section, is shown in Fig. 5b. The  twinned  s t ructure  
is apparent  in the cross section but  in the longi tudinal  
section the s tructure appears polycrystal l ine because 
it lacks the straight line twin boundaries.  However ,  
an x - r a y  examinat ion of the grains showed all to have 
(111) surfaces but wi th  a 60 ~ rotat ion to each other  
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Fig. 5a. Transverse and Fig. 5b longitudinal sections of a solu- 
tion zoned crystal. 

normal  to the longitudinal  surface. This means that  
the only twin planes, as suggested by the model  shown 
in Fig. 4, are those para l le l  to the growth axis. 
However ,  since more than  one grain is evident  in a 
longitudinal  section, this indicates that  the twin planes 
are not flat but  may jog in a s tep-wise manner  or 
else te rminate  and new paral le l  twin planes start  
elsewhere.  

Twinning in GaP should not detract  f rom its use-  
fulness in electroluminescence studies. If the twins in 
the mater ia l  are confined to those described above 
(f i rs t -order) ,  then the twin boundaries would not 
per turb  the electr ical  t ransport  across them. More-  
over, a common method of forming the p -n  junct ion 
in GaP for the production of l ight emit t ing diodes 
employs a solution ove r -g rowth  process onto (111) ori-  
ented substrates (11). Such substrates are obtained by 
cut t ing longi tudinal  slabs paral le l  to the twin planes. 

Chemical and electrical properties.--The feed ingots 
as synthesized were  general ly  p - type  as de te rmined  
by point contact rectification. On occasion they were  
n- type,  however .  In these cases analysis general ly  
indicated h igher  silicon contaminat ion during syn- 
thesis. If  the feed ingot was p-type,  it remained  p- type  
after  the passage of the zone. The acceptors have not 
been clear ly  identified. Table I shows emission spectro- 
scopic analysis of a p- type  start ing feed ingot and the 
same ingot af ter  one and two zone passes. The entries 
are order  of magni tude  figures. "Less than" a given 
concentrat ion means that  a line was seen on the 
plate but  adequate  calibration had not been carr ied 
out to provide na r rower  sensi t ivi ty limits. The analyses 

Table I. Emission spectrochemical analysis (ppm by wt) 

Star t ing 1st pass 2nd pass 

Element  Bot tom Top' Bot tom Top Bot tom Top 

Fig. 4. Model of twinned seed to indicate the grooved nature of 
solid-liquid growing interface. 

Ca <10 <10 <10 <10 <10 <10 
Si 3-10 1-3 3-10 3-10 <3  <3  
Mg 0.3-1.0 0.3 0.3 0.3-1.0 0.3-1.0 0.3 
Fe 10-30 3-10 <=3 <=3 N.D. <3  
A1 <=3 <=3 <=3 <=3 <=3 < 3  
Cu < 1 < 1 N.D. N.D. N.D. N.D. 
B N.D. N.D. N.D. <3 N.D. N.D. 
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Table II. ElectricM properties 

D e c e m b e r  1967 

S a m p l e  d e s c r i p t i o n  

2 9 8 ~  77 ~  

H a l l  C a r r i e r  H a l l  C a r r i e r  
R e s i s t i v i t y ,  m o b i l i t y ,  c o n c e n t r a -  R e s i s t i v i t y ,  m o b i l i t y ,  c o n c e n t r a -  

o h m - e r a  e m ~ / v - s e e  t i on .  cm-3 o h m - c m  c m ~ / v - s e c  t i on ,  c m  -~ 

A f t e r  t w o  pa s se s  t h r o u g h  
a p - t y p e  i n g o t  0.29 ( p - t y p e )  1O0 2.2 • 1O ~7 1.04 

A f t e r  o n e  pass  t h r o u g h  a 
n - t y p e  i n g o t  0.26 ( n - t y p e )  142 1.6 • 1017 232 

show a reduction in the silicon and iron content  with 
the addit ional  zone passes. 

Table II shows Hall  data, provided by J. F. Woods of 
this Laboratory,  after two zone passes through a 
p- type  ingot and one zone pass through an n - type  
ingot. The Hall  specimens were ul t rasonical ly cut 
bars with three pairs of Hall  probes which also served 
as resistance probes. Ohmic contacts were made to 
n - type  mater ia l  with A u - S n  and to p- type  mater ia l  
with A u - I n  alloys. 

Improved pur i ty  of the regrown ingots would un -  
doubtedly result  from the use of a larger gal l ium 
zone in  which to fur ther  dilute the impurities.  This 
is impractical  in the present  system. A more effective 
way of upgrading the pur i ty  is to use higher pur i ty  
feed ingots. This approach is being pursued. 

Conclusions 
This ini t ia l  investigation has shown the feasibility of 

producing large, solution grown GaP crystals by a 
t ravel l ing solvent method. The success of the process 
is to a large extent  dependent  on the orientat ion and 
twinned  structure of the seed. There is no evidence 
of contaminat ion of an ingot dur ing the regrown pro- 
cess. Rather, appreciable purification results from pas- 
sage of the molten zone. Material  of sufficient pur i ty  
can be made by the present  practice for doping 
studies to be under taken  in  the mid 1017 cm -2 range, 
either by adding the dopant  to the gal l ium zone or 
by predoping the feed ingot dur ing synthesis. Higher 
pur i ty  regrown ingots are expected from the use of 
purer  feed ingots. 
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Techn call Notes @ 
Fluorescence of Rhodium-Activated Aluminum Oxide 

G. Blasse and A. Bril 
Philips Research Laboratories, N.V. Philips" Gloeilampenfabrieken, Eindhoven-Netherlands 

In  his survey of phosphors KrSger (1) ment ions  the 
red fluorescence of A1203:Rh. It seemed interest ing to 
study this phosphor in more detail. 

Samples were prepared by firing in t imate  mixtures  
of a luminum-  and rhodium hydroxide in oxygen at 
1350~ The rhodium concentrat ion was 0.1-1.0 a/o 
(atomic per cent) .  The reaction products had a l ight-  
yellow body color and showed an orange-red fluores- 
cence under  long-wave uv and cathode-ray excitation. 
Samples prepared from the same a luminum hy-  
droxide without  rhodium did not show fluorescence. 
The performance of the optical measurements  has been 
described previously (2). 

Figure 1 shows the spectral energy dis tr ibut ion of 
the fluorescence of A12Os:Rh under  long-wave uv 
excitation, the excitat ion spectrum of the fluorescence 
and the diffuse reflection spectrum. The fluorescence 
shows a pronounced tempera ture  dependence: the light 
output  under  long-wave uv excitat ion at room temper-  
ature is about 60% of that at l iquid ni t rogen tempera-  
ture. At about 450~ the fluorescence is completely 
quenched. The radiant  efficiency for cathode-ray ex- 
citation of our samples is 2% at room temperature.  In 
view of the weak uv absorption no measurements  of 
the efficiency for uv excitation were performed. The 
decay t ime of the fluorescence of A1203:Rh under  
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Fig. 1. Left-hand side: spectral energy distribution of AI203:Rh 
under cathode-ray excitation. Right-hand side: relative excitation 
spectrum of the emission of AI203:Rh. The broken line is the 
diffuse reflection spectrum of AI20~:Rh. Note the change in the 
wavelength scale between 500 and 600 nm. 

ca thode- ray  exci tat ion is 0.6 msec at room tempera ture  
and 1.6 msec at l iquid ni t rogen temperature .  

The Rh 3+ ion (4d ~ occupies ( i r regular)  octahedral  
sites in the corundum st ructure  of a-A1203 and wil l  be 
in the nonmagnet ic  low-spin  state (t62g, ~A~g). The 
lowest excited configuration is t52geg, which is split in 
the states 3Tlg, 3T2g, 1Tlg, 1T2g. The spin-forbidden 
transit ions ~Alg ~ 3Tlg and 3T2g w e r e  not observed by 
us, but the two absorption (and excitat ion) bands 
located at 25,400 and 31,200 cm -1 are undoubtedly  due 
to the transit ions 1Alg --> 1Tlg and 1T2g. According to 
Jcrgensen  (3) the wave  numbers  of these transitions 
are g iven to a good approximat ion by 

o'(�94 1Tlg) = 4 - - 4 B  ~ 86B2/~ 
and 

r  1T2g ) ~ A -~ 12B % 2B2/A 

Here ~ is the cubic crystal  field split t ing and B the 
electrostatic interact ion parameter .  The last t e rm of 
these formulas  accounts for the off-diagonal e lements  

of the electron repulsion matr ix.  It is assumed that  the 
electrostatic interact ion paramete r  C equals 4B. F rom 
our exper imenta l  data we find that  ~ ----- 26,400 cm -1 
and B ---- 400 cm -1. The value  of B for the free ion is 
720 cm -1 (3). The low value of B for  the Rh 3+ ion in 
A1203 points to strong delocalization of the  d-elect rons  
of Rh 8+ in A1203. For  comparison we also give the 
values of h and B for Rh ~+ (H20)0 (27,000 and 510 
cm -1) and for Rh 8+ (C1-)0 (20,300 and 350 cm - I )  (3). 

At  higher  wave  numbers  the exci tat ion and reflec- 
tion spectra show another  band, which is not present  
in the case of undoped A120~. The peak of this band is 
beyond the l imit  of our apparatus, but is est imated to 
be located at approximate ly  50,000 cm -1. I t  seems 
probable that  this band corresponds to a charge- t rans -  
fer  t ransi t ion in the Rh 3+ ( 0 2 - ) 6  complex.  For  Rh 3+ 
(C1-)0 such a band is found at 39,200 cm -1 (3). 

The fluorescence emission of A120~:Rh consists of 
one broad band in the far  red (680 nm) ,  which is 
probably due to the spin-forbidden ~Tlg -~ 1Alg t ransi -  
tion, in agreement  wi th  the re la t ive ly  long decay time. 

We have also studied some other Rh3+-act ivated 
aluminates,  viz., YA18B4012, Li0.sA12.~O4, and Y3A15012. 
The photoluminescence of these mater ia ls  is, however ,  
ve ry  weak and the radiant  efficiency for ca thode-ray  
excitat ion less than  0.5%. 

Manuscript  received Aug. 7, 1967. 

Any discussion of this paper  wi l l  appear  in a Dis- 
cussion Section to be published in the June  1968 
JOURNAL. 
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Evaluation of Electronic Grade Silicon and 
Trichlorosilane by a Frozen Drop Method 

F. Hubbard Horn 

General Electric Company, Research and Development Center, Schenectady, New York 

The evaluat ion of silicon and its precursors for elec- 
tronic purposes presents problems to both suppliers 
and users. In the case of silicon, it is clear  that  e lectr i -  
cal resis t ivi ty alone does not un ique ly  specify the 
pur i ty  since the number  of carr iers  measured  is a net  
number ,  which  in the worst  situation may  resul t  f rom 
a near  compensat ion of a re la t ive ly  high concentrat ion 
of both donors and acceptors. In the case of chemicals 
such as t r ichlorosi lane used to prepare  silicon e i ther  as 
massive crystals or for epitaxy, sufficiently sensit ive 
tests for all  of the impuri t ies  and par t icular ly  boron 
have  not been developed. 

Evaluat ion methods have  been devised to meet  some 
of these problems. The zone refining of test rods of 
silicon has been in mos t  common use for both crystal-  
l ine silicon and for s i l icon-bearing chemicals af ter  
deposition of silicon on a test rod. Electr ical  res is t ivi ty  
and resis t ivi ty profiles are used in conjunct ion with  
informat ion on impur i ty  segregat ion to de termine  the 
background concentrat ion of boron and the concentra-  
t ion of some of the other  possible impurit ies.  Zone re -  
fining for such analyt ical  purposes must  be per formed 
wi th  great  care and control  and requires  considerable 
time. 

The same kind of analyt ical  informat ion as is obtain-  
able f rom zone refining may  be obtained by a frozen 
drop method, which requires  less mater ia l  and may  be 
conducted more rapidly. Use is made of the fact that  
the surface tension of silicon wil l  support  a mol ten 
drop of sufficient length for significant electr ical  re -  
sist ivity measurement .  The progressive freezing of the 
mol ten drop f rom the supported end can give a unique 
and simple distr ibution of impuri t ies  according to their  
segregation coefficients. In the case of evaluat ing a 
s i l icon-bearing chemical,  silicon is deposited on the 
bot tom of a rod of silicon of known purity,  a drop is 
formed f rom the deposited silicon, and ref rozen for 
evaluation. 

The steps that  need to be considered in the applica- 
tion of the frozen drop method for silicon and t r i -  
chlorosilane are: (i) format ion of frozen drop and 
evaluat ion of silicon or silicon "seed" crystal;  (ii) 
deposition of silicon f rom tr ichlorosi lane on evaluated  
"seed" silicon; (iii) format ion of frozen drop f rom 
silicon deposit  and application of corrections; (iv) 
evaluat ion of silicon deposit f rom frozen drop. These 
steps wi l l  be discussed sufficiently to describe a gen-  
eral  procedure;  there  is room for individual  preference 
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Fig. 1. Schematic drawing of furnace used to form a frozen drop 

from silicon rod. 

in the choice of apparatus or measur ing  equipment  
used. 

Formation of Frozen Drop from Silicon 
A s/s in. d iameter  rod of silicon wil l  support  a 

mol ten drop about % in. long. This length of refrozen 
crystal  is sufficient for evaluation. A rod of single 
crystal  silicon grown of appropriate  known diameter  
or cut, centerless ground, and etched clean is mounted  
in a c rys ta l -growing apparatus of the type shown in 
Fig. 1. z All  parts are careful ly  etched clean and dried 
beforehand,  and pure argon is al lowed to flow slowly 
through the apparatus.  The furnace is brought  to a 
t empera tu re  sufficient to mel t  silicon. The silicon rod, 
original ly held such that  the bot tom of the rod is 
above the crucible, is lowered part  way  into the cruci-  
ble. As melt ing of the rod tip starts and proceeds, the 
rod is fur ther  lowered unti l  the mol ten  drop shows a 
necked- in  region close to the l iquid-sol id  interface. 
Af te r  a l lowing t ime for  stabilization, i.e., complete  
mel t ing through the drop, the rod is w i thd rawn  f rom 
the furnace or the furnace t empera tu re  reduced 
slightly such that  freezing of the drop takes place from 
the rod downward  to the tip. Typical  frozen drops of 
varying length are shown in the photograph of Fig. 2. 
Freezing should be per formed slowly in order that  
near  equi l ibr ium conditions are obtained. It is possi- 
ble to control  the freezing rate  to about 1 mm /m in .  
Af ter  cooling, the red and frozen drop are removed.  
The frozen drop is cut  f rom the rod at least several  
mm above the point at which recrystal l izat ion took 
place. Bars of uni form cross section 2-2.5 mm are cut 
longitudinally.  These are lapped and the cross section 
measured for use in comput ing the electr ical  resis t iv-  
i ty f rom electr ical  resistance measurements .  

Procedure $or Evaluating Silicon Using Frozen Drop 
The central  bar  of approximate ly  square cross sec- 

tion, cut f rom the frozen drop and some of the origi-  
nal  crystal, is lapped and mounted for electr ical  r e -  
sistance measurement  in equipment  such as i l lustrated 
by Fig. 3. The t ravel ing  probe is made  to t raverse  the 
bar  quickly in a search for p-n  junction. 2 These are 
recognized as steps in the trace of the vo l tage-drop  vs. 

1 H i g h  f r e q u e n c y  (4 mc) m a y  be used  to f o r m  a f rozen  d rop ;  
h o w e v e r ,  i t  is  m o r e  di f f icul t  to con t ro l  t he  ra te  of f r e e z i n g  a n d  to 
assure  t h a t  f r eez ing  p roceeds  e n t i r e l y  f r o m  the  r o d - d r o p  b o u n d a r y .  
The  d rop  shape  also is a f fec ted  by  the  m e t h o d  of f o r m a t i o n .  

e A t h e r m o e l e c t r i c  p robe  is also u s e f u l  fo r  t h i s  purpose .  

Fig. 2. Photograph of frozen drops of silicon from %-in. diameter 
silicon rod. 
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Fig. 3. Schematic electrical circuit for resistivity measurement of 
sections of frozen drop. 

. CRYSTAL GROWING HEAD @ GRAPHITE 
I I  / EVALUATED SILICON 
i .i SEED C STAL 
_L] ~ TO RF SUPPLY 

" ~  slucoN DEPOS,T 

QUARTZ 
\ 

"iF 
I VOLATILE SILICON COMPOUND 

+ HYOROGEN 
Fig. 4. Schematic drawing of apparatus used to decompose tri- 

chlorosilane for silicon evaluation. 

position. Note is made of the position on the test bar at 
which a junct ion first appears. For  electr ical  resist ivi ty 
measurements ,  the electr ical  contacts should be made 
such that  the current  path is th rough silicon of the same 
type. The voltage drop through the sample is then 
measured as a function of position using the slow 
traverse  t ravel ing  probe. The ra te  of movement  of the 
paper in the recorder  is fixed for a known rate  of 
movement  of the t ravel ing probe. The electr ical  re -  
sistivity of any point in the bar is de termined f rom 
the slope of the vol tage-posi t ion curve  since the mea-  
suring current  and cross section of the test bar are 
known. 3 

Procedure for Evaluating Silicon from Trichlorosilane 
A weighed rod of silicon previously  evaluated by 

the frozen drop method to determine  pur i ty  is mounted 
in an apparatus, such as shown schematical ly in Fig. 
4, suitable for decomposing tr ichlorosi lane to silicon. 
The apparatus is purged wi th  pure hydrogen, the  
bottom tip of the rod brought  to a t empera tu re  of 
about 1250~ and the tr ichlorosi lane to be tested then 
admit ted from a weighed source. The decomposit ion is 
al lowed to proceed unti l  an appropriate  amount  of sili- 
con is deposited on the rod. Af ter  stopping the flow 
of TCS, the power to heat the r o d i s  turned off and the 
apparatus al lowed to cool. The rod with  silicon deposit 
is t ransferred to the furnace previously  described 

3 The ra te  of c h a n g e  of v o l t a g e  d rop  m a y  also be o b t a i n e d  di -  
r ec t ly  by t he  a p p r o p r i a t e  c i r cu i t  to  d i f f e ren t i a t e .  
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(Fig. 3) and a frozen drop formed. Af ter  cooling, the 
rod and frozen drop are weighed to de termine  the 
amount  of silicon deposited. The length of the frozen 
drop f rom the refreeze position to the sprout is mea-  
sured. These values are necessary to determine  the 
concentrat ions of boron and phosphorus or iginal ly  Ci=l 
present in the trichlorosilane. Al though the yield of 
silicon f rom trichlorosilane is low, it is substant ial ly 
the same as wil l  be encountered in the use of t r i -  
chlorosilane to produce silicon. One does not thus 
real ly  ar r ive  at concentrations of impuri t ies  in the 
tr ichlorosilane; one obtains a measure  of the impur i -  
ties that  will  be present  in silicon der ived f rom tr i -  
chlorosilane. This is no different f rom the problem en-  
countered with  deposition and zone refining for eval -  
uation in genera l  practice. Comparisons be tween zone 
refining and the frozen drop method have  shown agree-  
ment  to wi th in  less than 0.1 ppb in 40% of the cases 
and within  0.1 ppm in the other  60%. 

Ana lys is  o f  D a t a  
The use of the electr ical  resist ivi ty vs. position on 

the drop for de termining the concentrat ions of boron 
and phosphorus present  init ial ly in the silicon rod or 
deposit ( that  is, what  they were  before making a 
frozen drop) requires  several  types of corrections. 
First, account must be taken of the redis tr ibut ion of 
boron (p- type)  and phosphorus (n- type)  during for-  
mation of the frozen drop. Second, there are correc-  
tions that  depend on the size and shape of the drop. 
In addition, in the case of evaluat ing silicon f rom tr i -  
chlorosilane, a correction is requi red  for dilution of 
the deposited silicon by some of the seed rod. 

The abil i ty to analyze for impuri t ies  in silicon is 
based on the fact that  the two most impor tant  ones, 
boron and phosphorus, have  slightly different segre-  
gation coefficients, both of which are much larger  than 
the coefficients for all other  impurit ies.  Al though the 
segregation coefficient for arsenic is near ly  that for 
phosphorus, arsenic is not  general ly  present  in con- 
centrat ions approaching that  for phosphorus. For this 
reason, the donor impur i ty  will  be t reated as being 
phosphorus. Boron ( K B  ~ 0 . 8 )  and phosphorus ( K p  -~  

0.35) and other  impuri t ies  (K < 0.01) wil l  be dis- 
t r ibuted in the frozen drop according to the laws of 
normal  freezing. In normal  freezing, the init ial  con- 
centrat ion of an impuri ty,  Ci, before redis tr ibut ion is 
given by 

Ca 
C~ ~- [1] 

K(1 - -  g)K-1 

where  Cg is the concentrat ion of the impur i ty  after  
redistr ibution,  at some point in the  crystal  expressed 
as g, the fraction of crystal  solidified. Since the con- 
duct ivi ty  type of boron (p- type)  and phosphorus (n- 
type) is opposite, a crystal  containing these two im-  
purit ies wi l l  have an electrical  conduct ivi ty  governed 3D 
by their  algebraic sum. Thus, if the electr ical  resis t iv-  
i ty po is measured at (near)  g ~ 0, the net  car r ie r  con- 20 
centrat ion Cnet is obtained f rom 

1 
C ~ t  ---- [2] I.o 

g=o poel~ 
But f rom [1] 

C n e t  = C B  ~ C p  = KBCBi ~ KpCpi [3] 
g=0 

where  CBi and Cpi are the ini t ial  concentrat ions of 
boron and phosphorus in the silicon before forming a 
frozen drop. 

Similarly,  f rom the electrical  resis t ivi ty pg measured  
at a known value for g, the net  car r ie r  concentrat ion 
at position g after redis tr ibut ion of the impuri t ies  can 
be obtained. Thus, f rom p~ one obtains 

Cnetg = KBCBi ( 1  ~ g ) K B - - 1  - -  gPCBi ( 1  - -  g ) K p - - 1  

[4] 

in terms of CB~ and Cpi. Rather  than  solve for CBi and 
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Fig. 5. Ideal distribution of boron and phosphorus in frozen drop 

Cpi s imultaneously f rom Eq. [3] and [4], it is found 
more convenient  to work  through the rat io 

Cpi 
= R [5] 

CBi 

and to ident i fy three regimes in which the ratio is ob- 
tained conveniently.  Once the ratio is known, Cpi and 
Csl are evaluated using Eq. [3]. 

The three operat ional  regimes for evaluat ing R in 
[5] are: (i) that  there  are electr ical  junctions for 
values of g less than 0.85, (ii) that  a junct ion appears 
for g greater  than 0.85, and (iii) there  are no junc-  
tions present. The lat ter  case may arise ei ther because 
there are v i r tua l ly  no n - type  impuri t ies  present  or 
because the ratio Cpi: Cm is greater  than  2.3 in which 
case the ent i re  frozen drop is n-  ra ther  than p-type. 
This case can be treated,  but  it has not been here. 

In Fig. 5 are plotted the curves for the distr ibution 
of boron and phosphorus in a frozen drop. Posit ion in 
the drop is in terms of g, the fraction of crystal  solidi- 
fied. It  is observed that  when  the init ial  concentrat ions 
of boron or phosphorus are equal, their  concentrations 
wil l  again be equal  af ter  redis t r ibut ion at g ~ 0.85. 
Conversely,  if in the drop their  concentrat ions are 
equal  at g : 0.85, the i r  init ial  concentrat ions before 
forming the drop were  equal. Under  such conditions 
Cnet  = 0 and an electrical  junct ion is formed since the 
type  changes at such a point. In Fig. 6 is plotted the 
position of a junct ion in terms of g as a function of the 
ratio Cpi/CBi. This has been obtained f rom Eq. [4] set- 
t ing C n e t  ~ 0 and calculat ing g for a rb i t ra ry  values 
of Cpi/CBi. The position of a junct ion can be used 

\ 

\ 
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Fig. 6. Ratio of initial phosphorus to boron concentrations as o 
function of junction position on frozen drop. Position expressed as 
g, the fraction recrystollized. 
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therefore  to obtain the Cpi: Cm ratio f rom which Cpi 
or CBi can be calculated f rom Eq. [3]. This step, which 
requires  knowing the relat ion between the measured  
length and the fract ion crystall ized, g, wil l  be discussed 
later. 

If  the ratio of CpJCm is less than unity, the junct ion 
is found at a value  of g too close to the sprout for ac- 
curate  measurement ,  and the rat io of the  electr ical  r e -  
sistivity at two known points on the crystal  ra ther  than 
the position of junct ions should be used. This may be 
developed numer ica l ly  each t ime; however ,  in order  
to make  possible the use of a simple chart  later, it 
wi l l  be presented graphical ly  here. In Fig. 7 are plot-  
ted different res is t ivi ty  ratios p'z/pg where  pl is the re -  
sistivity of the sample before forming a frozen drop 
and af ter  forming a drop, pg is the resis t ivi ty  at a point 
given in terms of g for various ini t ial  ratios of phos- 
phorus to boron concentrat ions f rom 0 to 1. F rom these 
curves, one observes that  sensi t ivi ty is lost for small  
values of g, and unjustif ied high resis t ivi ty is gen-  
erated for large values of g and ratios approaching 
unity. Values for g of  0.6 or 0.7 offer a compromise. 
In Fig. 8, therefore,  are plotted curves re la t ing po/po 
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Fig. 8. Ratio of initial concentration of phosphorus to boron as 
a function of the electrical resistivity ratios at g = 0 to g = 0.6 
and 0.7. 
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(where  po is the resis t ivi ty measured  at g = 0 on a 
frozen drop) to the ratio Cpi/CBi for values of g = 0.6 
and 0.7. Thus, f rom the ratio of the measured resis t iv-  
ities at g = 0 to, say g = 0.6 one may  obtain  the Cei/ 
CB~ ratio necessary to calculate the original  concentra-  
tions of boron and phosphorus. 

The  use of the ratio Cpi/CBi depends on knowing g, 
the fract ion of crystal  solidified as a funct ion of posi- 
t ion along the test bar. For a crystal  of un i form di-  
mensions, g is re la ted l inear ly  to distance along the 
crystal. Frozen drops are not of un i form dimension, 
and some means must  be found to relate  position 
along the crystal  (test bar) to the fract ion of crystal  
solidified. This has been done for frozen drops formed 
on a 0.375-in. d iameter  rod by making  enlarged shadow 
images of the drops. F rom these, assuming circular  
symmetry ,  one can measure  the d iameter  at equal  
small  distances along the image and calculate the vol-  
ume per  unit  of distance. The change in vo lume (frac-  
tion solidified) as a function of length for drops of 
different length made on 0.375-in. d iameter  rod and 
calculated in the above manner  are plotted in Fig. 9. 
F rom such a plot, knowing the length of the drop and 
the electrical  resis t ivi ty trace as a function of distance 
f rom the drop-rod  interface, it is possible to obtain 
the electr ical  resis t ivi ty corresponding to a par t icular  
value of g for a junct ion or for g = 0.6 or 0.7 needed 
for computing the impur i ty  concentrations. The shapes 
of drops depend on the rod d iameter  and the process 
used to form them. The data presented here apply only 
to drops formed on a 3/s in. d iameter  rod in a static 
system. A relat ion be tween  g and distance along the 
crystal  should be obtained for the par t icular  system 
used. Drops formed using h igh- f requency  heat ing dif-  
fer  also depending on whe ther  the rod is moved or the 
power  reduced during freezing. 

When the rat io Cp~/CB~ has been obtained ei ther  
f rom the position of junct ions or  f rom the resis t ivi ty 
ratios in terms of g, Eq. [3] may  be solved and e i ther  
the boron or phosphorus concentrat ion calculated. This 
solution is presented graphical ly  for boron in Fig. 10, 
where  concentrat ion is expressed in parts per billion 
atomic as is done in the industry.  The constants used 
are mass, 22.08: density, 2.33 g/cm3; ~, 480 cm2/vol t  sec 
(hole mobiI i ty) .  The mobil i ty  is assumed to be con- 
stant. Thus, f rom the  resis t ivi ty  po and the ratio Cpd 
CBi obtained as explained above, the init ial  concentra-  
t ion of boron may  be read direct ly  f rom the graph 
of Fig. 10. The init ial  phosphorus concentrat ion is of 
course obtained in the same units (ppb) f rom the 
product  of the known boron concentrat ion and the 
rat io Cpi/CBi. 

In the case of evaluat ing a drop formed pr imar i ly  
f rom silicon deposited f rom tr ichlorosi lane on a rod, 
al lowance must  also be made for dilution by the sili- 
con of the rod. To make  this correction, one needs to 
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Fig. 10. Original concentration of boron in parts per billion as 
a function of electrical resistivity at g ~ 0 at refrozen boundary 
of frozen drop. 

know the concentrat ions of boron and phosphorus 
ini t ia l ly  present  in the rod. These are obtained from 
analysis of a frozen drop made from the rod. If the 
same rod is weighed prior to and after depositing sili- 
con, the weight of silicon deposited is readi ly obtained. 
In order to prevent  contamination,  the rod and deposit 
are weighed after the drop has been formed ra ther  
than before. It  has been observed that  for a given rod 
diameter,  the weight of the frozen drop formed is a re- 
producible function of the length of the drop for a 
par t icular  method of formation. Use is made of this 
to obtain the di lut ion factor. Results for the weight 
of drop as a funct ion of length for drops made on %- 
in. diameter  rod are given in Fig. 11 from which, 
knowing  the length of the drop, the corresponding 
weight of the drop is obtained. The weight of rod mak-  
ing up the drop is obtained from the difference be- 
tween the weight of the drop and the weight  of the 
deposit. Straightforward dilution rules can be applied 
to de termining the original  concentrat ion in  the de- 
posit since one knows concentrat ions of impuri t ies  in 
the original  rod and the frozen drop and knows the 
weights of silicon in the deposited silicon, the frozen 
drop, and rod silicon in the frozen drop. The more 
near ly  comparable the pur i ty  of the rod and deposited 
silicon, the less impor tant  becomes the di lut ion cor- 
rection. 

Other  Impurities 
The sprout of the frozen drop is useful to determine 

the presence of certain other impurities,  since in the 
sprout have been highly concentrated those impur i -  
ties with very small  segregation coefficients that  may 
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Fig. I1. Weight of frozen drop in Ys-in. diameter rod as function 
of length of drop. 

have been present  in very  small  ini t ia l  concentra-  
tions in the silicon. Solid source mass spectroscopy or 
x - r ay  emission analysis of the sprouts can f requent ly  
ident ify the presence of such impuri t ies  as Fe, Ni, Cr 
known to be deleterious in very  low concentrations in 
electronic applications. This is par t icular ly  valuable  
informat ion in evaluat ing trichlorosilane for use in 
ep i tax ia l  processes where subsequent  mel t ing  and re-  
growth of crystal for e l iminat ing impuri t ies  will not 
be possible. 

Summary 
A method is described for analyzing crystals for 

impuri t ies  whose segregation coefficients are known, 
and the method is applied to the determinat ion of im- 
purit ies of concern in electronic applications in silicon 
and trichlorosilane. The method depends on forming 
a molten drop and allowing it to freeze such that  a 
"normal" freezing redis t r ibut ion of impuri t ies  occurs. 
Analysis for boron and phosphorus is achieved by a 
proper use of electrical resistivity measurements  on 
bars cut from the frozen drop. Addit ional  information 
on impuri t ies  is obtained by  analysis of the sprout by 
other than electrical means. 
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Twin Configurations in FCC Dendrites 
J. W .  Faust, Jr. 

The Pennsylvania State University, University Park, Pennsylvania 

and Fielding Ogburn, Daniel Kahan, and A. W.  Ruff, Jr. 

National Bureau of Standards, Washington, D.C. 

Long r ibbons of ge rmanium have been grown from spaced parallel  twin planes (2-4), which afforded 
a supercooled melt  by Bennet t  and Longini  (1). These indestruct ible r e - en t r an t  edges at which nucleat ion 
r ibbons were shown to have two or more closely could more easily occur. Ribbons and webs of other 
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diamond type materials  have  also been grown (5-7) 
f rom the melt. Faust  and John showed that  this 
mechanism (i.e., growth by two or more  closely spaced 
paral le l  twin planes) could be made operat ive  in 
growth f rom molten meta l  solutions for diamond type 
and zinc blende materials  (8) and for fcc metals  (9). 
They went  on to show that  paral le l  twin planes play 
a role in the dendri t ic  growth of fcc metals  by elec- 
trodeposit ion (10, 11), as did Ogburn et al. (12, 13). 

Severa l  workers  (8, 14-20) have repor ted  that  under  
certain growth conditions fcc metals  and semicon- 
ductors contain five twin planes intersect ing at a 
common line. F rom the morphology,  it is evident  
that  the five intersect ing twin planes played a major  
role  during growth. Summing  the angles for five 
twin planes in the fcc and zinc blonde s t ructure  show 
that  7~ ' of arc are unaccounted for. There is no 
agreement  on how this mismatch is taken up. Some 
authors bel ieve it is taken up by strain, whi le  others 
bel ieve a mismatch boundary  is present. A new sym- 
me t ry  group was even suggested that contains no twin 
planes (21). Faust  and John  suggested a number  of 
other intersecting twin  plane structures that  may be 
found to operate in crystal  growth. They went  on to 
show exper imenta l  evidence for several  of these. 

It  is the purpose of this paper (a) to show that  
some of the models of Faust  and John  were  incor-  
rect  and to give the corrections, (b) to give additional 
models, and (c) to give exper imenta l  evidence for one 
more model. 

Discussion of Results 
We are dealing with two or more twin (composition) 

planes intersect ing along a line in the body of the 
dendrite,  which is paral le l  to the [110] growth axis 
of the dendrite.  The orientat ions of adjacent  twin 
crystals must  be mir ror  images of each other  across 
the twin plane. Since the twin planes in an fcc 
s t ructure  are of the type {111}, the angle of intersec-  
tion between two of these twin planes must  be ei ther  
70~ ' or 109~ ' . 

These restrictions requ i re  that  whereve r  two or 
more  twin planes intersect  there  must  be a mismatch 
boundary.  This is seen by inspection of the possible 
configurations. For  example,  let us consider the s truc-  
ture (shown in Fig. la )  in which the solid lines are 
composition planes and the dashed lines are traces 

/ I 

j l /  ..... 

Fig. 1. Configurations of intersecting twin planes 

of {111} planes. In Fig. 1, II is a twin of I, and III  is 
a twin of I. Fur ther ,  II  and III  must  be two different 
crystals since their  {111} traces are not parallel.  The 
two are not in a twin relat ion and, hence, their  com- 
mon boundary must be a mismatch, as is shown by 
the dotted line. Our general  conclusion is that  whereve r  
two or more twin  planes intersect,  there wi l l  be a 
mismatch boundary or boundary region. 

Faust  and John  (8) in their  Fig. 8a and g, and 9a, 
b, c, d, e, and f (and associated discussion) show con- 
figurations with intersect ing twin planes, but do not 
include the requi red  mismatch boundaries. Figure  8e 
of Faust and John  has the mismatch boundary,  but 
a twin  plane was inadver ten t ly  omitted. With the 
twin plane the configuration would be essentially that  
of their  Fig. 8b. Other  configurations of intersect ing 
twin planes in crystals wi th  a <110> growth direc-  
tion are theoret ical ly  possible using the 109~ ' angle 
between {111} planes on the {110} surface as the 
central  angles. 

In a configuration such as Fig. 9a of Faust  and John  
(shown here as Fig. lb)  there  are four pairs of in ter -  
secting twin planes. There will  be a mismatch boundary 
ending at each of the four intersections wi thin  the 
intersecting lamallae. Three cases seem possible: 
(i) both of the I and II dotted lines wi l l  be mismatch 
boundaries;  (ii) either dotted lines I or II (but not 
both) can be twin boundaries while  the other  pair  must 
be mismatch boundaries;  and (iii) either dotted lines 
I or II do not occur, while  the remaining pair  must  
be mismatch boundaries.  Exper imenta l  evidence for 
the configuration of case (ii) has recent ly  been ob- 
tained. 

A silver dendrite,  electrodeposited f rom a silver 
n i t ra te  solution 1, was observed to have two planar  
arms extending out f rom the growth  axis. A back- 
reflection Laue x - r a y  diffraction pa t te rn  indicated 1 that  
the dendri te  was a single crystal  with a <110> growth 
axis. The dendri te  was mounted  and sectioned normal  
to the growth axis for microscopic examination.  The 
sectioned surface was chemical ly polished (2 ml  5% 
HC1; 24g CrOs; 20 ml  H20) and etched (2.5g KCN; 
2.5g (NH4)2S2Os; 95 ml H20) to revea l  the microstruc-  
ture. Figure  2a shows a composite optical micrograph 
of one such section f rom the dendrite. In Fig. 2a, 
both planar  arms are seen to contain lamellae extend-  
ing along their  length. The encircled port ion in the 
micrograph is addi t ional ly enlarged,  making  the de-  
tails somewhat  more  discernible. The narrowness  of 
the lamellae,  the fact that  they occupy such a small 
fract ion of the vo lume of the dendrite,  explains the 
absence of their  reflections in the x - r ay  diffraction 
pattern.  The angle included between arms was about 
70 ~ suggesting that  {111} twinning  was possibly in- 
volved in these features. 

In order to ver i fy  the na ture  of the intersecting 
boundaries and their  relationships, an e lectron-opt ical  
examinat ion of the sections was undertaken.  Under  
suitable etching conditions, the lattice relationships 
across the boundaries should be revealed.  Pa l l ad ium-  
shadowed plastic replicas were  obtained and examined 
in an electron microscope. Figure  2b is an electron 
micrograph of the areas under  consideration, showing 
the boundary intersection details. Measurements  of 
the angular  rotation of the etched microst ructure  across 
the various boundary lines shown here were  always 
consistent with a mi r ro r -p lane  relation, except  for the 
two shortest boundary lines. Further ,  the main lamel lae  
intersected each other  at an angle of about 70 ~ and 
the nar row lamellae were  mirror- ref lec ted  on in ter -  
secting the other. We conclude that  these lamel lae  are 
n a r r o w  twins intersecting in this dendrite. All  the 
boundaries except  for the two shortest  sections 
(arrows) are twins. These two short mismatch 
boundaries are requi red  for continuity. In addition, 
the lamel lae  can apparent ly  thicken during growth as 
is shown in this figure at two locations (arrows)  of 

1 T h e  d e n d r i t e  w a s  g r o w n  by  J .  P .  Y o u n g ;  t h e  x - r a y  e x a m i n a t i o n  
w a s  d o n e  by  C. J .  B e c h t o l d t .  
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Fig. 2a (top). Optical micrograph from transverse section of sil- 
ver dendrite showing twin lamellae in growth arms; the inset from 
the encircled region is magnified additionally by x 12; Fig. 2b 
(bottom) Electron micrograph of twin intersection region. The lat- 
tice relationships across the boundaries are shown by the etched 
structures. Arrows indicate mismatch boundaries. 

the wide lamella. The importance of twin lamellae 
in influencing the external  crystal habit  is suggested 
in  Fig. 2a. 

Manuscript  received Nov. 30, 1966; revised m a n u -  
script received Sept. 6, 1967. 
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Any discussion of this paper will  appear in a Discus- 
sion Section to be published in the June  1968 JOURNAL. 
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D I S C U S S I O N  

S E C T I O N  

T h i s  D i s c u s s i o n  S e c t i o n  i n c l u d e s  d i s c u s s i o n  of  p a p e r s  a p p e a r -  
i n g  in  t h e  Journal o] The Electrochemical Society,  Vol.  114, No. 
3 a n d  4 ( M a r c h  a n d  A P r i l  1967). 

Physical Description of the Anisotropic Stress Effect 
in the Silicon P-N Junction Canti lever Transducer 

L. K. Russe[I and W. H. Legat (pp. 277-285, Vol. 114, No. 3) 

$. $. Wor tman 1 and J. It. Hauser~: In  the theoretical  
discussion of the ASE in p -n  junctions,  the authors  
treat the electrical current  which results from genera-  
t ion-recombinat ion in the space charge region. This 
current  is not only related to junct ion  width and 
lifetime as the authors consider but  is also directly 
proportional to the intrinsic carrier density, ni, of 
the material.  The authors fail to consider any stress 
dependence on ni. It has been shown that  in fact 
variat ions in ni due to stress induced band structure 
changes can explain the observed changes in  genera-  
t ion-recombinat ion current.~. 4 

1 R e s e a r c h  T r i a n g l e  I n s t i t u t e ,  R e s e a r c h  T r i a n g l e  P a r k ,  N o r t h  
C a r o l i n a .  

2 E l e c t r i c a l  E n g i n e e r i n g  D e p a r t m e n t ,  N o r t h  C a r o l i n a  S t a t e  U n i -  
v e r s i t y ,  R a l e i g h ,  N o r t h  C a r o l i n a .  

~J .  J .  W o r t m a n  a n d  J .  R.  H a u s e r ,  J. Appl.  Phys. ,  37, 3527 
(1966). 

�9 H.  K r e s s e l  a n d  A.  Elsea ,  Solid State Electronics, 10, 213 (1967). 

The 30% changes induced in lifetimes by stress 
that are given in ref. (23,24 of the paper under  discus- 
sion) are doubtful. For example, it is pointed out in 
the discussion of ref. 23 that  the method used to 
estimate the lifetime may not apply since a negligible 
lifetime is required in the stressed region. The 10-30% 
changes cited in ref.(23) are the combined effects of 
the small  stressed area and the much larger unstressed 
area. In ref. (25), which the authors used but  failed 
to ment ion  in the text, approximately an order of 
magni tude change in lifetime with stress in  germani-  
um is shown to occur. This data is for near  intrinsic 
mater ia l  i n  which log (1/~a) is l inearly related to 
stress. Such a dependence on stress na tura l ly  leads one 
to suspect a shift of the recombinat ion energy level 
with stress ra ther  than  a reversible change in  the 
density of the recombinat ion centers. From considera- 
tions of changes in energy level with stress one would 
expect lifetime in intrinsic mater ia l  to be much more 
sensitive to stress than that  in extrinsic mater ia l  such 
as used in p - n  junctions.  

In  conclusion, we feel that  the major  features of 
the reversible results reported can be explained in 
terms of shifts of the energy band edges and the 
recombinat ion levels with stress. The sensitizing of 
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the junct ion probably introduces genera t ion- recom-  
binat ion centers which are electr ical ly active. The 
induced centers may  be annealed out wi th  t ime and 
tempera tu re  but for short t ime periods probably 
appear  to be stationary. 

A Method of Growing CuCI Single Crystals with Flux 

Minoru Soga, Rikizo Imaizumi, Yoshihiro Kondo, and 
Takahiro Okabe (pp. 388-390, Vol. 114, No. 4) 

H. 3affe~: This paper is a most welcome contr ibut ion 
for the description of a method for growth of good 
CuC1 crystals as wel l  as the presentat ion of new 
data on the electro-optic  Pockels effect. To the wri ter ' s  
knowledge these are the first quant i ta t ive  data since 
the original  work  of West ~ which was of a p re l iminary  
nature.  For  a comparison it is, however ,  necessary 
to know the orientat ion of the CuC1 crystal  rods 
used by Soga et al. The transverse effect observed 
by them can be obtained ei ther  wi th  electric field in 
the [111] direction ana l ight propagation normal  there-  

Clevite Corp., Electronic Research  Division,  540 East  105~h 
Street ,  Cleveland, Ohio 44108. 

West, Am.  Inst .  Phys. ,  Handbook,  McGraw-Hi l l  Pub l i sh ing  Co., 
1957, pp. 6-97. 

J. EIectrochem. Soc.: S O L I D  S T A T E  S C I E N C E  D e c e m b e r  1967 

to, or wi th  the field in a [110] direction with  light 
propagat ion along the [110] direction. In the  former  
or ientat ion the effect is smaller  by a factor 2 /~ /3  than 
in the latter. If Soga et aL used the [111] a r rangement  
their  results is in good agreement  wi th  West's, taking 
the difference in wave leng th  of the two measurements  
into account. If however  Soga used the [ l l0J  bar his 
re tardat ion values are about 20% lower  than would 
have been expected f rom West. 

Minoru Soga, Rikizo Imaizumi, Yoshihiro Kondo, and 
Takahiro Okabe: As for the orientat ion of the par t icu-  
lar crystal  rods used in our exper iment ,  our labora-  
tory note records of etch pit observat ion inaicate that  
electric field was in the [111] direction and l ight was 
propagat ing perpendicular  to it, as Mr. Jaffe pointed 
out. Possible misal ignments  were  a few tenth  of a 
degree for the crystal  grown wi th  BaC12 (4 in Fig. 3) 
and 3~4 degrees for the crystal  grown with  SrC12 
(�9 in Fig. 3). 

Apar t  f rom the above discussion, we would like 
to add an informat ion which may  be useful:  CuC1 
single crystals grown wi th  BaC12 and SrC12 (about 
1.5 mole  % each) did not show adherence  to the 
quarts  crucible. 
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